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Abstract

As the eye’s main load-bearing connective tisdue stlera is centrally important to vision. In
addition to cooperatively maintaining refractivatss with the cornea, the sclera must also
provide stable mechanical support to vulnerablerivel ocular structures such as the retina and
optic nerve head. Moreover, it must achieve thidgeurtomplex, dynamic loading conditions
imposed by eye movements and fluid pressures. Rgears have seen significant advances in
our knowledge of scleral biomechanics, its modatatvith ageing and disease, and their
relationship to the hierarchical structure of tbh#éagen-rich scleral extracellular matrix (ECM)
and its resident cells. This review focuses onlleteecent structural and biomechanical studies,
setting their findings in the context of the wideteral literature. It reviews recent progress in
the development of scattering and bioimaging mettiodesolve scleral ECM structure at
multiple scales. In vivo and ex vivo experimentathods to characterize scleral biomechanics
are explored, along with computational technigies tombine structural and biomechanical
data to simulate ocular behaviour and extract ¢iseaterial properties. Studies into alterations
of scleral structure and biomechanics in myopiagladcoma are presented, and their results
reconciled with associated findings on changeblénageing eye. Finally, new developments in
scleral surgery and emerging minimally invasivadipees are highlighted that could offer new
hope in the fight against escalating scleral-relaision disorder worldwide.

Keywords: sclera; connective tissue structure; leicmanics; myopia; glaucoma; ageing

1. Introduction

Forming around 85% of the outer tunic of the huregeball, the sclera is a remarkably resilient
and structurally complex connective tissue thafqgeers multiple functions critical to vision.
Derived from the Greek word “skleros” (meaning ‘@hgr the sclera's primary role is to provide
a firm and stable substrate for the retina andatept the other mechanically vulnerable internal
structures of the eye, while its opacity preveritsawial light transmission that could otherwise
degrade the retinal image. Scleral and corneal gagrare cooperatively regulated to accurately
focus light onto the retina. Although under norrmahditions the sclera can be considered
metabolically quiescent, it is far from inert ih@mechanical sense. Indeed, it is required to
maintain optical stability under highly dynamic dtvag conditions imposed externally and
internally by, amongst other factors, eye movemantsa continually fluctuating intraocular
pressure (IOP). The sclera's ability to resist daédions that might otherwise impair vision
through distortion of the retina or the lens-irnaghragm relies on biomechanical characteristics
imparted by regional specializations of its conivectissue organisation. In recent years,
widening collaboration between clinicians, sciastend engineers has led to significant
advances in our understanding of dynamic scleftaeur. Naturally it follows that we are
beginning to perceive with more clarity the centdé that the sclera plays in conditions that
deteriorate vision. This article aims to summagdnre reconcile the findings of these studies as it
reviews the state of the art in scleral structune@ Biomechanics research, considers the
implications for ocular ageing and disease, andoe&p some promising therapeutic avenues in
search of novel scleral treatments.

1.1 Basic scleral anatomy and function



At its anterior boundary the sclera merges withateneal perimeter at the limbus and extends
backward to form an approximate sphere of verticaeter ~24mm. The axial length of the
emmetropic adult human eye is 24-25mm. At the lodi¢cke eye, the scleral connective tissue
fuses with the dural sheath of the optic nerve, sehentry pierces the sclera about 3mm nasally
and 1mm downward of the posterior pole. Scleralkiiness varies with anatomical position,
decreasing from 1-1.3mm at the posterior pole t&min at the equator, before increasing again
to ~0.8mm in the perilimbal sclera. (Fig 1A).

1.1.1 Tenon’s capsule

Tenon's capsulddscia bulbi) is a compact layer of collagen bundles and elddires that lie
parallel to the scleral surface. At its anteriagior, Tenon's capsule is anchored firmly to the
underlying episclera and the overlying conjunctivefore becoming more loosely bound to the
episclera further back as the capsule coalescasthgtperimysium of the recti muscles (Fig 2).
Biomechanically, the Tenon's capsule fulfils an amti@nt function in acting as a pulley system to
transfer forces from the ocular muscles to theradering eye movements (Roth et al., 2002).
Accordingly, the collagen bundles and elastin Bboéthe anterior Tenon’s run broadly
perpendicular to the limbus, consistent with threations of recti muscle force transduction
(Park et al., 2016).

1.1.2 Episclera

Lying directly beneath Tenon's capsule, the epiadgkea thin but dense layer of connective
tissue consisting mainly of collagen bundles sparsepulated with elastic fibres, melanocytes
and macrophages (Watson and Young, 2004). Thegewsllbundles of the episclera run largely
circumferentially and render the episclera moréaiift to distinguish as a distinct layer by their
gradual merging into the connective tissue of théeulying stroma.

