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Abstract
A quarter of the entire human population is affected by vision disorders, with extensive efforts
directed towards developing new and improved treatments. The peripapillary sclera (PPS) has a
large influence on the forces exerted on the optic nerve under fluctuating intraocular pressure
(IOP), implying a role in the mechanics of glaucoma. To better comprehend these processes,
physiologically relevant data were collected on both the scleral extracellular matrix (ECM) and
cell cytoskeletal components. The cytoskeletal architecture was reconstructed using a novel
approach for generating geometrically accurate models for finite element (FE) analysis.

Wide-angle X-ray scattering (WAXS) was used to map the scleral collagen orientation and
distribution in humans and 11 mammalian species. The bovine sclera was selected as a suitable
animal model, with further clarity on the ECM depth profile provided by second harmonic
generation microscopy. To accomplish this analysis, a bespoke MATLAB script was developed
and implemented. Cultured bovine scleral fibroblasts were subjected to simulated IOP, with the
organisation of major cytoskeletal elements visualised using immuno-confocal microscopy and
quantified using several image analysis packages. Finally, the collected stacks of images were
reconstructed to 3D isosurfaces.

WAXS revealed alterations in the PPS collagen architecture in highly myopic human eyes, as well
as that the bovine PPS closely resembles that of humans. Applied strain caused reorganisation to
the scleral fibroblast cytoskeleton, specifically to the F-actin stress fibres. The reconstructed
surfaces allowed for greater accuracy in comparison to current models, with further possibilities
for simplification and optimisation.

Scleral ECM structural analysis confirms the bovine eye as an appropriate human analogue for
biomechanical studies. Mechanical loading of scleral fibroblasts leads to alterations in cytoskeletal
microstructure, with a tendency for the rearrangements to revert with time. The collected cell and
ECM physiological data will be used to create integrated FE models of the eye.
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Chapter I
General introduction

Chapter I
Vision is the primary sense through which humans receive information on their surrounding world.
Given that it is often thought as the most important out of all senses, losing the ability to see, by
becoming blind or visually impaired, is considered amongst the most terrible losses that can beset
a person. However, the trauma is not the only consequence – the quality of life for these people
decreases concomitant with an increasingly large socio-economic burden worldwide. More than
217 million people live with a moderate or severe form of visual impairment, of which 36 million
are blind, with the number affected constantly increasing (Holden et al., 2016; Bourne et al., 2017).
All these factors make it imperative to both continue studying and searching for new treatments
for vision disorders. Moreover, it is vital to comprehend both the cellular and extracellular
contributions to the mechanisms of ocular pathologies.

1.1 Structure of the eye
1.1.1 Eye globe
Vision is facilitated by the visual sensory system, with the main organ of perception being the eye.
The human eye globe is approximately spherical (Figure 1.01), with a diameter of around 24mm,
and consists of three tunic layers, the names of which reflect their location. Tunica externa is the
outer layer, composed of the cornea and the sclera, sometimes referred to as corneosclera, whilst
the limbus is the border that separates the two structures. The external tunic contains and protects
the inner components of the eye globe. The middle layer of the eye is tunica media, which includes
the choroid, ciliary body and the iris. The final layer is the internal one, the tunica interna – the
retina.
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Figure 1.01 – Sagittal section of a human eye with indicated components.

When quants of light, photons, hit the outer surface of the cornea they pass through the pupil. The
lens contributes to refracting and concentrating the light on the back of the eye where the
photoreceptive cells of the retina are situated. The resulting stimulus is converted into electrical
impulses and then forwarded by the optic nerve, Nervus opticus, to the visual cortex of the brain.
To accomplish this function correctly, the eye must have a precise and constant shape, which is
supported by the corneoscleral tunic and the fluid pressure internally exerted on it – the intraocular
pressure (IOP).

1.1.2 Sclera
Commonly referred to as the white of the eye, the sclera is the main load-bearing tissue of the
ocular globe and comprises about 85% of the outer corneoscleral tunic in humans. It consists
predominantly of densely woven fibres of the protein collagen, which give the sclera its opacity
and mechanical rigidity and which, in turn, support maintaining the eye’s structural integrity and
shape (Watson and Young, 2004). The name stems from the Greek word for ‘hard’, skleros,
indicating a key role in mechanical stability. The tissue’s opacity also participates in visual
perception by preventing scattered light from interfering with image registration on the retina
(Boote et al., 2019).
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The sclera consists of three layers, the first of which is the episclera, composed of loose
vascularised connective tissue, which serves as a connection between the sclera and the overlying
Tenon’s capsule (Fascia bulbi). The capsule is a thin membrane of compact collagen fibres that
envelopes the eye globe from the limbus and continues into the sheaths of the extraocular muscles
and the optic nerve. Between the capsule and the sclera is the episcleral space, which allows the
eye to move freely, similarly to a ball-and-socket joint. The episclera merges with the scleral
stroma, substancia propria sclerae, which forms the major tissue layer and is composed of
interwoven collagen-rich lamellae (Boote et al., 2019). The deepest layer of the sclera is the lamina
fusca and is contiguous with the tunica media.

The width of the sclera itself varies between regions (Vurgese et al., 2012). At the limbus border
the scleral thickness is about 0.5mm, which declines to 0.4mm behind the equator of the eye.
Afterwards, in the direction of the posterior pole, the sclera widens and reaches 1.0-1.3mm, whilst
the lamina cribrosa (LC; Section 1.1.4) is the thinnest region with great variability due to its porous
nature (Watson and Young, 2004). Even though there is a regional difference in the structure, the
sclera remains largely stable during processes that induce mechanical loading on the eye globe,
such as eye rotation and movement, ensuring that vision remains unperturbed (McBrien et al.,
2009).

1.1.3 Optic nerve head
The LC and the surrounding peripapillary sclera (PPS) collectively form the connective tissue
aspect of the optic disk, or optic nerve head (ONH), where the optic nerve enters the sclera
(Figure 1.02) (Downs et al., 2008). The nutrition and innervation are provided by small arteries
and nerves that traverse to the anterior portion of the ONH, whilst supportive function is provided
by several cell populations, such as astrocytes, glial and endothelial cells (Hayreh, 2001; Burgoyne
and Downs, 2008). The PPS is a particularly important load-bearing region of the sclera, where
non-linear IOP increase deformations, governed by the collagen meshwork, are transmitted to the
rest of the ONH (Girard et al., 2009a; Pijanka et al., 2012). As the microarchitecture of the LC
makes it particularly susceptible to external forces, this area is of key mechanical interest,
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exemplifying a discontinuity, or ‘weak spot’, in the eye tunic (Strouthidis and Girard, 2013; Kim
et al., 2018; Ling et al., 2019).

Figure 1.02 – Second harmonic generation (SHG) image of an intermediate depth section of a bovine optic nerve
head (ONH), with indicated peripapillary sclera (PPS) and fenestrated lamina cribrosa (LC).
‘3-3-2 RGB’ look-up-table (LUT) selected in ImageJ for enhanced tissue contrast.

1.1.4 Lamina cribrosa
The term lamina cribrosa is derived from the Latin lamina, meaning ‘thin plate’, whilst cribrosa
comes from cribrum, ‘sieve’, indicative of its fenestrations. Composed of tightly packed collagen
and elastin fibres, the LC mechanically supports and permits the passing of the optic nerve axons
through it (Strouthidis and Girard, 2013). The LC can be divided into three regions: (I) the
prelamina adjacent to the retina; (II) the proper lamina, composed of interconnected laminar
beams; (III) and the postlamina, where the collagen and elastin fibres no longer horizontally
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circumscribe the optic nerve axons but are rather vertically parallel to them. It is around this region
that the axons of the optic nerve become myelinated as well. With ageing the LC becomes stiffer
and more prone to permanent deformations, thus making it more vulnerable to IOP-driven
glaucomatous damage (Section 1.4). This is of great importance given that glaucoma is the second
leading cause of blindness worldwide (Albon et al., 2000; Campbell et al., 2014; Tun et al., 2019).

1.1.5 Collagen extracellular matrix
Similar to most connective tissues, the sclera is composed of an extracellular matrix (ECM), which
facilitates the embedding of cells within the tissue environments (Rada et al., 2000b). The
macromolecule components are secreted by a rather diffuse population of fibroblasts and include
proteoglycans (PG), glycosaminoglycans (GAG), elastin and interwoven lamellae of collagen.
Elastin is a highly elastic fibrous protein that is secreted in response to stretching, contributing to
about 2% of the scleral dry weight (Watson and Young, 2004). Sulphated GAGs are negatively
charged polysaccharides, due to the presence of a sulphate group on most of their sugars. As a
result of osmosis, a large amount of water is imbibed into the ECM, resulting in a porous hydrated
gel which helps withstand compressive forces. PGs are heavily glycosylated proteins containing
up to hundreds of GAG chains, with the most common scleral PGs being decorin, biglycan and
aggrecan, found throughout the full thickness of the tissue and contributing to 0.7-0.9% of its dry
weight (Johnson et al., 2006; Summers Rada et al., 2006). They function in maintaining collagen
orientation and spacing between the fibrils through their GAG chains, which in turn permits the
transparent properties of the cornea (Lewis et al., 2010).

In vertebrates the primary load-bearing and most abundant macromolecule is the protein collagen,
which in mammals can make up to 25% of their total body protein mass (Prockop and Kivirikko,
1995). In the human sclera, about 93% of the dry weight is due to collagen, which in its hydrated
state, provides the sclera’s white colouring and opaqueness (Boote et al., 2019). Collagen is a
fibrous protein consisting of three polypeptide chains, referred to as α-chains, that intertwine to
form a long regular triple helix – tropocollagen (Figure 1.03A and B). The molecules are noncentrosymmetric and exhibit a complex structural hierarchy which permits their study with nonlinear microscopy (Figure 1.03C; Section 1.6.2).
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Figure 1.03 – Collagen molecule organisation. (A) Side view of a tropocollagen triple helix (orange) with amino acid
R-groups indicated as ‘ball and stick’ models. Oxygen (red) and nitrogen (blue) atoms and methylene groups (grey)
of the R-groups are visualised. Collagen triple helix protein data bank (PDB) file 1BKV visualised in Chimera
(Kramer et al., 1999; Pettersen et al., 2004); (B) Cross-section view of the tropocollagen molecule in A
without the sidechains. Each α-chain is twisted in a left-handed helix, with three of them wrapped
around in a right-handed spiral; (C) SHG image of interwoven collagen fibres from a bovine PPS.

A defining characteristic of the α-chain is the GLY-PRO/HYP-X repeats, where GLY is the amino
acid glycine, PRO is proline, HYP is hydroxyproline and X is one of the remaining 18
proteinogenic amino acids (Shoulders and Raines, 2009). GLY has the smallest functional (R)
group out of any amino acid, which is a singular hydrogen atom. As every third amino acid is GLY
this permits the α-chains to turn and be packed closely together, thus forming the final collagen
superhelix. The PRO side chain forms a ring, taking part in the stabilisation of the helical
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conformation in each α-chain. The HYP form hydrogen bonds between individual chains,
providing structural integrity for the triple helix.

The tropocollagen molecules pack closely in parallel, thus forming collagen microfibrils
(Figure 1.04). Each microfibril has a diameter of around 4nm, with adjacent tropocollagens
displaced by 66.8nm, referred to as the collagen D period (Piez and Miller, 1974). In turn, the
collagen microfibrils assemble into higher-order polymers, collagen fibrils, which have a wide
range of diameters, from 25 to 230nm (Komai and Ushiki, 1991). In length, they span many
hundreds of µm in mature tissue and are clearly visible under electron micrographs (Shoulders and
Raines, 2009). The repeats of the collagens give a striped appearance of the fibrils, which provide
the tensile strength of the sclera (Buehler, 2006). Whilst the cornea is composed of highly spatially
aligned fibrils, in the majority of the sclera they are much more isotropically distributed, with a
major exclusion being the PPS. Collagen fibrils often aggregate into larger, cable-like bundles, that
are visible under a light microscope – collagen fibres. In the episclera, the collagen fibres form a
rather thin tissue layer, whilst in the deeper regions, the fibre thickness increases becoming
lamellae, which merge with the stromal collagen (Geroski and Edelhauser, 2001; Watson and
Young, 2004; Boote et al., 2019).

Figure 1.04 – Collagen structural hierarchy. (A) Collagen fibril; (B) Microfibril; (C) Tropocollagen molecules;
(D) Tropocollagen α-chains. Collagen triple helix PDB file 1BKV visualised in Chimera
(Kramer et al., 1999; Pettersen et al., 2004).

In accordance with Ricard-Blum’s systematisation, 28 different types of collagen and 46 types of
α-chains have been identified in humans (Ricard-Blum, 2011). The collagen composition of the
sclera is predominately made from type I collagen (around 95%) and to a much lesser extent from
008

Chapter I
type III, V and VI (less than 5%) (Watson and Young, 2004; Boote et al., 2019). The LC, however,
contains less type I collagen than either the sclera or cornea (Grytz et al., 2011). No significant
differences have been reported in the collagen content in the sclera in adults and juveniles or
between the anterior and posterior scleral regions. However, with age, there is an increase in the
extent of glycosylation, as well as reduction of the number of elastin fibres and PG content, apart
from aggrecan which remains relatively constant (Keeley et al., 1984; Rada et al., 2000a; Watson
and Young, 2004).

1.2 Scleral cells
1.2.1 Fibroblasts
Connective tissue cells have a mesenchymal origin and include fibroblasts, chondrocytes, and
osteocytes, all of which secrete the collagenous ECM that forms the architectural framework of
the body. As with other cells, resident scleral fibroblasts (Figure 1.05) are constantly subjected to
external forces, most notably the exerted pressure of the intraocular fluids (Tan et al., 2006).
Research into application of mechanical loading to cultured scleral fibroblasts revealed alterations
in division, programmed cell death and gene expression (Cui et al., 2004; Qiu et al., 2018). One
notable finding was the tendency for trans-differentiation into a myofibroblastic phenotype (Qu et
al., 2015). As fibroblasts have a key role of both synthesising and remodelling the ECM, they can
have a profound effect on tissue architecture, relevant to ocular diseases involving biomechanical
perturbations (Summers Rada et al., 2006; McBrien et al., 2009). Cellular impact on tissue level
biomechanics can be accomplished either via the reorganisation of the ECM or in dynamic
mechanotransduction processes, through which mechanical stimuli are transmitted to and from the
cell through cytoskeletal fibre networks, regulated by associated signalling molecules (McBrien,
2013; Boote et al., 2019; Markov et al., 2019).
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Figure 1.05 – Light microscopy photograph of a primary bovine scleral fibroblast cultured on a plastic plate.

1.2.1.1 Myofibroblasts

The diffusely spread fibroblasts in the sclera also participate in tissue wound healing. They start to
divide and migrate towards the injury, where they produce copious amounts of collagen fibrils, to
fill in the gap left by the wound and to isolate and repair the damaged site. The resulting mechanical
stress leads to some fibroblasts gaining contractile characteristics, similarly to those of smooth
muscle cells (Tomasek et al., 2002). This subtype, the myofibroblast, participates in the wound
healing process by contracting the edges of the wound. The progression into myofibroblasts can
also be stimulated in vitro by the application of high frequency and magnitude strains, along with
the presence of transforming growth factor β1 (TGFβ1) which is involved in the regulation of type
I collagen and α-smooth muscle actin transcription (Tomasek et al., 2002; Qu et al., 2015; Pitha et
al., 2018). This actin subtype associates with non-muscle myosin and together play a role in the
cell contractile capabilities which involve the remodelling and reinforcement of the surrounding
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ECM (Tomasek et al., 2002; Hinz et al., 2003; Hinz et al., 2007). Several studies suggest that there
is an age-dependent increase in the proportion of myofibroblasts and that they can be distributed
across as much as 20% of the scleral thickness (Poukens et al., 1998; McBrien et al., 2009). These
cells are in sparse numbers during the initial stages of ontogenesis when the eye is growing rapidly
and become more commonly found after reaching its full size. It should be noted that there is a
constant population of scleral myofibroblasts in non-pathological eyes, which is uncommon in
most tissues (McBrien et al., 2009).

1.2.2 Cytoskeleton
Whilst fibroblasts are hypothesised to actively participate in scleral biomechanics, limited
information has been reported on how the macroscopic stress and strain are transmitted in the
cytoskeletal network. The cytoskeleton is a complex system of protein filaments that serves a
plethora of roles, from participating in intracellular vesicle transport to pulling apart the
chromosomes during mitosis. In terms of cellular mechanics, the cytoskeleton has a central role in
keeping the cells correctly structured, supporting the plasma membrane and providing the
mechanical linkages that enable the cell to bear environmental perturbations (Fletcher and Mullins,
2010). This is accomplished through three types of cytoskeletal filaments (Figure 1.06) which are
organised in the form of a complex network within the cell cytoplasm: (I) the actin microfilaments
determine cellular shape, participate in movements and are distributed throughout the cell volume,
most notably as cortical actin around the edges underneath the plasma membrane; (II) the
intermediate filaments provide the mechanical strength by acting as scaffolding around the
nucleus; (III) the microtubules participate in intracellular transport and organelle positioning,
spread throughout the cell (Tan et al., 2006; Barreto et al., 2014).
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Figure 1.06 – Primary components of the cytoskeleton. (A) F-Actin microfilaments. G-actin PDB file 1J6Z
visualised in Chimera (Otterbein et al., 2001; Pettersen et al., 2004); (B) Vimentin intermediate filaments.
Vimentin coil PDB file 3SSU visualised in Chimera (Chernyatina et al., 2012); (C) Tubulin microtubules.
Microtubule PDB file visualised in NGL viewer (Asenjo et al., 2013; Rose et al., 2018).

The cytoskeleton persists in a state of dynamic equilibrium with constant polymerisation and
depolymerisation of the interconnected filamentous proteins (Fletcher and Mullins, 2010). This
feature permits the cytoskeletal stiffness regulation and connectivity to the ECM through a range
of accessory molecules. Fibroblast mechanosensitivity is accomplished by all three principal
cytoskeletal elements, mediating external forces and communication with other cells and the ECM.
Whilst microtubules are the largest components, they mainly govern intracellular compression,
with tension being regulated through the intermediate filaments and notably the actin stress fibres
(Alenghat and Ingber, 2002; Deguchi et al., 2006). Although the effect of mechanical loading on
cellular structures has been widely reported, considerably less is known about how the same loads
affect the proteins that organise the network of cytoskeletal filaments (Malone et al., 2007; Jackson
et al., 2008). Therefore, an improved understanding of how the cytoskeletal components respond
to mechanical loading in the eye could yield valuable insight into the mechanisms used by scleral
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cells to adapt to their environment, specifically in pathological conditions such as glaucoma
(Chapter V).

1.2.3 Actin microfilaments
The microfilaments (Figure 1.06A) are the smallest of the cytoskeletal components, with a
diameter of 6-7nm (Fuchs and Cleveland, 1998). Actin exists as monomeric globular actin
(G-actin) which provides subunits for filamentous actin (F-actin) assembly via a hydrolysis
reaction. The subunits are bound either to adenosine triphosphate (ATP) or adenosine diphosphate
(ADP) which is produced by the release of a free phosphate and energy. F-actin assembly is an
active ‘treadmilling’ process, in which to one end of the filament, designated as positive (barbed
end), ATP bound subunits are added, whilst from the negative end (pointed end) ADP-subunits are
released (Figure 1.07A). The result is ‘movement’ of the filament as it is being constantly
reconstructed (Pollard and Cooper, 2009; Stricker et al., 2010; Tojkander et al., 2012). The
numerous functions of the actin microfilament cytoskeleton are dependent on its ability to undergo
this rapid remodelling and reorganisation. This behaviour is governed by the action of various
actin-binding proteins such as cofilin and α-actinin, vinculin and talin at the focal adhesions
(Alenghat and Ingber, 2002; Jackson et al., 2008). Mechanical loading has been noted to lead to
both remodelling of the actin microfilaments, as well as alteration of those dynamics in bovine
articular chondrocytes (Campbell et al., 2007). For example, in mouse osteoblasts after 2h of
exposure to 2Pa of fluid shear, there was a significant increase in the amount of α-actinin and
filamin that was available to interact with and reorganise the cytoskeleton (Jackson et al., 2008). It
is possible that the cells had upregulated the synthesis of these actin-binding proteins in response
to the loading to account for the observed increase in the cytoskeletal fraction. Gene expression of
actin-binding proteins was also shown to be mechanosensitive in bovine intervertebral disc cells
(Li et al., 2011). In addition, α-smooth muscle actin has been suggested to be involved in the
contractile action of tree shrew myofibroblasts in regulating ocular globe axial lengthening
(Phillips and McBrien, 2004). Actin microfilaments also regularly bind with myosin proteins to
form highly contractile stress fibres.

013

Chapter I

Figure 1.07 – Actin microfilament treadmilling (A) as part of an actin stress fibre (B). (A) F-actin assembles through
adenosine triphosphate (ATP) hydrolysis, releasing energy and inorganic phosphate (Pi). G-actin subunits bound to
ATP are added to the barbed (positive) end of the microfilament, which as it develops hydrolyses ATP, producing
adenosine diphosphate (ADP). The ADP bound subunits are released from the pointed (negative) end, which then
undergo nucleotide exchange (ADP→ATP) and again are included at the barbed end, thus achieving ‘movement’ of
the microfilament. G-actin PDB file 1J6Z visualised in Chimera (Otterbein et al., 2001; Pettersen et al., 2004);
(B) Structural composition of an actin stress fibre. Microfilaments (green) bundle through crosslinking mediated by
myosin II (crimson) and α-actinin (indigo). Myosin II PDB file 5I4E visualised in NGL viewer (Chinthalapudi et al.,
2017; Rose et al., 2018). α-actinin PDB file 4D1E visualised in NGL viewer (Ribeiro et al., 2014).
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1.2.3.1 F-actin stress fibres

Stress fibres are contractile bundles assembled from F-actin microfilaments, myosin II motor
protein and additional actin-binding proteins, such as α-actinin and filamin, making them
reminiscent of muscle sarcomeres (Peterson et al., 2004). Formation of stress fibres is triggered by
external mechanical, or internal biochemical, stimuli through several parallel signalling pathways,
including Ca2+ and Rho proteins (Deshpande et al., 2006; Dowling et al., 2013). Influx of Ca2+ into
the cytoplasm causes activation of proteinases that cleave actin microfilaments, with the free ends
being rapidly elongated by G-actin, as well as myosin II phosphorylation, to form bipolar filaments
(Deshpande et al., 2006). Through α-actinin these filaments bind with the long F-actin
microfilaments, thus forming stress fibres, which participate in a number of processes, including
cell adhesion, movement and mechanotransduction (Figure 1.07B) (Pellegrin and Mellor, 2007).
Cross-bridge cycling of the actin-myosin pairs generates the stress fibre tension needed for
contraction, indicating that they are dynamic structures (Stricker et al., 2010). Stress fibres are
widely grouped based on their function and composition as: (I) ventral, which are contractile,
basally positioned and are the most commonly observed; (II) dorsal, which have been indicated to
have a structural supportive role; (III) transverse arcs, with a motility function (Pellegrin and
Mellor, 2007; Lu et al., 2008). Out of the three primary components of the cytoskeleton, it is
thought that the actin stress fibres have the greatest contribution to the stiffness and tension of the
cell and can also rearrange their organisation as a result of mechanical loading (Campbell et al.,
2007; Na et al., 2007; Markov et al., 2019). This is accomplished through their ability to contract
and form attachments to the underlying integrins at the focal adhesions, resulting in strong stress
fibre interconnectivity (Hu et al., 2003). During wound healing stress fibres can also recruit
α-smooth muscle actin, providing greater contractility to the fibroblasts. This can also further
activate TGFβ1 to induce a myofibroblastic phenotype (Kassianidou and Kumar, 2015).

1.2.4 Intermediate filaments
Unlike the actin microfilaments, the intermediate filaments (Figure 1.06B) are not involved
directly in cell movement, but instead provide structural stability to resist tensile and/or
compressive forces. They are typically considered to be the most stable cytoskeletal components
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and, unlike the other two, are not polarized (Fletcher and Mullins, 2010; Robert et al., 2016). They
also exist in a state of dynamic equilibrium between the polymeric (dephosphorylated) and subunit
(phosphorylated) form (Vikstrom et al., 1992; Herrmann and Aebi, 2000). Intermediate filament
polypeptides align and form homodimers, further associating into tetramers, with eight tetramers
assembling into unit-length filaments, which anneal into mature non-polar filaments (Blain, 2009;
Lowery et al., 2015; Robert et al., 2016). This class of cytoskeletal element displays significant
heterogeneity and exists as six distinct types encoded by multiple genes (Steinert et al., 1999; Hesse
et al., 2001; Guérette et al., 2007). Vimentin (a type III intermediate filament) is present in scleral
fibroblasts and has been noted to contribute to cell stiffness (Chen et al., 2004; Cui et al., 2008).
Murine vimentin-deficient fibroblasts also have a reduction in stiffness, mechanical stability and
motility (Henson and Vincent, 2008). Vimentin intermediate filaments and microtubules form a
link between the plasma membrane and the nucleus, with vimentin also directly interacting with
F-actin (Shah et al., 1998).

1.2.5 Microtubules
The largest of the cytoskeletal elements with a 23nm diameter, microtubules (Figure 1.06C) are
also the stiffest and most complex (Fletcher and Mullins, 2010). The tubulin subunit is a
heterodimer formed from two closely related globular proteins – α- and β-tubulin, bound together
by noncovalent bonds (Nogales et al., 1998). The microtubule itself is a hollow cylindrical structure
built from 13 parallel protofilaments, each composed of alternating α-tubulin and β-tubulin
molecules. The assembly of the tubulin network is similar to the actin microfilaments, with a
noticeable difference being the utilisation of guanosine triphosphate (GTP), and by extension
guanosine diphosphate (GDP), instead of ATP and ADP (Erickson and O'Brien, 1992). GTP binds
to both the α- and β-tubulin, however, only the latter of the pair is able to be hydrolysed, which is
necessary to add the dimer to the microtubule. As a result, the protofilaments are polarised, with
the β-tubulin of each heterodimer being on the side of the faster-growing (plus) end and the
α-tubulin on the slower-growing (minus) one (Blain, 2009). Minus ends tend to cluster and form
the microtubule organising centre (MTOC), such as the centrosome in animals, anchor to
organelles, or remain free in the cytoplasm (Wu and Akhmanova, 2017). Microtubules are essential
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for intracellular protein transport, formation of the mitotic spindle, synthesis and secretion of
collagen and withstanding mechanical deformation (Blain, 2009; Li et al., 2011).

1.2.6 Mechanotransduction
The conversion of mechanical stimuli into intracellular biochemical signals is known as
‘mechanotransduction’. In cells exposed to external forces, it has been found that mechanical
signals regulate many aspects of their functions, including differentiation, gene expression, protein
synthesis and apoptosis (Malone et al., 2007; Jaalouk and Lammerding, 2009). Activation of
signalling pathways is largely dependent on the interactions between the cytoskeleton and the sites
of transduction of mechanical signals; the connection with the ECM (Figure 1.08) is accomplished
through the transmembrane integrin receptors: (I) at focal adhesions for the actin microfilaments;
(II) hemidesmosomes for the intermediate filaments; (III) focal adhesions and podosomes for the
microtubules (Tan et al., 2006; Huang et al., 2012; Seetharaman and Etienne-Manneville, 2019).
The transmitted stress through the ECM to fibroblasts can, in turn, stimulate them to produce new
ECM components, as well as rearrange and stiffen the matrix (Alenghat and Ingber, 2002; Sapir
and Tzlil, 2017).
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Figure 1.08 – Representation of a fibroblast embedded in collagenous (orange) extracellular matrix (ECM).
The fibroblast cortical F-actin and stress fibres are indicated in green, whilst the nucleus in blue.

Many structural modifications have been observed as part of the cellular response to mechanical
loading in a variety of cell types. For example, computational and experimental validations showed
that under compression the occurring reorganisation of F-actin reinforces the cell’s mechanical
structure, with higher distribution around the cell edges (Barreto et al., 2013). Other structural
modifications include shape change and alterations in the attachments to both substrates and
adjacent cells. Proteins, such as the Rho GTPase family, are also involved in the signalling
cascades (Tan et al., 2006). Collectively, these cellular responses protect the cell from the
mechanical forces not only by reinforcing the plasma membrane, but also the cell adhesions, which
is reliant on the contribution of all three cytoskeletal networks (Hu et al., 2003). There is also
evidence that, as the cytoskeleton rearranges, it modulates the amount of force required to initiate
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mechanical signals and the mechanotransduction pathways that transmit those signals to the
nucleus, affecting both gene expression and cell differentiation processes (Chiquet et al., 2009).
Further study of how the amounts of specific structural proteins in the cytoskeleton alter in
response to mechanical loading would help to elucidate cellular mechanisms of functional
adaptation to the applied mechanical forces (Jackson et al., 2008).

1.3 Scleral biomechanics
The sclera is a non-linear viscoelastic structure, having both an elastic and viscous component. To
function properly the sclera must not only stretch under increasing load, but also be able to return
to its native state, which has been noted to involve hysteresis (McBrien et al., 2009; Boote et al.,
2019). Given the regional variations in the scleral biomechanical properties, the posterior exhibits
different elasticity and creep properties compared to the rest of the sclera, even if it is noted to be
nearly incompressible (Pavlatos et al., 2016). Studies of the PPS biomechanics present an interest
not solely in terms of fundamental research but from a clinical viewpoint as well, since this is the
region where the ONH must bear the large pressure differences between the IOP, the cerebrospinal
fluid pressure (CSFP) and the eye’s external environment. Understanding the biomechanics of the
ONH links both the IOP-related and non-pressure risk factors for optic neuropathies, including
glaucoma. To achieve this, one must combine the scleral and laminar geometry with material
properties (strength, stiffness, structural rigidity, compliance) to explain the physiology of normal
ONH ageing, susceptibility to IOP, and the clinical manifestation of disease (Burgoyne and Downs,
2008).

The mechanical properties of the sclera are of particular importance for determining the
deformation of the ONH in response to IOP elevation, with a key factor being the collagen fibre
architecture (Pijanka et al., 2012). This is related to the pathophysiological changes that occur in
glaucoma, which is linked with death of retinal ganglion cells (RGC). Contrary to expectations,
the scleral thickness and stiffness do not balance each other out during a uniform IOP increase
(Girard et al., 2009a). In fact, the relationship was inverse, even if not pronounced – a thin scleral
region (the peripheral) tended to be associated with a larger stiffness, whilst a thick region (the
peripapillary) was less stiff. It is thought that at small loads on the sclera the collagen fibres are
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not fully stretched and retain a residual crimp (Jan et al., 2017; Gogola et al., 2018a; Jan et al.,
2018). With the application of an external mechanical load the fibres progressively straighten,
which causes them to exhibit non-linear, strain-stiffening behaviour. The collagen fibre stiffness
treadmilling is influenced by several factors, including the diameter of the fibre and the density of
the cross-links between the fibrils (Coudrillier et al., 2015a). GAG depletion in the PG population
also causes significant effects on the stiffness and mechanical behaviour of the sclera, although it
remains uncertain if PG composition is altered in ocular pathologies such as glaucoma (Murienne
et al., 2015).

A decade ago Winkler and colleagues reported higher collagen fibril density around the LC in
humans (Winkler et al., 2010). This collagen structure is not exclusive to humans, as presence of
orientated collagen fibrils in the posterior sclera was also observed in cynomolgus monkeys, a year
before Winkler’s study (Roberts et al., 2009). Wide-angle X-ray scattering (WAXS) experiments
first confirmed a clearly distinct circumferential ring of collagen fibres in humans and that the
alignment can be quantified (Figure 1.09) (Pijanka et al., 2012). The PPS was the only region
where such a highly aligned collagen organisation was found, whilst the mid-posterior region was
observed to be mostly isotropic. Coudriller et al. determined that at the scale of WAXS
measurements, the circumferential collagen fibres were twice as stiff as those in the meridional
direction and that there were large differences in the degree of fibre alignment between different
regions of the PPS (Coudrillier et al., 2013; Coudrillier et al., 2015a). Incorporation of the scleral
WAXS data in finite element (FE) analysis indicated that altering the collagen fibre structure of
the (mostly) isotropic mid-posterior sclera does not significantly affect the mechanical response of
the ONH, whereas in contrast, changing the collagen anisotropy in the PPS region has immediate
and large effects on scleral canal, expansion, as well as significant, but lesser, impact on the
posterior bowing of the LC (Coudrillier et al., 2013; Coudrillier et al., 2015c). Multi-photon
microscopy studies performed by the same research groups revealed that the circumferential fibre
alignment in the PPS is limited to the mid-to-outer two-thirds of the depth of the sclera and does
not extend through the full thickness of the scleral tissue (Pijanka et al., 2015).
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Figure 1.09 – Annulus of aligned collagen fibres around the ONH in the PPS (inner ring) and mid-posterior sclera
collagen fibre organisation (outer ring) represented as polar vector plots. The orientation of the polar plots illustrates
the average collagen fibre directional spread, whilst the colouring is indicative of the level of anisotropy, with
hotter colours correlating to greater alignment. The posterior sclera was divided into eight sections, indicated
clockwise: S (superior); SN (superior nasal); N (nasal); IN (inferior nasal); I (inferior);
IT (inferior temporal); T (temporal); ST (superior temporal).

The above studies were significant in that they provided the first direct experimental support for
the idea that circumferential collagen fibres in the PPS fulfil a neuroprotective role in providing
mechanical stability to the optic nerve axons as they traverse the LC. Specifically, the PPS collagen
structure limits the IOP-related expansion of the scleral canal and hence reduces the transverse
strains in the LC (Pijanka et al., 2013) – a theoretical scheme which was earlier propounded by
computational simulations (Grytz et al., 2011). It should be taken into account that it is not solely
the circumferential fibre orientation that limits the scleral canal expansion, but the high fibre
concentration in preferred directions as well (Girard et al., 2009a; Girard et al., 2009b). The level
of collagen fibre interweaving should also have an effect, with suggestion towards an increase in
scleral stiffness (Boote et al., 2019). Given the smaller amount of type I collagen in the LC, the
mechanical response of the ONH is mostly determined by the elastic behaviour of the collagen
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fibril network. Thus, it can be concluded that even local modifications to the collagen structure of
the PPS can lead to significant influence on the mechanical response of the ONH. It is thought that
these regional differences in the collagen orientation are an adaptive change to the IOP, promoting
retention of biomechanical homeostasis within the ONH. A neuroprotective role for the PPS
collagen structure is further supported by studies that showed significantly lower regional
variations in posterior sclera affected by glaucoma and myopia and could partly explain individualspecific eye susceptibility to these conditions (Pijanka et al., 2012; Coudrillier et al., 2013; Markov
et al., 2018).

There are also age and race-related differences in the scleral material properties, which can lead to
a loss of scleral compliance. Several studies revealed that the PPS organisation also significantly
vary with race and glaucoma, but not with age (Yan et al., 2011; Pijanka et al., 2012; Danford et
al., 2013). However, older age does have an effect as it leads to scleral stiffening and a chronic
elevation in the IOP, which could also likely explain the prevalence of age-related optic neuropathy
(Burgoyne and Downs, 2008; Girard et al., 2009c; Coudrillier et al., 2012; Geraghty et al., 2012;
Fazio et al., 2014). Loss of collagen crimp is also age-dependent and possibly related to the
aforementioned scleral stiffening (Gogola et al., 2018a). In terms of ethnicity, people from African
descent were shown to have a significantly lower in-plane strain when compared to European
descent donors, as well as the existence of microstructural differences in the posterior sclera (Yan
et al., 2011; Grytz et al., 2014). Similar to ageing, this was shown to be primarily due to a higher
shear stiffness and the lower level of stretch at which the collagen fibrils uncrimp and stiffen. These
age- and race-dependant changes could be the result of a higher density of collagen cross-linking,
possibly in conjunction with loss of elastin-driven recoil, as it is known that the amount of elastin
decreases with age (Watson and Young, 2004). The cross-links are a result of PGs binding collagen
fibres with their core proteins, whilst the side GAG chains form connections with neighbouring
fibres (Coudrillier et al., 2015a). In terms of other pathologies, it has been noted that older diabetic
sclerae had a lower degree of collagen anisotropy than that of comparable nondiabetic sclerae
(Coudrillier et al., 2015b). However, the mechanistic relationship between diabetes and ocular
pathologies, such as glaucoma, remains poorly delineated beyond a basic epidemiological link.
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1.3.1 Intraocular pressure
Along with the sclera and cornea, the exerted IOP also helps maintain the shape of the eye as it
keeps it in an expanded globular form. It is measured in mmHg and for humans, the standard
pressure varies between individuals, with a statistically normal range from 10 to 21mmHg, with
15.5mmHg taken as mean value (Klein et al., 1992). The main factors that regulate the IOP are the
production and drainage of the aqueous humour, which when not in equilibrium can cause an
increase or decrease in the pressure. There are also fluctuations during the day-night cycle, as the
pressure tends to be higher in the morning, because of the prolonged time in a lying position
(Downs et al., 2011). The cardiac cycle has also been indicated to alter the IOP and indirectly
affects ONH deformations (Jin et al., 2018). Reducing the IOP remains the principal approach to
prevent and delay the progression of damage from glaucoma (Jia et al., 2016).

1.4 Glaucoma
Glaucoma is a group of optic neuropathies, which cause loss of RGCs, along with atrophy and
excavation of the optic nerve (Casson et al., 2012). It was first documented over 24 centuries ago
in Ancient Greece, with the exact origin of the name remaining controversial, most likely from
glaukos, which could have meant ‘owl’, ‘blue-green’ or ‘to shine’ (Tsatsos and Broadway, 2007;
Laios et al., 2016). In addition, until around the early 18th century, cataract and glaucoma were
not distinguished and were thought to be the same disease (Brisseau, 1709; Drews, 2006). The
pathology presents itself initially as degradation in the peripheral visual field, which can progress
centrally and lead to irreversible, functional blindness (Figure 1.10). In fact, glaucoma is the second
most widespread reason for blindness after cataract and the leading global cause of currently nontreatable vision loss. The condition has a severe impact on the patient’s quality of life, with many
exhibiting depression and social withdrawal (Quaranta et al., 2016). The number of people with
glaucoma continues to increase at an alarming rate: 80 million people are expected to have primary
open-angle glaucoma (POAG) by 2020 and 111.8 million by 2040, with the disease
disproportionally affecting people in Africa and Asia (Quigley and Broman, 2006; Tham et al.,
2014). As the disease is a neuropathy, most interventions target IOP reduction, as it is the only
proven method for treating POAG (Boland et al., 2013). This includes laser eye surgery to increase
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aqueous humour outflow or regular application of topical medication, which can have
postoperative complications or can cause local adverse effects, respectively (Weinreb et al., 2014).

Figure 1.10 – Loss of peripheral sight in glaucoma. Normal (Left) and glaucomatous field of vision (Right).

1.4.1 Disease biomechanics
As the LC is the primary site of glaucomatous damage, the PPS circumferential collagen fibre
structure is of key interest in the glaucoma disease process. Whilst the bulk fibre directions in
glaucomatous and non-glaucomatous PPS were similar, WAXS tissue studies showed that regional
differences in peripapillary fibre anisotropy do exist (Pijanka et al., 2012). This may be the result
of pathological changes or due to structural properties that are associated with predisposition to
glaucomatous axonal damage. These differences were specific only to the PPS and were not
observed in the mid-posterior region. It has been reported that damaged glaucomatous human
sclera subjected to inflation tests have a different biomechanical response in the PPS than nonglaucomatous control eyes (Coudrillier et al., 2012). In addition, stress-strain behaviour in the midposterior region lacked significant differences, further underlying the importance of the
peripapillary region for normal eye biomechanics. In terms of fibre anisotropy in the PPS,
glaucoma specimens displayed a more homogeneous structure (Coudrillier et al., 2015c). It has
also been shown that the choroidal thickness decreases with acute IOP, with further implication
for the retina as well (Wang et al., 2016c; Muñoz-Sarmiento et al., 2019).
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A typical glaucomatous change is the pathological enlargement of the optic disk, referred to as
‘cupping’ (Quigley, 2011). Burgoyne and Downs proposed that individual fibres in the anterior
LC yield and then mechanically fail, thus transferring the force they were resisting to the adjacent
collagen fibres, which increases their load at the same IOP (Figure 1.11) (Burgoyne and Downs,
2008). Thus, even if there is a constant level of IOP, the adjacent laminar fibres progressively yield
and/or fail as the IOP-induced load is spread over a continually decreasing volume of connective
tissue. A recent study reported the existence of regional variations in the strain exerted on the LC,
which might prove to be predictive of the progression of axonal damage in glaucoma (Midgett et
al., 2017). It is possible that elevated IOP disrupts the nutrient supply in the axons, starting a
reactional cascade which leads to a loss of proper function and apoptosis, which spreads to adjacent
cells, all of which will eventually lead to axonal dysfunction and death (Strouthidis and Girard,
2013; Coudrillier et al., 2015c).