1.1.3 Stroma

As the major scleral tissue layer, the strosubgtantia propria) dominates the sclera's
biomechanical performance. Stromal material praggean be summarized as non-linear
viscoelastic, and stem from its collagen-rich ecgtlular matrix (ECM) composition and
organisation. Bundles of parallel-aligned indivitloallagen fibrils of diameter 25-230nm,
interspersed in places with elastic microfibrilgldibres, form 0.5-gm thick lamellae that lie
roughly in the plane of the eyeball surface (Fig.1&:leral lamellae overall demonstrate far
more branching and interweaving than those of thghtoouring corneal stroma, and the extent
of this varies with both tissue depth and anatohdzzation (Komai and Ushiki, 1991).
Superficially, the scleral collagen fibril bundle®rge with tendon fibres at the extraocular
muscles insertion sites, while in the deepest stdayers adjacent to the uvea (thmina

fusca) they taper and branch to intermingle with thearhdng choroidal connective tissue, co-
localizing with increased numbers of elastic fibfiegrshall, 1995). Unlike the eyes of humans
and other primates, the scleral stroma of manyewgherian vertebrates comprises an inner
cartilage layer in addition to an outer fibrousdayWalls, 1942). Further, the anterior sclera of
many birds, reptiles and teleost fish containsig df bony plates (ossicles) (Franz-Odendaal,
2008) that are thought to provide leverage fordihiary muscles in facilitating corneal
accommodation (Glasser et al., 1994), and into vheridional fibril bundles of the anterior



sclera insert (Boote et al., 2008). In the humderacregional specializations of the stromal
architecture, as described below, are of partiduil@amechanical influence.

1.1.4 Perilimbal sclera, scleral spur and trabeaukeshwork

On approaching the limbus, the collagen bundlgbetieep scleral stroma form a circumcorneal
ring-like structure at the scleral spur. Togeth&hwhe circumferential limbal pseudo-annulus of
collagen residing in the posterior one-third of tieeneal stroma (Kamma-Lorger et al., 2010;
Newton and Meek, 1998), the spur probably helpaamtain the corneal contour in an area of
heightened tissue stress imposed by the diffeadg of curvature of the cornea and

sclera (Boote et al., 2009). Indeed, the use dfgbdhickness limbal incisions is an established
clinical procedure for inducing controlled flattagiof the cornea as a means of correcting mild
corneal astigmatism. However, not all of the s¢lesdlagen appears to end its frontward course
at the limbus, and there is evidence that a sicanii number of perilimbal scleral collagen
bundles continue on into the corneal periphery (B@b al., 2011), some of which probably
originate in the deep sclera (Winkler et al., 208)its anterior aspect, the collagen fibrils of
the scleral spur taper and become continuous Wwéltonnective tissue beams of the
corneoscleral trabecular meshwork (Watson and Yo20@4). Here, the innermost layers of the
spur, the so-called scleral roll, form a bordesagstrate for the Schlemm's canal (SC), from
whose posterior end an extension of the spur inliteetion of the anterior chamber provides an
anchor point for attachment of the meridional foé the ciliary muscle to facilitate opening of
the trabecular beams during aqueous drainage (Hetmah989). The corneoscleral trabecular
beams are further notable for containing signifiamounts of elastin (Marshall, 1995; Umihira
et al., 1994). These elastic fibres form a tendigmategrated network that is conserved across
species, and appears to be important in tethemagrabecular meshwork to neighbouring tissues
- possibly as a design to prevent collapse of owtfpores during IOP fluctuation (Bachmann et
al., 2006; Overby et al., 2014; Rohen et al., 19&ktas et al., 2010). The trabecular elastin is
probably continuous with the elastic fibre netwookserved in the deep limbus (Kamma-Lorger
et al., 2010) and the pre-Descemet's stroma afdheeal periphery (Lewis et al., 2016), and the
idea of a continuous system of elastic fibres congethe majority of the eye tunic and
biomechanically linking the posterior pole to thexipheral cornea is an intriguing possibility
that warrants further research.

1.1.5 Peripapillary sclera and lamina cribrosa

On approaching the optic nerve, superficial laydrhe stromal connective tissue merge with
the dural sheath of the nerve while the remainiegpér scleral fibres become continuous with
the lamina cribrosa (LC) - the highly fenestratetk of interconnected plates that support the
exiting retinal ganglion cell (RGC) nerve axons aedtral retinal artery (Anderson, 1969). The
LC and peripapillary sclera (PPS - the 1-2mm wiglgion of sclera bordering the nerve canal
opening) collectively form the connective tissuehaf optic nerve head (ONH) (Fig 1D) - a
region of key biomechanical interest in glaucomaWis, 2015). Here the scleral collagen
fibrils are more uniform in diameter, show greatpatial order and associate with increased
numbers of elastin fibres compared to other regadrike posterior segment (Quigley et al.,
1991). A key biomechanical feature of the PPSeéscilcumferential pseudo-annulus of collagen
that surrounds the LC (Gogola et al., 2018b; Pgasikal., 2012; Winkler et al., 2010) that is
probably necessary to limit canal expansion un@&-loading (Girard et al., 2009a; Grytz et al.,
2011).



1.2 Scleral composition

The composition of the sclera follows that of otbennective tissues in being primarily a
scaffold of fibrous collagen in a hydrated interifilar matrix of proteoglycans and glycoproteins
(Table 1). Notwithstanding notable increases inldn@na fusca, perilimbal sclera and PPS, the
overall content of elastin fibres in the scleransall at around 2% of the dry weight (Watson and
Young, 2004). Understandably from a metabolic pectpe, the quiescent sclera displays low
cellularity with transient increases shown in reggmto pathology or physical insult.

Component % of wet
weight
Water 68
Collagens 28
Other proteins (including cell components) <3
Proteoglycans <1
Elastin 0.6

Table 1: Approximate composition of the human scl&ata taken from (Meek, 2008).
1.2.1 Collagens

In the sclera, type | collagen is by far the majontributor at around 95%, with types Ill , V and
VI making up the remaining 5% (Keeley et al., 1984ale and Tillmann, 1993). Scleral
collagen structure is hierarchical (Fig 3). Tropitagen molecules of length ~300nm are
composed of three polypeptide alpha-helix chaingepéating Gly-X-Y amino acid sequences
(Bailey et al., 1998). Five such molecules asseritbferm ~4nm diameter collagen microfibrils,
in which adjacent molecules are axially staggene@dm (the D-period — see Fig 1C and Fig
3) (Piez and Miller, 1974). Parallel arrays of roifdorils assemble into fibrils, such that
individual microfibrils are slightly inclined (abb&°) to the fibril axis (Yamamoto et al., 2000).
Collagen fibrils, in turn, assemble into irregutamdles that ultimately form the scleral lamellae.
Scleral collagen fibrils are heterotypic: studiésnacular sclera indicated interstitial collagen
fibrils of co-polymerized types I/lll, with type Yesiding at the fibril surface and type VI

forming inter-bundle filament structures (Marstetlial., 1993). The presence of types V and

VI at and between fibril surfaces suggests likelgs in fibril assembly and diameter regulation,
as envisaged in other tissues (lzu et al., 20Iisdnmayer et al., 1993; Wenstrup et al.,

2004). In contrast to some other connective tsssiech as tendon, collagen in the sclera does
not assemble into discrete structures of a regugarbeyond the fibril level. However, the
general term “fibre” is used widely in the biomenlts literature to refer to the suprafibrillar
collagen arrangement of the sclera and will alsageal in this review. It should also be noted
that some techniques that utilise visible lighexamine suprafibrillar scleral microstructure (see
s2.1.2 and s2.1.4) will contain both collagen adlagten components in their “fibre” signal.

1.2.2 Proteoglycans

Proteoglycans (PGs) inhabit the collagen inteffdorspace and help to mediate fibril size and
organisation. PGs consist of a protein core with onmore attached glycosaminoglycan (GAG)
sidechains of repeating disaccharide units of eithendroitin sulfate, dermatan sulfate, keratan



sulfate or heparin sulfate. The main sulfated P@sgnt in sclera are aggrecan, decorin and
biglycan (Rada et al., 2000; Rada et al., 1997lfaguresidues on the GAG chains impart
negative charge that binds water and creates amessible “gel” that is ideal for mediating
load transfer between the embedded scleral collélgels. Evidence for the importance of PGs
in maintaining scleral structure and biomechanmctuides findings from research in knock-out
mouse models (Austin et al., 2002; Chakravartl.e2803) and from enzyme digestion studies
in pig (Murienne et al., 2015; Zhuola et al., 20a81 human (Murienne et al., 2016) sclera. The
role of aggrecan in the sclera is not well undetd\ggrecan is a large proteoglycan normally
found in cartilage. Due to its many attached glgrosioglycan sidechains, aggrecan provides
osmotic properties that produce a swelling presdaoreartilage, this swelling pressure plays a
critical role in withstanding compression forcest the importance of swelling pressure in the
sclera is unclear.