Figure 1.11 – Normal (Left) and deformed glaucomatous (Right) ONH with indicated components. Glaucomatous
LC posteriorly displaces and thins, which also affects the structure of adjacent tissues. The mechanical yielding of
the LC causes axonal transport disruption and apoptotic death in retinal ganglion cells (RGC).
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1.4.2 Risk factors
In the majority of glaucoma cases, the principal pathological factor is elevated IOP, but it is far
from the only risk for developing the disease. IOP fluctuates by as much as 10mmHg in the daynight cycle in rhesus macaques, with the ocular pulse amplitude increasing with IOP, which
suggests that snapshot IOP measurements may be inadequate to capture the true dynamic character
of the IOP (Downs et al., 2011). High-frequency IOP fluctuations become larger as IOP increases,
presumably driven by stretching and stiffening of the ocular coats, which reduces elastic damping.
Furthermore, the LC and scleral stiffness and microarchitecture would be key in resisting IOPrelated damage (Grytz et al., 2012).

Other contributing factors associated with an increased incidence of glaucoma are advanced age
and ethnicity, with both having differences in the scleral material properties, which might impact
the mechanical loading conditions of the ONH, making it more susceptible to IOP-related injury
(Tielsch et al., 1991; Grytz et al., 2014). A study by Girard and colleagues reported that the
posterior sclera of aged rhesus monkeys is significantly stiffer than of younger ones, therefore
subject to higher stresses but lower strains at all levels of IOP (Girard et al., 2009c). Advanced age
stiffening of the sclera may significantly influence ONH biomechanics and potentially contribute
to age-related susceptibility to glaucomatous vision loss, as it puts more strain on the LC (Zhou et
al., 2019a). However, it is thought that for a range of IOP, the aged ONH should actually
demonstrate less deformation due to the presence of stiffer LC and PPS, which is a result of agerelated increases in laminar beam thickness and ECM hardening (Burgoyne and Downs, 2008).
Whilst age is a risk factor for the onset of glaucoma, congenital cases have also been documented
(deLuise and Anderson, 1983).

Whether or not diabetes is a risk factor for developing glaucoma remains a topic of intense
scientific and clinical research. Some research suggests that the age-related scleral stiffness is
accelerated in the eyes of diabetic people (Coudrillier et al., 2015b). In addition, the elevated levels
of sugar due to diabetes may confer neuroprotection for RGC from glaucomatous damage by
providing an accessible energy source (Casson et al., 2014; Coudrillier et al., 2015b). In contrast,
studies utilising animal models indicated that glaucoma is associated with an increased scleral
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stiffness (Coudrillier et al., 2015c). Moreover, due to the axial elongation and thinning that occurs
in myopic eyes, individuals with a prescription of >4D refractive error are considered to be at
significantly greater risk of developing glaucoma.

1.4.3 New treatments
Reduction of IOP is not always an effective or advisable course for treating glaucoma. There are a
large number of people with normal-tension glaucoma, and also a significant number who bear
ostensibly higher pressures without any detrimental effect on vision. A study conducted in
southwest Japan determined that 82% of patients with POAG had IOP levels under 22mmHg
(Yamamoto et al., 2014). For these patients new treatments are needed that would allow the eye
globe to retain the same pressure, without impairing proper vision. This could potentially be
accomplished by altering the mechano-signal transduction of the scleral fibroblasts with drugs
targeting a specific receptor/pathway, to make the eyes more resilient. For example, the result
could be the cells secreting a more compliant collagen matrix, and thus protecting the retinal
ganglion cells from damage (Morris et al., 2013; Strouthidis and Girard, 2013). This, in
combination with present therapies, could lead to even better outcomes for patients. However, there
is insufficient understanding of the specifics of cell mechanics in terms of glaucoma, making it
necessary for further research to be conducted. Recent in vivo and in vitro experiments have
indicated increases in actin reorganisation and integrin related signalling, alterations in
proliferation and apoptosis and a possible transition into a scleral myofibroblastic phenotype
(Oglesby et al., 2016; Pitha et al., 2018; Qiu et al., 2018; Markov et al., 2019).

1.5 Myopia
There are over a hundred types of visual impairment, of which near-sightedness, or myopia, is the
most prevalent one. Myopia affects 23% of the world’s population, with the number expected to
reach 50% by 2050 (Holden et al., 2016). The term myopia stems from the Greek myein ‘to shut’
and ops ‘eye’. This refractive error is defined by the inability to see at greater distances and is
caused in major part by an abnormal axial lengthening of the globe, placing the eye’s focal plane
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in front of the retina. The incident parallel rays entering a myopic eye cross somewhere in the
vitreous body, after which they diverge and reach the retina to form an unclear image (Figure 1.12).
As a result of the elongation, the sclera is also markedly thinner than in normal emmetropic eyes
(Vurgese et al., 2012). The occurrence of mild forms of myopia could be considered a reaction or
adaptation to modern lifestyle, specifically in relation to time spent in education and indoors,
further underpinning the global increase of myopia (Pan et al., 2012; Goldschmidt and Jacobsen,
2014; Holden et al., 2014; Williams and Hammond, 2014; Wu et al., 2015; Nickels et al., 2019).

Figure 1.12 – Emmetropic (A) and myopic (B) visual perception. Axial lengthening of the eye globe in myopia
results in a displacement of the focus in front of the retina (B), rather than directly on top of it (A).

1.5.1 Development
The axial elongation in the developing myopic eye is not solely due to tissue redistribution and
thinning and is, in fact, a complex two-step process involving structural ECM alterations (Gentle
et al., 2003; McBrien et al., 2009). The amount of collagen decreases due to a downregulation in
type I collagen synthesis and increased stimulation of the expression of matrix metalloproteinase 2,
which is known to degrade collagen fibrils (Guggenheim and McBrien, 1996; Jones et al., 1996;
Schippert et al., 2006). The end result is both a reduction in the already existing collagen and
prevention of de novo synthesis. In addition, a decrease in the diameter of collagen fibrils,
particularly near the posterior pole, has also been noted (McBrien et al., 2001). These observations
are further confirmed by studies in other mammalian species, where the changes during myopic
development are the result of active tissue remodelling rather than just passive stretching of the
sclera (Guggenheim and McBrien, 1996; McBrien et al., 2006).
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The elasticity of the sclera is increased in eyes developing myopia, along with the creep rate, which,
however, is reduced in eyes recovering from myopia and can occur within 24h of the initial
development (McBrien et al., 2009). However, computational simulations reveal that this greater
scleral elasticity could account for only 20% of the elongation of the eye, suggesting the
importance of other factors for myopic progression (McBrien et al., 2009). Alterations in creep
properties were also observed, which remained a factor in the progression of myopia, regardless
of changes in the scleral thickness. Apart from collagen, de novo synthesis of other ECM
components also declines, such as PGs and integrin receptors, which could have implications in
impairing cell-matrix interactions under mechanical stress (Tomasek et al., 2002; McBrien et al.,
2006; Siegwart and Strang, 2007).

As previously noted, scleral myofibroblasts have the capacity to contract the matrix and are
regulated by tissue stress and growth factors such as TGFβ1 (Section 1.2.1.1). Changes in these
regulatory components have been observed during myopia development, implicating cellular
factors in the scleral weakening process. Specifically, proper cellular functioning could prove
protective against myopic onset (Phillips and McBrien, 2004). Other pathologies have also been
reported to cause myopia; for example, Marfan syndrome is a genetic connective tissue disorder
attributed to mutations in the ECM protein fibrillin-1, with most patients being myopic and having
a greater glaucoma predisposition (Maumenee, 1981; Hayward and Brock, 1997; Nemet et al.,
2006). Myopic tree shrew eyes exhibited an evident reduction in both scleral thickness and dry
weight as well (Norton and Rada, 1995; McBrien et al., 2001). It is hypothesized that the eye
controls the scleral matrix based on the image quality falling on the retina, which in turn signals
the sclera to weaken, or strengthen, to accelerate or slow eye growth. For example, in mammals
with high myopia, this signal leads to biochemical remodelling of the scleral matrix, producing a
thinner, weaker tissue (Summers Rada et al., 2006).

1.5.2 High myopia
In humans, high myopia, or myopia gravis, refers to patients having >6D of myopic refractive error
(Verkicharla et al., 2015). Whilst for the mild and moderate forms of myopia the eyes appear
normal in terms of shape, highly myopic ones are slightly elongated in the axial dimension, the
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pupil is dilated, and the anterior chamber is deeper. The sclera becomes weaker and more
extensible, which results in its inability to withstand the expansion that occurs with elevating IOP
(McBrien et al., 2009). Due to the alterations in the globular structure of the eye, this form of nearsightedness is linked to a heightened risk of retinal detachment, cataract and especially glaucoma
(Xu et al., 2007). Myopic cases have been noted to have lower of the ocular globe rigidity,
suggesting that glaucoma may enhance the myopic changes to tissue biomechanics
(Chansangpetch et al., 2017). Recent findings in the bulk collagen fibre orientation in human
sclerae supports the idea that pathological structural remodelling takes place with high myopia
leading to a greater susceptibility to mechanical damage and deformation of the scleral tissue
(Markov et al., 2018).

The development of high myopia is associated with a decreased amount of scleral collagen,
thinning and loss of scleral tissue, in both humans and animal models (Gentle et al., 2003; Vurgese
et al., 2012). Like the other forms of myopia, the collagen fibril diameter is reduced which could
be of importance for patients with pathological myopia for the subsequent development of
posterior staphyloma (Curtin et al., 1979). The thinning of the sclera in the posterior pole logically
results in changes to the LC, which, because of the axial elongation of the globe, becomes thinned
and extended (Vurgese et al., 2012; Jonas and Xu, 2014). The stretching of the eye could also lead
to expansion in the retina and reduce retinal function. Another possibility for the higher
susceptibility to glaucoma could be the increase of the distance between the ONH and the ZinnHaller arterial circle, which vascularizes it, resulting in distortion to the normal blood supply to the
LC (Jonas et al., 2013). Furthermore, with high myopia, the choroid becomes very thin, a process
that continues with age and myopic progression. The occurring abnormalities of the choroid could
further play a role in the pathogenesis of myopic degeneration (Fujiwara et al., 2009). All of these
alterations further exemplify the necessity for novel ways of studying ocular composition and
biomechanics.
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1.6 Technical approaches
1.6.1 X-ray scattering
X-rays are a high-frequency form of electromagnetic radiation, with a wavelength normally
ranging from 0.1 to 10nm (Figure 1.13). Techniques using X-rays find a wide arrangement of
scientific application, with 89% of the known protein structures determined by X-ray diffraction
(Gore et al., 2017). The phenomenon arises when monochromatic X-rays are elastically scattered
by periodically arranged atoms, such as those in a crystalline lattice. The scattered radiation is in
phase, causing constructive interference between the wave component of the photons, with the
direction of the scattered beams being depended on the material’s intrinsic structure. As based on
Bragg’s law (Figure 1.14), the angle (∅) between the incident beam and the periodic lattice will be
reflected with an angle of scattering of the same proportion (∅).

Figure 1.13 – Electromagnetic spectrum, with highlighted visible spectrum and X-ray range indicated in teal.
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Figure 1.14 – Representation of Bragg’s law for X-ray diffraction from atoms of a periodic crystal lattice. When two
identical monochromatic X-rays beams with the same wavelength (λ) hit two atoms from different crystal planes,
with a characteristic spacing (d) between them, the angle of incidence (∅) will be equal to the reflected angle of
scattering (∅). Another parameter is the order of diffraction (n), which is an integer. If the scattered beams are in
phase, they will constructively interfere and by measuring the angle (∅) it is therefore possible to determine the
interplanar spacing (d) of different materials.

WAXS is an ex vivo approach, that permits the quantification of collagen fibril distribution and
orientation in corneal and scleral tissues (Meek and Quantock, 2001; Meek and Boote, 2009;
Pijanka et al., 2012; Coudrillier et al., 2013). As incident X-rays pass through tissue, a fraction is
scattered from the constituent collagen molecules that form the fibrous ECM, producing a Fourier
transform scatter pattern reflective of the intrinsic architecture. Instead of a direct image
visualisation of the surface, like most forms of microscopy, X-ray scattering samples the full tissue
thickness, from which both qualitative information and quantitative structural parameters can be
indirectly extracted. As the tissue is not labelled, embedded or sectioned before the experimental
procedures, artificial disruption of the tissue microstructure is largely avoided. Another advantage
of WAXS is that the diameter of the collagen molecules is highly uniform, which gives rise to a
sharp well-resolved signal (Meek and Quantock, 2001; Pijanka et al., 2012).
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WAXS arises from X-ray beam scattering at angles larger than 2° and originates from the ~1.6nm
lateral packing of collagen molecules within the fibrils (Meek and Boote, 2009). This scatter occurs
perpendicularly to the collagen fibril axis and is referred to as the equatorial WAXS pattern. As
the scleral collagen fibrils are distributed in multiple orientations, the diffraction pattern recorded
on an X-ray detector will form arcs (Figure 1.15), from whose angular intensity distribution the
angular fibril distribution function within the tissue plane can be extracted. It should be noted that
there will be artefactual angular smearing in the patterns due to the tilt of the molecules that form
the intermediate microfibrillar structure of the fibrils. However, in the sclera this tilt is small, at
around 5°, and thus its contribution will be minimal (Yamamoto et al., 2000).

Figure 1.15 – WAXS intermolecular equatorial pattern from incident X-ray beam hitting orthogonally orientated
groups of collagen fibrils.

X-ray beam scattering at angles smaller than 2° is referred to as small-angle X-ray scattering
(SAXS). Unlike WAXS, where the X-ray detector was positioned several dozen cm away from the
sample, this distance needs to be several metres to record the small-angle pattern. This technique
has been utilised in multiple studies of the corneal architecture, with the signal being most
pronounced in the meridional direction and stemming from the collagen fibril organisation (Meek
and Quantock, 2001; Meek and Boote, 2009). The SAXS meridional signal depends on several
factors, such as tissue hydration, the lateral separation of the collagen fibrils and their diameter,
which in the cornea is much more uniform, ~35nm, whilst in the sclera varies between 25 to 230nm,
thus making the WAXS equatorial signal from the intermolecular collagen spacing to be a more
suitable choice in investigating the scleral collagen organisation (Komai and Ushiki, 1991; Meek
and Boote, 2009).
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Due to the destructive nature of X-ray radiation, most data collection require sufficiently high
signal-to-noise ratio in the shortest possible time frame, necessitating the use of an ultra-high
intensity synchrotron X-ray source (Figure 1.16) (Bilderback et al., 2005).

Figure 1.16 – Primary components of a synchrotron facility. Once fired from an electron gun (purple),
the electrons are accelerated in a booster ring, following which the electron beam starts moving along a storage ring
in a vacuum tube, surrounded by bending magnets (red). Undulator magnets (green) cause the electrons to release
energy in the form of X-rays which are directed to different beamlines (blue). Radiofrequency cavities (yellow)
replenish the electrons with the energy that was lost in the form of X-rays.

First, a high voltage cathode, or highly heated element, produces free electrons that are fired as a
stream of electrons from an electron gun. In a linear accelerator, or linac, high energy radio waves
accelerate the electrons to near relativistic speed and energy of hundreds of MeV. Afterwards, the
electrons are injected into a booster ring where bending dipole magnets force the electrons to travel
in a circular path, which are further accelerated by radiofrequency cavities and achieve a few GeV
energy. From the booster ring, the highly accelerated electrons are fed to the outer storage ring,
where high vacuum is required so that there are very few gas molecules in the beam path, which
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would otherwise scatter the near relativistic particles before they reach their target. In addition to
bending magnets, there are constantly repeated magnets with opposite magnetic poles, with the
alteration leading to small dipole fields to be generated, which causes the electrons to undulate and
release energy in the form of brilliant electromagnetic radiation. The high-intensity X-rays travel
to beamlines, which are designed to support a specific technique or type of sample. Whilst their
design can vary a lot, they, in general, are composed of an optics hutch, where the radiation is
focused and filtered, an experimental hutch housing the experimental equipment, such as the
X-ray detector and sample holders, and a control station, where the procedures can be monitored
(Winick, 1995). Synchrotron light sources have been used in studying structural organisation at
tissue levels as well, including both the cornea and sclera (Chapter III and Chapter IV) (Meek and
Quantock, 2001; Boote et al., 2005; Pijanka et al., 2012; Coudrillier et al., 2015a; Markov et al.,
2018).

1.6.2 Laser scanning microscopy
Laser scanning microscopes (LSM) provide images with high contrast on the basis of excitation
and emission of a fluorescent signal from a fluorophore (Lichtman and Conchello, 2005). The
absorbed light causes an electron to transit to a higher energy level, resulting in an excited state.
The following return to ground state is accomplished through emission of the excess energy as a
photon with less energy (higher wavelength) than the absorbed one, causing a Stokes shift in the
emission spectra (Figure 1.17). LSM are commonly used for optical sectioning, producing several
consecutive image slices of the original specimen, allowing for a greater depth visualisation
(Conchello and Lichtman, 2005). Amongst the different linear approaches, confocal microscopy
permits optical sectioning by scanning the specimen with laser irradiation and focusing the emitted
light through a filter, most commonly a pinhole (Paddock, 1999). By employing a pinhole the
background noise is greatly reduced by eliminating out-of-focus fluorescence to generate highquality optical sections. Fluorescent confocal LSM have been employed in a number of studies of
microscopical structures, including the cytoskeleton (Chapter V) (Idowu et al., 2000; Campbell et
al., 2007; Li et al., 2011; Kuboki et al., 2012; Jiu et al., 2017; Qiu et al., 2018).
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Multiphoton microscopy is a non-linear imaging approach that achieves optical sectioning through
thick biological tissue samples by using high frequency, pulsed laser-generated photons. Second
harmonic generation (SHG) is a coherent form of multiphoton microscopy that emits a photon
which has precisely half the wavelength, or twice the frequency, of two incident photons, most
commonly in the infrared part of the electromagnetic spectrum (Figure 1.13) (Zipfel et al., 2003).
A distinguishable feature of SHG is that emission stems from virtual states, unlike the standard
Stokes shift emission fluorescence from a singlet excited state (Figure 1.17). Whilst initially
utilised in birefringent crystals, SHG signal can be produced in non-centrosymmetric biological
structures as well, such as microtubules and most notably collagen fibrils, allowing for their
visualisation without the requirement of labelling (Dombeck et al., 2003; Williams et al., 2005;
Chen et al., 2011; Chen et al., 2012b). Therefore, several research studies have applied SHG
microscopy to the collagen architecture in the corneoscleral tunic (Chapter IV) (Han et al., 2005;
Girard et al., 2011; Jones et al., 2015; Pijanka et al., 2019).

Figure 1.17 – Jablonski diagram of standard fluorescence and SHG emission. Initial photon excitation (ν ex) from
singlet ground state (S0) is to a higher vibrational level of the excited state (S1). This is followed by a rapid
non-emission decay to the vibrational ground state of S1, followed by emission of a photon with lower
energy (νem; lower frequency, higher wavelength) than the absorbed one. This process is referred to as
a Stokes shift in the fluorescence emission spectrum. In SHG, two photons with the same energy (ν IR)
are subsequently excited in a single quantum event, to intermediate virtual states (V 1 and V2). The
reemitted photon is half the wavelength (νSHG; twice the frequency) of the two incident ones.
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1.6.3 Finite element modelling
Numerical modelling is an approach for representing real systems in a simplified manner. This
permits a multitude of advantages, as it allows the determination of only relevant characteristics,
often in conditions which cannot be replicated experimentally. Models can also interpolate and
extrapolate results and predict behaviours. Amongst the commonly employed modelling methods,
FE analysis is the most widely used. The approach is based on the assumption that any object can
be represented as a large number of composing parts or ‘finite elements’. The nodes, or vertices,
of each element can be connected by either straight lines (first-order) or curves (second-order), to
create a simple (Figure 1.18) or complex structure. A major advantage of the FE models is that
they are much more time and cost-efficient and in biological research can reduce the number of
laboratory animals

used, thus

preventing ethically ambiguous

situations.

However,

oversimplification and overapproximation pose persistent problems associated with the FE
approach.

Figure 1.18 – Finite element (FE) cube model composed of 12 first-order triangular elements and 8 vertices.
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1.6.3.1 Eye modelling

Over the last decade, numerous FE models of the eye have been created. FE models allow the
handling of complex geometry, dynamic properties, loading and non-linear pressure changes, all
of which applies to the sclera and its mechanics. Such computational studies have revealed that
scleral stiffness, geometry and collagen fibre structure significantly influence the response of the
ONH to changes in IOP and are important factors in the deformation of the LC (Sigal et al., 2005;
Girard et al., 2009c; Grytz et al., 2011; Norman et al., 2011; Coudrillier et al., 2013; Campbell et
al., 2015). Through FE analysis it was shown that the scleral canal size and shape and scleral
thickness were the most important geometrical factors affecting the ONH stresses in human eyes
(Bellezza et al., 2000). Models also predicted that posterior scleral deformations are non-linear
after acute IOP elevations and are governed by the scleral collagen microstructure (Girard et al.,
2009a). The FE approach also independently predicted the existence of the highly orientated ring
of collagen fibrils around the ONH (Grytz et al., 2014). In conjunction with WAXS experiments
on the collagen fibre structure, FE analysis was used to model the anisotropic stress response of
the posterior sclera (Coudrillier et al., 2015a; Coudrillier et al., 2015c). Furthermore, recent
research combined human corneal and scleral WAXS data with ocular globe surface reconstruction
to more accurately represent the biomechanics of the whole eye tunic for further investigation
(Zhou et al., 2019a; Zhou et al., 2019b).

1.6.3.2 Cell modelling

Whilst the scleral ECM has been previously investigated with FE analysis, this has not been
performed for the cytoskeletal proteins in the context of cellular biomechanics. FE cellular models
are notable for being oversimplified, with the cytoskeleton being absent or restricted to basic
representation of a singular continuous network (Ronan et al., 2012; Dowling et al., 2013; Abhilash
et al., 2014; Ronan et al., 2015). Whilst a few studies utilised cytoskeletal components they were
all represented as simplified linear elements (Barreto et al., 2013; Barreto et al., 2014). Another
approach is to create FE models on the basis of actual experimental imaging data (Dailey et al.,
2009; Slomka and Gefen, 2010; Or-Tzadikario and Gefen, 2011). These cell-specific models
permit the representation of actual cellular geometries, as well as the incorporation of several
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intracellular components. Although they provide an improvement in accuracy there remains a
necessity for standardised procedures for their creation and optimisation (Chapter VI).
Furthermore, there is no model that takes into account the cellular component of the sclera as well,
whilst none of the existing simulations has included experimental results that combine both the
slow ECM and the fast fibroblast remodelling in response to varying levels of IOP over a range of
different time-scales.

1.7 Aims and objectives
The objective of this interdisciplinary project was to provide further clarity on scleral fibroblast
and ECM composition and biomechanical behaviour utilising multiple biophysical, biochemical
and bespoke techniques. This will be instrumental in our understanding of the sclera and the
associated differences with certain pathologies, such as myopia and glaucoma.

The following specific objectives were set:

1. To ascertain whether alterations in the ECM occur in the bulk collagen fibre level in human
high myopia.
2. To evaluate the collagen microarchitecture surrounding the optic nerve in several
mammalian species, in order to identify appropriate human analogues for scleral/ONH
biomechanical studies.
3. To develop an algorithm for extracting and processing laser microscopy data to determine
alterations in the bovine scleral collagen organisation.
4. To quantify the effect of physiological and pathological (glaucomatous-like) mechanical
strain on scleral fibroblast cytoskeletal protein orientation.
5. To develop an approach for creating cell-specific FE models that retain physiological
accuracy of the organisation of the cytoskeleton.

The overarching future goal is to incorporate the collected physiological tissue and cellular data
into quantitative FE models, which are envisioned to be applied in the study of ocular pathologies
and determining novel targets for future treatments.
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Materials and methods

Chapter II

2.1 Ethical statement
All human tissues in this work were collected and handled in accordance with the World Medical
Association Declaration of Helsinki on Ethical Principles for Medical Research involving Human
Subjects and approved by the Human Science Ethical Committee (School of Optometry and Vision
Sciences, Cardiff University, Cardiff, UK) and the South East Wales Research Ethics Committee
(Cardiff, UK).

2.2 Wide-angle X-ray scattering procedures
2.2.1 Specimen details and preparation
2.2.1.1 Human samples

Nine eye globes from human donors, seven emmetropic and two highly myopic (>6D of refractive
error), were obtained within 13-18h post-mortem (Fondazione Banca degli Occhi del Veneto,
Venice, Italy), through a contract with the Biomechanical Engineering Group (University of
Liverpool). A third highly myopic globe was acquired from the Department of Ophthalmology at
the University of Hong Kong (Markov et al., 2018). Prior to donation, all eyes were previously
assessed for refractive status by an ophthalmologist and confirmed to have no registered previous
history of glaucoma, posterior scleral surgery or disease (apart from myopia). The average age of
the non-myopic specimens was 66.3±7.1 years and 66.7±8.3 years for the highly myopic. The
specimens were dissected and prepared in accordance with previously established protocols
(Pijanka et al., 2012; Pijanka et al., 2013). External remaining adipose, muscle and connective
tissues (muscle tendons, blood vessels and episclera) were carefully removed with scissors, whilst
the optic nerve was excised with a razor blade flush to the sclera. An incision was made with a
scalpel in the equatorial sclera, separating the anterior and posterior cups and the internal vitreous,
lens, retina and choroid were subsequently removed. The implementation of four to eight relaxing
incisions in the posterior eye cups prevented notable creasing and allowed for flat mounting of the
specimens so that the whole tissue surface was perpendicular to the incident X-ray beam. Posterior
cup specimens were then immediately fixed in 4% (w/v) paraformaldehyde (PFA; Sigma-Aldrich,
Poole, UK) solution and stored at 4°C until time of wide-angle X-ray scattering (WAXS)
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experiments. Table 2.1 provides details on the eyes used in the study, whilst Figure 2.01
exemplifies a flat-mounted posterior sclera (N3). In addition, specimen polar vector plot maps
(Chapter III) were utilised to retrospectively determine relative myopic elongation of the posterior
sclera by measuring the distance between the optic nerve canal edge and the insertions of the
inferior oblique muscle, referred to as the ONH-IO distance.
Table 2.1 – Specimen details of the human eyes utilised in the wide-angle X-ray scattering (WAXS) experiments.
Note: the optic nerve head to inferior oblique muscle (ONH-IO) distance was calculated using polar vector plot maps
(Chapter III), representing a measure of axial globe length. The ONH-IO distance for the highly myopic eyes was
noticeably larger than the non-myopic eyes, apart from HM1 which was not measurable (denoted as N.A.).

042

Chapter II

Figure 2.01 – Photograph of flat-mounted posterior eye cup of specimen N3 with distinguishable relaxation
incisions. The specimen was covered with Mylar sheets and positioned in a WAXS sample holder (window
only presented). Superior (S), nasal (N), inferior (I), temporal (T) directions are indicated.

2.2.1.2 Bovine samples

Four bovine eyes were obtained from a local abattoir (Maddock Kembrey Meats Lt, Maesteg, UK),
with a mean age of 23.4±4.4 months, based on records from 118 animals. The globes were
recovered within 12h post-mortem and were transported on ice and stored at 4°C until processing.
Preparational procedures followed the ones presented in Section 2.2.1.1, with posterior cups further
cut with scissors to a circular biopsy with a diameter of 20mm, encompassing the optic nerve head
(ONH) and surrounding peripapillary sclera (PPS). All tissue manipulations were performed within
24h after death to minimise post-mortem changes in the tissue biomechanics (Girard et al., 2007).
The excised scleral samples were then immediately fixed in 4% (w/v) PFA (Sigma-Aldrich, Poole,
UK) and stored at 4oC until the WAXS experiments at Beamline I03 at the Diamond Light Source
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(DLS) synchrotron facility (Harwell Science and Innovation Campus, Oxfordshire, UK).
Specimens

for the eye

geometry experiments

were

frozen intact

and stored

at

–80oC until experimental analysis (Section 2.7).

2.2.1.3 Other samples

Sample preparation and WAXS data collection at Beamline I02 at the DLS on specimens from ten
mammalian species were conducted by Dr Craig Boote and Dr Jacek Pijanka (Structural
Biophysics Group, Cardiff University) (Table 2.2). All Bristol Zoo animals died of natural causes
and all specimens were acquired up to 12h post-mortem and handled according to outlined
procedures (Section 2.2.1.1 and 2.2.1.2).
Table 2.2 – Specimen details of the mammalian eyes utilised in the WAXS experiments. Animals are listed by increase
in body size with both their common and scientific names provided. All specimens were scanned at different data
acquisition steps at Beamline I02 at the Diamond Light Source (DLS) after collection from appropriate sources.

2.2.2 Wide-angle X-ray scattering data collection
WAXS experiments were performed at the identical capability macromolecular crystallography
Beamlines I02 and I03 at the DLS, the UK’s national synchrotron. Beamline I02 measurements
were conducted by Dr Craig Boote and Dr Jacek Pijanka, whilst the ones at Beamline I03 were
carried out by the author (Table 2.1).
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Specimens were recorded at regular intervals in a custom-modified fibre-diffraction setup, with
0.5mm spacing in the abscissa and ordinate directions for the human samples and selected intervals
for the mammalian ones appropriate to the eye size (Table 2.2). Four scans on bovine posterior
sclera were conducted, three with a step of 0.5mm and the final one at every 0.25mm. Specimens
were mounted inside airtight Perspex (Lucite Group Ltd, Southampton, UK) chambers with Mylar
(DuPont-Teijin, Middlesbrough, UK) windows, that magnetically attached to an integrated
goniometer for directional translation between the 1s or 0.5s X-ray exposures (Figure 2.02). Each
of the posterior sclerae was also wrapped in polyvinylidene chloride film to limit tissue dehydration
during irradiation. The incident focused X-ray beam had a wavelength of 0.09795nm and
150x80µm cross-section dimensions, which was electronically recorded on a Pilatus-6MF silicon
pixel detector (Dectris Ltd, Baden, Switzerland), situated 350mm behind the specimens (Pijanka
et al., 2015; Markov et al., 2018). A final Mylar sheet with a lead beam stop was positioned to
prevent undiffracted rays from reaching and damaging the detector. For pattern centration and
camera length calibration, the X-ray reflection from powdered calcite (CaCO3) was used.

Figure 2.02 – Beamline I03 at the DLS operating in a custom fibre-diffraction setup and viewed from the detector
side (detector out of shot). (A) Goniometer; (B) Sample holder with posterior human sclera;
(C) Mylar sheet; (D) Lead beam stop.
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2.2.3 Wide-angle X-ray scattering data analysis
The recorded pixel intensity patterns were stored and converted locally to tagged image files (TIF).
The analytical procedures were performed via a bespoke MATLAB script (MATLAB 9.6;
MathWorks, Natick, USA), composed by Dr Ahmed Abass and Mr Martin Sprang (Structural
Biophysics Group, Cardiff University), adapting a previously used approach based on the use of
Microsoft Excel macro procedures (Pijanka et al., 2012; Pijanka et al., 2014). The script was
custom-modified by the author in the following ways: (I) combined several of the initial executable
components; (II) superseded the necessity for conversion of the TIF images before processing
them; (III) reduced the total and self-execution time; (IV) incorporated an option for exporting
transparent background polar vector plot maps; (V) included further storage parameters, most
notably for the collagen anisotropy.

The bulk collagen fibril angular orientation can be acquired from the ~1.6nm intermolecular signal
in the WAXS diffraction patterns (Figure 2.03A). After fitting a unique radial power-law
background scatter function and subsequently subtracting it (Figure 2.03B) for each scleral
scanned point, the fibril content was calculated over 720 radial divisions, one at each 0.5° (Pijanka
et al., 2012; Markov et al., 2018). Analysis of the resulting signal distribution and intensity can be
used to assess: (I) the collagen fibril orientation distribution, represented as the preferential
alignment over the azimuth angle ∅ (between 0 and 2π); (II) the collagen anisotropic proportion,
which is the ratio of the preferentially aligned collagen fibrils (Ia) against the total collagen scatter
(Ia+Ii; where Ii is the isotropic collagen scatter) in Equation 1 (Figure 2.03C). The resulting signal
peaks were normalised against the fluctuation of the X-ray beam current and exposure time,
radially integrated and stored in angular bins. To accommodate for the equatorial X-ray scattering
occurring at right angles to the fibril axis, a π/2 rotation was performed in the total collagen scatter
distribution (Meek and Boote, 2009). The anisotropic intensity distribution at each sampling point
was represented as polar vector plots (Figure 2.03D). Subsequently, the individual plots were
incorporated in a grid, with their position corresponding to their geometric coordinates on the
scanned specimen. The degree of collagen anisotropy in the contour maps was represented with
heatmap colour codes, with hotter colours denoting a greater alignment.
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2𝜋

Equation 1:

𝐴𝑛𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑖𝑐 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 =

∫0 𝐼𝑎 𝜕∅

2𝜋

∫0 (𝐼𝑎 +𝐼𝑖 )𝜕∅

Figure 2.03 – Creation of polar vector plots from X-ray scattering experimental data from human peripapillary
sclera (PPS) collagen fibrils. (A) WAXS angular intensity distribution, as a function of the azimuth angle ∅ around
the collagen peaks, from which the distribution of the fibril orientation can be extracted. The two-lobed characteristic
pattern is indicative of uniaxial fibril distribution. (B) Radial intensity profile with a collagen signal peak (red line)
with a fitted power-law background function (green line) through the pattern presented in A. The blue open circle
marks the collagen intensity peak, whilst the blue crosses indicate the fitting points of the background function,
which was fitted to each WAXS scatter pattern along 720 equally spaced radial directions. (C) Angular
intensity profile of A represented as isotropic (Ii) and anisotropic scatter component (Ia), the latter
arising from preferentially aligned collagen fibrils. (D) Polar vector plot of the collagen orientation
distribution of A. The anisotropic collagen scatter is displayed in polar coordinates, with the length
of each lobe proportional to the relative number of orientated collagen fibrils in that direction.
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2.2.3.1 Assessment of collagen fibre angular displacement in myopic sclerae

For Chapter III analysis, the PPS was represented as a fixed region composed of 64 sampling
points, circumferentially encompassing a 1.5mm wide ring around the optic nerve, whilst all others
were considered part of the mid-posterior sclera (Pijanka et al., 2012). For further comparison
between the individuals, the PPS was subdivided into four quadrants on the basis of the eye’s
anatomical directions: superior nasal (SN), superior temporal (ST), inferior temporal (IT), inferior
nasal (IN). To assess possible myopic distortions in the normally predominantly circumferential
collagen fibril alignment in the PPS, a comparison of the polar plot main angle direction of the
individual myopic specimens and an average control of the non-myopic ones was conducted. For
this purpose, an ‘idealised’ Gaussian polar vector plot angular distribution was created,
representative of the size and orientation of the collagen fibril annulus in the PPS of an averaged
control group. The idealised distribution closely followed the results of the emmetropic control
group and was composed of three full inner and one partial outer ring, with a total angle range of
180° (Figure 2.04). The assigned angles in each quadrant were 90/(n+1) for the angle step and n+2
for the number of polar vector plots, where ‘n’ is the position of the concentric rings. To ascertain
angular displacement, for all specimen the main angular direction of each of the 64 polar vector
plots was compared point-for-point with the corresponding ones in the idealised distribution, with
the mode of the difference positioned on a 0° to 90° scale.
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Figure 2.04 – Idealised mathematical distribution of polar vector plots circumferentially around the optic nerve.
Numerical values from 0 to 180 denote the primary orientation angle in degrees. Per quadrant, the number of polar
vector plots in each coloured ring is n+2, with an angular orientation step of 90/(n+1), with ‘n’ being the number
of concentric rings going outwards. Note: Red (n=1); Yellow (n=2); Green (n=3); Blue (n=4).

2.3 Second harmonic generation imaging procedures
2.3.1 Bovine peripapillary sclera specimen preparation
Two bovine eyes (left and right; from two different animals) were obtained from a local abattoir
and processed (Section 2.2.1.2). From each sclera, a 12mm diameter circular specimen,
incorporating the ONH and surrounding PPS, was cut with fine dissection scissors. To retain proper
orientation and curvature each of the two specimens was marked by an incision in the superior
aspect, before immersion in 4% (w/v) PFA solution in 1x phosphate-buffered saline (PBS; SigmaAldrich, Poole, UK). Using a sledge cryo-microtome HM440E (Microm, Walldorf, Germany),
16 in-plane 160µm thick serial sections were cut from each specimen. Sections were mounted on
polysine adhesion glass slides (Fisher Scientific, Loughborough, UK) in 1:1 solution of PBS and
glycerol (Sigma-Aldrich, Poole, UK), helping retain hydration whilst minimising refractive index
mismatching at the specimen/medium interface, and covered with 0.16-0.19mm thick rectangular
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borosilicate glass coverslips (VWR International Ltd, Lutterworth, UK) (Girard et al., 2011;
Pijanka et al., 2012). The anterior surface of the sections was positioned to face the incoming laser
beam and indexed 1 to 16, going from the inner (closer to the choroid) to outer (proximal to the
neural sheaths).

2.3.2 Collagen fibre visualisation using second harmonic generation microscopy
Non-linear second harmonic generation (SHG) microscopy was performed using a Zeiss laser
scanning microscope (LSM) 880 META NLO (Carl Zeiss Ltd, Welwyn Garden City, UK) with an
ultrafast Ti:sapphire tunable infrared (680-1080nm) Chameleon Vision II laser (Coherent Lasers,
Ely, UK). The laser operated at 800nm with a pulse duration of 140fs and 80MHz repetition rate,
whilst the signal was detected in the forward scatter direction after passing through a 400nm (6nm
bandwidth) filter. The field of view of each tile before stitching was 425x425µm, as a result of
using a Plan-Apochromat 20x/0.8 M27 water immersion objective lens. The scan area was
65.2mm2 in 21x21 tiles, with a 10% tile overlap for stitching and collected on an integrated
motorized x-y stage. Individual tiles were recorded at a 512x512 pixel resolution, averaging each
line twice, with pixel grid element size of 0.83x0.83µm and dwell time of 1.03µs per pixel. 8-bit
images were recorded with non-de-scanned NDD2 detectors and saved as Zeiss file format (CZI).
Tile stitching was performed post-image acquisition in Zen Blue 2.2 software package (Carl Zeiss
Ltd, Jena, Germany).

2.4 Filum Trace – bespoke image analysis approach development
Over the last decade, a variety of quantitative imaging analysis approaches have been developed
to measure orientation and other parameters of biological fibrillar structures (Section 2.5). One
commonly employed approach evaluates image pixel intensity and distribution in their spatial
frequencies by applying a discrete Fourier transform. This permits superior recognition of
structural alignments, such as the one exhibited by the collagen and cytoskeletal networks (Sander
and Barocas, 2009). In collaboration with Dr Jacek Pijanka, a bespoke automated imaging
technique for assessment of fibrillar organisation was developed in MATLAB 9.6 (MathWorks,
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Natick, USA). The algorithm ‘Filum Trace’ (Name subject to change) utilises the Fourier
transform method to mimic the well-established WAXS analysis technique (Section 2.2.3) to create
montages of polar vector plots. An individual image, or stack of images, is first divided into tiles
of identical user-assigned size. This is followed by an image decomposition solution to avoid image
edge discontinuation artefacts when applying subsequently a discrete Fourier transform. From the
resulting power spectrum the angular distribution is extracted to create an integrated grid of
preferential fibrillar orientation, with polygon colouring representative of the aligned fibre content,
analogous to the X-ray orientation analysis presented in Section 2.2.3. The technique was validated
using SHG results of the collagen circumferential fibrillar distribution in human PPS against
corresponding measurements from WAXS (Pijanka et al., 2019).

2.4.1 Image partitioning
Collected laser microscopy images are first loaded into MATLAB in the form of a cell array, as a
matrix composed of other matrices, which allows for fast handling of high-resolution image stacks.
Following that, the image matrices are partitioned into individual tiles for the subsequent Fourier
transform analysis. The tile sampling size is adjustable to accommodate different tissue types and
image resolutions. For example, highly fenestrated and porous tissue, such as the LC, require
smaller tiles to accurately represent the individual beam architecture, whilst the densely interwoven
collagen fibres in the sclera can be better visualised and quantified by larger tiles. There is,
however, an empirically based restriction in the smallest partition tile size that can be employed;
application of Fourier transform to an image below 16x16 pixel results in inaccurate and false data.
As the assessment of fibre parameters is on the basis of the tile grid and not single pixel intensity,
this further underlines the necessity for higher-resolution input.