1.2.3 Elastic fibres

The elastic fibre network is a proportionately drbak functionally important part of the scleral
ECM, in particular in the deep tissues of the jpabhl sclera/trabecular meshwork (Marshall,
1995) and throughout the ONH (Quigley et al., 198hgre concentrations are notably
increased. Mature scleral elastic fibres consistrodmorphous elastin core sheathed by an
aligned scaffold of fibrillin-rich microfibrils. Otside of the trabecular meshwork (see s1.1.4),
the significance of scleral elastic fibres to ttrectural integrity, shape and viscoelastic
behaviour of the eyeball is not well understood,iblwoming under increasing scrutiny
motivated by identified links between systemic rofibiril disorders and ocular pathologies such
as myopia and glaucoma (Kuchtey and Kuchtey, 2Bbfjnson and Booms, 2001).

1.2.4 Fibroblasts

With the exception of the lamina fusca, most regiofhthe sclera are sparsely populated by cells
until challenged by pathology, injury or infectiofhe resident cell of the scleral stroma is the
fibrocyte, which undergoes transformation into éleéve fibroblast upon insult. Fibroblasts are
responsible for synthesis of all scleral ECM conmgrdns. They respond to mechanical stimuli
from their surrounding ECM and there is growingenesst in understanding the extent of the role
that fibroblasts might play in dynamically reguitegiscleral biomechanics via matrix

remodelling and contractile responses (Harper amdnters, 2015; McBrien et al., 2009) (see
s3.3.2). In addition to mechanical stimuli, fibrasls control scleral remodelling and alter tissue-
level biomechanics in response to a signaling cistram retina to sclera that is ultimately
stimulated by vision. This vision-guided responkeyg a critical role during eye development,
determining the final size of the eye (see s4.3).

1.2.5 Scleral hydration and permeability

The ECM structure and biomechanical propertiehefsclera depend on the tissue water
content. As mentioned, stromal swelling pressurd@nsclera is largely determined by the
distribution and sulfation level of constituent PG%.2.2). However, there is also believed to be
a significant contribution from free chloride bindiligands, which may help to explain the
differential swelling of the corneoscleral tunicrasponse to changes in its ionic environment
(Hodson, 1997; Huang and Meek, 1999). In vitro $mglistudies (Huang and Meek, 1999)
determined the isoelectric point of the sclera (wltbe tissue swells least) to be at pH 4, with



higher tissue hydrations achievable when the istrength of the bathing medium was lower.
The sclera loses water as its ages (Brown et304;1Rada et al., 2000), an effect which is
suspected to be driven by associated changes coR@osition (see s4.1).

Tissue hydration state is also important in detemng the permeability of the sclera to
exogenous compounds. While molecular size/shapcgucharge and lipophilicity are the
dominant predictors of scleral permeability forigeg substance (Ambati et al., 2000; Lee et al.,
2004; Olsen et al., 1995), diffusion rates in raBblera have been shown to be elevated with
increasing hydration across a range of solutesfig molecular weight (Boubriak et al.,
2000). Enhancing scleral permeability is an acéikea of research in the field of ocular drug
delivery, particularly in the management of postesegment disease where transscleral delivery
is especially challenging due to the limited aci®ty and increased thickness of the sclera at
the back of the eye (Cabrera et al., 2019; Moissanel Loewenstein, 2017; Yamada and Olsen,
2016). Moreover, scleral permeability also has irtgd therapeutic implications in the
formulation of exogenous chemical agents for stlasslinking treatment (see s5.2).

2. Scleral ECM structure at multiple scales
2.1 Microstructure

Influential studies into the fine structure of gwera began over eighty years ago with the work
of Kokott, who used histological preparations terpret the gross directions of collagen
lamellae across the ocular coat (Kokott, 1934) @igVhile his methods were undoubtedly
crude, Kokott's work has largely stood up to serytby more sophisticated techniques and can
be considered something of a landmark in beginthegenduring notion that scleral ECM
structure is mechanically adapted to regional terssin the ocular coat. However, the past
decade or so has seen significant progress inebel@oment of more quantitative methods to
determine scleral microstructure, driven in larget oy advances in numerical simulation of
ocular biomechanics and the need to optimize mddeldinical use by the inclusion of more
physiologically accurate data.

2.1.1 Wide-angle X-ray scattering

Wide-angle X-ray scattering (WAXS) is an ex vivdfidiction-based technique that does not
yield an image of the tissue, but instead prodacésurier transform (WAXS pattern) from
which collagen structure parameters can be extigdleek and Boote, 2009) (Fig 5A). The
main collagen WAXS peak from sclera derives frommbgular ~1.6nm lateral separation of
tropocollagen molecules within the fibrils (Fig &alibration of the radial position of this peak
can be used to detect changes in intrafibrillagrsticollagen packing, for example as occurs in
non-enzymatic crosslinking with age (Malik et 4992) (see s4.1). Moreover, because the
constituent molecules are aligned near-axially wiftbrils, WAXS can obtain a thickness-
averaged measure of scleral fibril orientation ansotropy in the tissue plane, without the need
for tissue processing (Fig 5B). Due to its extrgnteyh signal specificity for collagen and tissue
averaging capabilities, WAXS has proven highly aale in supplying extensive amounts of
data for use in numerical modelling (Coudrillieragt 2013; Coudrillier et al., 2015a, b;
Coudrillier et al., 2015c; Pinsky et al., 2005).

Pijanka et al. (Pijanka et al., 2013; Pijanka et2012) used WAXS to quantitatively
map collagen fibril orientation in the sclera ohtan donors. These studies confirmed the major



structural features originally identified by Kokaogtrong uniaxial fibrillar orientation at the
extraocular muscle insertion sites and predomigamttumferential collagen in the PPS. They
further identified that the collagen anisotropyttod PPS pseudo-annulus is highly regionally
variable and that this pattern is highly conservetiveen age-matched, normally sighted donors
(Pijanka et al., 2012). Inclusion of the WAXS datanverse finite element modelling (IFEM)
indicated that disturbance of the PPS anisotrdpictire could significantly impact the ONH’s
mechanical response to 10P fluctuation (Coudriliieal., 2013). A further WAXS study using
serial cryo-sections (Pijanka et al., 2015) shothad the human PPS pseudo-annulus is located
primarily in the outer two-thirds of the stromaigaing with the normal LC insertion depth

range into the scleral flange), with the remaindng-third exhibiting more random orientation
and a preference toward radial alignment near tloeotd.

While structural evidence and numerical modelli@g\drillier et al., 2013; Girard et al.,
2009b; Grytz et al., 2011) are suggestive of arg@kneuroprotective role in limiting IOP-
driven scleral canal expansion and LC strainseteet functional importance of the PPS
structure remains to be established. Gogola éGalgola et al., 2018b) recently used a polarized
light method (see s2.1.4) to show that the PPSigiferential structure is a primary structural
component across a range of large animal speaiethdrmore, recent work using WAXS
indicates that the degree of PPS collagen circiente alignment varies between species and
that eyes from smaller animals generally exhibiiaae poorly defined anisotropic structure (Fig
6). The marked difference between some specidsdiusuggests that PPS structure may not be
principally determined by IOP-generated scleral wtiess in some eyes, but instead may be
more strongly influenced by other biomechanicadlievant factors. For example, the wall stress
in the tree shrew eye (diameter: 7.8mm, avg. ddleickness: 120um, IOP: 13mmHg (Samuels
et al., 2018; Siegwart and Norton, 1999)) is predi¢o be approximately twice that of the
human eye (diameter: 24.2mm, thickness: 0.9mm, IGRimHg (Bekerman et al., 2014;
Kouchaki et al., 2017; Vurgese et al., 2012)), gyeidthe PPS circumferential structure in the tree
shrew (Fig 6B) is far less evident than in humdg 6F), despite the two species having
similarly well-developed connective tissue LCs (évbet al., 2007). In considering the above
calculation, the reader should be aware that thight estimate is based upon Laplace’s Law for
spherical pressure vessels. As such, it makesaeieplifying assumptions that include
approximating the eye as a perfect sphere of unitbickness. Further interspecies studies may
help to tease out possible physiological, behaaloamd anatomical factors that may interact
with 10P in influencing posterior scleral collagemcrostructure.

2.1.2 Small-angle light scattering

Small-angle light scattering (SALS) is another eouwechnique that can be used to
guantitatively map protein fibre organisation inlagenous soft tissues. Like WAXS, SALS also
produces diffraction patterns from the interacwdtight with a tissue patch; but instead of X-
rays SALS uses laser light. Because of the higleemelength (usually 6328n from a HeNe
laser), SALS is thought to be capable of mappirgatganisation and orientation of larger
structures such as collagen fibril bundles (~ J40in size), but cannot distinguish between
collagen and elastin fibres. For the eye, SALS fivasused to map scleral fibre orientation in
normal rat sclera. The rat sclera was found tahetsirally anisotropic with several consistent
features. At the limbus, collagen fibres were hygidigned and organised primarily into a
distinct ring surrounding the cornea. In the equatoegion, the fibres were primarily