2.4.2 Fast Fourier transform
Fourier transform is a widely utilised mathematical approach in image processing, as it
decomposes a signal’s original domain into the composing frequencies. This has many advantages,
as for example, it is much easier and more effective to apply functions, such as filtering, to an

051

Chapter II
image’s frequency domain. Instead of adjustments to the pixel intensities, high amplitude
frequencies, which form background noise in the original time domain, can be discarded, making
a significantly faster and more accurate solution. Discrete Fourier transform, such as the fast
Fourier transform (FFT), is a faster variation of the standard approach, as it reduces the calculation
complexity by only selecting discrete frequency values, working on signal lengths of 2N pixels. A
2D FFT of an image trigonometrically decomposes it to a superposition of the sine and cosine
components, along the abscissa and ordinate, representative of the signal intensity changes in the
original domain. Thus, in biological tissue images abrupt local extremums will be indicative of
fibre boundaries, allowing the tracking of their orientation. The utilisation of 2D FFT has found
wide application in the study of the collagenous extracellular matrix (ECM) through SHG
microscopy images (Matteini et al., 2009; Cicchi et al., 2010; Mercatelli et al., 2017; Sugita and
Matsumoto, 2017).

Before performing FFT to each partitioned tile, a notable, often overlooked, artefact from the
processing needs to be addressed for optimal results. 2D FFT was performed on three photographs
(Figure 2.05), with the corresponding Fourier power spectrums optimised for better visualisation
(Pijanka et al., 2019). As digital images are not periodic at their boundaries the FFT function
‘jumps’ over the four borders of the image and never returns to zero, resulting in a noticeable cross
pattern artefact known as the Gibbs phenomenon (Gottlieb and Shu, 1997). When the input has
many well-resolved details the produced FFT power spectrum will be intense and the cross-shaped
artefact will be overshadowed (Figure 2.05A and B). However, images relatively void of detailed
structures exhibit a dominant cross artefact, which does not provide any image-relevant
information (Figure 2.05C and D). Furthermore, images with highly aligned objects will have
strong corresponding patterns and the Gibbs phenomenon can cause a mistaken interpretation and
lead to false results (Figure 2.05E and F). Unfortunately, many biological studies employing image
2D FFT neglect to accommodate or correct for this artefact (Matteini et al., 2009; Cicchi et al.,
2010).
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Figure 2.05 – Initial input images and corresponding 2D fast Fourier transform (FFT) frequency power spectra.
Images with a spread of features (A) exhibit a strong signal in frequency space and less pronounced cross pattern
artefact (B). Images mostly devoid of features (C) exhibit a strong cross pattern artefact in frequency space (D).
Images with distinguishable orientated features (E) exhibit multiple intensity spreads in frequency space,
which can lead to a false inclusion of the cross pattern artefact as part of the actual signal (F).
Note: Frequency power spectra are set to an identical intensity range.
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2.4.2.1 Apodization

The standard approach of resolving the Gibbs phenomenon is by applying an apodization damping
window function to the input image. This enables a smoother transition at the image edges,
ameliorating the inherent discontinuities. A commonly utilised function is the Hann window,
which is a projection of a cosine function (Equation 2), having a maximum (1) at the centre of the
window and decreasing to a minimum (0) at the borders (Bees and Hill, 1997; Hardy et al., 2013).

Equation 2:

𝜋𝑥

1

𝜋𝑥

𝐻(𝑥) = 𝑐𝑜𝑠 2 (2𝑎 ) = 2 [1 + cos( 𝑎 )]

The input raster image is multiplied by a same-sized Hann window, which can be generated, for
example, by the ImageJ macro ‘Hann Window’ and the resulting output matrix can be represented
again as an image (Figure 2.06) (Burger and Burge, 2016). This, however, degrades the resolution
in frequency space and also, unfortunately, can omit a large portion of the details in the peripheral
image (Figure 2.06C). The notable loss of pixel intensity and structural formations is a significant
issue when applied to multiple small tile partitions, which necessitates application of a less invasive
solution to the Gibbs phenomenon.

054

Chapter II

Figure 2.06 –Input (A) and apodized image (C) in the original and frequency space (B, D). (A) Original input image
with a 2,048x2,048 pixel resolution; (B) Corresponding 2D FFT frequency power spectrum of A with a notable
cross pattern artefact; (C) Resulting 2,048x2,048 pixel image after multiplication of A with a 2,048x2,048 pixel
Hann window; (D) Corresponding 2D FFT frequency power spectrum of C with a decreased signal intensity
in comparison to B and a lack of a cross pattern artefact.

2.4.2.2 Periodic plus smooth image decomposition

A promising alternative solution to apodization is the periodic plus smooth image decomposition
(P+SID), which removes the cross pattern artefact whilst much more effectively preserves the
image composition (Moisan, 2011). The algorithm utilises Poisson’s equation to separate the input
image into two components: (I) the periodic component that contains almost the entire image
information (Figure 2.07C), which after 2D FFT does not exhibit the Gibbs phenomenon
(Figure 2.07D); (II) the smooth background component, which whilst presenting very slow
variations inside the image domain (Figure 2.07E), however, gives rise to the cross pattern artefact
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in the frequency domain (Figure 2.07F), as this component contains specifically the image edge
discontinuities. By subtracting the smooth component from the original image, the periodic
component can reliably be used for further image processing and extraction of relevant data.

The P+SID has been applied to several computational works and research studies (Hovden et al.,
2015; Brisard et al., 2019). Incorporation of P+SID to laser microscopy image tiles resulted in
negligible alterations in signal contrast and intensity. To evaluate the retention of input image
information, a comparison of pixel signal intensity alteration with the raw image between the
apodized and periodic component ones was carried out (Figure 2.08). A heatmap colour
representation was performed, with none or very minimal changes represented in green, whilst
decreases in signal were depicted with colder colours and increases with warmer colours.
Apodization results in a loss of signal information for the majority of the image, with the centre
being close to the original in terms of values. For Figure 2.08B the remaining pixel intensity
corresponded to only 25.5% of the input, whilst concurrently P+SID retained 100.0% of the signal
intensity (Figure 2.08C). However, this interpretation is partly misleading, as P+SID
accommodates the contrast and background of the entire image; the algorithm decreases the
intensity in brighter regions and increases the pixel values of darker areas by the same amount,
therefore preserving the same integrated intensity sum as the raw image. As the photographic
images in Figure 2.07 were 8-bit, the minimal pixel intensity was 0, visualised as black, making it
not possible to have negative numbers. This was, however, possible for Figure 2.08, where the
pixel values were directly handled in matrices and subtracted, exemplifying this characteristic
progressive intensity change for the smooth P+SID component. Even if there is minimal alteration,
P+SID permits the overall structure to be kept intact to a significantly higher level than the typically
employed windowing functions. Therefore, P+SID was successfully integrated into the Filum
Trace algorithm.
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Figure 2.07 –Input (A, B), periodic plus smooth image decomposition (P+SID) periodic (C, D) and smooth (E, F)
components in the original (A, C, E) and frequency (B, D, F) space. (A) Original input image with a 2,048x2,048
pixel resolution; (B) Corresponding 2D FFT frequency power spectrum of A with a notable cross pattern artefact;
(C) Inverse FFT of the periodic component after application of P+SID; (D) Corresponding 2D FFT frequency power
spectrum of the periodic component, revealing the same intensity spread as B but with a lack of cross pattern
artefact; (E) Inverse FFT of the smooth component after application of P+SID; (F) Corresponding 2D FFT
frequency power spectrum of the smooth component, revealing only the cross pattern artefact.
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Figure 2.08 –Signal intensity alterations after applying apodization and P+SID. Colder colours are indicative of loss
of signal intensity, warmer colours of increase in intensity, whilst green is no change (0). (A) 512x512 pixel
resolution SHG image of interwoven collagen fibres within bovine PPS tissue; (B) Corresponding signal
intensity changes to A after utilising a Hann windowing function; (C) Corresponding signal intensity
changes to A after utilising the periodic component of P+SID.
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2.4.3 Fibre orientation distribution analysis
The signal intensity within the frequency power spectrum is then integrated radially and the
numerical values are placed into angular bins at every 0.5°. Extracting the signal amplitudes in the
frequency domain permits an improved fibre recognition, whilst at the same time excluding
frequencies from other structures (Ayres et al., 2006; Sander and Barocas, 2009; Kartasalo et al.,
2015). Following analogous procedural steps to the WAXS analysis method (Section 2.2.3), the
power spectrum amplitudes for each tile were plotted (Figure 2.09), shifted by 90°, from which a
polar vector plot, representative of the fibrillar orientation and distribution, could be created
(Figure 2.10). The angular signal distribution of the SHG image of a bovine PPS region
(Figure 2.08A), with and without edge artefact corrections, were compared (Figure 2.09). The cross
pattern artefact in the original image was manifested as an erroneous sharp peak observed at 0°
and 180°, along with the less pronounced ones at 90° and 270°. Edge correction via apodization
introduced a false signal increase, around 150° and 330°, with a greater amplitude than either the
input or P+SID image, which closely resembled the former, apart from the Gibbs phenomenon
peaks. Furthermore, when the absolute signal intensities were compared, the multiplication with a
Hann function resulted in an overall decrease in amplitude, whilst the P+SID periodic component
very closely followed the raw image signal (Figure 2.09B) and still effectively removed the cross
artefact peaks.

The signal amplitudes were represented in polar coordinates as polygon vector plots (Figure 2.10).
As the angle of the longest vector is indicative of the primary direction of preferred fibrillar
orientation, it was calculated for the three different modalities. The main angle for the input image
polar vector plot, excluding the peaks from the cross pattern artefact, was 18.5°, 56° for the
apodized one and again 18.5° for the P+SID one. This further reinforces the necessity for accurate
handling of the inherent FFT Gibbs phenomenon, hence P+SID was adopted in the subsequent
bovine PPS SHG image analysis (Chapter IV).
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Figure 2.09 –Angular signal distribution amplitudes for the same image with no correction (red), apodization (blue)
and P+SID periodic component (green), with implemented background subtraction (A) or overall intensity (B).
Applying a Hann function caused an overall amplitude decrease, as well as changes in the peak distribution shape.
Concurrently, the periodic component was closely reminiscent of the original angular distribution,
apart from the targeted removal of the cross pattern artificial peaks.
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Figure 2.10 –Input, apodized and P+SID periodic component images before (A, D, G) and after 2D FFT (B, E, F),
with corresponding polar vector plots (C, F, I). No applied correction (A) results in a cross pattern artefact in the
frequency power spectrum (B), which is carried over as erroneous sharp peaks in the polar vector plot (C).
Application of a Hann window function causes a loss of peripheral signal (D) and removes the cross artefact
in the frequency power spectrum (E), whilst also changing the intensity distribution, as evidenced in the
alteration to the polar vector plot lobe shapes (F). The P+SID periodic component has a more evenly
distributed signal intensity (G), no cross pattern artefact in the frequency power spectrum (H) and produces
a polar vector plot identical to the input one in C, apart from the targeted removal of the cross pattern
artificial peaks (I). Hotter colours of the polar vector plots correlate to greater alignment, with the one after
P+SID (I) being much closer in terms of anisotropy to the original (C) than the apodized one (F).
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2.4.4 Polar vector plot mapping
As a final step, the individual polar vector plots were montaged together into two-dimensional
maps, reminiscent of the WAXS analysis. The polar vector polygons from each partitioned tile can
be shown overlaid onto the input SHG images, confirming visually the degree of alignment
(Figure 2.11). Colour coding of the polar vector plots denotes the scaling of the intensity values. It
should be noted that for SHG microscopy images, the signal intensity corresponds to the fibrillar
collagen content, whilst with confocal microscopy the signal intensity cannot be considered
absolute. Fluorescent microscopy images are affected by several parameters, most notably the
microscope setup and the strength of antibody binding reactions, thus making it inaccurate to
compare individual images. In this respect, the use of SHG is advantageous for quantitative fibre
orientation analysis.

Figure 2.11 – 512x512 pixel resolution SHG image of interwoven collagen fibres within bovine PPS tissue with
overlaid 16 polar vector plots, representative of corresponding underlying 128x128 pixel partition tiles. The
orientation of the polar plots illustrates the average collagen fibre directional spread for the underlying tile,
whilst the colouring is indicative of the level of anisotropy, with hotter colours correlating to
greater alignment. The employed Gibbs phenomenon correction method was P+SID.
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The Filum Trace method was also demonstrated to provide accurate, representative results for fibre
orientation in other collagenous tissues, including rat tail tendon and chick cornea (Pijanka et al.,
2019). Furthermore, it can also be used in measurement of F-actin cytoskeleton anisotropy in
cultured fibroblasts, with future tests on vimentin intermediate filaments and microtubules also
envisioned (Pijanka et al., 2019). Whilst for the purposes of the current work only the angular
distribution was utilised, the bespoke method can also calculate the degree of fibre recruitment, the
anisotropic proportion and total signal per tile (Pijanka et al., 2019). A potential future
implementation is generation of angular histograms of primary polar vector plot directionalities.

2.5 Image data analysis
2.5.1 ImageJ and FibrilTool
ImageJ is a free-to-use software package for image processing and analysis, with the Fiji
distribution focusing on biological images (Schindelin et al., 2012; Jensen, 2013). The plugin
FibrilTool allows the quantitative assessment of the anisotropy of fibre arrays at their average
orientation by using the average local nematic tensors over an area (Boudaoud et al., 2014).
Isotropically distributed fibres yield anisotropy values close to 0, whilst uniaxially arranged ones
should equal 1. Another benefit is that this plugin is less sensitive to noise in fluorescent images
and thus does not require smoothing or other pre-processing. Furthermore, FibrilTool does not use
the pixel intensity to discriminate between filaments and their surroundings, which also reduces
the number of biases. As this plugin has been validated in a number of studies for a range of fibrillar
structures, including F-actin, microtubules and collagen, it was the preferred tool for quantifying
alignment (Boudaoud et al., 2014; Vergara et al., 2015; Ayala et al., 2017; Deepak et al., 2017;
Harman et al., 2017; Daghma et al., 2018; Raquel et al., 2018). One of the prerequisites in using
FibrilTool is creation of a region of interest (ROI) that encompasses only the structures to be
analysed, for example, a single cell. Apart from the fibre anisotropy and mean orientation, the ROI
can be used to assess the total area of the encompassed cell. Based on the shape of the ROI a
measure of cell eccentricity can be calculated as the ratio between the second-longest (cellular
width) and the longest axis (cellular length), which are perpendicular to each other. It must be
noted that the eccentricity value is the inverse of the standard way of representing the aspect ratio,
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which was performed to have the eccentricity between 0 and 1, with values closer to 0 signifying
a more elongated shape.

2.5.2 OrientationJ
Another tensor-based ImageJ plugin is OrientationJ, which similarly to FibrilTool can provide a
numerical assessment of the filament distribution as percentage coherency, as well as a directional
angle (Rezakhaniha et al., 2012). Unlike the FibrilTool sum of all fibrillary orientations,
OrientationJ determines the dominant direction by constructing a structure tensor based on the
partial first derivatives of all pixels in an ROI. The plugin also provides a colour survey, where all
of the degrees are colour coded, from -90° to +90°, which makes it easy to visually evaluate the
angular distribution and variation. OrientationJ has also been applied to a range of studies,
including ones on collagen and F-actin orientation (Perry et al., 2013; Palmieri et al., 2015;
Clemons et al., 2018).

2.5.3 CT-FIRE and CurveAlign
CT-FIRE is part of the same distribution as CurveAlign, with both of them being standalone
MATLAB-executables (Bredfeldt et al., 2014; Liu et al., 2017). The package uses the curvelet
transform (CT) denoising and fibre extraction (FIRE) algorithms to identify and automatically
extract fibres and associated parameters (Starck et al., 2002). Similar to the FFT in Filum Trace,
the CT-FIRE curvelet transform calculates the orientation based on the entire ROI and not on
individual pixels. The traced fibres can be represented as coloured overlays and their length and
width can be assessed. Thus, parameter interpretation should be carried out carefully, as the
absolute value will be dependent on the pixel element size and might not be representative of the
actual filament size. However, comparison between groups is a viable approach. CT-FIRE
produces fast and reproducible results and can handle and segment a large number of fibres in the
same image. Furthermore, CT-FIRE was initially created for evaluating collagen fibres from SHG
images (Bredfeldt et al., 2014; Hanley et al., 2015; Drifka et al., 2016; Hutson et al., 2016; Daghma
et al., 2018; Kiss et al., 2018). The CurveAlign module can be performed in batch mode like

064

Chapter II
CT-FIRE, however, in contrast does not provide individual fibre segmentation. It produces an
evaluation for the total fibre alignment, with values ranging from 0 to 1, reminiscent of the
FibrilTool ones.

2.5.4 CytoSpectre
CytoSpectre is an automated tool that allows batch image spectral analysis, developed in
MATLAB (Kartasalo et al., 2015). The algorithm includes an FFT, followed by extraction of the
detailed component in the power spectrum, representative of more defined features, such as fibrillar
structures. This selection allows the exclusion of low-resolution objects and windowing artefacts,
thus circumventing the necessity for corrections of the Gibbs phenomenon. Following the
previously listed software packages, CytoSpectre does not require any pre- and/or post-processing
steps and has been validated against FibrilTool (Kartasalo et al., 2015). As the relevant data is
extracted in the frequency domain this allows the package to handle images with low signal-tonoise ratio, such as with high fluorescent background. For assessment of alignment, it provides the
circular variance, a measurement of the angle distribution, with value spread opposite to the
established parameters, with 0 being anisotropic and 1 isotropic. An alternative is the angular
standard deviation, bounded in the interval from 0 to 1.41 (√2). In addition, CytoSpectre provides
image polar histograms, comparable to the Filum Trace polar vector plots (Hyysalo et al., 2017;
Skogberg et al., 2017; Rajan et al., 2018).

2.5.5 Chromatin condensation parameter
Gene expression is dependent on the level of compaction of chromatin in either the condensed
heterochromatin or active euchromatin, which are organised in high-structured domains (Albiez et
al., 2006). As mechanical loading can affect the condensation of chromatin, an image analysis
approach based on the Sobel edge detection was applied (Sobel, 1978; Irianto et al., 2014). Image
edges represent greater extrema in the image intensity, with the contrast in nuclei being indicative
for different level of chromatin structure. This method was first proposed by Chen and colleagues
and fully described and refined by Irianto et al. (Chen et al., 2012a; Irianto et al., 2014). Based on

065

Chapter II
the Sobel edge detection, an objective parametric assessment of chromatin compaction is produced,
referred to as the chromatin condensation parameter (CCP). As the parameter calculates a ratio
between the registered edges in pixels against the total pixel area, it can be compared between
differently sized nuclei.

2.6 Cell mechanical loading procedures
2.6.1 Bovine scleral fibroblast experiments
2.6.1.1 Bovine scleral fibroblast isolation: explant crawl-out

Scleral fibroblasts were obtained from six bovine eyes collected from a local abattoir and cleaned
of external remaining tissue as previously described (Section 2.2.1.2). An incision was made with
a scalpel and a circle with a diameter of around 25mm was cut from the sclera, encompassing the
ONH and the surrounding PPS. Sterile 6mm diameter biopsy punches (Selles Medical, Hull, UK)
were used to cut six pieces of each PPS, approximately 6mm away from the optic nerve. The
explants were first disinfected by dipping them for 10-20s in 3.3% (v/v) betadine (povidone-iodine;
IDS Manufacturing Limited, Pathumthani, Thailand), diluted from a 10% stock with Hank’s
balanced salt solution (HBSS; Invitrogen, Paisley, UK). Afterwards, explants were immersed in
1xPBS for 30-60s and washed four times in high strength antibiotics (HBSS containing 400µg/ml
penicillin and 400U/ml streptomycin (Invitrogen, Paisley, UK)), followed by one final wash
(HBSS containing 100µg/ml penicillin and 100U/ml streptomycin). The explants were further cut
into three finer strips, each roughly 2mm in width, and transferred into individual wells of 6-well
culture plates (Greiner Bio-One International GmbH, Kremsmünster, Austria), filled with 4ml of
Dulbecco’s Modified Eagle’s Medium (DMEM)/Hams F12 with Glutamax™ (Invitrogen, Paisley,
UK) containing 20% (v/v) foetal calf serum (FCS; Invitrogen, Paisley, UK) and 100μg/ml
penicillin and 100U/ml streptomycin. Explants were incubated at 37°C, 5% (v/v) CO2 with a
humidified atmosphere in a Water-Jacketed, US Autoflow Automatic CO2 Incubator NU-4950E
(Nuaire, Caerphilly, UK). Media was changed the next day followed by media renewal once every
three days thereafter.

066

Chapter II
2.6.1.2 Bovine scleral fibroblast cultivation

After reaching over 80% confluence, scleral explants and media were discarded and 0.25% (v/v)
trypsin-ethylenediaminetetraacetic acid (EDTA; Invitrogen, Paisley, UK) was added to each well.
Fibroblasts were gently agitated at 37oC for 15min, and cell suspensions pelleted by centrifugation
at 157g for 5min on a benchtop IEC Centra CL2 centrifuge (Fisher Scientific, Loughborough, UK).
The cell pellets were then resuspended in 30ml of fresh media, with 15ml of the solution being
transferred to 175cm2 Corning™ cell culture flasks (Sigma-Aldrich, Poole, UK), along with 20ml
of media and 50µg/ml ascorbate-2-phosphate (Sigma-Aldrich, Poole, UK) to promote collagen
synthesis (Murad et al., 1981). To maintain the rate of cell proliferation, the amount of FCS was
reduced to 10% (v/v) and used for all subsequent media renewals. Cell suspensions from the third
passage were seeded at a density of 4x105 fibroblasts per well of a BioFlex™ 6-well culture plate
coated with type I collagen (Dunn Labortechnik, Asbach, Germany) for 24h before loading
experiments.

2.6.1.3 Bovine scleral fibroblast mechanical loading

To assign proper loading conditions, the average bovine eye intraocular pressure (IOP) was
assigned as 27mmHg (3.6kPa), whilst 60mmHg (8kPa) depicted the onset of acute glaucoma (Gum
et al., 1998; Boyce et al., 2008). Based on measurements conducted in a collaboration with the
Biomechanical Engineering Group (University of Liverpool) it was determined that the average
thickness of the bovine globe was 1.6mm (Section 2.7.2 and 6.2.1.2), with a radius of 16.2mm.
The Young-Laplace equation was utilised to determine the IOP-induced hoop stress after
approximating the shape of the eye to a sphere (Figure 2.12).
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Figure 2.12 – Calculating the in-wall hoop stress in bovine ocular globes utilising the Young-Laplace law. The shape
of the eye was approximated to an idealised sphere, resulting in most of the IOP stress to be hoop stress within
the eye tunic. σ = in-wall stress; 𝑝 = IOP; 𝑟 = eye radius; 𝑡 = eye tunic thickness.

Young’s modulus for bovine eye globes varies between 1 and 7MPa (Litwiller et al., 2010). As
strain is the ratio of stress divided by Young’s modulus, the physiological tensile strain was
between 0.26% and 1.8%, whilst the pathological strain was calculated in the range of 0.6-4%
(Markov et al., 2019).

The BioFlex™ 6-well culture plates were divided into three categories depending on the cyclic
tensile strain (CTS) regime utilised – unloaded group (not subjected to tensile strain), physiological
load (0.26-1.8% strain) and pathological load (0.6%-4% strain), with n=3 wells per plate. Three
plates were attached at the same time (N=3) to an FX3000 system (Flexcell International,
Burlington, USA), with Teflon indents forming a vacuum to the bottom side of the well, providing
uniform equibiaxial strain across the entire membrane surface (Figure 2.13). Each loading regime
was applied for 1h with a 1Hz frequency, representative of the physiological IOP pulse frequency,
in a CO27 incubator (New Brunswick Scientific, St Albans, UK) with 5% (v/v) CO2, humidified
atmosphere at 37°C (Langham et al., 1989). Due to the loading system’s specifics, there were some
small variabilities in relation to the applied strain. For the physiological regime the minimal strain
percentage reached 0.19-0.21%, with a maximum of 1.55-1.92%, whilst for the pathological
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regime it was 0.49-0.55% and 4.27-4.55%, respectively. Therefore, the specified small strains will
not be exact but will be referred through this work with the original intended values for greater
consistency.

Figure 2.13 – Application of equibiaxial strain using an FX3000 tension system on a well from a BioFlex™ culture
plate. (A) Side view of the setup with no applied strain; (B) Side view of the setup with applied physiological
strain (0.26-1.8%, 1Hz for 1h); (C) Side view of the setup with applied pathological strain (0.6-4%, 1Hz for 1h);
(D) Magnified top view of cells from A; (E) Magnified top view of cells from B; (F) Magnified top view of cells
from C. Note: For D, E and F the cortical F-actin and stress fibres are indicated in green, whilst the nuclei in blue.
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After completion of the loading regime, the plates from each group were further divided into
subgroups, based on the time of fixation of the fibroblast monolayer – 1h, 6h and 24h after CTS
ceased. For each time point, the samples were fixed with 2% (w/v) PFA for 15min, washed for
1min with 1xPBS and subsequently every membrane was cut into nine smaller pieces and
immunochemically labelled.

2.6.2 Cytoskeletal visualisation using confocal microscopy
BioFlex™ type I collagen membrane pieces were first immersed in 1xPBS for 15min, followed by
cell permeabilization with 0.5% (v/v) Triton-X-100 (Sigma-Aldrich, Poole, UK) for 30min.
Sections designated for vimentin or β-tubulin visualisation were blocked with 2% (v/v) goat serum
(Sigma-Aldrich, Poole, UK) for 1h to prevent non-specific binding. Primary mouse anti-vimentin
V9 antibody (1:100 dilution; Sigma-Aldrich, Poole, UK) or primary mouse anti-tubulin E7
antibody (1:500 dilution; Developmental Studies Hybridoma Bank, Iowa City, USA) were added
to different sets of membranes, after being washed twice with PBS-Tween™ (0.1% (v/v); SigmaAldrich, Poole, UK) for 5min. All membranes were incubated for 2h in the dark, in a humidified
chamber. Following six washes with PBS-Tween™ for 5min each, a goat anti-mouse
immunoglobulin G conjugated with Alexa-594™ secondary antibody (1:400 dilution; Invitrogen,
Paisley, UK), was added for 1.5h in the dark. F-actin stress fibres were directly stained with Alexa488™ phalloidin (1:40 dilution; Invitrogen, Paisley, UK), co-labelling the sections designated for
vimentin visualisation. All sections were washed extensively in PBS-Tween™ and mounted in
Vectashield™ antifade medium with 1.5µg/ml 4',6-diamidino-2-phenylindole (DAPI; Vector
Laboratories, Burlingame, USA). Individual membranes were transferred to Surgipath™ adhesive
glass slides (Leica Biosystems, Newcastle, UK), with the borosilicate glass coverslips sealed with
nail varnish and stored with no direct exposure to light.

The cytoskeletal structures were observed using a Zeiss LSM 880 upright confocal microscope
with Airyscan detection (Carl Zeiss Ltd, Jena, Germany) in FastAiryScan mode utilising ZEN Lite
software package at the Bioimaging Hub (Cardiff University). Image acquisition was performed
using sequential scanning for detection of multiple fluorophores, with a Plan-Apochromat 63x/1.4
Oil DIC M27 oil immersion objective lens and the listed channels and excitation/emission spectra:
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(I) DAPI channel – for visualising nuclei. DAPI excitation wavelength was 405nm and
emission at 461nm; (II) Fluorescein isothiocyanate (FITC) channel – for visualising F-actin stress
fibres. Alexa-488™ phalloidin excitation wavelength was 488nm and emission at 518nm;
(III) dsRed channel – for visualising vimentin intermediate filaments and β-tubulin microtubules.
Alexa-594™ secondary antibody excitation wavelength was 561nm and emission at 617nm.

The microscope scan area was 134.95x134.95µm, with a pixel grid element size of
0.0706x0.0706µm (1,912x1,912 pixels) and pixel dwell time of 0.55µs. The 8-bit images were
collected in line sequential scan mode, with a motorized x-y stage and one line averaging and
recorded as CZI file format. The scanning parameters were optimised and on average 32 optical
sections, every 0.14μm, were obtained to produce each Z-stack of confocal images. The number
of cells from representative fields of view for each loading condition and time points are listed in
Table 2.3.
Table 2.3 – Number of cells and confocal Z-stack images collected on a Zeiss LSM 880 confocal microscope with
Airyscan laser in FastAiryScan mode (Carl Zeiss Ltd, Jena Germany). Images are further categorised in terms of the
applied CTS and hours post-cessation of load. Note: as the same sections were labelled for F-actin and vimentin the
number of cells and confocal images from those two groups are identical.

2.7 Specimen specific surface reconstruction
Acquisition of bovine eye geometry (Section 2.7.1) and thickness (Section 2.7.2) were conducted
at the Biomechanical Engineering Group (University of Liverpool) laboratory using custom-built
devices.
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2.7.1 Recording eye globe topology
Frozen bovine eye globes from an abattoir were thawed immediately prior to careful removal of
the external connective and muscle tissues (Section 2.2.1.2). Using a syringe with a 2x50mm
hypodermic needle the vitreous and ciliary body were removed through the posterior pole of a left
bovine eye. The needle was then left inside the remaining eye tunic and cyanoacrylate glue was
applied around the edges to create an airtight seal. The eye was filled with 1xPBS until it returned
to approximately natural curvature. The ocular globe, along with the needle, was then inserted into
a specially designed chamber, immersed in 1xPBS to limit tissue swelling. The transparent
borosilicate chamber provided tight control of hydration and temperature (Whitford et al., 2016).
A pressure transducer (FDW 060-K262-01; RDP Electronics, Wolverhampton, USA) was fixed at
the same elevation as the centre of the eye which measured the applied pressure with 0.1mmHg
resolution. The eye was submerged in 1xPBS and was assumed that there was negligible pressure
exerted on it. Photographs were collected by three of six high-resolution digital cameras (550D;
Canon, Tokyo, Japan) with 100mm (fixed-focal-length) macro lenses (Figure 2.14). The cameras
were mounted on a support frame for stability, pointing in the direction of the equator of the eye
globe, with two cameras positioned together and separated from the adjacent group by 120°.

Figure 2.14 – Steel support frame of the eye globe topology imaging setup. Six high-resolution digital cameras were
positioned around the central point where the borosilicate chamber, with a submerged eye in 1xPBS, was placed.
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2.7.2 Measurements of eye tunic thickness
The eye tunic thickness was measured on an apparatus consisting of two main parts:
(I) a spherically shaped ruby (Al2O3:Cr), on which the ocular tissue samples were placed to retain
natural curvature; (II) a probe head, positioned 3cm from the ruby, which moved in a downward
direction until contact with the tissue surface was established (Figure 2.15). The travelled distance
of the probe was then used to determine the thickness of the tissue, with an accuracy of +3µm
(Boote et al., 2016). Three bovine ocular tunics were assessed, with between four and five repeat
measurements each for five different regions: central cornea, peripheral cornea, limbus, scleral
equator, posterior pole.

Figure 2.15 – (A) Custom measurement device for determining eye tunic thickness; (B) Magnified view of the
indicated region in A. Ocular shells can be positioned on top of the spherical ruby to retain proper curvature,
whilst the probe head descends until contact with the tissue is established.
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2.7.3 Finite element and isosurface reconstructions
A bespoke MATLAB script was used to render a finite element (FE) model of the bovine eye
geometry based on the acquired topology images. The FE model also incorporated the collected
ocular tunic measurements and consisted of 4,800 C3D15H prism continuum shell elements
(Figure 2.16C).

Bovine scleral fibroblast confocal microscopy Z-stack images (Section 2.6.2) were reconstructed
into three-dimensional isosurfaces using Imaris 9.2 (Bitplane, Zurich, Switzerland), or as filaments
by the Imaris plugin FilamentTracer, at the Bioimaging Hub (Cardiff University). The hollow
surfaces consisted of CPS3 triangular elements (Figure 2.16A), whilst volume was created
separately from C3D4 tetrahedral elements (Figure 2.16B).

Figure 2.16 – Finite elements used for representation of cell component surface (A), volume (B) and eye tunic (C).
(A) CPS3 3-node linear plane stress triangle; (B) C3D4 4-node linear tetrahedron;
(C) C3D15H 15-node quadratic triangular prism.

For the subsequent remeshing and optimisation procedures (Chapter VI) the following free and
commercial software packages were used: (I) MeshLab (23/12/2016 built; (Cignoni et al., 2008));
(II) Instant Meshes (Jakob et al., 2015); (III) Netfabb 7.4 (Netfabb GmbH, Parsberg, Germany);
(IV) Gmsh 4.3.0 (Geuzaine and Remacle, 2009); (V) ABAQUS 6.14/CAE (Dassault Systèmes
Simulia Corp., Rhode Island, USA).
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2.8 Statistical analysis
All data were tested for normality (Anderson-Darling test) and equal distribution (Bartlett’s twosample F-test) prior to a one-way analysis of variance (ANOVA; Tukey’s post-hoc test) in
MATLAB 9.6 (MathWorks, Natick, USA). Non-parametric equivalent tests used were MannWhitney U-test for distribution and Kruskal-Wallis instead of the one-way ANOVA. Box plots
represented the median and the 25th and 75th percentile for the edges, whilst the whiskers were the
minimum and maximum excluding outlier values. Difference was considered significant at p<0.05
(*:p<0.05, **:p<0.01, ***:p<0.001), with indication in figures through a bespoke MATLAB script
(Campbell, 2019).

For the Chapter III statistical evaluation of differences between the three highly myopic and seven
control specimens (Table 2.1), the collagen anisotropic proportion and main fibre alignment
direction were compared through a linear mixed-model analysis for repeated measures in
SPSS 24.0 (IBM Corporation, Armonk, USA) in collaboration with Dr Hla Myint Htoon
(Department of Statistics, Singapore Eye Research Institute) (Markov et al., 2018). Each specimen
was represented by 64 unique WAXS measurements in the PPS (Section 2.2.3.1), with control
specimens N1 and N2 averaged point-for-point, as they were a pair from the same donor. The
linear mixed-model approach allowed for marginal estimation through the increase in observations
in the cluster variable, which maximised the statistical power of the analysis. A compound
symmetry variance and covariance structure was selected, based on Hurvich and Tsai’s criterion
for small sample sizes, with the other compared structures being first-order autoregressive and
diagonal (Hurvich and Tsai, 1989).
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3.1 Introduction
Myopia is the most common type of visual impairment, with global prevalence constantly
increasing (Holden et al., 2014; Dolgin, 2015; Holden et al., 2016). As the ocular globe elongates
the visual image is registered in front of the retina, restricting the ability to see at greater distances.
This axial lengthening involves remodelling of the sclera, the eye’s main loading-bearing tissue,
which comprises about 85% of the eye tunic in humans (Watson and Young, 2004; Boote et al.,
2019). As a result, the sclera has been observed to become notably thinner, specifically in the
posterior pole, where the optic nerve is located. This is of clinical importance, as the optic nerve
head (ONH), where the fenestrated lamina cribrosa (LC) is located, can be considered a ‘weakspot’ in the scleral tissue, allowing for accumulation of deformation forces (Girard et al., 2009a;
Pijanka et al., 2012). The LC supports the axons of the retinal ganglion cells (RGC) which form
the optic nerve and has been noted to be the primary damage site for the ocular pathology
glaucoma, making the region of key biomechanical interest (Sigal et al., 2011; Strouthidis and
Girard, 2013). Research studies have evidenced glaucomatous connective tissue changes in the
adjacent peripapillary sclera (PPS), with less information being available for myopia (Pijanka et
al., 2012). The occurring myopic alterations mainly affect the sclera’s extracellular matrix (ECM)
architecture of densely woven collagen fibrils, which provide the tissue’s mechanical rigidity
(Watson and Young, 2004; Tan et al., 2006). Unlike the highly organised cornea, scleral collagen
fibres tend to be more disorganised with a high degree of regional variability in their bulk
orientation (Hogan et al., 1971; Pijanka et al., 2013; Zhou et al., 2019b). The collagen fibril
organisation in the PPS has a major role in governing the transmitted deformations to the ONH as
a result of changes in the intraocular pressure (IOP), cerebrospinal fluid pressure (CSFP) and eye
movements (Boote et al., 2019).

High myopia refers to clinical cases with >6D of refractive error, which are at greater risk of
developing further ocular complications, such as glaucoma, staphyloma, macular degeneration and
retinal detachment (Saw et al., 2005; Wong et al., 2014). The associated axial elongation of highly
myopic eyes has been noted to lead to thinning of the sclera, as well as other tissues, such as the
LC and choroid (Flores-Moreno et al., 2013; McBrien, 2013; Jonas and Xu, 2014). Furthermore,
the diameter of the collagen fibrils also decreases, specifically near the posterior pole (McBrien et
077

Chapter III
al., 2001). Even though previous research studies confirmed alterations in the collagen fibril
organisation in myopic sclera, until recently it remained unknown the extent of these changes in
terms of the bulk collagen orientation, which is a key determinant of its direction-dependent
biomechanical properties (McBrien et al., 2001; McBrien et al., 2009; Harper and Summers, 2015;
Markov et al., 2018).
This Chapter provides an assessment of the bulk changes in the collagen fibril architecture in
human high myopia posterior sclera using wide-angle X-ray scattering (WAXS).

3.2 Results and Discussion
3.2.1 Non-myopic control group
WAXS was performed on seven non-myopic human posterior sclerae (Table 2.1). Figure 3.01
presents a WAXS polar vector plot map of collagen fibril orientations of a non-myopic left human
eye (specimen N3; Appendix A.1.1.3), overlaid on top of a photograph of the tissue before the
X-ray scanning procedures. The recorded patterns exhibited characteristic and well-conserved
structural features in accordance with previous WAXS studies, including the circumferential
orientation of collagen fibre bundles around the optic nerve (Pijanka et al., 2012; Pijanka et al.,
2013). This annulus of aligned collagen fibrils also displayed the highest observed collagen
anisotropy, with the values being on average several times greater than those in the mid-posterior
sclera. In addition, a recent study utilising the same eye tunic specimens confirmed through
numerical simulations that the posterior pole and PPS has the greatest total collagen density in the
eye (Zhou et al., 2019b). Another consistently reproduced feature was two linear fibre bands that
originate in the inferior part of the PPS and radiate tangentially from the ring of aligned collagen
outward (Coudrillier et al., 2015a). These bands were also orthogonal with each other, with one of
them always parallel to the region of tendon insertions of the inferior oblique muscle in the midposterior sclera. It is possible that these linear fibre bands are in actuality part of a subpopulation
of long collagen bundles oriented tangentially to the scleral canal edge, which were recently
envisaged to contribute to the support of the optic nerve canal, based on polarised light microscopy
studies (Voorhees et al., 2018; Boote et al., 2019). All of the listed features can be observed in the
WAXS polar vector plots of non-myopic human specimens in this Chapter and in the Appendix.
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Figure 3.01 – Wide-angle X-ray scattering (WAXS) polar vector plot map of non-myopic human posterior sclera N3
overlaid on top of a photograph of the tissue before scanning. Polar vector plots are colour-coded according to the
provided colour bar, with warmer colours indicating higher collagen anisotropy. The highly aligned annulus of
collagen fibres in the peripapillary sclera (PPS) is bounded by black lines, with two tangential fibre bands being
orthogonal (black arrows). The red arrow designates the insertion region of the inferior oblique extraocular
muscle, with the superior (S), nasal (N), inferior (I) and temporal (T) directions indicated.

As noted, total collagen content in the posterior sclera was highest in the peripapillary region (Zhou
et al., 2019b). To ascertain differences between non-myopic and highly myopic specimens, an
average of the total collagen PPS values from seven non-myopic posterior sclerae was compared.
The PPS was subdivided into four quadrants (superior nasal (SN), superior temporal (ST), inferior
temporal (IT) and inferior nasal (IN)), with mean percentage presented (Table 3.1). The highest
quadrant mean total collagen was taken as 100.00%, with the other three quadrants represented as
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percentages of it. For non-myopic eyes, the collagen content was consistently highest in the inferior
and lowest in the superior direction, whilst the three highly myopic eyes did not follow this pattern:
(I) highly myopic case 1 (HM1) exhibited an opposing collagen distribution, with highest in the
superior and lowest in the inferior direction, which in the IN quadrant was only 2/3 of the
diagonally opposite ST; (II) the total collagen scatter from highly myopic specimen 2 (HM2) was
homogenously distributed between the four quadrants, with lowest in the IT region (92.82±9.60%);
(III) whilst high myopia 3 (HM3) showed most collagen content in the IN quadrant, comparable
to the averaged control, the total collagen was lower in the IT region.
Table 3.1 – Comparison of total collagen scatter in the PPS per quadrant. An average of the non-myopic specimens
(n=7) was created, grouped by quadrant: superior nasal (SN), superior temporal (ST), inferior temporal (IT), inferior
nasal (IN). The highly myopic specimens are listed individually due to their variability. Total collagen content per
quadrant is presented as a percentage of the highest mean value per quadrant.