meridionally aligned. In the posterior sclera aftBPthe scleral fibres were mostly
circumferential but less aligned than those inahterior and equatorial regions (Girard et al.,
2011a). SALS has also been used extensively ty stiwdmicrostructure of the human sclera
from healthy and glaucoma donors. Interestingljyumans PPS collagen fibres were also
circumferential, consistent with the aforementioselleme envisaged to shield the optic nerve,
but they exhibited the highest alignment (i.e. éegsf anisotropy) not immediately adjacent to,
but at a distance (400-5@in) away from the scleral canal (Zhang et al., 2018aing
computational modelling, such an arrangementt{eéerogenous collagen fibre organisation)
was found to minimize deformations at the scleaslat boundary - a transition zone prone to
disinsertion of the LC, focal LC defects, and ojtisc hemorrhages in glaucoma (Fig 7). In
humans, SALS was also used to identify key diffeesnn scleral microstructure with age and
with glaucoma (Danford et al., 2013; Jones e28I15). In one study, collagen fibres in the PPS
were found to be more aligned in elderly healthgsefaverage age: 82 years old) than in young
healthy eyes (average: 20 years old), and also algmed than in elderly glaucoma eyes
(average age: 82 years old) (Jones et al., 20&B)dlso s4.1 and s4.2). Scleral anisotropy was
also found to change significantly as a functionlgpth (Danford et al., 2013). However, it is
still unclear how a disrupted collagenous ringhie PPS could predispose an individual to
glaucoma.

2.1.3 Multiphoton microscopy

Multiphoton microscopy (MPM) is an optical imagitegchnique that utilises high penetration
pulsed lasers (usually infrared) and nonlinearogpid achieve fine optical sectioning through
biological tissues several hundred microns thidkheut the need for exogenous labelling.
Second harmonic generation (SHG) imaging explbigscbherent scattering event whereby two
incident photons are converted into a single phofdmalf the original wavelength. SHG signal
emission is an intrinsic property of biological m@ls containing large repetitive, non-
centrosymmetric units that include collagen, artked SHG has been used extensively to probe
the organisation of scleral collagen fibril bund{Bsown et al., 2007; Cone-Kimball et al., 2013;
Jones et al., 2015; Keyes et al., 2011; Pijanké. €2012; Teng et al., 2006; Zyablitskaya et al.,
2018) (see also Fig 1D). The ability of SHG to imd@rge tissue volumes has enabled full 3D
reconstructions of the ex vivo human ONH to betldilinkler et al., 2010), while its

application in monitoring real-time pressure-indilit€ and PPS deformations (Midgett et al.,
2018; Sigal et al., 2014a) is enhancing our undadihg of the role of IOP in glaucoma
biomechanics. Increasingly, other MPM imaging mies are being combined with SHG to
colocalize scleral collagen with cells and otheME€@mponents. The most notable example is
two-photon fluorescence (TPF), in which the addibsorption of two incident photons results
in the emission of an autofluorescence photontogher energy. Amongst other structures, TPF
can be used to visualize elastin fibre networks targe scleral tissue volumes (Park et al.,
2016) (Fig 8).

2.1.4 Polarized Light Microscopy

Collagen in the sclera is birefringent (Chakrabettyl., 2016; Jan et al., 2015) - the optical
property of a material having a refractive indeattiepends on the polarization and propagation
direction of light. Jan et al. have demonstrated golarized light microscopy (PLM) is a
powerful technique for the study of the collagernostructure in the sclera (Jan et al., 2015).



PLM can produce accurate, repeatable, and robussumements of collagen fibre orientation
with pm-scale resolution over a broad (cm) field/iefv, unaffected by formalin fixation,

without requiring tissue dehydration, labeling taising. PLM has been shown to be in good
agreement with other measurements of collagen, asithose from autofluorescence (Jan et al.,
2017b). However current PLM techniques do not mesaslastin, and it remains unclear if it is
at all possible. Using PLM, Jan et al. identifiadee distinct regions of scleral collagen fibre
organisation, with circumferential, radial (somegscalled meridional) or interweaving fibres
(Fig 9). They reported these first in the sheep €taal., 2017b), then in human, monkey, pig,
cow and goat eyes (Gogola et al., 2018b). The stergiy in scleral microstructure across
species suggests that these three structuresrdecential, radial and interweaving) are primary
organisational components whose functions shoulselter understood.

Although there is consensus that circumferentiake protect neural tissues by resisting
canal expansion, the role of the interweaving Blmemains unclear. Wang and colleagues
hypothesized that the fibre interweaving incredsssie stiffness (Wang et al., 2018). Their
computational models suggest that a region of seléth interwoven fibres can be more than
twice as stiff as another region with the same arhoticollagen organised with the same
angular distribution but with no interweaving. Tkisggests that characterizing fibre
interweaving may be of critical importance to ureanding how the sclera bears loads.