Although all highly myopic specimens were confirmed to possess a refractive error of >6D, the
axial length was not determined before conducting the X-ray scattering experiments. To represent
the scleral lengthening with high myopia, the distance between the WAXS polar vector plots of
the edge of the optic nerve canal to the insertions of the inferior oblique muscle (ONH-IO) was
measured for all specimens (Figure 3.02 and Table 2.1). The ONH-IO distance was highly
consistent for the non-myopic controls, with a marked increase for the highly myopic sclera. The
ONH-IO distance of myopic specimen HM1 could not be calculated accurately, due to the
widespread structural deformations precluding the use of the extraocular muscle insertions.
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Figure 3.02 – Measurement of the distance between the optic nerve canal edge (curved line) and the muscle
insertions of the inferior oblique muscle (ONH-IO) using WAXS polar vector plot maps. The optic nerve was
surrounded by an annulus of circumferential collagen fibrils, whilst the muscle insertions were uniaxially aligned in
the same direction. Three individual measurements (line length) were performed per sample, with the mean taken as
representative. The centres of the vector plots were positioned at every 0.5mm and their size and spacing were
accounted for in the calculations. (A) Magnified view (27x27 data points) of non-myopic human posterior
sclera N7; (B) Magnified view (27x27 data points) of highly myopic human posterior sclera HM2.

081

Chapter III
The posterior sclera of specimen N4 (Figure 3.03), as well as in the rest of the non-myopic control
group (Appendix A.1.1), had a disruption in the circumferential collagen fibril orientation that was
localised in the SN quadrant of the PPS. The composing polar vector plots were more disorganised,
with several well-defined peaks, representative of collagen fibril directionalities (Figure 3.03B).
In addition, the collagen anisotropy was also lower, making them reminiscent of the vector plots
in the mid-posterior sclera. This characteristic is in agreement with previous findings, where the
weakest annular alignment was consistently observed in the SN region (Pijanka et al., 2012;
Pijanka et al., 2013).

Figure 3.04 is analogous to Figure 3.03 by having the polar vector plots substituted by colourcoded representations of the value of the ratio of the aligned to total collagen signal, referred to as
the collagen anisotropic proportion. Whilst the PPS anisotropic proportion has been noted to be on
average one-third higher than the mid-posterior sclera in normal eyes, such an evaluation was not
carried out due to the presence of relaxation incisions in the mid-posterior and difficult to define
boundaries (Pijanka et al., 2012). In addition, there was a tendency in the mid-posterior sclera to
exhibit higher anisotropic proportions in the superior and inferior directions, likely corresponding
to the tendon insertion regions of the superior and inferior oblique extraocular muscles
(Figure 3.04A). The anisotropic proportion values of the PPS of the seven non-myopic posterior
sclerae were combined into an average control, similar to Table 3.1, and further categorised in four
quadrants (Section 3.2.5). This pooling of data was justified due to the highly conserved collagen
fibril annulus in the PPS of non-diseased eyes (Pijanka et al., 2012; Coudrillier et al., 2013; Pijanka
et al., 2013; Coudrillier et al., 2015a).
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Figure 3.03 – WAXS polar vector plot map of human non-myopic specimen N4 (A) with a red square designating a
30x30 vector plot magnification expanded in (B). The PPS is bounded by black lines, whilst the red arrow denotes
localised discontinuation in the circumferential collagen orientation in the SN region, with
the superior (S), nasal (N), inferior (I) and temporal (T) directions indicated on B.
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Figure 3.04 – WAXS collagen anisotropic proportion contour map of human non-myopic specimen N4 (A) with a
red square designating a 30x30 data point magnification shown expanded in (B). The PPS is bounded by black lines,
whilst the red arrow denotes localised discontinuation in the circumferential collagen orientation in SN region,
with the superior (S), nasal (N), inferior (I) and temporal (T) directions indicated on B.
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3.2.2 High myopia case 1
Highly myopic specimen HM1 showed several marked differences in the bulk collagen orientation
(Figure 3.05) when compared with a typical non-myopic scleral polar vector plot map
(Figure 3.03). The most noticeable change was the presence of two disruptions in the
circumferential collagen alignment, neither being in the SN region (Figure 3.05B). Instead, the two
breaks in PPS circumferential alignment were observed in the ST and IN quadrants. Furthermore,
the optic nerve canal appeared to be stretched in the ST-IN direction, seemingly being more ovalshaped, with the polygon plots displaying wider angular distributions compared to the control
group. When assessing the total collagen content per PPS quadrant, the highest mean signal was
measured in the ST region, whilst the amount in the IN was two-thirds of the ST signal (Table 3.1).
This could indicate that the disruptions in the annular collagen structure of the PPS might be due
in part to reduced collagen content in those PPS regions, as previous studies have noted a decrease
in collagen in the posterior pole in highly myopic eyes (Norton and Rada, 1995). This was further
reflected as the two circumferential disruptions had lower anisotropic proportions than the rest of
the PPS (Figure 3.06). These myopic observations are reminiscent of the glaucomatous changes
reported by Pijanka et al., which showed significantly reduced fibre anisotropy in the ST and IN
quadrants (Pijanka et al., 2012).

The mid-posterior sclera also appeared to be much more disorganised than the non-myopic control
group, with large areas of realignment in the tissue. As a consequence, it was difficult to assess if
the two characteristic linear fibre bands around the PPS were present. In accordance with
Voorhees’ proposed model on tangential collagen fibres providing further mechanical support, this
could be indicative of increased strain to the optic nerve, perhaps contributing to the observed
elongation and secondary disruption in the annular collagen structure (Voorhees et al., 2018).
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Figure 3.05 – WAXS polar vector plot map of human highly myopic specimen HM1 (A) with a red square
designating a 30x30 vector plot magnification shown expanded in (B). The PPS is bounded by black lines,
whilst the red arrow denotes localised discontinuation in the circumferential collagen orientation in the ST
and IN regions, with the superior (S), nasal (N), inferior (I) and temporal (T) directions indicated on B.
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Figure 3.06 – WAXS collagen anisotropic proportion contour map of human highly myopic specimen HM1 (A) with
a red square designating a 30x30 data point magnification shown expanded in (B). The PPS is bounded by black
lines, whilst the red arrow denotes localised discontinuation in the circumferential collagen orientation in the ST
and IN regions, with the superior (S), nasal (N), inferior (I) and temporal (T) directions indicated on B.
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3.2.3 High myopia case 2
Myopic specimen HM2 (Figure 3.07) exhibited more widespread differences in the WAXS polar
vector plot map. Compared to the normal controls, the optic nerve canal was wider, with the
surrounding annulus of collagen being spread over a larger radial distance, extending well into the
mid-posterior scleral tissue (Figure 3.07B), whilst showing reduced levels of anisotropy in the
region immediately adjacent to the canal edge. Furthermore, the normally observed interruption in
circumferential alignment in the SN quadrant was much more pronounced, with the polygon plots
being comparable to those of the mid-posterior in both anisotropy values and fibrillar orientation.
The collagen anisotropy was lower in the 64 data point region of the PPS, with the highest
registered values located in the nasal part of the mid-posterior sclera. Due to the level of
rearrangement, it was difficult to assess if those polar vector plots belonged to the annulus of
collagen fibres or one of the tangential fibre bands, which were noted to be less linear and more
curved. In addition, the fibre band traversing in the temporal direction was not directly tangential
to the PPS, with a narrow region of less organised fibrils present between them.

The anisotropic proportion in the PPS of specimen HM2 exhibited the highest values on average
than the controls or HM1 (Figure 3.08). This observation is initially at odds with the WAXS polar
vector map (Figure 3.07), which indicated overall lower collagen anisotropy around the ONH.
These two findings can, however, be reconciled if it is considered that the vector plot collagen
anisotropy scales proportionally with tissue thickness and by extension the total collagen scatter,
whereas the anisotropic proportion scales inversely with thickness, being a ratio of the aligned and
total collagen signal (Section 2.2.3). Thus, it is likely that excessive scleral thinning around the
posterior pole would have manifested in lower total collagen scatter, which was also nearly equally
distributed (Table 3.1), leading to a higher anisotropic proportion; the absolute number of fibrils
in a preferential direction, which defines the collagen anisotropy, would be small. This would also
be consistent with the IO-ONH distance (Table 2.1), with HM2 showing the largest amount of
axial scleral lengthening. In addition, the observed extensive scleral remodelling is probably
associated with the ocular axial elongation (Tan et al., 2006; Vurgese et al., 2012). In the midposterior region, the collagen anisotropy values were also markedly higher, possibly further
indicating an overall tissue thinning (Figure 3.08B).
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Figure 3.07 – WAXS polar vector plot map of human highly myopic specimen HM2 (A) with a red square
designating a 30x30 vector plot magnification shown expanded in (B). The PPS is bounded by black lines,
whilst the red arrow denotes localised discontinuation in the circumferential collagen orientation in the
SN region, with the superior (S), nasal (N), inferior (I) and temporal (T) directions indicated on B.
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Figure 3.08 – WAXS collagen anisotropic proportion contour map of human highly myopic specimen HM2 (A) with
a red square designating a 30x30 data point magnification shown expanded in (B). The PPS is bounded by black
lines, whilst the red arrow denotes localised discontinuation in the circumferential collagen orientation in
the SN region, with the superior (S), nasal (N), inferior (I) and temporal (T) directions indicated on B.
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The observed enlarged scleral canal and disorganisation of the circumferential collagen fibrils in
the PPS with high myopia were also in agreement with previous research. Jonas et al. described
these optic discs as ‘secondary acquired macrodiscs’, which are accompanied by larger PPS
atrophic regions (Jonas et al., 1988). Saw added to the list of abnormalities a tilt to the optic disc,
as well as a thinner LC, whilst Bellezza and colleagues concluded that a larger disc is more
susceptible to IOP-related glaucomatous damage, which could link the pathological changes to the
scleral architecture of specimen HM2 (Bellezza et al., 2000; Saw et al., 2005). From a
biomechanical aspect, for a given IOP a decreased PPS thickness may be expected to lead to
accumulation of large shear strains in the LC, predictive of radial displacement of the optic nerve
canal and axonal damage (Edwards et al., 2001; Norman et al., 2011; Ma et al., 2019).

3.2.4 High myopia case 3
Figure 3.09 presents a 30x30 data point magnified view of highly myopic specimen HM3, as only
a 16x16mm square region centred on the ONH was available for the study. The polar vector plot
map featured a larger disruption in the SN quadrant as compared to the normal circumferential
collagen structure, along with a notable splitting of the fibre alignment into two subpopulations
over large regions of the PPS (Figure 3.09A). This specimen was also characterised by further
collagen realignment in the mid-posterior sclera which did not appear to be part of the tangential
fibre bands, with only one being distinguishable on the temporal side of the PPS. The measured
collagen anisotropy was the highest of all specimens, specifically in the PPS IT quadrant. The total
collagen scatter on average was largest for the IN region of the PPS, similarly to non-myopic
specimens, with the total collagen signal of IT quadrant being 80.14±28.61% of the IN (Table 3.1).
The anisotropic proportion was greatest in the IT scleral region (Figure 3.09B), possibly the result
of further highly myopic remodelling of the posterior sclera.
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Figure 3.09 – Magnified WAXS polar vector plot map (A) and WAXS collagen anisotropic proportion contour
map (B), consisting of 30x30 data points, of human highly myopic specimen HM3. The PPS is bounded by black
lines, whilst the red arrow denotes localised discontinuation in the circumferential collagen orientation in
the SN region, with the superior (S), nasal (N), inferior (I) and temporal (T) directions indicated.
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3.2.5 Regional differences in anisotropy between normal and myopic eyes
An averaged control of PPS regional quantification of collagen anisotropic proportion was
composed of the seven non-myopic specimens after proper reorientation of the 64 data points of
the PPS region, which were further subdivided into four 16 measurement quadrants, representing
the SN, ST, IT and IN regions (Figure 3.10). Minimum anisotropic proportion values for each
posterior sclera were consistently observed in the SN quadrant, whilst the maximum values were
in the IN. In addition, differences in the distributions were observed, with the anisotropic
proportion in the ST and IN being significantly higher than both the SN and IT quadrants. These
conserved patterns were not exhibited in the highly myopic specimens: (I) the minimum value for
HM1 was located in the ST quadrant and highest in the IT; (II) HM2 showed the opposite pattern,
with lowest anisotropy in the IT and maximum in ST; (III) HM3 displayed a maximum anisotropic
proportion in the IT quadrant, comparable to HM1. HM3 was also the only instance of all three
highly myopic eyes to have both a disruption in the collagen fibril circumferential alignment
(Figure 3.5), as well as a collagen anisotropic proportion minimum in the same region, which was
in the SN quadrant. The atypical PPS fibril alignment in the myopic sclerae are quantified in
Section 3.2.6.
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Figure 3.10 – Box plot of mean collagen anisotropic proportion in the PPS per quadrant. The non-myopic specimens
(n=7) are grouped by quadrant: SN (red), ST (gold), IT (green), IN (blue). The highly myopic specimens are
indicated as follows: HM1 (grey circle); HM2 (teal asterisk); HM3 (purple triangle), with the majority of them
positioned outside of the non-myopic range. Data are presented as median ± standard deviation (SD);
*:p<0.05; ***:p<0.001.

3.2.6 Peripapillary scleral fibre angle displacement in high myopia
Additional structural differences between the non-myopic control group and the three highly
myopic eyes were revealed after a comparison of the angular displacement of the collagen polar
vector plots from an idealised circumferential distribution (Figure 2.04). The orientation of the
right eye was selected as the default, with mirror images of the polygon plot vector maps taken for
the left eyes. Heat maps of main angle difference between the idealised polar vector plot
distribution and the averaged control (Figure 3.11A) and with the three highly myopic specimens
(Figure 3.11B, C and D) were generated, with displacements ranging from 0° to 90°, as indicated
on a colour bar. The results confirmed that the non-myopic structure follows the idealised annular
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orientation around the ONH (Figure 3.11A). HM1 mimicked the pattern to a lesser degree, with
hot-spots of over 50° deviation in the IN, IT and ST quadrants, with the latter diverging markedly
from the idealised distribution with a maximum deviation of 74° (Figure 3.11B). This is in
agreement with the corresponding WAXS polar vector plot map, where the most obvious
disruptions in PPS circumferential fibril orientation of HM1 were in the ST and IN regions
(Figure 3.05B). For HM2, the differences were most pronounced in the outer parts of the
peripapillary region in the SN quadrant, with a maximum measured deviation of 83°
(Figure 3.11C). HM3 followed a similar pattern, with the largest changes again occurring in the
SN quadrant, with highest angular displacement of 79°, corresponding to a notably large break in
the circumferential polar vector plot alignment (Figure 3.09A).

Figure 3.11 – Heat map of collagen fibril displacement angle from idealised circumferential orientation in the
PPS based on WAXS polar vector plots. Superior (S), nasal (N), inferior (I) and temporal (T) directions are
indicated where the optic nerve is positioned. (A) Averaged non-myopic control group (n=7); (B) Highly
myopic specimen HM1; (C) Highly myopic specimen HM2; (D) Highly myopic specimen HM3.
Large deviations from circumferential alignment are exhibited in all myopic cases.
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These angular displacement differences are further highlighted as quadrant-averaged box plots
where the majority of the highly myopic data are again outliers to the control group (Figure 3.12).
The combined non-myopic specimen group displayed the smallest overall displacement in the ST
quadrant followed by the IN region, which also had the largest collagen anisotropic proportions
(Figure 3.10). No such correlation was exhibited by the highly myopic specimens. Rather, the
following observations were noted: (I) the maximum quadrant displacement for HM1 was in the
IT, where the anisotropic proportion was also highest (Figure 3.10), with minimum displacement
in the SN, likely due to the lack of disruption in the annular fibril arrangement; (II) for HM2 the
maximum angular displacement was in the SN and the minimum was in the IT; (III) the highest
and lowest deviations for HM3 were also in the SN and IT PPS quadrants, respectively.

Figure 3.12 – Box plot of mean collagen fibril displacement angle from idealised circumferential orientation in the
PPS per quadrant. The non-myopic specimens (n=7) are grouped by quadrant: SN (red), ST (gold), IT (green),
IN (blue). The highly myopic specimens are indicated as follows: HM1 (grey circle); HM2 (teal asterisk);
HM3 (purple triangle), with the majority of them positioned outside of the non-myopic range.
Data are presented as median ± SD; *:p<0.05; **: p<0.01.
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To assess the overall difference between the non-myopic controls and highly myopic specimens,
they were grouped (n=6 and n=3, respectively; specimens N1 and N2 were averaged point-forpoint, as they were a left/right pair). Linear mixed-model analysis (Section 2.8) was used to
statistically compare the difference in the mean collagen anisotropic proportion in the whole PPS,
which did not pass the p<0.05 statistical significance threshold (Figure 3.13A). This was most
likely due to a cancelling effect in the highly myopic group, as some PPS quadrants showed an
increase, whilst others displayed a decrease in the anisotropic proportion (Figure 3.10). The limited
numbers of highly myopic specimens available precluded their statistical comparison with each
other or the non-myopic control group, or a PPS quadrant-wise evaluation. The averaged
displacement angle from circumferential orientation, however, was statistically different (p<0.05)
between the non-myopic control (17.7±12.0°) and the highly myopic groups (23.9±18.2°;
Figure 3.13B).

Figure 3.13 – Bar chart statistical comparison of the mean collagen anisotropic proportion (A) and the collagen fibril
displacement angle from idealised circumferential orientation (B) in the whole PPS using linear mixed-model
analysis; n(Control)=6, n(Myopia)=3; *:p<0.05.
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3.2.7 Observations and limitations
The results presented in this Chapter evidence that highly myopic human posterior sclerae do not
follow the normal collagen fibrillar organisation, with all three myopic specimens exhibiting
notable alterations in the PPS. Specifically, the high myopia group had a significantly larger
angular displacement of the collagen fibrils away from the typical circumferential arrangement,
with more radially orientated fibres in the PPS overall (Figure 3.13B). As noted (Section 1.3), the
annular structure of collagen fibril bundles provides mechanical stability to the ONH as they limit
the IOP-related expansion of the optic nerve canal and reduce the in-plane tensile strains with the
LC (Girard et al., 2009a; Girard et al., 2009b; Grytz et al., 2011; Sigal et al., 2011; Coudrillier et
al., 2013). All of the highly myopic specimens presented in this Chapter displayed noticeable
disruptions in the preferential orientation of collagen fibrils around the ONH, with HM2 and HM3
having enlarged breaks in the SN quadrant organisation (Figure 3.07B and 3.09A), whilst HM1
had two alternative ones in the ST and IN regions (Figure 3.05B). It is plausible that remodelling
of the scleral ECM has occurred as a result of myopia, affecting the mechanical environment of
the ONH and its physical response to IOP and CSFP fluctuations (Campbell et al., 2014; Grytz et
al., 2014; Muñoz-Sarmiento et al., 2019). Therefore, alterations to the bulk peripapillary collagen
architecture in myopia may be linked to an increased ONH susceptibility to glaucomatous damage
(Pijanka et al., 2012; Coudrillier et al., 2015c; Jones et al., 2015). This would be in accordance
with previous largescale studies that have linked a higher prevalence of glaucoma with patients
with high myopia (Leske et al., 1994; Mitchell et al., 1999; Xu et al., 2007). Taken together, these
findings suggest that a greater risk of developing glaucomatous damage could be associated with
structural changes occurring with high myopia, such as the ones exemplified in this Chapter.

Whilst the structural changes of the three highly myopic specimens could be a consequence of
scleral remodelling during axial lengthening, a further possibility is that they may represent a
biomechanical adaption to increased scleral stresses in an enlarged and thinned tissue, if the
Young-Laplace equation is applied to spherical pressure vessels (Section 2.6.1.3). Thus, alterations
in the bulk collagen fibre orientation in myopic eyes could potentially be to loads other than the
IOP and CSFP. For example, during horizontal ocular motions, the optic nerve can exert a traction
force on the eye globe to shear and deform the tissues of the ONH (Jonas et al., 2016; Wang et al.,
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2017). In high myopia, this optic nerve traction force could be considerably increased due to the
axial elongation of the ocular globe, thus yielding a higher amount of optic nerve straightening for
the ONH to travel the same distance, like that in an emmetropic eye. It has also been shown that
in highly myopic eyes with staphyloma the optic nerve traction force can reach such proportions
as to even retract the eye within its orbit (Demer, 2016). Should such a traction force increase with
high myopia, then the contribution of the bulk collagen remodelling might become more important
than that of the IOP or CSFP, with the collagen fibres probably orientating along the direction of
higher stresses. This is further supported by a number of studies, which indicated that horizontal
ocular motions considerably deform the ONH and may directly relate to the enlarged and
disorganised optic nerve canal presented by the highly myopic specimens in the current study, in
particular HM2 (Figure 3.07B) (Wang et al., 2016a; Wang et al., 2016b; Chang et al., 2017).
During eye adduction, the dura mater, the largest of the three neuro-protective meningeal layers,
transmits higher stress in the temporal direction of the PPS, which could plausibly result in a radial
realignment of the collagen fibres. Highly myopic specimen HM1 exhibited optic nerve canal
stretching in the ST-IN direction (Figure 3.05), which also coincides with areas of reduced collagen
fibre anisotropy in glaucomatous specimens (Pijanka et al., 2012). Other highly myopic alterations,
such as stretching and tilting of the ONH and atrophy in the Γ (area between Bruch’s membrane
and the ONH) and Δ (central part of Γ absent of small blood vessels) zones of the PPS, could also
affect the stress distribution within the PPS and thus other remodelling scenarios should not be
excluded and warrant further investigation (Jonas et al., 2012; Jonas et al., 2016; Jonas et al., 2018).
The levels of stress can also be high in the nasal part of the sclera due to abduction, which could
possibly be linked to the disruption in circumferential fibril orientation in the SN quadrant of the
PPS (Wang et al., 2017).

Although the structure of the three highly myopic eyes deviated noticeably from the seven nonmyopic specimens, the structural features in the control group were highly reproducible between
specimens (Appendix A.1.1). The number of analysed highly myopic specimens was small due to
the universally limited availability of suitable posterior sclerae from patients with known myopic
status, as well as the general low volition for eye donation (Lawlor et al., 2010; Lawlor and
Kerridge, 2014). It also remained unknown when in their lifetime the donors developed myopia,
with some of the specimens missing details of sex and ethnicity. Whilst to the best of the author’s
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knowledge there is no available data on a connection between sex and scleral microstructure, there
is some evidence that the collagen fibre arrangement and stiffness of the posterior sclera may vary
between ethnic groups (Section 1.4.2) (Yan et al., 2011; Fazio et al., 2014).

WAXS yields thickness-averaged measurement and cannot provide clarity on the structural
composition throughout the tissue depth. Pijanka and colleagues previously showed that the
circumferential collagen alignment does not persist through the entire PPS depth, but rather is
concentrated in the outer two-thirds of the stroma (Pijanka et al., 2015). Thus, further experiments
are required to assess if the myopic changes persist through the entire depth of the scleral tissue.
A suitable approach would be the use of second harmonic generation (SHG) microscopy to assess
depth-dependent alterations (Pijanka et al., 2019). Therefore, WAXS and SHG collection analysis
of more highly myopic specimens will be part of future work. A detailed, mechanistic
understanding of myopic changes to scleral structure and biomechanics would necessitate
longitudinal data outside the scope of the cross-sectional investigations presented here and require
the use of animal models. Chapter IV provides clarity on the posterior scleral arrangement of
several mammalian species that will be an important step in establishing a suitable human analogue
for studying myopia and other scleral disorders involving biomechanical influences.

3.3 Summary, conclusions and future work
In this Chapter, WAXS was used to map the bulk posterior scleral collagen architecture in three
highly myopic human eyes. In comparison to non-myopic specimens, all highly myopic sclerae
displayed disruptions in the characteristic circumferential collagen fibril organisation in the PPS
and in the tangential linear fibre bands around it, as well as alterations in the typically well
conserved regional pattern of anisotropic proportion. Summaries of the changes to the three highly
myopic specimens are provided below (Table 3.2).
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Table 3.2 – Alterations in collagen anisotropic proportion and angular displacement from circumferential orientation
in the PPS for highly myopic specimens HM1, HM2 and HM3 in comparison to an averaged control group of seven
non-myopic eyes. The changes are grouped by quadrant: SN, ST, IT and IN. The number of arrows indicates the level
of parameter alteration.

The results presented here support the idea that pathological structural remodelling takes place
with myopia that accompanies the axial lengthening of the eye and the mechanical alteration of the
scleral tissue (Siegwart Jr and Norton, 1999; Grytz and Siegwart, 2015). Disruptions in the PPS
may also link to the increased susceptibility of myopic eyes to glaucoma development. Therefore,
the data presented here will enhance future modelling studies of ocular biomechanics in myopia
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and in glaucoma, as well as inform emerging myopic treatments such as scleral cross-linking (Su
et al., 2010; Campbell et al., 2017).

As mentioned, further investigation is necessary to ascertain whether the structural changes
reported herein are a direct consequence of posterior scleral remodelling during ocular elongation
or alternatively a mechanical adaptation to tissue stresses induced by fluid pressure or ocular
movements that could be exacerbated in enlarged eyes. As highly myopic eyes are noted to be
more susceptible to developing glaucoma, future research is envisioned to compare the posterior
scleral architecture of myopic and glaucomatous specimens. For a more holistic evaluation, a
combination of both WAXS and SHG techniques is warranted (Pijanka et al., 2019). The results
of such an investigation could help clarify the question of why some individuals have glaucoma at
normal IOP levels (Section 1.4.3) and further elucidate the connection of myopic status to
glaucomatous disease progression. The cellular contribution to the myopic changes should also be
investigated. In addition, it would be prudent to consider a quadrant-wise PPS study of the scleral
fibroblasts, as a study by Oglesby and colleagues in murine glaucomatous sclerae noted that the
mean fibroblast density in the nasal region was on average 25% lower than in the other three
quadrants, which could possibly be related to local variations in the collagen fibril density and
anisotropy (Oglesby et al., 2016).
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Collagen microstructure in mammalian sclera

Chapter IV

4.1 Introduction
In general, there are several restrictions in carrying out scientific research on human tissue. Those
include acquisition of appropriate and sufficiently numerous tissue samples from donors, which is
a notable challenge for ocular tissues, and the necessity for rigorous ethical permission approvals
(Lawlor et al., 2010; Lawlor and Kerridge, 2014). One major issue relevant to this project is that
most of the available ocular globes come from elderly individuals, with research showing agerelated changes to the sclera, including greater susceptibility to glaucoma (Section 1.4.2). Whilst
the annular collagen fibril structure in the peripapillary sclera (PPS) was shown to remain fairly
consistent with age, the same cannot be said about the scleral cells and their physiology, variations
in which could preclude accurate investigations (Chapter III; (Coudrillier et al., 2015a,b; Markov
et al., 2018)). Thus, it is preferable to perform experimental procedures with tissue obtained from
individuals that are around the same age and are young adults. Where this is not practical for human
studies, suitable animal models are often utilised.

Different animal species have been used as models for ocular pathologies involving the sclera, the
most common of which are mice, tree shrews, chickens, monkeys, pigs and cattle (Albon et al.,
2007; Girard et al., 2008; Girard et al., 2009c; Myers et al., 2010; Pijanka et al., 2014; Nguyen et
al., 2017). Recently Gogola and colleagues used polarised light microscopy to show that the
circumferential collagen fibril alignment in the PPS is present in several domestic animal species
(Gogola et al., 2018b). However, it still remains uncertain which species is the closest to humans
for this structure, given that appreciable variations were observed between the studied animals
(Gogola et al., 2018b). Therefore, this study aimed to determine a suitable human analogue for
future posterior scleral investigations. A species was sought that matched two essential criteria:
(I) the circumferentially aligned annulus of collagen fibres in the PPS must be in similar proportion
to that present in humans; (II) there needs to be ready access to new ocular material from agematched individuals. Whilst poultry eyes have been widely used previously in scleral ECM studies
of myopia, they are both genetically and physiologically distinct from humans and, in particular,
the sclera has been noted to have a cartilaginous component not present in humans, which also
contains fewer myofibroblasts in general (McBrien et al., 2009). Thus, only mammalian species
were investigated in this study.
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The Chapter presents a wide-angle X-ray scattering (WAXS) analysis and comparison of the
posterior sclera from 11 mammalian species. This was performed to both select a suitable human
analogue for further experimental work but also to determine specifics in the scleral collagen
architecture as a function of eye size. In addition, PPS sections from the chosen species were later
sectioned and imaged using second harmonic generation (SHG) laser microscopy to assess the
depth-dependent organisation of the annular structure of collagen fibres around the optic nerve
head (ONH).

4.2 Results and Discussion
4.2.1 Wide-angle X-ray scattering analysis
WAXS experiments were conducted on posterior sclera from 11 mammalian species (Table 2.2,
Section 2.2.1.2). Information on the precise ocular globe size for all animals was not available,
which is why the specimens are listed in terms of increase of body size, from smallest (mouse;
Section 4.2.1.1) to largest (cattle; Section 4.2.1.11). For the purpose of comparison and
reproducibility, the collected WAXS polar vector plot and contour maps are presented as octagons
which, in relative terms, covered approximately the same representative area around the ONH. The
size of these regions was dependent on the scanned tissue surface and encompassed the PPS and
part of the mid-posterior sclera. The sampling interval for each animal was chosen according to
their body size, in order to be relatively consistent across species. A size-accurate comparison of
the sclerae is presented (Section 4.2.1.12).

105

Chapter IV
4.2.1.1 Laboratory mouse

The mouse (Mus musculus) is perhaps the most standard vertebrate model. In terms of ocular
pathologies, it has been used to study glaucoma at both an extracellular matrix (ECM) and cellular
level (Pijanka et al., 2014; Oglesby et al., 2016; Nguyen et al., 2017). A WAXS polar vector plot
map of a posterior sclera of an albino mouse (Figure 4.01A) demonstrated that the lobes of the
polygon plots were broad, indicating a larger spread of collagen fibrils, with the lowest measured
collagen anisotropy of all the studied species. The collagen fibril annulus was not well-defined,
specifically when compared to those in humans (Chapter III), with only partial circumferential
orientation around the ONH, mostly on its left and right side (Figure 4.01A). The bounded region
of the lamina cribrosa (LC) was also represented by polar vector plots with a more spread
distribution and until recently it remained uncertain if the murine LC was even load-bearing, given
that it is predominantly cellular in nature with relatively little ECM (Nguyen et al., 2017). The
anisotropic proportion of the specimen was low, with no clear distinguishable patterns or features,
indicating a mostly homogenous fibrillar distribution. Together, these observations could suggest
that, unlike humans, the circumferential collagen structure in the PPS might not be primarily for
resisting IOP-generated scleral stress in the mouse (Boote et al., 2019). Due to its small size, the
murine eye was the only specimen to require relaxational incisions to flatten it for scanning
(Figure 4.01), whilst for all other specimens a circular part of the posterior sclera was scanned in
its natural curvature (Pijanka et al., 2014). However, the incisions ended outside the PPS, so as not
to risk disruption of the fibrillar collagen architecture. Moreover, previous WAXS studies in
human tissue has shown that mid-posterior scleral incisions have minimal effect on PPS structure
(Pijanka et al., 2012; Pijanka et al., 2013).
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Figure 4.01 – Wide-angle X-ray scattering (WAXS) polar vector plot map (A) and collagen anisotropic proportion
contour map (B) of a murine posterior sclera. The weakly aligned annulus of collagen fibres in the peripapillary
sclera (PPS) is bounded by dashed lines. Data points were recorded at every 0.15mm.
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4.2.1.2 Northern tree shrew

Northern tree shrews (Tupaia belangeri) have been used as ophthalmic animal models due to their
close phylogenetic relationship with primitive primates, as well as for their well-developed sense
of vision (Campbell, 1966). Many previous studies have also used the tree shrew eye to investigate
myopia (Guggenheim and McBrien, 1996; Phillips and McBrien, 2004; Siegwart and Strang, 2007;
Grytz and Siegwart, 2015). In comparison to the mouse (Figure 4.01A), the tree shrew has a wider
optic nerve, but with a relatively narrow annular collagen fibril structure around it (Figure 4.02A).
Albon and colleagues previously noted that the tree shrew optic nerve and LC resemble those of
humans, with the WAXS polar vector plot map presented here confirming a more organised LC
than in mice (Albon et al., 2007). Highest anisotropic proportion values were also registered in the
area representative of the ONH (Figure 4.02B). As Boote and colleagues recently noted,
accounting for IOP and scleral wall thickness, the in-wall hoop stress for the tree shrew sclera
should be about twice as large as that of humans (Boote et al., 2019). In this respect, the relatively
narrow circumferential PPS structure was unexpected given its generally purported role in
protecting the LC from IOP-induced stress, suggesting other biomechanically relevant factors,
such as eye movements and fluid pressures other than IOP, might be important in determining the
scleral ECM architecture in tree shrews (Boote et al., 2019).
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Figure 4.02 – WAXS polar vector plot map (A) and collagen anisotropic proportion contour map (B) of a northern
tree shrew posterior sclera. The aligned annulus of collagen fibres in the PPS is bounded by dashed lines.
Data points were recorded at every 0.25mm.
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4.2.1.3 Guinea pig

The WAXS polar vector map of a guinea pig (Cavia porcellus) posterior sclera demonstrated that
it was markedly different from the previous mammalian ones (Figure 4.03A). The scleral canal
had an oval shape, with the circumferentially aligned collagen fibrils following closely this
elliptical form. In addition, around the horizontal axis the collagen annulus appeared to be
disrupted on both sides of the optic nerve, as seen by both the fibril orientation around the lateral
sides of the ONH, but also in terms of the lower collagen anisotropy values. This observation was
further supported by smaller anisotropic proportions in the corresponding regions (Figure 4.03B).

110

Chapter IV

Figure 4.03 – WAXS polar vector plot map (A) and collagen anisotropic proportion contour map (B) of a guinea pig
posterior sclera. The aligned annulus of collagen fibres in the PPS is bounded by dashed lines.
Data points were recorded at every 0.3mm.
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4.2.1.4 Black lion tamarin

Out of all the presented mammalian species in this Chapter, the black lion tamarin (Leontopithecus
chrysopygus) was the closest one to humans genetically, as both species belong to the Primate
order. The species is endemic to the Atlantic Forest in Southern Brazil (Garbino et al., 2016). As
seen in Figure 4.04A, the PPS structure was more organised than the previous three species, but at
the same time lacked the distinct tangential fibre bands and the characteristic break in
circumferential alignment present in human posterior sclerae (Chapter III and Appendix A.1.1).
However, similar to humans, the collagen anisotropic proportion values were highest in the PPS,
with more clearly defined regions in the mid-posterior sclera as well (Figure 4.04B).
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Figure 4.04 – WAXS polar vector plot map (A) and collagen anisotropic proportion contour map (B) of a black lion
tamarin posterior sclera. The highly aligned annulus of collagen fibres in the PPS is bounded by dashed lines.
Data points were recorded at every 0.25mm.
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4.2.1.5 Azara’s agouti
Azara’s agouti (Dasyprocta azarae) are South American rodents, with ocular globe axial length of
14.02±0.01mm and IOP of 11.61±0.44mmHg, (Tavares-Somma et al., 2017). Based on WAXS
there appeared to be more circumferentially aligned polygon plots in the PPS (Figure 4.05A), along
with more evidence of tangential fibre bands, similar to humans, than any of the other mammals
presented so far. The anisotropic proportion contour map showed a crescent distribution of higher
values around the ONH and lower to the right of it (Figure 4.05B). The corresponding polygon
plots on the lateral sides of the scleral canal, however, did not appear different in terms of collagen
anisotropy values or fibrillar distribution (Figure 4.05A).
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Figure 4.05 – WAXS polar vector plot map (A) and collagen anisotropic proportion contour map (B) of an Azara’s
agouti posterior sclera. The aligned annulus of collagen fibres in the PPS is bounded by dashed lines.
Data points were recorded at every 0.3mm.
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4.2.1.6 Lesser mouse-deer

The WAXS polar vector plot map of a lesser mouse-deer (Tragulus javanicus) posterior sclera had
an atypically large elliptical scleral canal (Figure 4.06A). In addition, the collagen fibril annular
ring appeared to be more circular and disproportionally narrow on the left side of the ONH, with a
more disrupted feature. The anisotropic proportion contour map (Figure 4.06B) further supported
these observations, with higher value distribution around the top and bottom of the optic nerve.
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Figure 4.06 – WAXS polar vector plot map (A) and collagen anisotropic proportion contour map (B) of a lesser
mouse-deer posterior sclera. The aligned annulus of collagen fibres in the PPS is bounded by dashed lines.
Data points were recorded at every 0.3mm.
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4.2.1.7 Red panda

The red panda (Ailurus fulgens) also exhibited an interruption in the circumferential alignment of
the collagen fibrils in the PPS similarly to the guinea pig (Figure 4.03A), but unlike it, the collagen
formed a nearly perfect ring (Figure 4.07A). The mid-posterior sclera also showed regions of
further structure, with most of the polar vector plots below the PPS being mostly parallel to it,
possibly corresponding to muscle insertions similar to those observed in humans. There were also
two notable diagonal fibre bands running from the top left and stopping in the mid-posterior before
reaching the scleral canal. The anisotropic proportions were, on average, lower in the PPS than
most of the other species, but still reflected the higher alignment on the top and bottom sides of the
ONH.
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Figure 4.07 – WAXS polar vector plot map (A) and collagen anisotropic proportion contour map (B) of a red panda
posterior sclera. The highly aligned annulus of collagen fibres in the PPS is bounded by dashed lines.
Data points were recorded at every 0.3mm.
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4.2.1.8 North American river otter

The North American river otter (Lontra canadensis) had an extended collagen fibril annulus with
several further aligned regions in the mid-posterior sclera (Figure 4.08A). The characteristic break
in circumferential orientation in humans was observed in the otter PPS on the left side of the scleral
canal, whilst on the top right in the mid-posterior there was a long tangential fibre band. In close
proximity there were also two vector plots with lower collagen anisotropy and several other aligned
polar plots around them, probably corresponding to blood vessels. Both the blood vessel lumen
and the disruption in circumferential orientation were reflected in the anisotropic proportion
contour map (Figure 4.08B). A possible explanation for the pronounced characteristics could be
the result of lifestyle of certain animals that led to the migration of the eyes to the front of their
faces, with binocular vision being optimal in more cluttered environments (Changizi and Shimojo,
2008). This shift in field of vision might have led to rearrangement in the position of the optic
nerve in the posterior sclera and hence its supporting structures. It should be noted, that the river
otter, along with the tamarin monkey (Section 4.2.1.4) and red panda (Section 4.2.1.7), have their
eyes at the front of their faces and had highly aligned collagen fibril annuluses.
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Figure 4.08 – WAXS polar vector plot map (A) and collagen anisotropic proportion contour map (B) of a
North American river otter posterior sclera. The highly aligned annulus of collagen fibres in the PPS is
bounded by dashed lines. Data points were recorded at every 0.3mm.
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4.2.1.9 Domestic pig

Domestic pig (Sus scrofa domesticus) eyes have been commonly used as model substitutes to
human eyes, due to their similar size (23.90±0.08mm) and shape, as well as IOP (15.2±1.8mmHg)
(Ruiz-Ederra et al., 2005; Middleton, 2010; Sanchez et al., 2011). However, the ONH was oval
with a wider and more spread ring of circumferentially aligned collagen fibrils compared to
humans (Figure 4.09A). Equatorially, the annulus appeared to be thinner on the left side of the
scleral canal, similarly to the lesser mouse-deer (Figure 4.06A), whilst having less aligned fibrils
on the right side. The WAXS polar vector plot map indicated further structural regions in the midposterior sclera, with parallel fibres below the scleral canal, reminiscent of the red panda
(Figure 4.07A), as well as defined cross patterns of collagen fibril distribution in the top right
(Figure 4.09A). The primary structural difference between human and porcine eyes is the existence
of an optic nerve ventral groove in the latter (Section 4.2.1.12.1). The groove can be identified in
the top right part of the ONH as more highly aligned polar vector plots. Brooks and colleagues
were the first to identify this structure in porcine and to note that it can be used to orientate the
posterior sclera (Brooks et al., 1998). The anisotropic proportion contour map (Figure 4.09B)
closely followed the collagen anisotropy, with lower values in the break in circumferential
alignment and higher around the top and bottom side of the scleral canal.
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Figure 4.09 – WAXS polar vector plot map (A) and collagen anisotropic proportion contour map (B) of a porcine
posterior sclera. The highly aligned annulus of collagen fibres in the PPS is bounded by dashed lines.
Data points were recorded at every 0.5mm.
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4.2.1.10

Brazilian tapir

The Brazilian tapir (Tapirus terrestris) is the largest herbivore in South America, with small eyes
in relation to its overall body size (Ruiz-García et al., 2016). Whilst larger than the domestic pig,
the tapir has a notably narrower and more circular ONH and PPS circumferential structure in
comparison (Figure 4.10A). Additionally, the posterior sclera appeared to have two narrow
tangential fibre bands around the top and bottom of the collagen fibril annulus, which were also
reflected by higher anisotropic proportion values (Figure 4.10B). The tapir did not possess a ventral
groove in the optic nerve canal, but did, however, have similar polar vector plot cross patterns in
the mid-posterior sclera, on the bottom side (Figure 4.10A). As both pigs and tapirs have their eyes
positioned on the side of their heads, to provide larger field of vision for predators, this would
probably exclude the ventral groove as a formation related to the ocular motions.
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Figure 4.10 – WAXS polar vector plot map (A) and collagen anisotropic proportion contour map (B) of a Brazilian
tapir posterior sclera. The highly aligned annulus of collagen fibres in the PPS is bounded by dashed lines.
Data points were recorded at every 0.5mm.
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4.2.1.11

Domestic cattle

The largest of the 11 compared animal species, domestic cattle (Bos taurus domesticus) have an
elliptical optic nerve and a pronounced circular PPS collagen fibril structure (Figure 4.11A). In
addition, similarly to porcine, bovine also possess a ventral groove, seen on the bottom right side
of the scleral canal (Figure 4.11A). Markedly radial LC beam orientation was also evident, with
data points on the opposite side of the groove having large anisotropic proportion values
(Figure 4.11B). Structural organisation was evident in the mid-posterior sclera as well, with a
tangential fibre band on the top right side of the circumferentially aligned collagen fibrils and cross
pattern fibrillar organisation below the ONH.

Data acquisition was performed at every 0.5mm (Figure 4.11) or 0.25mm (Figure 4.12), with the
latter revealing consistent structural patterns, but at 4x greater resolution than the former. A clearer
structure of the LC was observed (Figure 4.12A), with a ‘stalk’ starting from the ventral groove
and progressing uniaxially, possibly indicating a similar ‘hourglass’ shape of the LC as in humans
(Quigley, 1999). Given the very similar characteristics of the two bovine eyes (Figure 4.11 and
4.12), B1 and B2, respectively, it appears that both were either left or right eyes and had
comparable posterior scleral orientation. This is particularly evident in the respective high
anisotropic proportion distributions (Figure 4.11B and 4.12B). In addition, precise ocular globe
orientation was performed for the SHG microscopy analysis and revealed that the nerve ventral
groove is facing the inferior/inferior temporal (IT) direction. Therefore, the area of
circumferentially aligned polar vector plots with lower collagen anisotropy (Figure 4.12A), which
were positioned on the opposite side of the groove, would be located in the superior/superior nasal
(SN) PPS region. As discussed in Chapter III, the disruption in circumferential alignment in the
human PPS is also in the SN direction and exhibits similarly lower collagen anisotropy values than
the surrounding areas. Bovine eyes have also been used in ophthalmic studies for decades, with
key studies determining the composition, elasticity and shear of the sclera, as well as the inflation
behaviour of both the sclera and cornea (Smolek, 1988; Gum et al., 1998; Boyce et al., 2008; Myers
et al., 2010; Argento et al., 2014). However, the cellular component has been less closely
investigated (Markov et al., 2019).
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Figure 4.11 – WAXS polar vector plot map (A) and collagen anisotropic proportion contour map (B) of bovine
posterior sclera B1. The highly aligned annulus of collagen fibres in the PPS is bounded by dashed lines.
Data points were recorded at every 0.5mm.
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Figure 4.12 – WAXS polar vector plot map (A) and collagen anisotropic proportion contour map (B) of a bovine
posterior sclera B2. The highly aligned annulus of collagen fibres in the PPS is bounded by dashed lines.
Data points were recorded at every 0.25mm.
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4.2.1.12

Mammalian posterior scleral comparison

This study provides the widest comparison of posterior scleral fibre architecture in mammalian
species. To the best of the author’s knowledge, the only other non-human species for which the
PPS was investigated with WAXS was the canine sclera from the beagle (Boote et al., 2016). In
beagle dogs, the collagen fibril annulus appeared to have larger collagen anisotropy values than
the surrounding mid-posterior, consistent with the observed animals of intermediate size presented
here (Figure 4.07A and 4.08A). Some of the listed species here have also had their PPS investigated
using polarised light microscopy (Gogola et al., 2018b). As seen from the previous Sections, all 11
mammalian species possessed a circumferential collagen structure in the PPS, which in general
appeared less developed for smaller animals and gradually became more defined. WAXS polar
vector plot maps of the 11 animal species were compared against an analogue polygon plot map
from a human (Figure 4.13K; specimen N4, Chapter III). Additionally, all of the posterior scleral
maps were scaled to accurate proportions and presented from smallest body size (mouse,
Figure 4.13A) to largest (cattle, Figure 4.13L). Due to the small dimensions of the annular
structure, for better visualisation and comparability, the polar vector plots comprising the ONH
were removed, leaving the PPS and surrounding mid-posterior sclera. As the collagen anisotropy
is affected by the total collagen scatter, and in turn by the tissue thickness, it can be expected that
larger eyes would also exhibit larger anisotropy magnitudes overall. However, inter-species
variations in the width of the annulus, in particular the markedly limited structure in the tree shrew
(Figure 4.02), suggest that biomechanical factors other than IOP-induced scleral hoop stress may
play a part in determining scleral microstructure in some animals (Boote et al., 2019). To identify
a human analogue model species of the PPS, all of the WAXS vector plot maps were scaled to a
maximum of 2,000a.u. for the collagen anisotropy, as the anisotropic differences between the PPS
and mid-posterior were presented in the individual species sections.

As previously discussed, smaller mammals tend to have a less defined ring of circumferential
collagen fibrils proportionally to the size of the ONH. This precludes them from being a suitable
human model of the PPS architecture. Species with eyes positioned at the front, such as the tamarin
monkey (Figure 4.13D) and the red panda (Figure 4.13G), whilst genetically closer or having
similar characteristics in the PPS organisation, respectively, were endangered, automatically
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excluding them. Meanwhile, the Brazilian tapir (Figure 4.13J) notably showed close structural
homology with the posterior human eye, but, whilst not endangered, has been categorised as a
vulnerable to extinction species.

Figure 4.14 is complementary to Figure 4.13, with all of the polar vector plot maps being
substituted with anisotropic proportion contour values. As the collagen anisotropic proportion is
the ratio of the aligned and total collagen scatter, the values are always between 0 and 1 and did
not require specific scaling for the comparison. Numerous animals (Figure 4.13C, D, E, F, I, J, L)
exhibited high anisotropic proportion on opposing sides of the ONH, potentially related to local
collagen fibril organisation as a result of eye movements.
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Figure 4.13 – Scaled WAXS polar vector plot map comparison between posterior sclera from 12 mammalian species. Data points composing the optic nerve head
(ONH) have been excluded. (A) Laboratory mouse; (B) Northern tree shrew; (C) Guinea pig; (D) Black lion tamarin; (E) Azara’s agouti; (F) Lesser mouse-deer;
(G) Red panda; (H) North American river otter; (I) Domestic pig; (J) Brazilian tapir; (K) Human; (L) Domestic cattle.
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Figure 4.14 – Scaled WAXS collagen anisotropic proportion contour map comparison between posterior sclera from 12 mammalian species. Data points
composing the ONH have been excluded. (A) Laboratory mouse; (B) Northern tree shrew; (C) Guinea pig; (D) Black lion tamarin; (E) Azara’s agouti;
(F) Lesser mouse-deer; (G) Red panda; (H) North American river otter; (I) Domestic pig; (J) Brazilian tapir; (K) Human; (L) Domestic cattle.
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Whilst the porcine eye is close in terms of size to humans, the circumferentially aligned polar
vector plots were more spread out into the mid-posterior sclera, with higher collagen anisotropy
values (Figure 4.09A). The collagen fibril annulus structure and anisotropy distribution of the
bovine sclera are more proportionally closer to humans (Figure 4.15). In general, all bovine eyes
come from abattoirs, which fulfils the other prerequisite for a model species, which was the ease
of access to new tissue. Furthermore, all of the animals have been reared under similar
environmental and lighting conditions, as well as being young adults of the same age at slaughter
(Section 2.2.1.2), making comparison between them much more representable. New eye tissue can
easily be acquired, which along with the size of the globe make cattle eyes one of the most popular
choices for research on scleral biomechanics. Hence bovine was selected as the animal model of
choice in the rest of the investigations in this thesis.

Figure 4.15 – Comparison of human N4 (A) and cattle B1 (B) WAXS polar vector plot maps. The collagen
anisotropy was scaled to 1,000a.u. for both specimens. The highly aligned annulus of collagen fibres in the
PPS is bounded by dashed lines. Data points were recorded at every 0.5mm. The general similarity in
microstructure in the PPS region between human (A) and bovine (B) marked the latter as
a suitable animal model for the remaining studies in this thesis.
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4.2.1.12.1 Ventral groove

From the presented WAXS vector plot maps, only the porcine (Figure 4.09A) and bovine ones had
a ventral groove in the ONH (Figure 4.11A and 4.12A; Appendix A1.2). Jan and colleagues
showed that other domestic mammals, such as sheep, also have a groove in the LC (Jan et al.,
2018). However, other large animals, like the tapir, did not have this structure, indicating a
phylogenetic relationship (Figure 4.10A). Brooks proposed that the ventral groove has an
embryonic origin, possibly a vestige of the embryonic optic fissure, whilst Feola showed that this
region is where the retinal blood vessels enter the optic nerve (Brooks et al., 1998; Feola et al.,
2017). In addition to providing a useful means of determining the orientation and position of the
eye globe in untagged specimens, the presence of the groove in bovine and porcine eyes could
affect the ONH environment. However, the effect of the ventral groove in bovine LC will have
limited consequences for the current work, which focusses on the PPS region.

4.2.2 Second harmonic generation microscopy analysis
4.2.2.1 Regional polar vector plots

It is known that depth variations exist in the fibrillar collagen orientation and architecture of the
human PPS. In normal eyes, the circumferentially aligned collagen fibres are most prominent in
the outer two-thirds of the scleral stroma, most likely as further support to the LC (Pijanka et al.,
2015). The presented WAXS analysis provides representative quantitative measurements of the
bulk fibre anisotropy by yielding thickness averaged data and, as such, no depth-dependent
information could be acquired from this method. Thus, the optical slicing capability of SHG
microscopy was utilised to investigate features in the collagen fibril microarchitecture in bovine
PPS through the depth of the tissue.

Figure 4.16 presents three SHG images of different depth levels of the same left bovine PPS. The
sections were properly orientated, with the superior region being uppermost, whilst the nasal side
is on the left. The annular structure of circumferentially aligned collagen was subdivided into the
eight cardinal and intercardinal directions, from each of which a representative 1,024x1,024 pixel
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region was selected and Fourier transform-assessed using the bespoke image analysis software
Filum Trace (Section 2.4; (Pijanka et al., 2019)). The selected regions formed a ring rather than an
ellipse, since whilst the bovine scleral canal is more oval, the PPS collagen structure was indeed
circular (Figure 4.11A and 4.12A). The generated polar vector plots were analogous to the
corresponding plots from the WAXS analysis, with each polygon plot overlaid on top of the
underlying area, denoted by a red square. The PPS sections were also scanned at the same
microscopy settings, permitting a direct comparison of their signal.

Figure 4.16A illustrates the third inner section, corresponding to a depth from 2,080 to 2,240µm.
The SHG collagen signal was strongest in the inferior region, with the representative polar vector
plot having a main orientation angle of 151.5º, instead of the expected 180º. On the opposite side,
the intensity was lower, with numerous darker patches, likely due to absence of collagen fibrils.
This is reflected in the vector plot, which is cross-shaped, also indicating that the interweaving
collagen fibres are more spatially distributed. The collagen anisotropy of these two regions had
similar values, 324a.u. for the superior and 332a.u. for the inferior. Overall the anisotropy was low,
with the highest one being 572a.u. at the IT, adjacent to where the ventral groove will be positioned.
It should also be noted, that as the inner sections are closer to the choroid, some of the collagen
fibril orientations are probably affected as well, with a more radial distribution possibly expected,
likely associated with the predominant vessel orientation, as envisaged in humans (Pijanka et al.,
2015). As this section corresponds to the prelamina, the LC was also not observed in the images.
It is around this depth that the collagen fibrils start becoming more circumferential around the
ONH.

A mid-stromal scleral section, depth from 1,280 to 1,440µm, is presented (Figure 4.16B).
Compared to Figure 4.16A there was a more clearly defined ring of collagen fibres around the
optic nerve, which is also evidently represented in the circular orientation of the eight polar
polygon plots. The SHG signal was also more uniformly distributed, with the highest collagen
anisotropy at the two lateral sides of the scleral canal: 874a.u. at the temporal and 809a.u. at the
nasal. This observation agreed with the higher collagen anisotropy for the WAXS polar vector
plots (Figure 4.11A and 4.12A). Furthermore, the PPS in the superior and SN directions appeared
to be ‘indented’ (Figure 4.16B), which corresponded to the notable WAXS transition zone in the
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same directions around the scleral canal (Figure 4.12A). In addition, the SHG polar vector plot of
the superior region (Figure 4.16B) also had the lowest anisotropy (423a.u.). These observations
further reinforce the high comparability between the WAXS and SHG techniques (Pijanka et al.,
2019).
Figure 4.16C shows the outermost (16th) PPS section, with a depth of 0 to 160µm. The structural
organisation was markedly different to the mid-stroma (Figure 4.16B), with the annulus of collagen
fibrils being inter-connected with the pia mater, the first of the three meningeal layers, and the
subarachnoid space, the cavernous tissue observed on the nasal side of the ONH. The pia mater
was also directly connected to some of the beams of the LC, most notably at the ‘stalk’ at the
ventral groove in the inferior/IT region, which was in agreement with observations in humans
(Sigal et al., 2010). Blood vessel lumen were also present, which could accommodate the nearly
vertical (77°) orientation of the polar vector plot in the superior region. As previously shown, the
meninges in the outermost sclera were positioned along with the circumferential collagen fibrils
(Pijanka et al., 2015). It should be noted that the SHG signal (813a.u.) and collagen anisotropy was
highest on the temporal side for the well-aligned (87.5°) polar plot. The PPS organisation also
appeared different from the rest of the section, with no exhibited subarachnoid space or blood
vessels, as well as a thin pia mater. Possible explanations for these observations could be that the
meningeal layers ‘insert’ into the bovine PPS at an inclination or that there is regional variability
in their thickness. More experimental validation is required as part of future work to assess if this
is a consistent feature and what significance it may hold for scleral biomechanics.
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Figure 4.16 – Second harmonic generation (SHG) microscopy images of three 160µm thick sections from the inner (A), mid-stromal (B) and outermost PPS (C).
For each section eight representative 1,024x1,024 pixel regions were selected, indicated by a red border, for which Filum Trace polar vector plots were calculated
and overlaid on top. The orientation of the polar plots illustrates the average collagen fibre directional spread, whilst the colouring is indicative of the level of
anisotropy, with hotter colours correlating to greater alignment. Triangles in B and C are representative of the region of the PPS closest to the ventral groove
in the LC of the corresponding images. In C, the pia mater is denoted by a circle and the subarachnoid space by an asterisk. Scale bar = 1mm.
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The Filum Trace polar vector plots from all 16 sections were compiled (Figure 4.17). The first row
(Ex) is analogous of the idealised mathematical distribution (Figure 2.04) utilised in Chapter III,
but only applied for the eight selected representative regions, with main angle difference between
adjacent polar vector plots of π/4. Therefore, the closer sectional polygon plots are to the Ex plot
of the same region, the more the PPS is circumferentially aligned around the ONH. Through the
entire depth, the most consistently aligned, and with the highest collagen anisotropy values, were
the nasal and temporal regions. This was also in agreement with both the SHG PPS sections
(Figure 4.16) and with the WAXS vector plot maps (Figure 4.11A and 4.12A). The fibrillar
orientation in the superior direction for the first two sections appeared vertical, instead of the
expected horizontal distribution, which was tilted for most of the stromal sections and became
radial in the outer sections. Similar consistent tilt was also observed in the inferior regions, which
also exhibited more cross patterns, most likely due to a larger amount of orthogonally interweaving
collagen fibres, further reflected by the SHG signal below the scleral canal (Figure 4.16A and
4.16B).

16 depth sections from a right bovine PPS were also imaged using SHG microscopy, to validate
the observation from the first eye and to determine if there were any notable differences between
the posterior sclera in right and left bovine eyes (Figure 4.18 and 4.17, respectively). Polar vector
plots were similarly distributed and followed a mostly circumferential orientation. In addition, the
collagen anisotropy of the polygon plots was scaled to the same maximum value (1,050a.u.),
permitting direct visual comparison of the regions and sections (Figure 4.17 and 4.18). The
collagen anisotropy was also consistently highest in the nasal region, with high values observed
for the inferior nasal (IN) in the outer sections. The superior and inferior regions deviated again
the most from the expected alignment, with a notable tilt in the distribution in the outer sections,
most likely due to the presence of the meningeal layers and blood vessel lumen. To further assess
the PPS collagen fibril structure, image analysis with several other software packages was
conducted.
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Figure 4.17 – Depth-dependent collagen fibre orientation in a left bovine PPS. Filum Trace polar vector plots
representative of corresponding underlying 1,024x1,024 pixel partition tiles from eight selected regions per SHG
image of 16 consecutive sections, listed from inner (1) to outermost (16). The orientation of the polar plots illustrates
the average collagen fibre directional spread, whilst the colouring is indicative of the level of anisotropy, with hotter
colours correlating to greater alignment. The regions are indicated counter-clockwise: S (superior); SN (superior
nasal); N (nasal); IN (inferior nasal); I (inferior); IT (inferior temporal); T (temporal); ST (superior temporal).
The first row (Ex) presents an idealised polar vector plot distribution and anisotropy that
corresponds to perfect circumferential orientation.
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Figure 4.18 – Depth-dependent collagen fibre orientation in a right bovine PPS. Filum Trace polar vector plots
representative of corresponding underlying 1,024x1,024 pixel partition tiles from eight selected regions per SHG
image of 16 consecutive sections, listed from inner (1) to outermost (16). The orientation of the polar plots illustrates
the average collagen fibre directional spread, whilst the colouring is indicative of the level of anisotropy, with hotter
colours correlating to greater alignment. The regions are indicated clockwise: S (superior); SN; N (nasal); IN;
I (inferior); IT; T (temporal); ST. The first row (Ex) presents an idealised polar vector plot distribution
and anisotropy that corresponds to perfect circumferential orientation.
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4.2.2.2 Peripapillary scleral fibre angular displacement from circumferential

Figure 4.19 presents a visual representation of the output of six image analysis packages, applied
to the same 1,024x1,024 pixel region. FibrilTool (Figure 4.19A) and OrientationJ (Figure 4.19B)
are ImageJ plugins, which are based on structural tensors, whilst both Filum Trace (Figure 4.19C)
and CytoSpectre (Figure 4.19D) were developed in MATLAB and utilise fast Fourier transform
(FFT) (Rezakhaniha et al., 2012; Boudaoud et al., 2014; Kartasalo et al., 2015; Pijanka et al., 2019).
CurveAlign (Figure 4.19E) and CT-FIRE (Figure 4.19F) are part of the same MATLAB
distribution and unlike the other packages, trace multiple fibres through the use of the curvelet
transform theory, with an average of all individual angles used for the purpose of this study (Starck
et al., 2002; Bredfeldt et al., 2014; Liu et al., 2017). All of the listed software packages were used
to produce the angular orientation of each of the representative regions, from which the
displacement angle from circumferential alignment was calculated, using the same eight region
idealised distribution (Figure 4.17 and 4.18).

The results are presented as heat maps of the angular deviations and are grouped by mean sectional
(Figure 4.20) and regional displacement (Figure 4.21). Whilst it is possible that some tilting of the
sections might have occurred prior to the imaging, which could have affected the non-linear
collagen emission signal, it would have been minimal as seen by the representative images
(Figure 4.16). In addition, as discussed, the image analysis packages used in this study (Section 2.5)
are based on different mathematical approaches in their evaluations and as all of their results are
illustrated, this should mitigate any signal intensity-associated local variations.
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Figure 4.19 – Image analysis software package output comparison for a 1,024x1,024 pixel partition tile of an SHG
image of a bovine PPS. The principal collagen fibre angular orientation was measured using FibrilTool (A),
OrientationJ (B), Filum Trace (C) and CytoSpectre (D), whilst the average angle of all fibres was
calculated for CurveAlign (E) and CT-FIRE (F).
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Figure 4.20 – Heat map of collagen fibril displacement angle from idealised circumferential orientation in the PPS
based on results of six image analysis software packages (FibrilTool, OrientationJ, Filum Trace, CytoSpectre,
CurveAlign, CT-FIRE) on 1,024x1,024 pixel partition tiles from eight selected regions per SHG image of
16 consecutive sections for a left (A) and a right (B) bovine PPS. The mean angular displacements are grouped by
section, listed from inner (1) to outermost (16).
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Figure 4.21 – Heat map of collagen fibril displacement angle from idealised circumferential orientation in the PPS
based on results of six image analysis software packages (FibrilTool, OrientationJ, Filum Trace, CytoSpectre,
CurveAlign, CT-FIRE) on 1,024x1,024 pixel partition tiles from eight selected regions per SHG image of
16 consecutive sections for a left (A) and a right (B) bovine PPS. The mean angular displacements are grouped by
region with indexing as follows: S (superior); SN; N (nasal); IN; I (inferior); IT; T (temporal); ST.
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The greatest deviation from circumferential for both posterior sclerae was in the innermost depth
sections (Figure 4.20; 1-3). For the left bovine PPS (Figure 4.20A), there was no significance
between the displacement from circumferential calculated from the six software packages, of the
first two sections. However, section 2 and 3 showed a difference in most software, the most notable
exclusion being CT-FIRE, which indicated a consistent deviation from circumferential up to
section 7, which was not supported by the other packages. The right eye (Figure 4.20B) exhibited
similar trends to the left, with the main differences appearing between section 3 and 4. CT-FIRE
again showed more constant displacement, which continued to the middle sections. It is possible
that this is due to the result being the average of the deviations of multiple traced fibres, with initial
sections having a more widespread distribution of fibres. Along with the SHG images, these
observations would indicate that the collagen fibrils become circumferentially aligned around the
ONH around section 3 to 4, which corresponds to a depth of somewhere between 1,920 and
2,240µm. Furthermore, the collagen fibril annulus would have persisted until the outermost
sections, as exemplified by the smaller angular displacements in the latter sections. Overall, the
bovine sclera was similar to the human in that the outer ~four-fifths of the tissue depth was largely
circumferentially aligned, with a pronounced deviation in the remaining inner layers proximal to
the choroid (Pijanka et al., 2015).

In terms of regional consistency (Figure 4.21), in both the left and right eye, the superior and
inferior regions deviated most from circumferential fibrillar orientation. Whilst CT-FIRE
continued to indicate the largest displacements out of all the analysis packages, CytoSpectre had
the lowest, with the deviations appearing similar to the other regions calculated by the same
software. As previously noted, in the superior direction there were more spatially distributed fibres
in some of the sections, as well as in general nearly orthogonally interweaving fibres. Therefore,
as the WAXS signal is an average of the incident beam traversed tissue, the observations for the
superior region will be reflected in the overall lower collagen anisotropy and more cross-shaped
polar vector plots in the PPS directly above the ONH (Figure 4.11A and 4.12A). Furthermore, the
perpendicularly interweaving fibres in the inferior were also in close proximity to the ventral
groove, which could provide an alternative explanation for the displacement from circumferential,
as there were local realignments around it (Figure 4.12A).
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For both of the sectioned bovine PPS, the nasal region exhibited the smallest deviation from the
idealised angular distribution in all six analysis software packages. Similarly, the displacement on
the opposite side of the scleral canal was low as well, with the angular deviation for the temporal
region not exceeding 15º in all instances. This was once more in agreement with the polar vector
plot orientation and collagen anisotropy in the corresponding WAXS maps (Figure 4.11A and
4.12A). Furthermore, whilst it remained undetermined if the two bovine posterior sclerae used for
WAXS were both left or right, the large regions of high collagen anisotropic proportion would
coincide with the nasal and temporal directions of the specimens, should they be left. Furthermore,
an independent study using small-angle light scattering also detected greater collagen alignment
on the lateral side of the optic nerve (Girard et al., 2011). A plausible explanation for these features
would be increased collagen fibrillar anisotropy and alignment on the two lateral sides of the ONH,
which could better resist the in-tissue stress and shear arising from horizontal eye movements in
cattle. Additionally, both the IT and SN regions were also close to circumferential alignment, with
their positions being adjacent to or opposite of the optic nerve ventral groove, respectively. As the
retinal blood vessels enter the eye at the groove, the greater circumferential orientations in these
two regions could further support the blood supply to the ocular tissue (Section 4.2.1.12.1). Whilst
there were variations in fibril distribution in the superior and inferior regions (Figure 4.16), the
collagen fibres of the PPS closely circumscribed the optic nerve canal. This is further evidenced
by the WAXS tissue averaged polar vector plots (Figure 4.15), which also showed a great
resemblance of the bulk collagen microstructure between bovine and human.

4.3 Summary, conclusions and future work
WAXS polar vector plot maps revealed that the ring of circumferentially aligned collagen fibrils
increases with the size of the eye, becoming more structurally defined. The bovine PPS was
selected as an analogue to the human one, with SHG microscopy indicating that the collagen
annulus encompasses the outer four-fifths of the scleral thickness.

WAXS analysis was performed for the first time on the posterior scleral tissue from several
mammalian species. The conducted comparisons suggest that the collagen fibre annulus is related
to the size of the eye and does not appear to be genetically associated with how close the species
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is to humans. The collagen fibrils were much less aligned in smaller animals, with a higher degree
of anisotropy occurring with the increase in eye size. The bovine PPS was selected as a model
analogue to the human one for future ECM studies due to its structural similarity to humans and
the availability of suitable, age-matched tissue.

SHG microscopy was used to determine the prominence and distribution of the PPS collagen
structure throughout the tissue depth. The observations could be interpreted as the existence of two
subpopulations of collagen fibres on either side of the scleral canal, which encompass it laterally
and cross and interweave above and below the ONH. The PPS circumferential structure forms
around 1,920-2,240µm and continues through the rest of the scleral thickness. That would indicate
that the protective ring of circumferential fibres persist for four-fifths of the outer sclera in bovine,
which when compared to the two-thirds in humans further supports the conclusion that the structure
is related to ocular size rather than evolutionary development in mammals (Pijanka et al., 2015;
Boote et al., 2019). The aligned fibrillar annulus in cattle was, similarly to humans, not a complete
cylinder, as around 320-480µm (section 14) the meningeal layers ‘insert’ themselves between the
optic nerve and the PPS collagen structure (Pijanka et al., 2015).

Future experiments envision SHG microscopy imaging of more bovine PPS specimens to further
investigate the described features. The utilised image analysis software packages permit the
calculation of a large assortment of parameters, most notably alignment, which will also be
evaluated regionally and for different sections. Given the importance of the LC in scleral
biomechanics, it would prove beneficial to ascertain if the shape and size change through the tissue
depth, as well as that of the composing laminar beams and their architecture. Gogola et al.
suggested that there are three different types of collagen fibre organisation in the sclera, which
would necessitate elucidation of their depth-dependent organisation as well (Gogola et al., 2018b).
These studies could also be combined with labelling the nuclei of the resident cells, to better
comprehend their spatial distribution in young adult animals and to create accurate volume
reconstructions of the PPS (Winkler et al., 2010).
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Chapter V

5.1 Introduction
The biomechanical theory of glaucoma states that the high intraocular pressure (IOP) in the eye
can deform the connective tissues of the optic nerve head (ONH) – the peripapillary sclera (PPS)
and lamina cribrosa (LC). This, in turn, influences the glaucomatous damage on the optic nerve
and retina, most notably by the death of retinal ganglion cells (RGC) (Strouthidis and Girard,
2013). Despite numerous research studies conducted on the extracellular matrix (ECM) component
of the scleral biomechanics, there persists a need for further investigation into the cellular aspect
(Boote et al., 2019). Cells are dynamically connected to their surrounding ECM environment
through the cytoskeleton, with signalling by the process of mechanotransduction (Jansen et al.,
2017). As detailed in Chapter I, the PPS has a key role in protecting the optic nerve during increased
IOP, by resisting the exerted mechanical forces, specifically tensile strain. Thus, it is inevitable
that the IOP would affect the resident cells of the PPS, the sporadically distributed scleral
fibroblasts.

Within the relatively flat fibroblasts, the F-actin stress fibres and microtubules tend to be organised
in a single plane, whilst the vimentin filaments create a cage-like structure surrounding the nucleus.
The orientation of the actin cytoskeleton is dependent on the applied strain, which in turn
influences the deformation mechanism of the filaments (Chaudhuri et al., 2007). The actin
microfilaments form a stress fibre network (Section 1.2.3.1), contributing to the stiffness of the
cell and providing a greater shear modulus than the vimentin intermediate filaments or the
microtubules (Janmey et al., 1991; Wang et al., 1993). The ability to study cellular and cytoskeletal
deformations in response to applied loading is fundamental for understanding how deformations
may damage cells and tissues and contribute to cell-driven tissue growth and remodelling.

This Chapter describes reorganisation of the bovine scleral fibroblast cytoskeleton after applying
physiologically normal and pathologically high cyclic tensile strains (CTS). Measurements of
changes to the overall cell surface and nuclei are also presented.
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5.2 Results and Discussion
Monolayers of bovine scleral fibroblasts were cultured on BioFlex™ 6-well plates and subjected
to mechanical strain for 1h mimicking physiological IOP (0.26-1.8% strain), pathological
glaucoma-like IOP (0.6-4.0% strain) or remained unloaded, acting as controls (Section 2.6.1.3).
The cells from each condition were then analysed 1, 6 and 24h after cessation of CTS, to determine
the extent of cytoskeletal network remodelling in response to load.

5.2.1 Scleral fibroblast shape response to physiological and pathological strain
Measurements were performed in ImageJ, based on cell-specific region of interest (ROI) created
manually for each individual cell around the F-actin cytoskeletal boundaries, as cortical actin and
stress fibres were situated around the fibroblast perimeter.

5.2.1.1 Fibroblast area

The cell area of scleral fibroblasts exposed to CTS was significantly higher in both loading
conditions, over all time points, in comparison to the unloaded cells (Figure 5.01). 1h after
physiological load, the fibroblast area was on average approximately 200% that of the unloaded
cells (Figure 5.01A; 4,431±,1490µm2 and 2,264±830µm2, respectively). These values were in
accordance with another study that utilised equibiaxial cyclic stretch (10%, 0.25Hz for 0-30min)
on rat arteriole vascular smooth muscles cells (Na et al., 2007). They also reported a significantly
greater vinculin signal in cells stretched for 2min, suggesting a rapid increase in focal adhesions,
which could also explain the larger fibroblast area and numerous aligned stress fibres. At
6h post-physiological CTS (Figure 5.01B) the mean cell area was not significantly smaller than
that observed after 1h (4,190±1,911µm2; p=0.610) or between the 6h and 24h time points
(3,440±1,773µm2; p=0.237; Figure 5.01C). In terms of the pathologically loaded cells, their area
was also not different over time post-load cessation (p(1h→6h)=0.641; p(6h→24h)=0.664). The
surface area of the unloaded scleral fibroblasts remained consistently smallest with no differences
as time went on (p(1h→6h)=0.776; p(6h→24h)=0.825).
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Figure 5.01 – Comparison of the cell area of bovine scleral fibroblasts between three relaxation time points
1h (A), 6h (B) and 24h (C) post-CTS (n=3 wells, N=3 plates). Data were calculated by region of interest (ROI)based ImageJ analysis based on maximum intensity projections and grouped by applied CTS and relaxation time,
presented as median ± SD. (A) n=129-136 cells; (B) n=103-113 cells; (C) n=136-145 cells; *:p<0.05; **:p<0.01.

5.2.1.2 Fibroblast length

Given the significant increase in cell area, scleral fibroblasts elongated in the main axial direction
with applied CTS (Figure 5.02). At 1h post-strain cessation, cells exposed to physiological
(108.4±19.3µm) and pathological loads (93.7±17.6µm) were not significantly different from each
other (p=0.076; Figure 5.02A). As time progressed, cell length did not significantly alter in the
fibroblasts exposed to physiological or pathological load (Figure 5.02B and C). Furthermore, the
unloaded group remained constant through the observed time frame (p(1h→6h)=0.306;
p(6h→24h)=0.248).
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Figure 5.02 – Comparison of the cell length of bovine scleral fibroblasts between three relaxation time points 1h (A),
6h (B) and 24h (C) post-CTS (n=3 wells, N=3 plates). Data were calculated by ROI-based ImageJ analysis based on
maximum intensity projections and grouped by applied CTS and relaxation time, presented as median ± SD.
(A) n=129-136 cells; (B) n=103-113 cells; (C) n=136-145 cells; **:p<0.01; ***:p<0.001.

5.2.1.3 Fibroblast width

No significant differences were observed in the scleral fibroblast width in response to physiological
and pathological CTS or post-load at specific durations.

5.2.1.4 Fibroblast eccentricity

Instead of the standard aspect ratio (AR), for this study, the cell eccentricity was used as a
parameter illustrating cell elongation and stretching. Eccentricity was selected for convenience in
visualisation, as it was the ratio of the cell width divided by length, thus resulting in values between
0 and 1, corresponding to elongated or rounded cells, respectively. 1h post-CTS there was a
significant decrease in eccentricity in physiologically loaded fibroblasts, compared to unloaded
cells, as illustrated by the stretched shape (Figure 5.03). There were also differences in eccentricity
between the two loading magnitudes as well (Figure 5.03A), which is of particular interest, as it
further illustrates a global cell reshaping as a result of the different applied strain. As cell width for
physiologically loaded fibroblasts does not significantly alter from the initial unloaded state, this
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data indicates that elongation is the cause of greater cell area and smaller eccentricity. At 24h postphysiological CTS cell eccentricity was increased (p=0.040), as reflected by the less elongated
shape. The pathologically loaded fibroblasts did not present statistically significant changes in
eccentricity with time (p(1h→6h)=0.778; p(6h→24h)=0.191) and had the smallest average value
at 24h post-CTS (0.494±0.165; Figure 5.03C). In general, scleral fibroblasts with no CTS applied
had the highest eccentricity and by extension were the least structurally elongated, which was in
accordance with the other presented parameters.

Figure 5.03 – Comparison of the cell eccentricity of bovine scleral fibroblasts between three relaxation time points
1h (A), 6h (B) and 24h (C) post-CTS (n=3 wells, N=3 plates). Data were calculated by ROI-based ImageJ analysis
based on maximum intensity projections and grouped by applied CTS and relaxation time, presented as
median ± SD. (A) n=129-136 cells; (B) n=103-113 cells; (C) n=136-145 cells; *:p<0.05; **:p<0.01; ***:p<0.001.

5.2.1.5 Summary of tensile strain-induced effects on scleral fibroblast shape

Overall, the results from the measurements support each other, illustrating in all instances an
enlargement of fibroblast area and changes in cell shape as a result of applying CTS. This is most
likely a compensatory mechanism to spread the tensile strain over a larger surface, along with
elongation and formation of actin stress fibres. The cellular eccentricity (Figure 5.03) and the
anisotropy of the F-actin cytoskeleton (Figure 5.07) were inversely proportional in their alterations
with the loading conditions and relaxation time. This observation supports previous research,
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which confirmed a strong correlation between the stress fibre anisotropy and cell shape, most
notably that parallel fibres follow the major axis in elongated cells (Peeters et al., 2004; Deshpande
et al., 2006; Goffin et al., 2006; Reynolds et al., 2014; Gavara and Chadwick, 2016).

5.2.2 F-Actin stress fibre response to physiological and pathological strain
5.2.2.1 Differential effect of strain on F-actin stress fibre rearrangement

Post-physiological CTS, the microfilament cytoskeleton remodelled to become more aligned and
elongated (Figure 5.04A and D), when compared to the unloaded group (Figure 5.04C and F). The
actin microfilaments exposed to mechanical loading had formed bundles of between 10 and 30
filaments, referred to as actin stress fibres (Lazarides and Burridge, 1975; Cramer et al., 1997; Na
et al., 2007). Whilst cells in suspension do not develop a proper F-actin network, those on ECM
substrates, such as the type I collagen coated wells, form a structured F-actin cytoskeleton
(Reynolds et al., 2014). Furthermore, formation of stress fibres is independent of the
dimensionality of the matrix (2D or 3D), but rather depends upon the presence of an isometric
tension (Burridge and Wittchen, 2013). In response to physiological strain, the fibroblast area had
increased on average by 95.68±65.79% (Section 5.2.1.1), in conjunction with the number of
detected stress fibres, with many of them being parallel and orientated in the dominant cell axis
direction (Tomasek et al., 1992). This could be due to the tensile forces increasing F-actin turnover
(Figure 1.07), which results in the formation of more stress fibres as a protective mechanism to
adapt the fibroblast contractility against the equibiaxial strain. Whilst the pathologically loaded
group (Figure 5.04B and E) also exhibited an increase in cell area, the fibre distribution remains
largely isotropic, with a mostly rounded shape, reminiscent of the unloaded group (Figure 5.04C
and F). Based on the confocal images it appeared that during the first hour after cessation of CTS,
cells exposed to pathological load do not exhibit the same cytoskeletal reorganisation as the
physiological group. Furthermore, the morphology of the high strain fibroblasts was much more
reminiscent of those not exposed to mechanical loading at all.

Following 6h post-CTS cessation, the actin stress fibre network retained heightened alignment in
the physiological group, although to a lower extent than at 1h post-CTS (Figure 5.05A and D).
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Furthermore, the fibroblasts were less elongated and the overall area was reduced. In contrast, the
pathological group displayed a larger fibre anisotropy than that observed at 1h, however, the
greater alignment was not different from that of the unloaded cells (Figure 5.05B and E). Unloaded
scleral fibroblasts did not display any noticeable changes from those exhibited at 1h (Figure 5.05C
and F).

At 24h after CTS (Figure 5.06), the morphology of the fibroblasts exposed to physiological strain
was comparable to the unloaded cells, with low fibre anisotropy and high eccentricity
(Figure 5.06A and D). However, the area of the fibroblasts did remain larger than the unloaded
cells (Figure 5.06C and F). The remodelled cytoskeletal architecture of the pathologically loaded
fibroblasts changed significantly and was similar to the F-actin organisation observed in cells 1h
after exposure to physiological strain, with a dense network of fibre bundles (Figure 5.06B and E).
In addition, the cell area was at its largest of all experimental groups (Figure 5.01C). This would
suggest a delayed reaction, or high strain inhibition, from the pathological CTS cells, as the
exhibited morphology was reminiscent of the 1h physiological strain response.
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Figure 5.04 – Representative F-actin stress fibres in bovine scleral fibroblasts 1h after cyclic tensile strain (CTS),
labelled with Alexa-488™ phalloidin (n=3 wells, N=3 plates). Maximum intensity projection of confocal images
taken at 63x magnification and resolution of 1,912x1,912 pixels with Z-stack surface reconstructions in Imaris 9.2.
(A) Physiological CTS (0.26-1.8%, 1Hz for 1h) group; (B) Pathological CTS (0.6-4%, 1Hz for 1h) group;
(C) Unloaded group; (D) Surface reconstruction of A; (E) Surface reconstruction of B;
(F) Surface reconstruction of C. Scale bar = 25µm.
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Figure 5.05 – Representative F-actin stress fibres in bovine scleral fibroblasts 6h after cyclic tensile strain (CTS),
labelled with Alexa-488™ phalloidin (n=3 wells, N=3 plates). Maximum intensity projection of confocal images
taken at 63x magnification and resolution of 1,912x1,912 pixels with Z-stack surface reconstructions in Imaris 9.2.
(A) Physiological CTS (0.26-1.8%, 1Hz for 1h) group; (B) Pathological CTS (0.6-4%, 1Hz for 1h) group;
(C) Unloaded group; (D) Surface reconstruction of A; (E) Surface reconstruction of B;
(F) Surface reconstruction of C. Scale bar = 25µm.
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Figure 5.06 – Representative F-actin stress fibres in bovine scleral fibroblasts 24h after cyclic tensile strain (CTS),
labelled with Alexa-488™ phalloidin (n=3 wells, N=3 plates). Maximum intensity projection of confocal images
taken at 63x magnification and resolution of 1,912x1,912 pixels with Z-stack surface reconstructions in Imaris 9.2.
(A) Physiological CTS (0.26-1.8%, 1Hz for 1h) group; (B) Pathological CTS (0.6-4%, 1Hz for 1h) group;
(C) Unloaded group; (D) Surface reconstruction of A; (E) Surface reconstruction of B;
(F) Surface reconstruction of C. Scale bar = 25µm.
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5.2.2.2 ImageJ analysis

The image analysis results are presented as box plot comparison between the three loading
conditions at the same time point. For better visibility in the figures, the physiological group has
been shortened to ‘Phys’, pathological to ‘Path’ and the unloaded cells to ‘Unl’.

5.2.2.2.1 Anisotropy

There was a significantly greater F-actin fibre anisotropy in fibroblasts 1h after exposure to
physiological strain compared to both the unloaded and pathologically loaded cells (Figure 5.07A).
The anisotropy, as calculated by FibrilTool, varies between 0 and 1, with higher values indicating
a greater fibre alignment, whilst lower values are closer to a completely random distribution.
6h post-CTS F-actin anisotropy in physiologically loaded cells had decreased (p(1h→6h)=0.011),
but retained a noticeable significance relative to the two other groups (Figure 5.07B). The mean
anisotropy value for the pathologically loaded cells did not increase significantly (0.142±0.037 at
1h and 0.165±0.053 at 6h post-CTS) and there was no difference with the unloaded group, which
remained constant. At 24h F-actin anisotropy in fibroblasts exposed to physiological strain had
reverted to an organisation comparable to the unloaded state, whilst the pathologically loaded cells
had increased anisotropy (Figure 5.07C; p(6h→24h)=0.006).