PLM has been further used to characterize the misoale waviness, or crimp, of the
collagen fibres in the sclera (Fig 10). Crimp iportant because it is a major determinant of
tissue biomechanical behavior (Grytz and MeschR892 Using PLM, Jan et al. quantified the
collagen crimp period in the LC and PPS in sheegs ey low and normal IOP levels (Jan et al.,
2017a). They found that the crimp period was smaltel less variable in the LC than in the PPS
(Fig 11), suggesting a configuration that prevémtge or heterogeneous deformations that insult
the neural tissues within the canal (Fig 12). Idiadn, the crimp period in the PPS increased
nonlinearly with distance from the canal, whictb&dieved to provide a smooth transition of
mechanical properties that minimizes stress amihstoncentrations. This technique was then
extended to quantify the collagen crimp morpholagsoss the corneoscleral shell in sheep (Jan
et al., 2018) and human (Gogola et al., 2018a).dgdbese studies, it was found that crimp
tortuosity, amplitude and waviness are not uniforrar the globe, exhibiting distinct patterns
that were similar across species (Fig 13).

The traditional PLM used in the studies mentioneolva shares an important limitation
with SALS and WAXS: it only quantifies in-plane fédorientation (in the plane perpendicular to
the light beam). A more advanced technique, 3DPalMws quantifying both in-plane and out-
of-plane fibre orientation (Fig 14) (Yang et al018b). This is potentially crucial given the
complex 3D architecture of ocular collagen (Kontaale 1991), where 2D projections could
lead to inaccurate interpretations and conclusf¥asg et al., 2018b). Like SALS and WAXS,
traditional PLM is a transmitted signal techniqiibis means that the measurements obtained are
an aggregate of properties across the sample #sski\s mentioned (see s2.1.1), this can offer
important advantages in enabling collection of &ffe structural data for use in numerical
simulations. On the other hand, obtaining finelptieresolved information using transmitted-
light techniques requires the use of thin sectishih, in turn, precludes or complicates analysis
of dynamic events such as pressure-induced tissieendations. For PLM, scattering, absorption
and retardance limit usable sections to under 50nuinickness, and best data to 30 pm or less.
To overcome this limitation, Yang et al. introducstlictured polarized light microscopy
(SPLM) imaging, a reflected light imaging technighat combines structured light illumination



with PLM (Yang et al., 2018a). SPLM effectivelyeefs diffuse background light interfering
with the polarization analysis and preserves legitoded with useful tissue birefringence
information, thus enabling the visualization anduefification of collagen fibres of thick tissues
while under realistic loading conditions, such agmj inflation (Fig 15).

As a full-field imaging technique, PLM is generalfster than scanning-based
techniques. However, it still requires multiple igeaacquisitions with various filter
configurations. This limits the acquisition speadd thus the range of experiments in which it
can be used. To overcome this, Yang and colleadgssoped snapshot PLM (Yang et al.,
2019), which allows real time visualization of $@eral bundles and the constitutive collagen
fibres with sub-micron resolution in fresh, unlasesamples (Fig 16).

2.1.5 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) has been useshage the corneoscleral shell and obtain
details of the ocular anatomy, such as the globpesland tissue thickness (Norman et al., 2010a;
Voorhees et al., 2017; Wang et al., 2016a). Howev&l studies of the collagen microstructure
in the sclera have been limited, partly due toittxénsically fast transverse magnetic resonance
relaxation of the fibrous tissues and the resuliivwg MRI signal intensities (Luan et al., 2006).
Ho et al. demonstrated the use of the magic-andlarecement effect to improve MRI
sensitivity for detecting the collagen microstruetin the ovine sclera (Ho et al., 2014). They
found that, at the magic angle (approximately Bf#&tive to the direction of the main magnetic
field), MRI can reveal the distinct lamellae fibieghe ovine sclera, and the light/dark bands
indicative of collagen fibre crimps (Fig 17). Magingle-enhanced MRI can also reveal sub-
voxel microstructural changes of collagen fiborebWiOP elevation. Using diffusion tensor MR,
Ho et al. found that the fractional anisotropylo# bvine sclera increased with IOP, consistent
with uncrimping and straightening of microstructdiares (Ho et al., 2016). Magic angle-
enhanced MRI technigue has the potential to emabks-sectional and longitudinal monitoring
of the functional microstructures of the eye argrthelationship with aging and diseases
involving the sclera, such as acute and chronitandwypertension, glaucoma, and myopia.
However, before this can be realized, importarfitezal challenges remain, particularly the
resolution and the long scan times (often overihZzhe studies mentioned above).