Based on these data it can be inferred that there is a time-dependent delay in the orientation of the
F-actin stress fibres in response to pathological strain, which become more structurally organised
with time following application of CTS. In contrast, the physiologically loaded cells exhibited a
decrease in anisotropy as time progressed (Figure 5.07), confirming the confocal observations
(Figures 5.04 to 5.06).
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Figure 5.07 – Comparison of F-actin stress fibre anisotropy between three relaxation time points 1h (A), 6h (B) and
24h (C) post-CTS (n=3 wells, N=3 plates). Data were calculated by FibrilTool based on maximum intensity
projections and grouped by applied CTS and relaxation time, presented as median ± standard deviation (SD).
(A) n=129-136 cells; (B) n=103-113 cells; (C) n=136-145 cells; **:p<0.01; ***:p<0.001.

5.2.2.2.2 Coherency

OrientationJ fibre coherency analysis validated the trends observed using FibrilTool (Figure 5.08).
Physiologically loaded cells had the greatest coherency in stress fibre alignment at 1h which
gradually decreased, returning to the unloaded baseline at 24h after loading. In contrast,
pathologically loaded cells displayed a time delay in F-actin reorganisation, reaching a more
organised state at 24h after cessation of tensile strain. Coherency values at 24h post-CTS for the
physiologically loaded scleral fibroblasts were not different from the unloaded cells (p=0.052);
no changes were observed in the unloaded cells as a function of time (p(1h→6h)=0.891;
p(6h→24h)=0.962).
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Figure 5.08 – Comparison of F-actin stress fibre coherency between three relaxation time points 1h (A), 6h (B) and
24h (C) post-CTS (n=3 wells, N=3 plates). Data were calculated by OrientationJ based on maximum intensity
projections and grouped by applied CTS and relaxation time, presented as median ± SD.
(A) n=129-136 cells; (B) n=103-113 cells; (C) n=136-145 cells; ***:p<0.001.

5.2.2.3 Summary of tensile strain-induced effects on F-actin stress fibres

The assembly of F-actin microfilaments with myosin forms the highly aligned and elongated actin
stress fibres (Section 1.2.3.1), with their organisation in bovine scleral fibroblasts being strain- and
time-dependent. When applying a physiologically relevant mechanical load to the cells, the
microarchitecture of the stress fibre network is highly aligned with parallel fibres spanning most
of the cell length (Figure 5.04A and D). The experimental observations were in accordance with
numerical simulations, which predicted that to achieve a better distribution of strain and stresses,
the fibres need to be organised in the same general direction, with increased length and that the
applied tensile strain needs to be relatively low (Sabuncuoglu et al., 2013). The greater anisotropy
of the network would also make it stiffer; research on a murine embryonic fibroblast cell line
(NIH3T3) suggested no significant contribution from the myosin organisation, but a notable
dependence on the presence of thick aligned stress fibres (Gavara and Chadwick, 2016). As the 1h
post-physiological load was designed to reflect the in situ conditions that fibroblasts are exposed
to in the PPS, more research is required to further confirm these observations.
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Fibre anisotropy and coherency (Figure 5.07 and 5.08, respectively) were calculated to reflect the
overall F-actin organisation in a cell. Both parameters confirmed aligned fibres at 1h after
physiological CTS and at 24h post-pathological strain. Furthermore, other software packages show
similar trends (Appendix A.2). The FibrilTool anisotropy data for the unloaded fibroblasts was
also in accordance with recorded values for NIH3T3 murine embryonic fibroblasts (Ayala et al.,
2017). As noted (Section 1.2.3), the actin cytoskeleton is a dynamic structure with constant
assembly and disassembly of G-actin into F-actin. Based on the presented data, the applied
physiological tensile forces could have led to upregulation of actin turnover, resulting in the
formation of stress fibres to adapt to the external stimulus. Following removal of the CTS, the
stress fibres progressively disassemble to return to the unloaded state.

In contrast, pathological levels of strain appear to initially delay remodelling of the F-actin
cytoskeleton, suggesting that high tensile forces prevent stress fibre reorganisation as that observed
in physiologically loaded cells. Following removal of the pathological strain, and over a 24h
period, F-actin organisation began to resemble the architecture that was initially observed in
response to physiological strain – a phenomenon subsequently referred to as ‘inhibition delay’
(Section 5.2.6).
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5.2.3 Vimentin intermediate filament response to physiological and pathological strain
5.2.3.1 Differential effect of strain on vimentin intermediate filament rearrangement

Alterations in the arrangement of the vimentin intermediate filament cytoskeleton were observed
1h after CTS (Figure 5.09). Whilst vimentin does not form fibre bundles, rather being structured
in a highly connected filamentous network, the physiologically loaded cells did seem to exhibit
filament orientation corresponding to the primary cell axial direction (Figure 5.09A and D). This
was not observed in the other two groups, which appeared to be mostly isotropic (Figure 5.09B
and E; Figure 5.09C and F). It is probable that the reorientation was a result of the fibroblast
elongation (Section 5.2.1.2) and/or connections with the highly aligned F-actin stress fibres, thus
pulling the intermediate filament network in the same direction. This was supported by the
observations 6h after loading (Figure 5.10A and D), where the physiologically loaded cells were
more spread. Similarly, vimentin organisation in the 6h post-pathologically loaded fibroblasts
appeared to be more orientated (Figure 5.10B and E), whilst after 24h they were composed of a
large network of connected filaments (Figure 5.11B and E).
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Figure 5.09 – Representative vimentin intermediate filaments in bovine scleral fibroblasts 1h after CTS, labelled
with V9 primary and Alexa-594™ secondary antibody (n=3 wells, N=3 plates). Maximum intensity projection of
confocal images taken at 63x magnification and resolution of 1,912x1,912 pixels with Z-stack surface
reconstructions in Imaris 9.2. (A) Physiological CTS (0.26-1.8%, 1Hz for 1h) group; (B) Pathological CTS (0.6-4%,
1Hz for 1h) group; (C) Unloaded group; (D) Surface reconstruction of A; (E) Surface reconstruction of B;
(F) Surface reconstruction of C. Scale bar = 25µm.
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Figure 5.10 – Representative vimentin intermediate filaments in bovine scleral fibroblasts 6h after CTS, labelled
with V9 primary and Alexa-594™ secondary antibody (n=3 wells, N=3 plates). Maximum intensity projection of
confocal images taken at 63x magnification and resolution of 1,912x1,912 pixels with Z-stack surface
reconstructions in Imaris 9.2. (A) Physiological CTS (0.26-1.8%, 1Hz for 1h) group; (B) Pathological CTS (0.6-4%,
1Hz for 1h) group; (C) Unloaded group; (D) Surface reconstruction of A; (E) Surface reconstruction of B;
(F) Surface reconstruction of C. Scale bar = 25µm.
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Figure 5.11 – Representative vimentin intermediate filaments in bovine scleral fibroblasts 24h after CTS, labelled
with V9 primary and Alexa-594™ secondary antibody (n=3 wells, N=3 plates). Maximum intensity projection of
confocal images taken at 63x magnification and resolution of 1,912x1,912 pixels with Z-stack surface
reconstructions in Imaris 9.2. (A) Physiological CTS (0.26-1.8%, 1Hz for 1h) group; (B) Pathological CTS (0.6-4%,
1Hz for 1h) group; (C) Unloaded group; (D) Surface reconstruction of A; (E) Surface reconstruction of B;
(F) Surface reconstruction of C. Scale bar = 25µm.
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5.2.3.2 ImageJ analysis
5.2.3.2.1 Anisotropy

As with the F-actin stress fibres, the vimentin network was most anisotropic 1h after physiological
load (0.104±0.046), but remained consistently low over time (p(1h→6h)=0.747; p(6h→24h)=
=0.376) (Figure 5.12). The vimentin architecture was more disorganised 1h after applying the
pathological CTS (0.062±0.028) when compared to either the physiologically loaded or unloaded
counterparts (Figure 5.12A). No significant changes were observed for the remainder of the times
points; at 24h post-CTS p(Path_Phys)=0.070 and p(Path_Unl)=0.083.

Figure 5.12 – Comparison of vimentin intermediate filament anisotropy between three relaxation time points 1h (A),
6h (B) and 24h (C) post-CTS (n=3 wells, N=3 plates). Data were calculated by FibrilTool based on maximum
intensity projections and grouped by applied CTS and relaxation time, presented as median ± SD.
(A) n=129-136 cells; (B) n=103-113 cells; (C) n=136-145 cells; *:p<0.05; ***:p<0.001.

5.2.3.2.2 Coherency

The low filament anisotropy observed for the pathologically loaded cells (Figure 5.12A) was not
reflected in the coherency values calculated by OrientationJ (Figure 5.13A). Whilst in general
OrientationJ provides the same trends for the vimentin fibre orientation as FibrilTool, there was no
significant difference between the pathological and unloaded cells (0.114±0.059 and 0.111±0.067,
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respectively; p=0.918). However, at 6h post-CTS (p(Phys_Unl)=0.069; p(Path_Unl)=0.053;
Figure 5.13B), the coherency values seemed to more closely follow the vimentin filament
anisotropy. At the 24h time point (Figure 5.13C) the coherency for the pathologically loaded cells
was larger than the unloaded ones (0.181±0.076 and 0.130±0.057, respectively; p=0.011), but not
with the physiologically loaded cells (p=0.073). Overall, both physiological and pathological
strains led to smaller alterations in vimentin organisation compared to the effects observed with
the actin stress fibres, with significant difference for both parameters observed only for the
physiological strain 1h after CTS.

Figure 5.13 – Comparison of vimentin intermediate filament coherency between relaxation time points 1h (A),
6h (B) and 24h (C) post-CTS (n=3 wells, N=3 plates). Data were calculated by OrientationJ based on maximum
intensity projections and grouped by applied CTS and relaxation time, presented as median ± SD.
(A) n=129-136 cells; (B) n=103-113 cells; (C) n=136-145 cells; *:p<0.05; **:p<0.01.

5.2.3.3 Summary of tensile strain-induced effects on vimentin intermediate filaments

Scleral fibroblasts contain the intermediate filament vimentin; these filaments surround and attach
to the nucleus from the top, with the organisation providing loadbearing characteristics and
resistance to compression (Cui et al., 2008). As vimentin intermediate filaments are connected to
the F-actin cytoskeleton and have been noted to align with the primary directional axis, alterations
to the actin stress fibres could also result in a rearrangement of the vimentin network (Shah et al.,
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1998; Costigliola et al., 2017). This could provide clarity for the changes in vimentin architecture
observed 1h after physiological tensile strain when the actin cytoskeleton rearranged the most as
well. Furthermore, only the coherency of the vimentin filaments (Section 5.2.3.2.2) was
significantly greater than the corresponding unloaded cells, unlike the actin stress fibres where
most of the measured parameters were higher (Section 5.2.1). It is possible that these observations
are due to differences in recovery rates between F-actin fibres and vimentin filaments following
removal of the CTS, with the former being noted to reorganise and reach equilibrium within 90s
of applying static pressure in bovine chondrocytes (Pravincumar et al., 2012). To the best of the
author’s knowledge no literature is available on the time-frame dynamics of intermediate filament
remodelling.

Unlike the actin and microtubule cytoskeleton, the vimentin network was not mostly situated in a
single plane but surrounded the nucleus from the top and sides. The resulting approximation of the
vimentin cytoskeleton to a layer was acceptable for several reasons: (I) the filaments were only
positioned over the nucleus and not underneath it, thus there was no overlap of filaments; (II) the
bovine scleral fibroblasts were flat in all experimental conditions, adhering to the underlying type I
collagen substrate; (III) there are no available substitutes that accurately represent the cytoskeleton
that would allow measurement of the presented parameters; (IV) utilisation of the maximum
intensity projection has been previously performed for image-analysis based research on the
vimentin cytoskeleton (Costigliola et al., 2017).

Calculating the precise cellular height remains a limitation of this work. As the fibroblasts were
plated on a collagen substrate, with the BioFlex™ membrane pieces placed on glass slides, the
confocal microscopy optical slices had the cells not always on the exact same visualisation level.
The distance between the optical sections was kept consistent at 0.14µm, but the cell positioning
and intensity of the detected signal necessitated adjustment for the number of slices for each
collected confocal Z-stack. Whilst some height profile anisotropy might have occurred, research
suggests that it will be negligible to the fibre orientation changes in the main plane of the cell
(Gavara and Chadwick, 2016).
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5.2.4 β-Tubulin microtubule response to physiological and pathological strain
5.2.4.1 Differential effect of strain on β-tubulin microtubule rearrangement

The microtubules are the largest of the cytoskeletal elements and in bovine scleral fibroblasts
tended to be arranged in predominately a single plane. Following 1h post-physiological CTS, the
microtubules were extensively spread within the elongated cell area (Figure 5.14A and D). In
contrast, the microtubules did not appear to align in the direction of pathological strain
(Figure 5.14B and E), instead resembling the organisation observed in the unloaded cells
(Figure 5.14C and F). At 6h post-physiological CTS the microtubular network was still extensively
organised but was less densely packed and did not align as obviously as at 1h (Figure 5.15A and
D) and by 24h of recovery the microtubules appeared to have a random organisation comparable
to the unloaded cells (Figure 5.16A and D and Figure 5.16C and F, respectively). However, in
contrast, the tubulin network appeared more orientated 24h following cessation of pathological
strain (Figure 5.16B and E). A notable high-intensity signal was frequently observed near the
nucleus, most probably stemming from the microtubule organising centre (MTOC) (Section 1.2.5).
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Figure 5.14 – Representative β-tubulin microtubules in bovine scleral fibroblasts 1h after CTS, labelled with E7
primary and Alexa-594™ secondary antibody (n=3 wells, N=3 plates). Maximum intensity projection of confocal
images taken at 63x magnification and resolution of 1,912x1,912 pixels with Z-stack surface reconstructions in
Imaris 9.2. (A) Physiological CTS (0.26-1.8%, 1Hz for 1h) group; (B) Pathological CTS (0.6-4%, 1Hz for 1h)
group; (C) Unloaded group; (D) Surface reconstruction of A; (E) Surface reconstruction of B;
(F) Surface reconstruction of C. Scale bar = 25µm.
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Figure 5.15 – Representative β-tubulin microtubules in bovine scleral fibroblasts 6h after CTS, labelled with E7
primary and Alexa-594™ secondary antibody (n=3 wells, N=3 plates). Maximum intensity projection of confocal
images taken at 63x magnification and resolution of 1,912x1,912 pixels with Z-stack surface reconstructions in
Imaris 9.2. (A) Physiological CTS (0.26-1.8%, 1Hz for 1h) group; (B) Pathological CTS (0.6-4%, 1Hz for 1h)
group; (C) Unloaded group; (D) Surface reconstruction of A; (E) Surface reconstruction of B;
(F) Surface reconstruction of C. Scale bar = 25µm.
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Figure 5.16 – Representative β-tubulin microtubules in bovine scleral fibroblasts 24h after CTS, labelled with E7
primary and Alexa-594™ secondary antibody (n=3 wells, N=3 plates). Maximum intensity projection of confocal
images taken at 63x magnification and resolution of 1,912x1,912 pixels with Z-stack surface reconstructions in
Imaris 9.2. (A) Physiological CTS (0.26-1.8%, 1Hz for 1h) group; (B) Pathological CTS (0.6-4%, 1Hz for 1h)
group; (C) Unloaded group; (D) Surface reconstruction of A; (E) Surface reconstruction of B;
(F) Surface reconstruction of C. Scale bar = 25µm.

173

Chapter V
5.2.4.2 ImageJ analysis
5.2.4.2.1 Anisotropy

Unlike both the actin and vimentin cytoskeleton, there were minimal changes to microtubule
anisotropy (Figure 5.17). 1h post-CTS the microtubule anisotropy for the physiologically loaded
cells was greater than the unloaded cells (Figure 5.17A; p=0.022), with no other differences
detected (p(Path_Unl)=0.063). 6h post-cessation of load there were no statistical significances
between the groups. Following a 24h recovery period, there was no effect on microtubule
anisotropy in pathologically loaded cells (p(Path_Unl)=0.092; Figure 5.17C).

Figure 5.17 – Comparison of β-tubulin microtubule anisotropy between three relaxation time points 1h (A), 6h (B)
and 24h (C) post-CTS (n=3 wells, N=3 plates). Data were calculated by FibrilTool based on maximum intensity
projections and grouped by applied CTS and relaxation time, presented as median ± SD.
(A) n=101-130 cells; (B) n=119-127 cells; (C) n=141-154 cells; *:p<0.05.

5.2.4.2.2 Coherency

The measured microtubule coherency further confirmed the FibrilTool calculations (Figure 5.18).
The only detected change was an increased coherency between the 1h physiologically loaded and
the unloaded cells (Figure 5.18A) Similar to the anisotropy, there was no difference in microtubule
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coherency at 24h (p(Path_Unl)=0.063; Figure 5.18C). The small anisotropy and coherency values
are most likely a reflection of the low tensile strain sensitivity of the microtubules.

Figure 5.18 – Comparison of β-tubulin microtubule coherency between three relaxation time points 1h (A), 6h (B)
and 24h (C) post-CTS (n=3 wells, N=3 plates). Data were calculated by OrientationJ based on maximum intensity
projections and grouped by applied CTS and relaxation time, presented as median ± SD.
(A) n=101-130 cells; (B) n=119-127 cells; (C) n=141-154 cells; *:p<0.05.

5.2.4.3 Summary of tensile strain-induced effects on β-tubulin microtubules

As indicated throughout this Section, microtubules appeared to be the least sensitive to tensile
strain out of the cytoskeletal elements. This observation was in agreement with other work which
point to the microtubules not being part of the CTS cell alignment mechanism (Sears and Kaunas,
2016). In addition, in rat gingival and embryonic chick heart fibroblasts, microtubuledepolymerisation drugs tend to stimulate stress fibre formation and vice-versa (Danowski, 1989).
Furthermore, Kaverina et al. showed that exposing murine melanoma cells to tensile strain
(constant pressure of 2-4kPa) induces growth of microtubules, along with focal adhesions at the
periphery, which could contribute to the lower tubule alignment (Kaverina et al., 2002). Therefore,
it can be assumed that the microtubules are not specifically affected by cyclic strain and all
detectable alterations are the indirect result of actin stress fibre remodelling and whole-cell
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reorientation. Additional alignment image analysis by the CurveAlign and CytoSpectre software
packages are included in the Appendix (A.2).

5.2.5 Nuclear response to physiological and pathological strain
5.2.5.1 Differential effect of strain on nuclear rearrangement

Figure 5.19 to 5.21 illustrate changes to the shape of the fibroblast nuclei as a result of mechanical
loading over all three time points. The nuclei ROI were traced manually each time; as some of the
scleral fibroblasts had undergone division this resulted in more nuclei than cells being confocally
imaged. The nuclei were represented as a maximum intensity projection of the confocal Z-stack, a
surface reconstruction in Imaris and chromatin condensation parameter (CCP) image output
(Irianto et al., 2014). All recorded scleral fibroblast nuclei appeared to be in interphase, as
confirmed by confocal images of 4',6-diamidino-2-phenylindole (DAPI)-labelled nuclear phases
in HeLa cells (Chuang et al., 2008). This agreed with estimates of bovine scleral fibroblast
doubling time being of around five days, thus excluding any stimulated proliferation in the
recorded time frame. Following the cellular and cytoskeletal behaviour, the nuclei 1h postphysiological CTS were also elongated (Figure 5.19A). At the same time, pathologically loaded
cells also exhibited larger nuclear areas and appeared more circular (Figure 5.19B). This
observation was consistent for the 6h and 24h time points as well (Figure 5.20B and 5.21B). In all
instances, there was visible chromatin condensation above 0, including in the unloaded fibroblasts,
which remained the smallest detected nuclei (Figure 5.19C, 5.20C and 5.21C). The pathologically
loaded fibroblasts also had the highest CCP, with many detected edges for the 1h and 6h time
points (Figure 5.19B and 5.20B, respectively).
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Figure 5.19 – Magnified view of representative nuclei in bovine scleral fibroblasts 1h after CTS, labelled with 4',6diamidino-2-phenylindole (DAPI) (n=3 wells, N=3 plates). Maximum intensity projection of confocal images taken
at 63x magnification and original resolution of 1,912x1,912 pixels (Centre) with Z-stack surface reconstructions in
Imaris 9.2 (Left) and corresponding Sobel edge detection algorithm chromatin condensation (Right).
(A) Physiological CTS (0.26-1.8%, 1Hz for 1h) group; (B) Pathological CTS (0.6-4%, 1Hz for 1h) group;
(C) Unloaded group. Scale bar = 10µm.
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Figure 5.20 – Magnified view of representative nuclei in bovine scleral fibroblasts 6h after CTS, labelled with 4',6diamidino-2-phenylindole (DAPI) (n=3 wells, N=3 plates). Maximum intensity projection of confocal images taken
at 63x magnification and original resolution of 1,912x1,912 pixels (Centre) with Z-stack surface reconstructions in
Imaris 9.2 (Left) and corresponding Sobel edge detection algorithm chromatin condensation (Right).
(A) Physiological CTS (0.26-1.8%, 1Hz for 1h) group; (B) Pathological CTS (0.6-4%, 1Hz for 1h) group;
(C) Unloaded group. Scale bar = 10µm.

178

Chapter V

Figure 5.21 – Magnified view of representative nuclei in bovine scleral fibroblasts 24h after CTS, labelled with 4',6diamidino-2-phenylindole (DAPI) (n=3 wells, N=3 plates). Maximum intensity projection of confocal images taken
at 63x magnification and original resolution of 1,912x1,912 pixels (Centre) with Z-stack surface reconstructions in
Imaris 9.2 (Left) and corresponding Sobel edge detection algorithm chromatin condensation (Right).
(A) Physiological CTS (0.26-1.8%, 1Hz for 1h) group; (B) Pathological CTS (0.6-4%, 1Hz for 1h) group;
(C) Unloaded group. Scale bar = 10µm.
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5.2.5.2Nuclear area
Nuclear area was significantly larger in scleral fibroblasts at 1h following application of
pathological and physiological strains when compared to unloaded cells (Figure 5.22A). At 6h the
nuclear size in the pathologically loaded group was on average 270.4±67.4µm2 (Figure 5.22B) and
reached a plateau, which was retained at 24h (272.2±86.8µm2; Figure 5.22C). The nuclear area of
the physiologically loaded fibroblasts (220.9±47.0µm2) became lower than the pathological ones
(272.3±86.7µm2) at 24h post-CTS (Figure 5.22C). The area of both loaded cell populations
remained larger than the unloaded, similarly to the overall cell area observed (Figure 5.01).

Figure 5.22 – Comparison of nuclear area between three relaxation time points 1h (A), 6h (B) and 24h (C) post-CTS
(n=3 wells, N=3 plates). Data were calculated by ROI-based ImageJ analysis based on maximum intensity
projections and grouped by applied CTS and relaxation time, presented as median ± SD. (A) n=236-291 nuclei;
(B) n=227-299 nuclei; (C) n=243-296 nuclei; *:p<0.05; **:p<0.01; ***:p<0.001.

5.2.5.3 Nuclear roundness

Nuclear morphology was evaluated based on the ROIs utilised for area determination
(Figure 5.23). Roundness was calculated as 4 ∗ 𝑎𝑟𝑒𝑎⁄(𝜋 ∗ 𝑙𝑒𝑛𝑔𝑡ℎ2 ), with a perfect circle having
a roundness of 1. The lower nuclear roundness (greater elongation) in fibroblasts 1h after
application of physiological load was in agreement with the observed cytoskeletal and cellular
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stretching (Figure 5.23A). The nuclear roundness increased at the subsequent time point and then
remained constant (p(1h→6h)=0.022; p(6h→24h)=0.222). Whilst initially predicting that the
pathologically loaded fibroblasts would follow the reverse trend, in accordance with the cell
parameter data, unexpectedly their nuclei were significantly more elongated 1h after tensile strain
(Figure 5.23A). Furthermore, the 24h post-pathological CTS nuclei were not different from either
the unloaded or physiologically loaded cell nuclei (Figure 5.23C).

Figure 5.23 – Comparison of nuclear roundness between three relaxation time points 1h (A), 6h (B) and 24h (C)
post-CTS (n=3 wells, N=3 plates). Data were calculated by ROI-based ImageJ analysis based on maximum intensity
projections and grouped by applied CTS and relaxation time, presented as median ± SD. (A) n=236-291 nuclei;
(B) n=227-299 nuclei; (C) n=243-296 nuclei; *:p<0.05; ***:p<0.001.

5.2.5.4 Chromatin condensation
CCP was calculated through a bespoke MATLAB script with the authors’ suggested default
parameters (Irianto et al., 2014). The most notable difference was the high CCP values for the
pathologically loaded cells at the 1h time point, with an average of 7.22±2.36% (Figure 5.24A).
As higher CCP corresponds to more heterochromatin, this feature of the pathologically loaded cells
could be indicative of gene silencing as a result of the application of high tensile strain. In addition,
the mean CCP of the physiologically loaded cells had also increased in comparison to the unloaded
fibroblasts (2.82±1.29% and 2.33±1.11%, respectively; p<0.001). At 6h after CTS, the CCP of
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physiologically loaded fibroblasts had decreased and was not different from the unloaded, whilst
the CCP of pathologically loaded cells had marginally decreased (6.94±2.31%; Figure 5.24B);
however, it remained higher than the other two groups of nuclei even at 24h post-CTS
(2.83±1.18%; Figure 5.24C). It should be noted that at all time points the CCP value distribution
for the post-pathologically strained fibroblasts was skewed, with an elongated tail towards higher
chromatin condensation. Combined with the exhibited cytoskeletal rearrangements, the data
indicate that physiological levels of CTS caused rapid remodelling of cytoskeletal and chromatin
organisation, which had disappeared by 24h post-load, whilst pathological tensile strain had a
prolonged and continuous effect even 24h after mechanical loading had ceased.

Figure 5.24 – Comparison of chromatin condensation parameter (CCP) between three relaxation time points 1h (A),
6h (B) and 24h (C) post-CTS (n=3 wells, N=3 plates). Data were calculated by a bespoke MATLAB script based on
maximum intensity projections and grouped by applied CTS and relaxation time, presented as median ± SD (Irianto
et al., 2014). (A) n=236-291 nuclei; (B) n=227-299 nuclei; (C) n=243-296 nuclei; ***:p<0.001.

CCP-based evaluation of chromatin condensation has been utilised in several studies, with the
work by Heo et al. also applying tensile strain, albeit to bovine mesenchymal stems cells (Chen et
al., 2012a; Irianto et al., 2013; Heo et al., 2016; Di et al., 2017). They proposed that the increase
in chromatin condensation by dynamic tensile loading is through signalling pathways mediated by
ATP, the release of which requires actomyosin contractions. This could provide a comprehensive
explanation for the high chromatin condensation and isotropic cytoskeletal orientation in the 1h
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post-pathological strained fibroblasts. Furthermore, mechanical loading in bovine chondrocytes
also releases ATP via hemichannels (Garcia and Knight, 2010). Most likely the GTPase RhoA and
Rho-associate kinase (ROCK) pathway has been affected, as research has identified its key role in
remodelling of the actin cytoskeleton (Maekawa et al., 1999; Katoh et al., 2001; Amano et al.,
2010; Tanner et al., 2010; Huang et al., 2012). CTS of murine embryonic NIH3T3 fibroblasts
(10%, 0.3Hz for 1h) was shown to increase RhoA activity within 5min, in conjunction with
reorganisation of actin stress fibres; inhibiting ROCK caused alterations in the in situ cytoskeletal
stress formation and distribution in human tracheal smooth muscle cells and in murine lung
fibroblasts (Hu et al., 2003; Chiquet et al., 2009; Liu et al., 2010). More in-depth research into
alterations in gene expression between the loading conditions and time points is required before a
precise evaluation can be provided. It should be acknowledged that for each CCP assessment, the
background around the ROI was removed as to not interfere with the calculations.

5.2.5.5 Summary of tensile strain-induced effects on nuclei

CTS increased nuclear area and elongation, as well as chromatin condensation, 1h after application
of both loading regimens. The CCP percentage remained high for the pathologically loaded scleral
fibroblasts and they also became rounder with time which occurred at a faster rate than the nuclei
of cells post-physiological strain. It was not possible to measure both cell apoptosis and
proliferation objectively based on confocal images. A study on human PPS fibroblasts did show
that applied CTS (10%, 0.5Hz for 24h) did not cause alteration to either proliferation or apoptosis,
but did induce cell division and reduce programmed cell death in peripheral scleral fibroblasts (Qiu
et al., 2018). Furthermore, the 24h time frame was shorter than the fibroblast doubling time (~five
days), thus excluding detection of induced alterations to the cell number. In addition, human PPS
fibroblast proliferation was shown to be suppressed by ROCK inhibition (Pitha et al., 2018). As
chromatin condensation can be linked to apoptosis, performing labelling for the phospholipidbinding protein annexin V to exclude apoptosis would be a useful follow-on experiment (Vermes
et al., 1995).
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5.2.6 Pathological strain inhibits proper cytoskeletal orientation in scleral fibroblasts
Under in vivo conditions, the scleral fibroblasts are exposed to pulsatile IOP, mimicked by the
applied physiological CTS (0.26-1.8% strain, 1Hz). In contrast, high tension glaucoma was
represented by the elevated pathological CTS (0.6-4% strain, 1hz), with both experimental CTS
regimens never reaching a complete relaxation of 0% strain. Of the three recorded time points, the
1h after CTS was expected to be the most accurate in illustrating alterations in the physiological
and pathological phenotype. Therefore, a too high or low strain would disrupt the proper
functioning and performance of the scleral fibroblasts (Figure 5.25). This normal or physiological
level of loading also dictates the cell’s typical shape and cytoskeletal fibre architecture, which
seems to fit with Ingber’s proposed model on cell ‘tensegrity’ and biomechanical prestress (Ingber,
2008; Ingber et al., 2014). After removal of the physiological CTS, the fibroblasts progressively
lost their high fibre anisotropy, becoming more isotropic, with a smaller, less elongated shape. In
the events of a high IOP, or pathological CTS, it overwhelmed the cells, exhibited by their close
resemblance to their previous unloaded state, including the disorganised stress fibres. Thus, the
high load phenotype could be interpreted as a compensatory protective mechanism for preservation
of cell integrity, along with ‘inhibition delay’ of the in situ cytoskeletal reorganisation. Cessation
of the CTS resulted in a gradual realignment of the cell’s architecture to their native physiological
state, as observed in the 24h time points. Both mechanical loading phenotypes were the result of
fast dynamic reactions to preserve the cell and continue functioning in the altered environment,
governed actively by the actin cytoskeleton (Ralphs et al., 2002).
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Figure 5.25 – Proposed scleral fibroblast performance as a function of applied strain.

The observed strain-related behaviour of the stress fibres is in agreement with experimental and
computational research, specifically when taking into consideration that the collagen ECM has
been shown to strengthen and become stiffer with CTS (Saez et al., 2007; Obbink-Huizer et al.,
2014; Susilo et al., 2016). At lower substrate stiffness, stress fibres aligned with the primary
stiffness direction, whilst when the ECM stiffness was too high there was an absence of preferential
orientation. In addition, a study on compressed cells indicated that their return to a steady-state,
after removal of external forces, was due to a time-dependent rearrangement of the F-actin stress
fibre cytoskeleton (Ronan et al., 2012). The exhibited alterations in the stress fibres are also part
of mechanisms for retention of tensional homeostasis (Paszek et al., 2005; Na et al., 2007;
Kassianidou and Kumar, 2015). It should not be excluded that the cytoskeletal reorganisation postCTS could follow a hysteresis (Fletcher and Mullins, 2010). Thus, further and intermediate time
points are necessary to fully illustrate the relaxation behaviour post-loading.

The statistically significant differences between the pathologically loaded and unloaded fibroblasts
at the initial 1h time point were: (I) larger overall area (Figure 5.01A), due to the cells being longer
(Figure 5.02) but not wider; (II) lower vimentin intermediate filament cytoskeleton anisotropy
(Figure 5.12A); (III) larger nuclear area (Figure 5.22A) and more elongated nuclei (Figure 5.23A);
(IV) notable increase in chromatin condensation (Figure 5.24A). The last difference signifies a
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potential alteration in gene expression, with chromatin condensation persisting for at least 24h after
pathological CTS cessation. The larger cell area should also correlate to more adhesive connections
to the underlying collagen ECM, thus preventing the stress fibres from dissociating from it.
Furthermore, the more isotropic arrangement of the vimentin cytoskeleton is likely also to
contribute to preserving integrity.

A certain level of contraction of the actin stress fibres should also not be excluded as a contribution
to the pathological phenotype (Dowling et al., 2013). The alterations to the cellular and nuclear
shape, cytoskeletal and chromatin organisation persisted for at least 24h after exposure to high
CTS for 1h. No further points after 24h were recorded and it is suggested for future work to
investigate if, at later time points, the pathologically loaded cells return to basal levels at the same
rate as the fibroblasts exposed to physiological strain. Furthermore, application of CTS for longer
periods should also be considered, to determine if simulating chronically high IOP would differ
from the current setup mimicking acute reactions. This study was of importance to also showcase
that scleral fibroblast organisation quickly alters without exposure to equibiaxial stretching from
IOP. Ex vivo experiments utilising enucleated eyes should take these observations into
consideration for the evaluation of their assessments.

5.2.7 Advantages and limitations of experimental system
The bovine scleral fibroblasts were plated as monolayers on two-dimensional type I collagen
coated BioFlex™ membranes. Whilst the fibroblasts are situated in the three-dimensional
environment of the PPS, the tensile system applies equibiaxial strain only to the bottom of the
membrane, mitigating the CTS effect when implemented to a 3D scaffolding. Furthermore,
research indicates that inside three-dimensional collagen matrices, the fibroblasts are more spindlelike and very narrow, with the conformation being a deviation from their native phenotype, making
the 2D system in this Chapter a more suitable choice in this respect (Hakkinen et al., 2010). Most
often cells are cultured on stiff surfaces, such as glass or plastic (Figure 1.05), which can alter the
morphology of the cells (Fletcher and Mullins, 2010). This can skew the general perception for
how these cells look when it needs to be remembered that an in vivo cellular environment can be
highly variable and in principle less stiff than the common cell culture plates (Kumar et al., 2006).
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Kuboki et al. provide a clear illustration for the spread and reorganisation of the three primary
components of the cytoskeleton, in human mesenchymal stem cells, on different substrates
(Kuboki et al., 2012). As the collagen fibrils are circumferentially organised around the optic nerve
in the PPS (Section 1.3), it is suggested for future work to investigate the effect of uniaxial tensile
strain, instead of cyclic, in representing the alterations of cells attached to the highly anisotropic
collagen ECM. This could be implemeneted through the use of an Arctangle™ loading station
(Flexcell International, Burlington, USA) with scleral fibroblasts cultured on type I collagen coated
UniFlex™ (Dunn Labortechnik, Asbach, Germany) cultutre plates.

Whilst all three cytoskeletal components contributed to the cellular rearrangement, the F-actin
stress fibres exhibited the largest changes. This follows previous research on bovine chondrocytes,
with little contribution of both the vimentin and microtubule networks to the mechanical response
(Dowling et al., 2012). As the vimentin intermediate filaments have been noted to directly interact
with F-actin, fast reorganisation of the vimentin cytoskeleton into a more interwoven network
could have resulted in the lower calculated anisotropy (Shah et al., 1998). In addition, the
cytoskeletal components could have become entangled, thus stiffening to resist any further
deformations (Storm et al., 2005). Along with the observations in Section 5.2.1 to 5.2.4, this seems
to indicate that the high CTS does not just delay the in situ reorientation of the cytoskeleton from
the initial unloaded state, but that rather the fibroblasts are undergoing processes to protect cell
integrity against the external forces. As the immunochemical signal intensity is not directly
proportional to the amount of labelled component, unlike other techniques such as second
harmonic generation (SHG), it was not feasible to compare intensity differences in the confocal
image Z-stacks as a result of mechanical loading or time. A solution could be the use of Western
blot or enzyme-linked immunosorbent assay (ELISA) to assess changes in the amount of
cytoskeletal proteins post-CTS (Mahmood and Yang, 2012; Gan and Patel, 2013). For consistency,
all three cytoskeletal components were analysed with identical parameters of the image processing
software. This, however, might have resulted in some inaccuracies, as best exemplified by the very
similar and high detected fibre widths, due to the number of detected pixels per fibre, which
necessitated the use of relative width. Nonetheless, this does not reduce the credibility of the
analysis, as significant differences were still able to be recognised.
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5.3 Summary, conclusion and future work
This Chapter illustrated that representative physiological and pathological mechanical loads cause
a difference in the orientation and remodelling of scleral fibroblast cytoskeleton. This work has
several key strengths: (I) the application of specifically calculated relevant strain levels; (II) several
time point observations over a 24h time frame; (III) the implementation of multiple approved
image analysis packages; (IV) the high number of repeated measurements per group.

Applied physiological CTS resulted in a highly ordered alignment of the cytoskeleton in bovine
scleral fibroblasts, most significantly to the F-actin stress fibres. The fibre organisation returned to
an unloaded-like state at 24h post-cessation of load, whilst the cell length remained enlarged.
Pathologically high CTS had an inhibitory influence on the in situ cytoskeletal architecture.
Following 24h after tensile strain had been applied, the cytoskeletal fibres reorganised to a state
closely reminiscent of the initial physiological morphology. Whilst it has been extensively
documented that high pressure disrupts the typical ECM organisation, these findings indicate that
in vitro high CTS/IOP has an adverse effect on the scleral cell population. From these findings, it
can be speculated that the higher IOP inhibits the in situ scleral fibroblasts’ architecture and
behaviour and can contribute to the glaucomatous pathology. Summaries of the observed
alterations are presented below (Table 5.1-5.3).
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Table 5.1 – Shape alterations of bovine scleral fibroblasts as a function of applied physiological or pathological CTS,
1, 6 and 24h post-loading, in comparison to unloaded cells. The number of arrows indicates the level of parameter
alteration.

Table 5.2 – Rearrangement of the bovine scleral fibroblast cytoskeleton as a function of applied physiological or
pathological CTS, 1, 6 and 24h post-loading, in comparison to unloaded cells. The number of arrows indicates the
level of parameter alteration.
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Table 5.3 – Nuclear changes in bovine scleral fibroblasts as a function of applied physiological or pathological CTS,
1, 6 and 24h post-loading, in comparison to unloaded cells. The number of arrows indicates the level of parameter
alteration.

The work by Cui and colleagues illustrated that linear strain (4% for 24h) has an effect on human
scleral fibroblast transcription, with 308 genes having altered expression (Cui et al., 2004). Whilst
the changes to the chromatin condensation may also indicate alterations in gene expression, they
remain inconclusive on their own and future work is suggested to provide better clarity by
including RNA-seq or real-time polymerase chain reaction (qPCR) experiments (Navarro et al.,
2015). As noted earlier, repeating the experimental procedures with extended loading and more
time points could provide greater clarity for the cellular behaviour, specifically the pathologically
loaded cells. The experimental setup did not allow for live-cell imaging, which would be ideal for
observing cytoskeletal remodelling in the same cell (Rápalo et al., 2015). Labelling for stress fibre
associated proteins, such as myosin or α-actinin, could contribute in further investigating the
cytoskeletal reorganisation, as well as for adhesion proteins, such as vinculin and n-cadherin,
which have increased production with CTS in chick tendon (Ralphs et al., 2002). As mechanical
loading also stimulates synthesis of new ECM, comparison of both composition and structure of
the collagen network after CTS could help in determining to what extent the different loading
conditions alter normal fibroblast function (Chiquet et al., 2009). Finally, it would be beneficial to
perform ELISA tests to colourimetrically evaluate cell proliferation, along with terminal
deoxynucleotidyl transferase-mediated dUTP nick end labelling (TUNEL) assay for apoptosis, to
determine how CTS relates to changes in the cell volume fraction (Darzynkiewicz et al., 2008; Gan
and Patel, 2013).
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6.1 Introduction
Whilst experimental observations provide valuable insight into the anatomy and physiology of
organisms there are instances where they prove to be insufficient on their own. Over the past
several decades, computational models have been utilised to study objects and their reactions to
conditions which cannot be replicated experimentally. Modelling is based on the conscious
simplification of real systems by selectively investigating the most important characteristics of the
system. In combination with experimental results and scientific theories, far greater precision can
be achieved in both describing and predicting the behaviour of the object of study.

The finite element (FE) method is a modelling approach which approximates and subdivides a
system into discrete regions referred to as ‘finite elements’. It has application in both scientific
research and medicine, with a widespread approach that utilises digital images of, for example,
specific organs, tumours, bones and reconstructs them as patient-specific models (Burkhart et al.,
2013; Wittek et al., 2016). This mitigates the inherent error in FE analysis, which stems from the
simplifications and approximations of the system, allowing for more accurate models which can
handle the complex biological geometries. Numerous studies of ocular biomechanics have relied
on numerical simulations of the eye’s geometry, tissue architecture and biomechanical properties
(Sigal, 2009; Grytz et al., 2011; Coudrillier et al., 2015a; Jin et al., 2018). Whilst most studies have
moved away from portraying the eye as a sphere, few perform their numerical simulations on
models based on actual globes. One technique utilising digital image correlation (DIC) was used
by Whitford et al. to represent the outer surface topology of intact, internally pressurized human
and porcine eyes under simulated in vivo conditions (Whitford et al., 2016).

The FE method can also handle non-linear complex analysis of nonhomogeneous materials, such
as viscoelastic cells and the surrounding extracellular matrix (ECM). To assess the mechanical
behaviour of cells it is crucial to have the cytoskeleton represented accurately. The complexity and
dynamics of the cytoskeleton have proven to be the main hurdle in developing numerical models,
with myriad oversimplifications and exclusion of key components being common. Furthermore,
representing the cytoskeleton as individual fibres, rather than a network of components, in
computational simulations could lead to false conclusions (Fletcher and Mullins, 2010; Barreto et
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al., 2013; Barreto et al., 2014). A potential solution would be to follow the approach used for
medical application; by collecting digital image information of cellular components and then
reconstructing the geometries for FE modelling. The image analysis software Imaris provides
surface segmentation tools to generate isosurface triangular meshes based on the Marching Cubes
algorithm (Lorensen and Cline, 1987). This results in an oversampled wireframe of millions of
vertices, which requires further steps to make it suitable for modelling (Cebral and Löhner, 2001;
Jakob et al., 2015).

This Chapter provides methodologies for creating representations of two different types of
biological structures: (I) construction of eye-specific geometry with accurate globe size and shell
thickness; (II) generation of validated, rendered fibroblast cytoskeleton and nuclei meshes.

6.2 Results and Discussion
6.2.1 Eye globe reconstruction
6.2.1.1 Ocular globe geometric modelling

Utilising the facilities and proprietary MATLAB script of the Biomechanical Engineering Group
(University of Liverpool), a specimen-specific model of bovine eye geometry was created
(Whitford et al., 2016). The custom-built experimental inflation rig allows for testing of whole
ocular globes, with software control of the PBS-mediated internal eye pressure, mimicking
intraocular pressure (IOP). The external topography was created from consecutive images taken
by six high-resolution cameras (Section 2.7.1). Image data points following the eye curvature were
further manually selected as part of the MATLAB procedure. The internal topography was based
on the external one, with regional thickness variations of the eye tunic implemented (Whitford et
al., 2016). The internal and external three-dimensional topography were interpolated based on the
relative spherical coordinates between the discrete points of measurement.

The model geometry was imported as an orphan mesh in ABAQUS 6.14/CAE. As the mesh
information was separated, or orphaned, it contained coordinates only for the vertices, elements
and surfaces, but not the geometry of the object. In addition, the FE model was free from
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restrictions of rotational symmetry. Figure 6.01 represents a progressive superimposing of the FE
geometry over one of the camera photographs, closely following the contours of the eye and
excluding any residual fat and muscle tissue. The model accurately recreates the captured
topography, including different regions such as the limbus. Due to the size of the bovine eye globe
exceeding the camera’s field of view, part of the posterior pole could not be recorded and the
missing data points were extrapolated using Zernike polynomials as part of the MATLAB mesh
generation (Cook, 1976).

Figure 6.01 – Superimposed match between imaged and modelled topology of a bovine eye globe. Reconstruction
was performed through a bespoke MATLAB script (Biomechanical Engineering Group) and manual
surface point selection, with Zernike polynomials used to extrapolate the posterior sclera.

The reconstructed mesh contained 4,800 C3D15H first-order solid wedge elements, which are
composed of 15 vertices each (Whitford et al., 2016; Zhou et al., 2019a). Although quadratic
elements are more stable and preferred in general, they are a poor choice for curved or oval
structures, such as an eyeball. Thus, an FE mesh composed of triangle prisms is much more precise
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in terms of smooth geometrical representation of the eye, whilst retaining accuracy and keeping
the processing time at a reasonable computational level. The elements were arranged in
40 circumferential rings, with 16 representing the cornea, one the limbus and 23 for the sclera,
further grouped by the six meridian profiles of the collected photographs (Figure 6.02).

Figure 6.02 – Surface triangulation of a left bovine eye composed of 4,800 C3D15H prism elements representing
the cornea, limbus and sclera. (A) Original ocular globe reconstruction; (B) Corresponding reconstruction
of A with coloured elements by region: cornea (black), limbus (grey), sclera (white).

6.2.1.2 Ocular globe tunic thickness assessment

To account for the regional variability in corneal and scleral thickness, the size of the prism
elements needed to reflect these differences. Data on the eye tunic was collected from three bovine
eyes (Section 2.7.2), with measurements for the cornea consisting of both the centre and periphery,
the limbal region and for the sclera – the equatorial scleral region and posterior pole (Figure 6.03).
A notable feature is the significant progressive decrease in thickness from the central cornea in the
direction of the lateral sides of the eye, with the thinnest segment being the equatorial sclera. This
is followed by a drastic increase in the peripapillary sclera (PPS), where the region of
circumferentially aligned collagen is situated. Whilst the human eye is thickest in the posterior
sclera as well, it exhibits a thinner cornea, specifically in the centre (Meek and Knupp, 2015).
195

Chapter VI

Figure 6.03 – Regional variation in the bovine eye tunic thickness. Regions are listed from top to bottom with
indicated mean and standard deviation (SD): Central corneal thickness (aqua):1.727±0.062mm (n=10); Peripheral
corneal thickness (blue): 1.587±0.145mm (n=13); Limbal thickness (green): 1.317±0.236mm (n=13); Equatorial
scleral thickness (gold): 0.818±0.159mm (n=12); Peripapillary sclera (PPS) thickness (red): 2.548±0.244mm (n=12).
Box plot data are presented as median ± SD; *:p<0.05; **:p<0.01; ***: p<0.001.

The results were successfully incorporated into the FE model as 13 different thickness regions;
four for the corneal material properties, one for the limbus and eight for the sclera. The integrated
element thickness is visualised in a transversal cross-section of the mesh with indicated mean
values (Figure 6.04). The presented model closely follows the physiological topology and
thickness of the bovine eye globe and is envisioned to be used in future FE analysis.
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Figure 6.04 – Transversal cross-section of the bovine eye globe reconstruction. The model accommodates the
different thickness of the eye tunic. Region averages are listed. Central corneal thickness (aqua); Peripheral corneal
thickness (blue); Limbal thickness (green); Equatorial scleral thickness (gold); PPS (red).
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6.2.1.3 Advantages and limitations of the experimental system

A sample-specific FE geometry of a bovine eye was created in collaboration with the
Biomechanical Engineering Group (University of Liverpool). Unlike previous sample-specific
models which utilise corneal or scleral regions, the presented FE model is based on an intact globe
(Pandolfi and Holzapfel, 2008; Jiaa et al., 2016). To mimic the IOP that the eye is exposed to
in vivo, to maintain proper shape and curvature, the globe was filled with 1xPBS and immersed in
it, resulting in a stress-free geometry. Initial experimental procedures envisioned as a subsequent
step increasing the pressure inside the eye to recreate elevated IOP. This would have been
combined with DIC to study inflation deformation of bovine eyes, representing the high IOP
conditions of glaucoma. The instrumental setup was constructed with the purposes of assessing the
size and deformations of human eyeballs (Whitford et al., 2016). Whilst the cattle eye could fit
inside the borosilicate chamber, the globe exceeded the maximum camera field of view, resulting
in part of the posterior sclera not being imaged (Figure 6.01). As the PPS is the main site of change
and damage as a result of elevated pressure, not being able to collect visual information on it was
a limitation and it was decided to prioritise rendering of the FE model, with the missing data points
successfully extrapolated and reconstructed.

A main advantage of this model is the inclusion of regional variations to the cornea and sclera,
along with being one of the few models to incorporate the limbus as a separate structure, accurately
accommodating the different thickness of the eye tunic. It must be noted that in humans the cornea
is thinner than the limbus, whilst the opposite was observed in cattle (Meek and Knupp, 2015).
Although corneal swelling may explain this observation, both the inside and outside of the eye
tunic were surrounded with 1xPBS, which should limit any swelling. Furthermore, the same
instrumental setup was used in assessing the regional thickness in human eyes (Zhou et al., 2019a).
The values Zhou and colleagues present are in agreement with such accepted for humans, thus
confirming that the higher value for central corneal thickness in bovine eyes is not due to an
instrumental error. A thinner limbus in comparison to the central cornea is observed in other
mammalian species as well, such as mice (Henriksson et al., 2009). A study by Myers et al.
reported mean thickness values for the cattle posterior scleral pole as 2.15±0.39mm and
1.10±0.34mm for the equatorial sclera, which are within the deviations reported in this Chapter
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(Myers et al., 2010). Cui and colleagues constructed an FE model of the bovine eye based on microcomputed tomography scans and whilst they listed thinner PPS, between 1.55mm and 1.86mm, it
must be noted that they carried out their measurements on tissue strips and not intact eye tunics
(Cui et al., 2015).

6.2.2 Cellular component reconstruction
Modern-day microscopy systems allow production and recording of extensive volume image data
sets though non-destructive optical sectioning, with laser scanning confocal microscopy as a
pioneering approach. In combination with proprietary software packages, the captured information
can be reconstructed in three-dimensional space and further exported and refined. The following
procedures detail an approach for accurate generation of cell-specific cytoskeletal components and
nuclei, which can be successfully imported into FE solvers for numerical modelling (Figure 6.05).

The proposed workflow relies on the commercial software packages Imaris and ABAQUS for the
initial and final steps, respectively, with all other software being freeware (Figure 6.06). Opensource alternatives are also discussed (Table 6.4). Whilst specific programmes have been utilised,
it must be noted the importance of the principles behind their application, such as simplification
and smoothing (Cebral and Löhner, 2001). Thus, depending on data and software availability, this
workflow can be compatible and applicable to a variety of scientific studies.

199

Chapter VI

Figure 6.05 – Representative images of a nucleus, F-actin, vimentin and β-tubulin cytoskeleton at different
procedural steps. (A) Maximum intensity projection of confocal image Z-stacks taken at 63x magnification
and resolution of 1,912x1,912 pixels; (B) Surface triangulation in Imaris 9.2; (C) Rendering in MeshLab;
(D) Initial mesh in ABAQUS 6.14/CAE; (E) Simplified and uniform mesh in ABAQUS 6.14/CAE.
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Figure 6.06 – Workflow schematic for the generation of finite element (FE) triangular geometries from image
volume dataset. Software packages are highlighted by blue rectangles, whilst model steps are underlined. Green
arrows indicate the main standard procedure pipeline, with the yellow arrows suggesting optional steps for
optimising geometry quality. Red arrow represents an ABAQUS plugin dependent step.
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6.2.2.1 Imaris

Imaris is a microscopy image analysis software, which can extract surface detail from input digital
image Z-stacks and on the basis of the absolute intensity thresholding and smoothing can
reconstruct a discrete isosurface (Figure 6.05B). This is achieved through the Marching Cubes
algorithm which computes a surface triangulation from a three-dimensional matrix, which is the
Z-stack voxel intensity, making it widely used in visualisation of medical scan images (Lorensen
and Cline, 1987). As this study aimed to keep the procedures as automated as possible, few changes
were applied to the recommended reconstruction parameters. The most notable alteration was the
inclusion of background subtraction, which increased the precision and speed of the reconstruction.
Manual tracing is also available but was not enlisted due to decreased accuracy of the isosurfaces
and time constraints.

The importance of proper initial parameter selection is illustrated (Figure 6.07). Using a maximum
intensity projection of a confocal stack of scleral fibroblast β-tubulin cytoskeleton images as an
example (Figure 6.07A), a steep threshold can result in a discontinuous surface (Figure 6.07B),
whilst a small threshold will include low-intensity voxels and overestimate the structure
(Figure 6.07C). As the background was not excluded from the imported Z-stack, many of the fibres
were recognised as being part of the same structure, merging clusters of fibres into an inaccurately
large continuous surface. An alternative is the use of the Imaris commercial plugin FilamentTracer,
which contains tools for detection of filamentous structures (Figure 6.07D). Similar to the core
package, FilamentTracer uses imaging data intensity to trace the structure as connected filaments.
To accomplish this in higher intensity regions, seed points are created which serve as origin points
to trace the rest of the network and simultaneously hold it together.
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Figure 6.07 – Imaris-based reconstruction of a confocal Z-stack of scleral fibroblast β-tubulin cytoskeleton.
(A) Maximum intensity projection of β-tubulin microtubules (anti-tubulin antibody conjugated to Alexa-594™
secondary antibody); (B) Imaris 9.2 reconstructed isosurface with high threshold (C); Imaris 9.2 reconstructed
isosurface with low threshold; (D) FilamentTracer reconstructed filaments. Scale bar = 15µm.

Data sets with recorded individual signal channels can be rendered together, including both
isosurfaces and traced filaments (Figure 6.08). As the green channel contained image intensity
information of F-actin stress fibres they were properly represented as having a greater width than
the vimentin intermediate filaments. The traced fibres also depicted the complex intertwined
cytoskeletal arrangement. However, as the two networks were created individually, it did not allow
for interweaving fibres, which is a restriction of the modalities. Furthermore, the vimentin network
surrounds the nucleus in a cage-like configuration, which due to low threshold for the nucleus
reconstruction can lead to a larger nucleus than the confocally recorded one (Figure 6.08). Finally,
as the seed points were required for the proper filament connective they were reconstructed as part
of the filament network which is an unwanted artefact for subsequent modelling (Figure 6.08B).
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Figure 6.08 – Comparison between original signal and reconstruction of intracellular structures in Imaris 9.2.
(A) Blue (4',6-diamidino-2-phenylindole (DAPI)-stained nucleus), green (Alexa 488™ phalloidin stained F-actin
stress fibres) and red (anti-vimentin antibody conjugated to Alexa-594™ for visualisation of vimentin intermediate
filaments) channel signals; (B) Surface (nucleus) and FilamentTracer (actin stress fibres and vimentin
cytoskeleton) reconstruction in Imaris. Vimentin cytoskeleton seed point represented in aqua.

Both individual and several surfaces can be recorded in the same file, which was the standard
WRL/VRML2 (Virtual reality modelling language 2) format for this study. This permits accurate
positioning and further handling of several objects which are components of the same system. For
example, a nucleus and F-actin cytoskeletal fibres from the same imaged cell, recorded in different
channels, can be exported together. For the subsequent procedures only properly reconstructed
isosurfaces were utilised. FilamentTracer does not permit direct export of the traced filaments,
which necessitates their transformation to a signal channel, which can then be reconstructed as an
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isosurface. Furthermore, the resulting surface triangulations contain a large number of vertices
(108+); these are mostly a result of the software preserving the smooth traced topology of the curved
fibres, but can lead to processing issues further down the pipeline.

The above issues can impede the implementation of FilamentTracer for reconstructing complex
tissue structures, such as the densely interwoven collagen fibres in the PPS (Figure 6.09). Whilst
the traced structure (Figure 6.09B) appeared to have followed the original contours (Figure 6.09A)
accurately, a side view (Figure 6.09C) revealed many filaments were protruding in the vertical
direction, whereas in the input Z-stack collagen fibres were positioned in lamellae.

Figure 6.09 – FilamentTracer reconstructed collagen fibres from a section of a human PPS second harmonic
generation (SHG) Z-stack in Imaris 9.2. The dark region on the left side is part of the lamina cribrosa (LC), whilst
the central ones are blood vessel lumen. (A) SHG Z-stack of interwoven collagen fibres; (B) Corresponding traced
fibres; (C) Side-view of B. Original Z-stack data was provided by Dr Craig Boote and Dr Jacek Pijanka.
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6.2.2.2 MeshLab

Initial geometrical data obtained from Imaris is oversampled and contains low-quality triangular
elements with sharp angles. As the performance of the FE analysis is dependent on the quality of
the input mesh, the initial geometry is unsuitable in this state and requires simplification
procedures. This can be achieved through MeshLab, an open-source processing software for
handling meshes (Cignoni et al., 2008). The exported Imaris WRL files can be opened in MeshLab,
where the tessellation of the isosurface can be viewed, as it was hidden in the Imaris interface. The
large selection of tools can easily merge duplicate vertices or remove such with quality lower than
a specified threshold. Manual manipulations are permitted, with selective removal of vertices or
elements. However, these clean-up procedures are insufficient when the geometry contains
millions of elements and controlled surface triangulation reduction is required.

Mesh decimation is a class of algorithms that reduce complexity by transforming a polygonal mesh
into another with fewer faces, edges, and vertices. The simplification process is usually controlled
by a set of user-defined quality criteria that can preserve specific properties of the original mesh
as much as possible, such as the geometric distance between the vertices and visual appearance of
the entire mesh. Quadric edge collapse decimation (QECD) is a variation of the edge collapse
algorithm based on quadric error metric by Garland and Heckbert (Garland and Heckbert, 1998).
Unlike other simplification procedures, such as vertex clustering, QECD provides explicit control
for retention of mesh topology with penalising parameters (Figure 6.05C). In rapid iterations,
retention of each vertex is determined based on the input parameters, whilst simultaneously the
quality of the mesh is assessed before and after vertex removal. Thus, each remaining vertex after
QECD is in the position of minimizing quadric error.

A quick way of visualising the mesh topology and any inconsistencies after decimation is to colour
code the surface triangulation according to the shape and aspect ratio (AR) of the triangular
elements. The AR is computed as the longest side of the element divided by the shortest, with
equilateral triangles having an AR of 1, whilst right-angled ones with identical catheti of 1.41 (√2).
In MeshLab, elements with low AR are visualised in cold colours, with hotter colours indicating
more irregular triangles with a higher AR. An F-actin stress fibre traced with FilamentTracer has
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been compared with three different levels of decimation for mesh quality (50%, 25% and 10%
number of elements of the input; Figure 6.10). As QECD has been set to preserve the topology, the
remaining vertices are repositioned to fill the vacancies, which can result in elongated triangular
elements. This is most notably seen at the last fibre where only 10% of the input elements remained.

Figure 6.10 – FilamentTracer reconstructed F-actin stress fibre with different levels of element retention after
quadric edge collapse decimation (QECD) in MeshLab. 100%: 1,498 vertices, 2,992 elements; 50%: 750 vertices,
1,496 elements; 25%: 357 vertices, 748 elements; 10%: 151 vertices, 298 elements.
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The above raises the question of how many elements must be preserved after decimation. Whilst a
smaller number of elements is preferable, too great a reduction will result in loss of structural
composition. 73 WRL files were imported into MeshLab from Imaris, of which 22 were nuclei,
20 F-actin, 17 vimentin and 14 β-tubulin cytoskeleton isosurface geometries. The polygon
reduction for nuclei (to be referred to as ‘simple geometries’) was set to 10% of the original number
of elements, whilst for cytoskeletal networks (to be referred to as ‘complex geometries’) – to 5%.
Computational testing with other percentages confirmed that the selected reduction levels provide
a more manageable element number whilst retaining initial structure precision (Figure 6.11 and
6.12). Figure 6.11 illustrates one of each of the four different rendered structures in Imaris with
coloured initial surface triangulation based on the AR. The magnified regions provide a better view
of the topology and number of elements. Corresponding structures and close-up regions are shown
for the isosurfaces after QECD (Figure 6.12). In all instances, the number of composing elements
had been highly reduced, whilst the structure quality had been maintained. Furthermore, based on
the colour maps, post-QECD there were more triangular elements in blue, indicating the preferred
equilateral triangles.
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Figure 6.11 – Imaris generated triangular surfaces of a nucleus (A), actin stress fibre (C), vimentin (E) and
β-tubulin cytoskeleton (G) visualised in MeshLab. B, D, F and H represent a magnified region
indicated by the red square in A, C, E, G, respectively. The colour scheme denotes the element shape:
equilateral (blue), right-angled (green), highly distorted triangular elements (yellow, orange).
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Figure 6.12 – MeshLab QECD decimated triangular surfaces of a nucleus (A), actin stress fibre (C), vimentin (E)
and β-tubulin cytoskeleton (G) visualised in MeshLab. B, D, F and H represent a magnified region indicated by
the red square in A, C, E, G, respectively. The colour scheme denotes the element shape: equilateral (blue),
right-angled (green), highly distorted triangular elements (yellow, orange).
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Another advantage of QECD is that it can be applied to a specified region and not the entire
geometry. This provides a selective method for controlling mesh density in areas of key interest,
with further options for refinement. However, poor element shape (high AR) can affect the
convergence of the mesh, causing significant error in numerical simulations (Marchandise et al.,
2010). It is then preferable for the triangulation to be composed of identical equilateral triangles.
To uniform the geometry, a retopology, or remeshing, needs to be conducted.

6.2.2.3 Instant Meshes

Jakob and colleagues presented Instant Meshes as a precise tool for remeshing and producing an
isotropic mesh of triangular or quadratic elements (Jakob et al., 2015). The package is not
computationally demanding and can handle meshes comprised of millions of elements in seconds
as the algorithm performs on the level of a vertex and its close neighbours, with option for
parallelisation. Unlike MeshLab, which supports a large variety of file formats, Instant Meshes is
more restricted, as the decimated geometry was imported as a Wavefront OBJ file, a common
3D image format.

Instant Meshes provides a list of options for the retopology, including a choice of element shape.
It was decided to continue representing the geometry with triangular elements for several reasons.
The initial isosurface generated in Imaris was triangulated, with quadratic elements being split into
two composing right-angled triangular elements further in the pipeline. Furthermore, quadratic
elements are less suitable for representing the curved topology of fibres, unlike triangles. User
manual input allows for control over the alignment of the elements as well. Remeshing includes a
step for assignment of target vertex count, which is regulated by a slider with suggested values.
This is due to the uniformity of the new mesh allowing for only a certain number of final vertices.
The performance of Instant Meshes was very accurate, with almost the entire surface of the nucleus
being composed of identical equilateral triangle elements (Figure 6.13A and B). The only
exclusions are in topologically uneven regions, where for the complex geometries there were some
different elements; this is an inevitable compromise, given that these geometries were composed
of ~5% of the original isosurface (Figure 6.20), yet retained a high level of precision. Furthermore,
different element shapes are necessary to accommodate for the curvatures of the cytoskeleton.
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Figure 6.13 – Instant Meshes uniform triangular surfaces of a nucleus (A), actin stress fibre (C), vimentin (E)
and β-tubulin cytoskeleton (G) visualised in MeshLab. B, D, F and H represent a magnified region indicated by
the red square in A, C, E, G, respectively. The colour scheme denotes the element shape: equilateral (blue),
right-angled triangular elements (green).
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6.2.2.4 Geometry repair and smoothing
6.2.2.4.1 Netfabb geometry repair

During simplification, topology inaccuracies may result in holes or semi-detached regions, which
could render the mesh to not be intact or watertight. In those events, Netfabb provides tools of
automatic patching of topology discontinuities (Figure 6.14).

Figure 6.14 – Surface discontinuity of a reconstructed F-actin stress fibre (A) and repaired section (B) in Netfabb.

6.2.2.4.2 MeshLab post-simplification

Importing meshes back into MeshLab can be useful for assessing if any other post-simplification
procedures need to be applied. As voxel signal intensity can contain information from several
signal channels, this may lead to overlapping of the cytoskeletal surface reconstructions, as each
one is recreated separately. Three different geometries from the same cell were imported and fitted
together (Figure 6.15) and although the vimentin intermediate filaments were positioned around
the nucleus as expected (Figure 6.15D), there were some intersecting F-actin stress fibres within it
(Figure 6.15E). Furthermore, when all of the intracellular components were combined it was
illustrated how some of the geometries occupy the same three-dimensional space (Figure 6.15F).
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Figure 6.15 – Uniform geometries visualised in MeshLab. (A) Nucleus; (B) F-actin stress fibres; (C) Vimentin
intermediate filaments; (D) Combined visualisation of A and C; (E) Combined visualisation of A and B;
(F) Combined visualisation of A, B and C.
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Whilst this could be remedied by recreating the surfaces in Imaris, as noted, MeshLab contains a
variety of post-processing utilities. Mesh smoothing takes an existing mesh and iteratively deforms
the positions (but not connectivity) of the vertices, reducing noise and improving overall mesh
quality. The smoothing applied in this study was an HC Laplacian (Vollmer et al., 1999). Each
vertex was moved in the average position of the neighbouring vertices, creating a ‘tighter’ mesh.
The repositioning does not change the number of composing vertices or elements as no new
connections are established between them.

For simple geometries, which were mostly smooth before the procedure, there was minimal effect,
with small reduction in grooves in the nuclear topology (Figure 6.16A and B). Alterations were
more prevalent for the complex geometries (Figure 6.16C-H). Although other fibres (Figure 6.16D
and F) retained good uniformity of the surface elements, the thin β-tubulin fibres were further
reduced in width (Figure 6.16H), deforming to an extent some of the composing elements to retain
the shape. If performed, smoothing is recommended to be executed as a last geometry processing
step, as at earlier stages, the repositioning and thinning of fibres could cause discontinuities and
unevenly deform the geometry.

Another simplification procedure that can be performed in MeshLab is the screened Poisson
surface reconstruction (Kazhdan and Hoppe, 2013). As the geometries can be described as ‘clouds’
of vertices with information on their connections, implementing it could reduce the number of
vertices by having them better spread in relation to their original positions. Afterwards, the vertices
can be reconnected to form a simplified version of the input geometry. As several simplification
and refinement steps have already been implemented, this approach is acknowledged as a potential
alternative to test as part of future research.
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Figure 6.16 – MeshLab HC Laplacian smoothed triangular surfaces of a nucleus (A), actin stress fibre (C),
vimentin (E) and β-tubulin cytoskeleton (G) visualised in MeshLab. B, D, F and H represent a magnified region
indicated by the red square in A, C, E, G, respectively. The colour scheme denotes the element shape:
equilateral (blue), right-angled triangular elements (green).
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6.2.2.5 Gmsh

To import the tessellated surfaces into FE analysis solvers, they need to be in recognisable
computer-aided design (CAD) file formats, which can be performed through Gmsh (Geuzaine and
Remacle, 2009). Gmsh has fast performance, supporting many different types of files and allows
for easy step recording to create reproducible scripts for automatization. From MeshLab the
triangular geometries can be exported to Gmsh as stereolithography (STL) files, which are amongst
the most common CAD-associated files for storing geometry. The STL is then converted to an INP
file, a primary model-associate format of the FE software ABAQUS. At this stage the triangular
geometries contain only surface information and no volume, which is required for actual numerical
simulations.

6.2.2.5.1 Volume construction

After the surface triangulation has been properly remeshed and refined, Gmsh can add a volume
to the geometry and create a three-dimensional mesh out of it (Figure 6.17). The produced
continuum (solid) elements are C3D4 tetrahedrons, composed of four vertices forming four
triangles between them. They are first-order, with linear connections between the vertices, unlike
second-order elements which utilise parabolic interpolations. As the tetrahedrons adjacent to the
surface contain the surface vertices and triangular elements, large and uneven meshes will result
in many distorted tetrahedral elements, reinforcing the necessity of the previous simplification
steps.

Figure 6.17 – Volume rendering of triangular geometry of an F-actin stress fibre in Gmsh 4.3.0. (A) Input surface of
CPS3 triangular elements (Green); (B) Output mesh composed of a surface of CPS3 triangular elements (Green)
with internal C3D4 tetrahedron elements (Red).
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6.2.2.5.2 Quality assessment

Gmsh also provides tools for assessing mesh quality, which can be applied to both the surface and
volume meshes. Instead of the element’s AR, Gmsh utilises the ratio between the inscribed and
circumscribed radius, referred to as Gamma (Figure 6.18). It varies from 0 to 1, with higher values
indicating a more uniform mesh with better quality.

Figure 6.18 – Gamma value plot, with corresponding 3D reconstruction, of a uniform nucleus geometry before (A)
and after volume construction (B) in Gmsh 4.3.0.
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6.2.2.6 ABAQUS

The final step of the workflow is importing the uniform geometry volume meshes into the
FE solver ABAQUS as INP files. Confocal image data of bovine scleral fibroblasts under different
strain levels (Chapter V) were successfully processed through the proposed pipeline (Figure 6.05),
with initial image input and mesh output presented (Figure 6.19). Even complex topologies, such
as the cytoskeletal networks, retain the proper contours with high level of accuracy, demonstrating
the validity of this approach in generating cell-specific internal structures for numerical
simulations.
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Figure 6.19 – Confocal microscopy image data of a nucleus, F-actin, vimentin and β-tubulin cytoskeleton (A, B) and corresponding reconstructed meshes (C, D)
in ABAQUS 6.14/CAE. (A) Confocal images with no applied mechanical load; (B) Confocal images 1h after cessation of mechanical load (0.26-1.8% strain,
1Hz for 1h); (C) Corresponding reconstructed meshes to A; (D) Corresponding reconstructed meshes to B. Scale bar = 20µm.
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Before proceeding with simulation, the quality of the meshes requires validation to determine if
they are suitable for the subsequent FE analysis procedures. ABAQUS provides tools for this
assessment, with information on the number of vertices and elements, their types and shapes. AR
details are also included, with the mean AR, worst AR and percentage of mesh elements with
AR over 10 calculated (Section 6.2.2.7.3). The worst AR helps to identify regions of local element
inconsistencies, for which ABAQUS toolsets can be used to, for example, combine small surface
elements with adjacent edges. For proper performance and low discretization error, the element
AR needs to be small, preferably under a ratio of 10 as suggested by the ABAQUS documentation.

An alternative to creating a volume mesh in Gmsh is to directly load the uniform STL file into
ABAQUS and generate the mesh in it. This procedure is dependent on the 3D Mesh to Geometry
ABAQUS plugin. The STL is converted to a geometry model which can go through further
refinement and remeshing. Unlike Gmsh, which only permits creation of C3D4 tetrahedral
elements, the internal ABAQUS mesh generation supports a wide list of options, including the
aforementioned tetrahedrons, but also hexahedrons and wedge elements similar to the ones utilised
in the reconstruction of the bovine eye globe (Figure 6.02), providing greater flexibility when
creating internal mesh volume. For proper evaluation, further testing and optimisation of this
approach will be a part of future work. However, the previous workflow is still required for the
creation of high-quality STL files, with the Gmsh Gamma values being a quick way to assess the
geometries.

6.2.2.7 Mesh quality comparison

As noted, mesh quality is essential for proper FE simulations. To assess the necessity of the
procedural workflow of generating high-quality cell-specific meshes, the geometries at four
different steps were compared for several parameters. The geometry exported from Imaris was
referred to as ‘Initial’, the geometry after QECD as ‘Decimated’, the geometry after making the
tessellation isotropic as ‘Uniform’ and the optional procedural step of applying an HC Laplacian
smoothing in MeshLab as ‘Smooth’ geometry. The Initial Imaris output geometry contains in some
instances 107 triangular elements, which are reduced further down the pipeline, necessitating
evaluation of element and vertex number decrease. MeshLab also allows the calculation of a
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geometry’s area and volume (in µm2 and µm3, respectively). Finally, the Gmsh Gamma and
ABAQUS AR parameters provide assessment for the shape of the elements.
The 73 different meshes were split into two groups – 22 representing simple geometries (nuclei)
and 51 for complex geometries (cytoskeletal components). The division was performed to evaluate
how the utilised software packages handle the two fundamentally different groups of structures.
Furthermore, the quality of volume meshes was only assessed for the simple geometries; the
complexity and number of comprising elements for the Initial geometries of the cytoskeletal
structures caused Gmsh to malfunction and crash when mesh volume construction was initiated.
Thus, for statistical analysis, only the volume meshes of the nuclei were compared, whilst the
surface triangulation was assessed for both the simple and complex structures. To exclude
individual variations, each Initial geometry was represented as being 100% of itself, with the
following simplifications illustrated as percentages of the parameter of the corresponding
geometry.

6.2.2.7.1 Vertices and elements

The target element reduction for QECD was set to 5% for complex geometries, with expectation
for the number of vertices to scale down as well. Decimation was confirmed as successful, with
the initial elements count reduced to 5.00±0.00% (Figure 6.20B). The number of vertices was
slightly lower (4.91±0.03%) due to triangular element merging and establishing new connections
(Figure 6.20A). This trend was continued in both the Uniform and Smooth geometries. As the HC
Laplacian smoothing only repositions the vertices, their number (and for the elements) was
identical to the Uniform ones. Due to Instant Meshes creating an isotropic triangulation with a set
number of elements, there was a significant decrease in both elements and vertices, with larger
variability in the distribution due to the range and sizes of structures.
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Figure 6.20 – Complex geometries comparison of number of vertices (A) and elements (B) to the Initial geometry.
Data are presented as median ± SD (n=51); ***: p<0.001.

Following expectations, the QECD produced simple geometries with 10.00±0.00% elements of the
initial input (Figure 6.21B). As the nuclear topology is not a 3D network and more round, fewer
vertices required further removal during QECD in comparison to the cytoskeletal structures,
resulting in Decimated nuclear vertices to be at 10.00±0.00% (Figure 6.21A). For comparison,
volume was added in Gmsh to the Initial geometries. After constructing volume for the Decimated
geometries, the number of vertices increased more than twice, with a mean of 21.20±2.18%,
instead of the expected 10% (Figure 6.21C). This value includes the total number of vertices before
(Figure 6.21A) and after the volume was added. The Decimated geometries contain a heterogenous
distribution of triangular elements, with those possessing a higher AR (Section 6.2.2.7.3) needing
to be accommodated by a larger number of vertices. Properly isotropic triangulations, such as the
Uniform and Smooth ones, consisted of 8.03±0.31% and 8.19±0.33% on average, respectively, of
the number of vertices the Initial mesh had. Accurate positioning of the vertices would have created
a larger number of tetrahedral elements than for the Decimated geometry (Figure 6.21D). It must
be noted that whilst for the surface geometries the number of elements was identical between the
Uniform and Smooth, as the vertices have different coordinates after creating tetrahedral elements,
they were significantly larger for the Smooth group. Only the number of tetrahedral elements was

223

Chapter VI
compared (Figure 6.21D), as the triangular elements composing the surface of the geometry also
formed part of the tetrahedral ones. The Decimated group were composed of differently sized
tetrahedrons to fill the volume, which could explain their lower relative number.

Figure 6.21 – Simple geometries comparison of number of vertices (A) and elements (B) to the Initial geometry.
Comparison of the total number of vertices after volume construction (C) and the number of tetrahedral elements (D)
with the Initial geometry with volume. Data are presented as median ± SD (n=22); *: p<0.05; ***: p<0.001.
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6.2.2.7.2 Area and volume

For the complex geometries, apart from the Decimated group, the surface area decreased at each
step of simplification (Figure 6.22A). The topology volume was also reduced at each workflow
step (Figure 6.22B). As the complex meshes are fibrillar networks, the overall area was also larger,
which caused smoothing to decrease both the area and volume the most. The higher area average
for the surface Decimated group (100.34±0.93%) could be an effect of the vertex repositioning
during QECD whilst trying to preserve the topology shape. 16 of the 51 Decimated geometries did,
however, have areas smaller than their corresponding Initial ones.

Figure 6.22 – Complex geometries comparison of area (A) and volume (B) to the Initial geometry.
Data are presented as median ± SD (n=51); ***: p<0.001.

Simple geometries experienced smaller decreases in area and volume than the complex group
(Figure 6.23). The mean area of the Initial and Decimated group were not different (p=0.169),
whilst their volumes were (p<0.001). The Smooth geometries had the smallest area and volume as
well, consistent with the observations for the cytoskeletal components, but with not so large
relative reduction.
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Figure 6 23 – Simple geometries comparison of area (A) and volume (B) to the Initial geometry.
Data are presented as median ± SD (n=22); ***: p<0.001.

Measuring the size of the triangular and tetrahedral elements was not carried out, as it will change
to accommodate the surface and volume meshes. This is best illustrated during QECD where the
area and volume of the topology are very close to the Initial whilst having 95% or 90% less
composing elements (Figure 6.12).

6.2.2.7.3 Aspect ratio

As all of the elements were first-order, the Jacobian ratio, which assesses mesh quality of secondorder elements, was not calculated. ‘Fibre Triangle’ refers to the complex triangulated geometries,
‘Nucleus Triangle’ for the simple triangulated geometries and ‘Nucleus Tetrahedron’ for simple
tetrahedrite meshes, with only the tetrahedral element quality evaluated. All AR data were
presented as mean ± standard deviation (SD), with lower AR values (~1) indicating highly isotropic
meshes.

In all instances, no significant differences were observed between the Uniform and Smooth groups,
confirming that on average smoothing does not decrease element composition quality (Table 6.1).
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Simplification procedures consistently reduced the elements’ AR, with the Instant Meshes step
bringing the AR for the surface triangulations close to 1. Following previous cases, the nuclei had
an overall better mesh quality than the cytoskeletal components, which was within expectations,
given their simpler shape and smaller number of comprising elements. The tetrahedral elements in
the Initial group had a lower AR than the corresponding triangular elements, which could be due
to the proximity of the tetrahedral elements allowing for fewer deformations on average. However,
deformed triangular elements will only produce highly irregular tetrahedral ones.
Table 6.1 – Mean element AR at different stages of simplification. AR values ~1 indicate a proper isotropic mesh.
Uniform and Smooth meshes were not significantly different. n(Fibre Triangle)=51; n(Nucleus Triangle)=22;
n(Nucleus Tetrahedron)=22. Data are presented as mean ± SD.

Each of the isosurfaces exported from Imaris contained several highly irregular triangular elements
(Table 6.2). Whilst the average worst AR value was higher for the simple geometries, they also
had much higher variability than the complex ones, which was carried over to the tetrahedral
elements in the nuclei. Such distorted elements will induce significant errors in any computation,
making the meshes unusable. Decimation decreased the average worst AR nearly 2,000 times for
the cytoskeletal components and about 3,300 times for the nuclear triangulations, further
underlying the importance of reducing the number of initial elements. Making the geometries
uniform additionally improved the quality, bringing the AR in all instances below 5. As noted, the
HC Laplacian smoothing creates a tighter surface, which displaces vertices, and whilst the mean
AR was not different between the Uniform and Smooth group, the worst AR for the smoothed
triangulations was higher. In contrast, the smoothing procedure further decreased the worst AR for
the simple topologies, signifying the need for caution when deciding on implementing any
modifications after creation of an isotropic mesh.
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Table 6.2 – Worst element AR at different stages of simplification. High AR values, such as the Initial meshes, make
them unusable. Uniform and Smooth meshes had AR<5. n(Fibre Triangle)=51; n(Nucleus Triangle)=22; n(Nucleus
Tetrahedron)=22. Data are presented as mean ± SD.

As most of the Initial meshes contain millions of elements, specifically the complex, having several
percent of elements with an AR over 10 equates to several thousand distorted elements (Table 6.3).
Decimation reduced the overall element AR as previously observed (Table 6.2). Furthermore, all
of the Uniform and Smooth meshes did not have any AR values above 10, which makes them much
more preferable for numerical analysis.
Table 6.3 – Percentages of element AR greater than 10 at different stages of simplification. Uniform and Smooth
meshes do not have any AR>10. n(Fibre Triangle)=51; n(Nucleus Triangle)=22; n(Nucleus Tetrahedron)=22. Data
are presented as mean ± SD.
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6.2.2.7.4 Gamma

As the Gmsh value Gamma is calculated differently from AR, higher values closer to 1 indicate a
better overall element distribution. Gamma is related to the entire mesh, which would include both
triangular and tetrahedral elements together for the nuclei volume meshes (Figure 6.24C). Initial
complex and simple geometries had the lowest value of Gamma, progressively increasing in the
Decimated and Uniform groups, which was in accordance with the mesh quality observations for
the AR (Figure 6.24A and B). Whilst not identical, the Uniform and Smooth groups were not
significantly different when compared and had the same variance. Contrary to expectations, after
volume meshing the value for the Decimated group was lower than for the Initial, on average
0.693±0.027 and 0.747±0.016, respectively (Figure 6.24C). As Gamma is a ratio between radii it
could indicate that after QECD the volume of each individual element was more distorted than it
was in the Initial step. Making the mesh uniform does resolve the issue, although the Gamma
values are lower than for the corresponding surface (Figure 6.24B). Overall, the simple structures
returned greater Gamma values than the complex ones, which still had very high values,
specifically 0.971±0.009 for the Uniform cytoskeletal group (Figure 6.24A).
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Figure 6.24 – Gamma value comparison of complex surface (A; n=51), simple surface (B; n=22) and volume (C;
n=22) mesh. Data are presented as median ± SD; ***: p<0.001.

The mesh quality assessment validated the order of procedures and their necessity for simultaneous
reduction of the number of composing elements with increasing surface mesh isotropy.
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6.2.2.8 ImageJ

An alternative to Imaris would be the implementation of the ImageJ plugin 3D Viewer (Schmid et
al., 2010). Apart from volume and surface visualisation, the toolset allows for construction of a
triangular isosurface based on the Marching Cubes algorithm, similarly to Imaris (Lorensen and
Cline, 1987). The visualisation is heavily dependent on the initial parameters, notably the applied
threshold to the input Z-stack of images and the resampling factor. The surface can then be
exported as an STL and processed via the listed optimisation procedures.

Whilst Imaris permits a greater level of automatization this is not feasible with 3D Viewer. Each
volume dataset requires careful assignment of appropriate parameters, as empirical testing of the
algorithm showed it to be more sensitive to irregularities and dips in signal intensity than Imaris.
This can generate significantly uneven surfaces, which require resampling to decrease the
triangular element composition, similar to the QECD function in MeshLab. Unlike MeshLab,
however, there is no option to retain the original boundaries. Each resampling reduces the number
of vertices and elements by about 50%, with higher iterations producing a smoother surface.
Spherical structures benefit from this approach, as it reduces the number of surface elements
(Figure 6.26A-D). Thicker fibrillar networks retain most of their form, whilst thinner ones are
reduced to disassembled remnants (Figure 6.25E-H).
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Figure 6.25 – Imaris generated triangular surfaces of a nucleus (A) and actin stress fibre cytoskeleton (E) with
corresponding structures from the ImageJ 3D Viewer (C and G) visualised in MeshLab. B, D, F and H represent a
magnified region from the indicated red square in A, C, E, G, respectively. The colour scheme denotes the element
shape: equilateral (blue), right-angle (green), highly distorted triangular elements (yellow, orange).
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6.2.2.9 Advantages and limitations of the reconstruction procedures

The presented approach permits incorporation of complex cytoskeletal protein architecture into the
commercial FE solver ABAQUS for greater physiological relevancy. The workflow can be applied
to any imaging technique that produces volume data sets, with laser confocal microscopy selected
for this study. Confocal microscopy was chosen on the basis of the high-resolution optical
sectioning that can be achieved to create volume image stacks without physical re-sectioning of
the specimens. As the data was reconstructed in Imaris, on the basis of voxel intensity projection,
it needs to be acknowledged that this can skew the spatial relationship between data points in some
instances. However, to the best of the author’s knowledge, no superior alternatives are available.
Furthermore, Imaris’ Marching Cubes algorithm is widely acknowledged and utilized for surface
reconstruction (Reif et al., 2015; Craver et al., 2016; Osaki et al., 2017; Homan et al., 2019).

Current cell FE models make a variety of oversimplifications, from depicting the cell as an
ellipsoid to containing only random fibres (Ronan et al., 2012; Dowling et al., 2013; Barreto et al.,
2014). The meshes proposed in this Chapter provide greater accuracy in representing the
cytoskeleton and nucleus, as they are constructed from experimental results rather than
approximating and idealising components. The triangulated geometries closely follow the contours
and dimensions of the fibre network, with reconstruction precision dependent on the fibre density
and specified rendering and meshing parameters. Cytoskeletal mesh precision will be of key value
for FE modelling, as the cytoskeleton is integral for the cell’s organisation, structure and
biomechanical responses (Fletcher and Mullins, 2010). Whilst several earlier publications have
utilised cell-specific meshes for FE analysis, they, however, did not accommodate the proper
cytoskeletal orientation (Slomka and Gefen, 2010; Or-Tzadikario and Gefen, 2011; Slomka et al.,
2011; Yao et al., 2016). Furthermore, this is the first work to create cell-specific digital
reconstructions of the vimentin intermediate filaments and β-tubulin microtubular networks.
Whilst Yao et al. imaged actin stress fibres, they were represented as linear connections between
several vertices, with a reported number of 22 fibres (Yao et al., 2016).

The advantage of the approach presented in this Chapter lies in combining the high-resolution
digital image Z-stacks obtained using confocal microscopy (Chapter V) with accurate Imaris
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surface triangulation and refinement. This allowed proper visualisation and rendering of individual
fibres, as well as fibre bundles, which have not been previously included in models. Fibre density
varies by both type and cell region, with particularly dense regions represented as continuous
surfaces. The microtubule organising centre (MTOC), where new microtubules form, was recorded
in most β-tubulin volume data sets and can also be reconstructed as a surface, which can be further
refined with more detailed elements.

As the cytoskeleton is reconstructed as a single object, individual fibres are merged at their base.
This makes it difficult to assess if the fibres were originally connected or positioned above each
other, which may be the result of the voxel intensity reconstruction. However, as detailed in
Chapter V, the imaged bovine scleral fibroblasts were thin flat cells, with most of the fibres situated
in the same plane, with the exception of vimentin intermediate filaments, which surround the
nucleus from the top and sides. Staining for specific cytoskeletal accessory molecules, such as the
actin-binding proteins α-actinin and filamin, can be part of future cellular experiments to determine
in denser fibre regions their connectivity and positioning. The cytoskeleton persists in a state of
dynamic equilibrium, with numerical simulations indicating a necessity to include actin stress fibre
contractility and reshaping to produce realistic biomechanical responses (Ronan et al., 2012;
Reynolds et al., 2014). At least a partial solution could be accomplished by utilising cytoskeletal
meshes from different time points and mechanical loading conditions as references for the dynamic
changes in the cytoskeleton (Figure 6.19).

6.2.2.9.1 Procedural steps

The workflow surface triangulation reduction and optimisation were carried out to improve the
overall quality, whilst making the meshes more suitable for numerical calculations. Large complex
structures, such as the cytoskeletal geometries, contained at the Initial step on average more than
106 elements. This was also in part due to the Marching Cubes, which prioritises render accuracy
without trying to minimise the number of produced vertices. Proper specification of the
reconstruction parameters in Imaris determines the level of detail and smoothing of the resultant
isosurface. Parameters that require special attention include: (I) the threshold and background
subtraction to select appropriate voxel signal intensity for the reconstruction; (II) the surface detail,
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which at high values began to connect fibres inaccurately; (III) the render quality, which is
responsible for the triangulation.

Imaris isosurfaces follow accurately the input data sets, however, there are instances where
unnecessary signal has been recognised and rendered as well. Instead of reconstructing the surface
anew, MeshLab provides a toolset for manual removal of selected vertices and elements, which
can also be assigned to any discontinued elements. As QECD is a primary step of the simplification
pipeline, such small clean-up procedures are suggested to be performed after decimation, as some
of the inconsistencies may be resolved through the reduction of composing elements. Potential
larger decimations of the Initial triangulation, than the ones presented in this Chapter, are possible
and will depend on the initial number of elements and complexity of the geometry. For the nuclei,
decimation to 5% removed most of the topological specifics, making the surface mostly even.
Thus, for better visualisation of the reconstructions, the QECD was increased to 10%. Overall,
decimation beneath the recommended 5% caused issues around curves and holes, as they had to
be represented by linear triangles.

As part of the Instant Meshes step includes selection of an approximate number of vertices for
uniforming the geometry, then decimation could be excluded. The quality comparison in
Section 6.2.2.7 revealed that although the Decimated geometry is preferable to the Initial, the
Uniform one was most suitable overall, showing that performing QECD is insufficient alone in
producing proper final triangulated surfaces. However, the MeshLab decimation allows for
retention of the original shape, with penalising parameters, which is absent from Instant Meshes.
This makes reducing the triangulation before making it isotropic a safer option for preserving
accuracy, specifically when dealing with complex structures. If final element number is not a
concern, or a very fine mesh is required, then the Initial geometry can be handled in Instant Meshes,
after the Imaris WRL output file is converted to an Instant Meshes OBJ format in MeshLab.
Furthermore, as the Instant Meshes’ output OBJ cannot be opened in Gmsh it requires conversion
again through MeshLab to STL file format.

Uniforming the geometry is arguably the most important retopology step as large meshes will be
computationally heavy but can produce more physiologically accurate results if the mesh is of high
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quality. This was exemplified in this Chapter, where whilst the Decimated and Uniform
triangulations had a relatively close number of elements and vertices (Figure 6.21), after volume
creation the Decimated had on average 46.29±24.04% less tetrahedral elements and
164.11±27.13% more vertices than the Uniform. The importance of properly formed elements is
further reinforced where the overall tetrahedral mesh quality of the Decimated ones was lower than
the Initial (Section 6.2.2.7). Instant Meshes has two main limitations for the purposes of this
approach. First, it is applied for the entire geometry and cannot be localised like QECD. Second,
in instances of the aforementioned highly complex geometries with full or partial discontinuities,
the algorithm will try to make them isotropic. The resulting displacement may be shifted causing
the mesh to not be watertight, having discontinuities or severely uneven parts, thus making it
impossible to create an internal volume if not remedied. Holes can quickly be fixed in Netfabb and
exported again to Instant Meshes for a second iteration to uniform the patched region.

Smoothing and other post-simplification procedures are optional and need to be carefully
considered on what advantages they provide. HC Laplacian smoothing was selected as a
representative example as it noticeably altered the topology without discontinuing thin fibres and
losing detail. The most important effect was surface compression, reducing both the area and
volume (Section 6.2.2.7.2), as well as decreasing the worst AR value (Table 6.2) for triangular and
tetrahedral simple meshes. This confirms that stopping the geometrical refinement after making it
isotropic in Instant Meshes is sufficient, specifically for cytoskeletal reconstructions where the
average worst AR increased with smoothing. Smoothed geometries are more suitable for
visualisation and 3D printing, as smoothing is a noise filtering procedure, providing a more even
topology (Perry et al., 2017).

As both MeshLab and Instant Meshes handle surface geometries it is not possible to import the
INP tetrahedral volume meshes from Gmsh. Thus, any errors or inconsistencies will have to be
resolved in ABAQUS or another FE solver with appropriate remeshing toolsets. Gmsh also
produces only a single type of tetrahedral elements, which is the C3D4, unlike the larger selection
in ABAQUS. The alternative pathway is to import an STL file directly into ABAQUS, through the
3D Mesh to Geometry plugin, which will be recognised as an orphan mesh – an FE mesh composed
of vertices and elements that exist without an associated geometry. A comparison of the Gmsh and
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ABAQUS generated volume meshes will be part of future work. The evaluation can be conducted
only in ABAQUS as similarly to the Gmsh INP files the ABAQUS files cannot be transferred and
optimised in any of the previous software packages, Gmsh included, as it can export INP files but
not import them. Thus, any user-induced errors need to be resolved in ABAQUS. The primary
future target is the utilisation of the cell-specific models for FE analysis in ABAQUS, which allows
merging and handling of several parts, such as the cytoskeletal components in the same model.
Whilst the approach of generating cell-specific components was conducted with a list of specific
software, other free-to-use and commercial packages can also be utilised (Table 6.4).
Table 6.4 – Suggestions for possible procedural step software alternatives with listed applications, advantages and
disadvantages.

6.3 Summary, conclusion and future work
Numerical simulations, and FE analysis in particular, are becoming an integral part of biomedical
research. In this Chapter, various geometrical modelling software and techniques were
implemented to create semi-automatic approaches for producing sample-specific geometrical
models of eye globes and cellular components.

A sample-specific bovine eye model with accurate variable thickness was created. Whilst samplespecific FE meshes have been used for years in the ocular biomechanics field, the few cell-specific

237

Chapter VI
models do not take advantage of the capabilities of proper surface triangulation tools, such as
Imaris. The work performed and described in this Chapter is the first instance of cell-specific
cytoskeletal models with a detailed refinement workflow. Initial geometries are controllably
reduced to a specific number of elements and then made isotropic, with further options for
smoothing. Summaries of the alterations of the Initial geometry at different simplification steps are
provided below (Table 6.5-6.7).
Table 6.5 – Quality assessment of the surface triangulation of complex geometries at different simplification steps in
comparison to the Initial geometry. The number of arrows indicates the degree of parameter alteration.
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Table 6.6 – Quality assessment of the surface triangulation of simple geometries at different simplification steps in
comparison to the Initial geometry. The number of arrows indicates the degree of parameter alteration.

Table 6.7 – Quality assessment of the volume mesh of simple geometries at different simplification steps in comparison
to the Initial geometry. The number of arrows indicates the degree of parameter alteration.

The primary goal of subsequent work will be to build a multiscale model of the eye, by combining
the bovine eye geometry model with the cell-specific meshes of bovine scleral fibroblasts and
surrounding collagen ECM network. This will be the first model of the eye to unite ECM and
cellular biomechanics in numerical analysis. Furthermore, as both the tissue and cell meshes are
reconstructions of raw experimental data, this should increase the model’s clinical validity.
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Future work also envisions including wide-angle X-ray scattering (WAXS) data of the collagen
microarchitecture of bovine sclera as tissue-level layers in the multiscale biomechanical model
(Chapter IV) using published methodologies (Zhou et al., 2019a; Zhou et al., 2019b). In addition,
the collected WAXS data contains information on total collagen content per recorded point which
can then be utilised to represent regions with higher or lower collagen density. This inclusion is of
importance for conditions such as myopia, which have indicated a reduction in collagen content in
the affected regions.

As the scleral fibroblast deformation to two distinct levels of mechanical load have been collected
(Chapter V) and reconstructed as volume meshes they could potentially be used in inverse FE
analysis to assess the cell’s mechanical properties (Boote et al., 2019). Such physiologically
relevant biomechanical models should be better suited for the study of ocular disease with
biomechanical aspects, such as glaucoma. Application to other branches of the biomedical field
are also open, with the possibility of creating models for both physiological and pathological
conditions to identify disease progression (Barreto et al., 2014).

Other potential future work includes splitting the complex geometries into individual fibres,
usilising MeshLab, which can then be reconnected in ABAQUS. Another avenue is the use of
ImageJ’s 3D Viewer (Section 6.2.2.8) and specifying a low initial threshold and a higher
resampling factor to an F-actin Z-stack, to render the outer boundaries of the cortical actin network,
which should correspond to a representation of the cell’s plasma membrane.
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General discussion

Chapter VII
Over 1.78 billion people worldwide are affected by vision disorders, which if left unsupervised
can escalate and cause permanently diminished sight and blindness (Holden et al., 2016). As vision
is the primary human sense, impairing it increases the risk of depression, loss of independence,
mobility and social capital, along with incurring a great economic burden globally (Köberlein et
al., 2013; Rahman et al., 2013; Choi et al., 2018; Pezzullo et al., 2018). Amongst ocular
pathologies, myopia has the most common occurrence, whilst glaucoma is the leading cause of
irreversible blindness, with both conditions being associated with alterations in the peripapillary
sclera (PPS) extracellular matrix (ECM) microarchitecture (Pijanka et al., 2012; Coudrillier et al.,
2015c; Markov et al., 2018).

This work was:

1. The first study to compare the posterior scleral bulk collagen organisation between human
normal and highly myopic sclera.
2. The first study to investigate the posterior scleral collagen architecture around the optic
nerve in 11 mammalian species and to determine a suitable human analogue for further
scleral biomechanical experiments.
3. Able to produce an accurate software tool for analysing fibrilar image data to ascertain
depth changes in the bovine PPS collagen microarchitecture.
4. The first study to characterise the behaviour of scleral fibroblasts to different loading
conditions and investigate all three main components of the cytoskeleton.
5. The first study to create cell component specific 3D reconstructions with a detailed
methodology on their generation and optimisation.

Wide-angle X-ray scattering (WAXS) measurements were conducted to determine the bulk
collagen microstructure in seven non-myopic and three highly myopic human posterior sclerae.
The WAXS polar vector plots represented the fibrillar collagen distribution, corroborating
consistent

similarities

between

non-myopic

sclerae.

The

connective

tissue

aligned

circumferentially around the optic nerve canal, limiting the expansion and in-plane tensile strains
in cases of elevated intraocular pressure (IOP) (Girard et al., 2009a; Winkler et al., 2010; Grytz et
al., 2011; Pijanka et al., 2012). Lowest anisotropy was exhibited in the superior nasal (SN)
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quadrant of the PPS, consistent with previous studies (Pijanka et al., 2012; Coudrillier et al., 2013;
Coudrillier et al., 2015b). The highly myopic specimens, however, did not follow this pattern, with
a variety of alterations to the collagen fibril architecture observed, including lower anisotropy and
an overall more disorganised fibrillar distribution. Thus, it is possible that these structural changes,
along with the myopic thinning of the sclera, could contribute to the greater predisposition amongst
high myopes for glaucomatous damage to occur at both normal and elevated IOP levels. Whilst
the sample size was relatively low, due to limited human sclera availability and allocated Beamline
time at the Diamond Light Source, the applied linear mixed-modelling and angular displacement
measurements reaffirmed the significance of the myopic sclera differences. A potential avenue for
myopic treatment is scleral collagen cross-linking, aiming to reduce the strain experienced by the
sclera (Danilov et al., 2008; Campbell et al., 2017; Yuan et al., 2018). As discussed, the cellular
component of scleral biomechanics has remained less explored, making it prudent to investigate
how the scleral fibroblasts are affected in myopia and high myopia. This would be of key
importance, as previous research has shown that the myopic phenotype is underpinned by
increased synthesis of collagenases and decreased production of type I collagen (Jones et al., 1996;
Gentle et al., 2003; McBrien et al., 2009). Furthermore, in vitro experiments outlined in this thesis,
mimicking high IOP glaucoma-like in situ conditions, revealed changes to cytoskeletal protein
organisation in scleral fibroblasts, particularly to F-actin stress fibres, encouraging more
investigations into the myopic phenotype (Markov et al., 2019).

WAXS was also enlisted to map the PPS collagen structure of 11 mammalian species in the search
of a suitable PPS human analogue to conduct further investigations on. Smaller animals had a less
structurally organised collagen fibril arrangement around the optic nerve, making them a
suboptimal choice for this kind of biomechanical study (Boote et al., 2019). Bovine PPS were
selected based on the close proportional resemblance to the human PPS and affordable access to
new tissue samples. Second harmonic generation (SHG) microscopy revealed that the collagen
fibril annulus encompasses four-fifths of the stromal depth, whilst in humans it is two-thirds
(Pijanka et al., 2015). In addition, the collagen fibrils were most strongly circumferentially
orientated in the lateral sides of the optic nerve head (ONH) and least strongly in the superior and
inferior regions. As cattle are a commonly used ocular model, this study also provides greater
clarity in terms of the scleral collagen microstructure. Elastin content in young individuals is low
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and not possible to register using two-photon-excited fluorescence (TPEF). Whilst older animals
would have more elastin in the PPS, it needs to be reminded that the eyes were collected from an
abattoir, making it unviable to acquire aged tissue samples. However, future experiments could
apply SHG and TPEF microscopy to non-myopic and myopic human eyes, specifically in relation
to the decreased annular organisation in the SN and other affected regions. Both techniques can
also be useful in determining changes to the fibrillar crimp angles, which perhaps increase with
the myopic globe axial elongation. Larger amounts of straight fibres might also result in an
incapability of the sclera to resist tensile strain at high IOP levels associated with glaucoma. For
further assessment of the bulk collagen structural organisation in both human and cattle posterior
sclerae, image processing modalities for evaluating fibre density and crimp angle could also be
developed and implemented.

In most types of glaucoma, elevated IOP generates tensile force in the scleral wall, affecting both
the ECM and the resident cells. The influenced cellular mechanotransduction pathways might lead
to a myriad of changes, possibly including even stiffening of the sclera (Kirwan et al., 2004;
Strouthidis and Girard, 2013). In vitro modelling of the bovine scleral fibroblast response to acute
physiological (0.26-1.8%, 1Hz for 1h) and pathological (0.6-4%, 1Hz for 1h) levels of cyclic
tensile strain (CTS) showed marked differences. Cells exposed to the physiological regime became
elongated and had highly aligned F-actin stress fibres immediately after load, progressively
reversing to the unloaded phenotype over a 24h time period. In response to the higher load,
however, fibroblasts exhibited an ‘inhibition delay’ in cytoskeletal organisation and at 24h postCTS were reminiscent of the initial phenotype of the physiologically loaded fibroblasts. In
addition, they also had a consistently greater percentage of condensed chromatin in the nuclei.
Together, these observations would suggest that normal IOP levels could have an integral role in
mechanically regulating the tensional homeostasis and cytoskeletal architecture of the scleral cells.
It is possible that under elevated IOP conditions the resulting tensile strain prevents scleral
fibroblasts from assuming their in situ cytoskeletal organisation, ultimately preventing normal
cellular function, as well as synthesis and remodelling of the collagen ECM. This study was also
the first to compare scleral fibroblasts at different magnitudes of strain, showing alterations to the
three primary components of the cytoskeleton. Microtubules were relatively unresponsive to CTS,
with the observed changes being likely a passive response to the whole-cell remodelling.
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Mimicking progressive and chronic IOP elevation on scleral fibroblasts can be part of future work,
as long as appropriate measures are undertaken to provide nutrition and aeration for a prolonged
period of time. If accessible, atomic force microscopy could also be combined with green
fluorescent protein labelling to record cytoskeletal remodelling along with stiffness changes in live
cells (Kidoaki et al., 2006).

Differentiation into a myofibroblast phenotype in response to applied load may also have occurred
but was not measured in the current work. In vitro experiments on human scleral fibroblasts
previously confirmed that greater exposure to CTS (4%, 5Hz for 24h) induces transition to
myofibroblasts (Qu et al., 2015). In vivo research on murine experimental glaucoma provided
further evidence, along with indication of stimulated cell proliferation (Oglesby et al., 2016).
Myofibroblasts were detected in animal myopic models as well, with suggested involvement in
reducing the axial length of tree shrew eyes (Phillips and McBrien, 2004). Additionally, the tension
generated in the F-actin stress fibres after the pathological CTS could have activated transforming
growth factor β1 (TGFβ1), the second essential factor in myofibroblast progression along with
mechanical stress (Wipff et al., 2007). Future work could further investigate scleral fibroblast
transdifferentiation by assessing the amount of latent and active TGFβ1 released from cells
exposed to different strain magnitudes by enzyme-linked immunosorbent assay (ELISA).
Rearrangements in the underlying type I collagen ECM could also promote differentiation, as
stiffer ECM in murine lung fibrosis was noted to induce mechanotransduction pathways that
caused reorganisation of the actin cytoskeleton and transition to myofibroblasts (Huang et al.,
2012). It is possible that the myofibroblast phenotype is part of the in situ scleral cell population
and might be necessary for resisting deformational change in high tension glaucoma due to their
high contractility. In addition, as the cellular physiology slows down and changes with older age,
that could prove to be detrimental in myofibroblast formation, increasing the susceptibility to
glaucomatous damage. The noted increase in chromatin condensation for fibroblasts exposed to
high strain could also be regulated by TGFβ1 signalling (Heo et al., 2016). Furthermore, inhibition
of Rho-associated kinase (ROCK) abrogates the TGFβ1 myofibroblast differentiation of human
PPS fibroblasts (Pitha et al., 2018). Therefore, further research into the role of myofibroblasts in
normal and high IOP conditions is encouraged.
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This thesis also provides methodological approaches for creating representative and more
physiologically accurate finite element (FE) models of intracellular structures. Confocal
microscopy recorded scleral fibroblast cytoskeleton and nuclei were 3D reconstructed in Imaris.
This was followed by both a reduction in the number of composing elements and a notable step
towards uniformity of the mesh. In addition, as the meshes were rendered from experimental
imaging data, this makes them possess fewer approximations than current cellular models (OrTzadikario and Gefen, 2011; Ronan et al., 2012; Dowling et al., 2013; Yao et al., 2016). In
collaboration with the Biomechanical Engineering Group (University of Liverpool), digital image
correlation (DIC) was employed to reconstruct a bovine ocular shell. In future, it is envisaged that
the resultant shell model will be combined with the cellular geometries into a multilayer FE model,
becoming the first ocular model to take into account both the ECM and cells of the eye. Additional
work conceives the implementation of the WAXS and SHG bovine scleral data to represent the
regional collagen density, along with possibly the fibrillar angular distribution (Zhou et al., 2019a;
Zhou et al., 2019b). Furthermore, as the individual components are based on experimentally
collected geometries, this will increase the credibility of the computational results in studying the
complex ocular biomechanics. Continuing development and optimisation of these FE models will
inform our knowledge of ocular biomechanics and could positively impact the search for future
treatments for diseases such as myopia and glaucoma.

The proposed methodology can be applied to other biological structures as well, opening an avenue
of potential applications that rely on more physiologically accurate, instead of generic, models.
Whilst Imaris admirably reconstructed isolated cellular components, for tissue samples other
alternatives, such as Amira, might provide better results. This could be of use in representing the
complex architecture of the lamina cribrosa (LC) where the high IOP-related glaucomatous
damage is concentrated. In addition, Amira also allows for simplification and direct export of
stereolithography (STL) and computer-aided design (CAD) files, which can then be imported into
ABAQUS or another FE analysis package. Potentially, programming languages and environments,
such as Python and MATLAB, could also be utilised in regulating mesh complexity. Furthermore,
it would be of use to define boundary conditions, along with size and composition of representative
volume elements (RVE), through them. RVE could be generated for both cell and tissue level
organisation, to simplify the overall complexity and reduce computational time. However,
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inclusion of randomly distributed beam elements is ill-advised for numerous reasons: (I) as
illustrated by SHG, collagen fibres in bovine posterior sclerae tend to be organised in closely
packed bundles through the whole tissue depth; (II) the bundles complexly interweave with other
groups of collagen fibres; (III) collagen crimp is an important factor for scleral biomechanics;
(IV) there are variations in the collagen density in different regions of the ocular tunic; (V) the
length of the collagen bundles can span a large portion of the ocular tunic (Boote et al., 2019).
Thus, the proposed, experimentally-based geometries are a more suitable choice.

As the fibroblast reconstructions are at several time points, it would be beneficial for them to
potentially be used as references which can be extrapolated to represent time-dependent cellular
rearrangement. Afterwards, inverse FE analysis could be employed to assess the mechanical
properties of the different components. Furthermore, as the cytoskeleton is a dynamic structure
this modelling of the system could be beneficial in depicting the continuous reorganisation. For
standard FE analysis, or confirmations of the inverse one, a list of suggested initial cellular and
scleral material properties are provided by previous studies (Smolek, 1988; Gum et al., 1998;
Boyce et al., 2008; Litwiller et al., 2010; Myers et al., 2010; Slomka and Gefen, 2010; Slomka et
al., 2011; Barreto et al., 2013; Argento et al., 2014; Reynolds and McGarry, 2015). Additionally,
it should be noted that most components will need to be modelled as viscoelastic, as otherwise
erroneous conclusions about the biomechanical behaviour may be reached (Battaglioli and Kamm,
1984; Kumar et al., 2006; Lu et al., 2008; Boote et al., 2019). This would also necessitate the
inclusion of the cytoplasm as mechanical forces are also transferred through it, with, in general,
negligible friction with the cytoskeleton (Hu et al., 2003; Kassianidou and Kumar, 2015).

The overall aims of this interdisciplinary thesis were achieved, with the presented work
contributing to the greater understanding of scleral biomechanics, along with proposing a fast and
more accurate way of creating computational representations of microstructures. Reduction of IOP
is not always the most suitable course of action for managing glaucoma, as there are numerous
instances of normal-tension glaucoma, with a proportion of high-tension glaucoma patients also
not responding to IOP-lowering. Therefore, prospective alternative treatments could first be tested
through FE modelling, with the work in this thesis serving as a foundation for future scleral-target
studies on glaucoma and myopia.
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A.1 Wide-angle X-ray scattering analysis
A.1.1 Human specimens
A.1.1.1 N1

Figure A.01 – Wide-angle X-ray scattering (WAXS) polar vector plot map of human non-myopic specimen N1 (A)
with a red square designating a 30x30 vector plot magnification (B). The peripapillary sclera (PPS) is bounded by
black lines, whilst the red arrow denotes discontinuation in the circumferential collagen orientation in the superior
nasal (SN) region, with the superior (S), nasal (N), inferior (I), temporal (T) directions indicated on B.
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Figure A.02 – WAXS collagen anisotropic proportion contour map of human non-myopic specimen N1 (A) with a
red square designating a 30x30 vector plot magnification (B). The PPS is bounded by black lines, whilst the red
arrow denotes discontinuation in the circumferential collagen orientation in the SN region, with
the superior (S), nasal (N), inferior (I), temporal (T) directions indicated on B.
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A.1.1.2 N2

Figure A.03 – WAXS polar vector plot map of human non-myopic specimen N2 (A) with a red square designating
a 30x30 vector plot magnification (B). The PPS is bounded by black lines, whilst the red arrow denotes
discontinuation in the circumferential collagen orientation in the SN region, with
the superior (S), nasal (N), inferior (I), temporal (T) directions indicated on B.
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Figure A.04 – WAXS collagen anisotropic proportion contour map of human non-myopic specimen N2 (A) with a
red square designating a 30x30 vector plot magnification (B). The PPS is bounded by black lines, whilst the red
arrow denotes discontinuation in the circumferential collagen orientation in the SN region, with
the superior (S), nasal (N), inferior (I), temporal (T) directions indicated on B.
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A.1.1.3 N3

Figure A.05 – WAXS polar vector plot map of human non-myopic specimen N3 (A) with a red square designating
a 30x30 vector plot magnification (B). The PPS is bounded by black lines, whilst the red arrow denotes
discontinuation in the circumferential collagen orientation in the SN region, with
the superior (S), nasal (N), inferior (I), temporal (T) directions indicated on B.
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Figure A.06 – WAXS collagen anisotropic proportion contour map of human non-myopic specimen N3 (A) with a
red square designating a 30x30 vector plot magnification (B). The PPS is bounded by black lines, whilst the red
arrow denotes discontinuation in the circumferential collagen orientation in the SN region, with
the superior (S), nasal (N), inferior (I), temporal (T) directions indicated on B.

A07

Appendix
A.1.1.4 N5

Figure A.07 – WAXS polar vector plot map of human non-myopic specimen N5 (A) with a red square designating
a 30x30 vector plot magnification (B). The PPS is bounded by black lines, whilst the red arrow denotes
discontinuation in the circumferential collagen orientation in the SN region, with
the superior (S), nasal (N), inferior (I), temporal (T) directions indicated on B.
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Figure A.08 – WAXS collagen anisotropic proportion contour map of human non-myopic specimen N5 (A) with a
red square designating a 30x30 vector plot magnification (B). The PPS is bounded by black lines, whilst the red
arrow denotes discontinuation in the circumferential collagen orientation in the SN region, with
the superior (S), nasal (N), inferior (I), temporal (T) directions indicated on B.
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A.1.1.5 N6

Figure A.09 – WAXS polar vector plot map of human non-myopic specimen N6 (A) with a red square designating
a 30x30 vector plot magnification (B). The PPS is bounded by black lines, whilst the red arrow denotes
discontinuation in the circumferential collagen orientation in the SN region, with
the superior (S), nasal (N), inferior (I), temporal (T) directions indicated on B.
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Figure A.10 – WAXS collagen anisotropic proportion contour map of human non-myopic specimen N6 (A) with a
red square designating a 30x30 vector plot magnification (B). The PPS is bounded by black lines, whilst the red
arrow denotes discontinuation in the circumferential collagen orientation in the SN region, with
the superior (S), nasal (N), inferior (I), temporal (T) directions indicated on B.
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A.1.1.6 N7

Figure A.11 – WAXS polar vector plot map of human non-myopic specimen N7 (A) with a red square designating
a 30x30 vector plot magnification (B). The PPS is bounded by black lines, whilst the red arrow denotes
discontinuation in the circumferential collagen orientation in the SN region, with
the superior (S), nasal (N), inferior (I), temporal (T) directions indicated on B.
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Figure A.12 – WAXS collagen anisotropic proportion contour map of human non-myopic specimen N7 (A) with a
red square designating a 30x30 vector plot magnification (B). The PPS is bounded by black lines, whilst the red
arrow denotes discontinuation in the circumferential collagen orientation in the SN region, with
the superior (S), nasal (N), inferior (I), temporal (T) directions indicated on B.

A13

Appendix
A.1.2 Bovine specimens
A.1.2.1 B3

Figure A.13 – WAXS polar vector plot map (A) and collagen anisotropic proportion contour map (B) of bovine
posterior sclera B3. The highly aligned annulus of collagen fibres in the PPS is bounded by dashed lines.
Data points were recorded at every 0.5mm.
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A.1.2.2 B4

Figure A.14 – WAXS polar vector plot map (A) and collagen anisotropic proportion contour map (B) of bovine
posterior sclera B4. The highly aligned annulus of collagen fibres in the PPS is bounded by dashed lines.
Data points were recorded at every 0.5mm.
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A.2 Confocal image analysis
A.2.1 CurveAlign
A.2.1.1 Alignment
A.2.1.1.1 F-Actin stress fibres

Figure A.15 – Comparison of F-actin stress fibre alignment between three relaxation time points 1h (A), 6h (B) and
24h (C) post-cyclic tensile strain (CTS) (n=3 wells, N=3 plates). Data were calculated by CurveAlign based on
maximum intensity projections and grouped by applied CTS and relaxation time, presented as median ± standard
deviation (SD). (A) n=129-136 cells; (B) n=103-113 cells; (C) n=136-145 cells; *:p<0.05; **:p<0.01; ***:p<0.001.
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A.2.1.1.2 Vimentin intermediate filaments

Figure A.16 – Comparison of vimentin intermediate filament alignment between three relaxation time points 1h (A),
6h (B) and 24h (C) post-CTS (n=3 wells, N=3 plates). Data were calculated by CurveAlign based on maximum
intensity projections and grouped by applied CTS and relaxation time, presented as median ± SD.
(A) n=129-136 cells; (B) n=103-113 cells; (C) n=136-145 cells; ***:p<0.001.

A.2.1.1.3 β-Tubulin microtubules

Figure A.17 – Comparison of β-tubulin microtubule alignment between three relaxation time points 1h (A), 6h (B)
and 24h (C) post-CTS (n=3 wells, N=3 plates). Data were calculated by CurveAlign based on maximum intensity
projections and grouped by applied CTS and relaxation time, presented as median ± SD.
(A) n=101-130 cells; (B) n=119-127 cells; (C) n=141-154 cells.

A17

Appendix

A.2.2 CytoSpectre
A.2.2.1 Circular variance
A.2.2.1.1 F-Actin stress fibres

Figure A.18 – Comparison of F-actin stress fibre circular variance between three relaxation time points 1h (A),
6h (B) and 24h (C) post-CTS (n=3 wells, N=3 plates). Data were calculated by CytoSpectre based on maximum
intensity projections and grouped by applied CTS and relaxation time, presented as median ± SD.
(A) n=129-136 cells; (B) n=103-113 cells; (C) n=136-145 cells; *:p<0.05; **:p<0.01.
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A.2.2.1.2 Vimentin intermediate filaments

Figure A.19 – Comparison of vimentin intermediate filament circular variance between three relaxation time points
1h (A), 6h (B) and 24h (C) post-CTS (n=3 wells, N=3 plates). Data were calculated by CytoSpectre based on
maximum intensity projections and grouped by applied CTS and relaxation time, presented as median ± SD.
(A) n=129-136 cells; (B) n=103-113 cells; (C) n=136-145 cells.

A.2.2.1.3 β-Tubulin microtubules

Figure A.20 – Comparison of β-tubulin microtubule circular variance between three relaxation time points 1h (A),
6h (B) and 24h (C) post-CTS (n=3 wells, N=3 plates). Data were calculated by CytoSpectre based on maximum
intensity projections and grouped by applied CTS and relaxation time, presented as median ± SD.
(A) n=101-130 cells; (B) n=119-127 cells; (C) n=141-154 cells.
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A.2.2.2 Angular standard deviation
A.2.2.2.1 F-Actin stress fibres

Figure A.21 – Comparison of F-actin stress fibre angular standard deviation between three relaxation time points
1h (A), 6h (B) and 24h (C) post-CTS (n=3 wells, N=3 plates). Data were calculated by CytoSpectre based on
maximum intensity projections and grouped by applied CTS and relaxation time, presented as median ± SD.
(A) n=129-136 cells; (B) n=103-113 cells; (C) n=136-145 cells; *:p<0.05; **:p<0.01.
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A.2.2.2.2 Vimentin intermediate filaments

Figure A.22 – Comparison of vimentin intermediate filament angular standard deviation between three relaxation
time points 1h (A), 6h (B) and 24h (C) post-CTS (n=3 wells, N=3 plates). Data were calculated by CytoSpectre
based on maximum intensity projections and grouped by applied CTS and relaxation time, presented as
median ± SD. (A) n=129-136 cells; (B) n=103-113 cells; (C) n=136-145 cells.

A.2.2.2.3 β-Tubulin microtubules

Figure A.23 – Comparison of β-tubulin microtubule angular standard deviation between three relaxation time points
1h (A), 6h (B) and 24h (C) post-CTS (n=3 wells, N=3 plates). Data were calculated by CytoSpectre based on
maximum intensity projections and grouped by applied CTS and relaxation time, presented as median ± SD.
(A) n=101-130 cells; (B) n=119-127 cells; (C) n=141-154 cells.
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A.3 Publications, conference presentations and achievements
A.3.1 Publications
••••Markov P, Eliasy A, Pijanka JK, Htoon HM, Paterson NG, Sorensen T, Elsheikh A, Girard MJ,
Boote C (2018) Bulk changes in posterior scleral collagen microstructure in human high myopia.
Mol Vis 24(1): 818-833.
••••пPijanka JK, пMarkov P. Midgett D, Paterson NG, White N, Blain EJ, Nguyen TD,
Quigley HA, Boote C (2019) Quantification of collagen fiber structure using second harmonic
generation imaging and 2D discrete Fourier transform analysis: Application to the human optic
nerve head. J Biophotonics 12(5): 1-19. (п – Joint First Author)
••••Zhou D, Eliasy A, Abass A, Markov P, Whitford C, Boote C, Movchan A, Movchan N,
Elsheikh A (2019) Analysis of X-ray scattering microstructure data for implementation in
numerical simulations of ocular biomechanical behaviour. Plos One 14(4): 1-16.
••••Markov P, Boote C, Zhu H, Blain E (2019) Effects of mechanical load on cytoskeletal protein
arrangement in scleral fibroblasts. Invest Ophthalmol Vis Sci 60(9): 6175.
A.3.2 Conference presentations
••••Speaking of Science Interdisciplinary Conference 2017 – Podium Presentation; Cardiff, UK;
04/05/2017.
••••Vision Researchers Colloquium 2017 – Podium Presentation; Bath, UK; 23/06/2017.
••••15th International Congress on Vision Science and Ophthalmology – Podium Presentation;
Student Ambassador; London, UK; 11/08/2017.
••••Cardiff Institute for Tissue Engineering and Repair (CITER) Network Showcase and Annual
Scientific Meeting 2017 – Podium Presentation; Cardiff, UK; 18/09/2017.
••••Speaking of Science Interdisciplinary Conference 2018 – Poster Presentation; People’s
Choice Award for Best Poster; Cardiff, UK; 03/05/2018.
••••SenSyT Symposium 2018 – Poster Presentation; London, UK; 03/12/2018.
••••Association for Research in Vision and Ophthalmology (ARVO) Annual Meeting 2019 –
Poster Presentation; Vancouver, Canada; 02/05/2019.
••••25th Congress of the European Society of Biomechanics – Podium Presentation; Vienna,
Austria; 08/07/2019.
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Figure A.24 – Poster for Speaking of Science 2018 (Cardiff, UK)

Figure A.25 – Poster for ARVO Annual Meeting 2019 (Vancouver, Canada)
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A.3.3 Miscellaneous achievements
••••Laboratory Demonstrator for ‘Cells to System’ and ‘Ocular Anatomy and Physiology’ Firstyear practical courses in Optometry; Cardiff University School of Optometry and Vision Sciences,
Cardiff, UK; 01/2017-03/2020.
••••STEM Ambassador for Wales since 20/04/2017.
••••Lead Volunteer for ‘Safety Walk Scheme’ project; Cardiff University Students’ Union,
Cardiff, UK; 2017/2018 Academic Year.
••••Team Leader for Brain Games 2018 and 2019; National Museum Wales, Cardiff, UK;
18/03/2018 and 10/03/2019.
••••Group Category Winner in the Wales Volunteer of the Year Awards for the ‘Safety Walk
Scheme’; Wales Council for Voluntary Action, Cardiff, UK; 13/06/2018.
••••Lead Volunteer for ‘Student Science Superheroes’ joint project with Cancer Research Wales;
Cardiff University Students’ Union, Cardiff, UK; 2018/2019 Academic Year.
••••Vice-President/Secretary and Welfare/Wellbeing Officer of the Cardiff University Fencing
Club; Cardiff University, Cardiff, UK; 2018/2019 Academic Year.
••••Associate Fellow of the Higher Education Academy (AFHEA) since 10/12/2018.
••••Conference Travel Bursary (£778) to present at ARVO Annual Meeting; CITER, Cardiff,
UK; 04/04/2019.
••••Diploma of Professional Development in Leadership (Distinction) for volunteering
200 hours in a Leadership position; Cardiff University Students’ Union, Cardiff, UK; 25/04/2019.
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