2.1.6 Comparison of microstructural techniques

A diverse array of imaging and non-imaging techegbave been developed to resolve and
guantify scleral microstructure. Each method haswn particular advantages and
disadvantages and, if used in a complementarydastiese tools can together gain powerful
insight into the sclera’s complex architecture.t&rang methods (WAXS and SALS) have so
far proven the most productive for obtaining repreative (i.e. thickness averaged) quantitative
information of structure within the scleral plarme fnodelling applications. This is because
scattering methods detect all the fibres in thé pathe incident beam, whereas imaging
methods (by definition) rely on the visibility afractural features in order to quantify them. In
the case of the sclera, fibre paths are oftendadwand interwoven, meaning portions of the
structure are essentially hidden from image ansiysils. On the other hand, imaging methods
such as MPM and PLM have greater spatial resol@iahare, hence, more adept at following
the path of individual fibres. Additionally, PLM dr{in particular) MPM have greater depth-
resolving capabilities for determining 3D structudeparticular challenge is how to reliably
distinguish scleral fibre signal contributions framilagen and elastin. Whereas WAXS has the



highest capacity to isolate the collagen signaF ®currently the only validated modality for
qguantifying elastin fibre orientation in the sclefénally, obtaining detailed and quantitative
views of scleral fibre structure in the living ey@mains one of the most important unmet
challenges in the ocular biomechanics field. Magigle-enhanced MRI currently has the
greatest potential for in vivo application (alb&titthe lower end of the resolution scale), but its
possible future adoption in the ophthalmology diwill very much depend on solutions to
existing technical limitations.

2.2 Nanostructure
2.2.1 Scanning electron microscopy

Study of the interaction of incident electrons wiitle atoms of a target specimen allows the
direct imaging of structure at resolutions beyonthlFor biological specimens this generally
comes at the price of invasive tissue preparahwalving dehydration, chemical fixation and
heavy metal staining/coating to stabilise and presgBssue structure and enhance image
contrast. Scanning electron microscopy (SEM) predumages of a sample surface at <1nm
resolution by scanning it with a focused electrearh and detecting (usually) the emission of
secondary electrons from target atoms excited éyritident beam. Alternatively, an SEM
image can be obtained from the reflected/transthitieident electrons. As documented in
several landmark papers (Komai and Ushiki, 199&l&land Tillmann, 1993; Yamamoto et al.,
2000) SEM has made central contributions to oudéumental knowledge of scleral collagen
hierarchical structure and organisation. Reporitedirigs of particular significance include
regional, three-dimensional assessments of saelalgen organisation and its integration with
the cornea (Komai and Ushiki, 1991) and immunolaesibn of collagen subtypes and their
regional distribution (Thale and Tillmann, 1993). recent years the advent of volume SEM
methods have made it possible to image tissuestrticture in 3D over specimen volumes of
hundreds of cubic microns (Bushby et al., 2011) thede methods are currently providing
insight into how the elastin fibre network of th@erior sclera might integrate with that of the
peripheral cornea (Lewis et al., 2016).

2.2.2 Transmission electron microscopy

In transmission electron microscopy (TEM) an elattioeam is transmitted through an ultrathin
(~100nm) section of a specimen and can image nambste at unparalleled resolution (Fig
1B,C). With modern aberration corrected electrooroscopes, it is now possible to resolve
structures of dimensions <0.1nm. TEM has made maaggr contributions in scleral research,
in particular in the use of cationic dyes (Quantank Meek, 1988; Young, 1985) and
immunogold particulate markers (Kimura et al., L99arshall et al., 1993) to elucidate
collagen-collagen and collagen-PG interactions,iart&fining ECM alterations in scleral
pathology (Cone-Kimball et al., 2013; Funata an&dfo, 1990; McBrien et al., 2001; Quigley
et al., 1991). These latter studies are particulaoteworthy from a clinical perspective, as they
have disclosed important changes in collagen fihaimeter and lamellar organisation that
underpin scleral remodelling in myopia (Funata @n&oro, 1990; McBrien et al., 2001) and
glaucoma (Cone-Kimball et al., 2013; Quigley et 8091) (see s4.2 and s4.3). Recent years
have seen notable progress in tissue cryopresemvatethods that significantly reduce structural
artifacts induced by post-processing in conventidi&M, allowing high resolution imaging of
the sclera that is closer to a physiological sgt(iDosta et al., 2016; Ismail et al., 2017). Curren



bioimaging trends towards 3D visualization of ECMastructure are reflected in recently
documented electron tomography (Luesma et al., 2813 quick-freeze/deep-etch (QFDE)
electron microscopy (Ismail et al., 2017) (Fig $8)dies of the sclera.

2.2.3 AFM

In atomic force microscopy (AFM) contact scannim@sample surface is performed with a fine
mechanical probe. As an imaging technique, AFMmaaduce topographic surface images of a
specimen with in-plane and depth resolutions gieesvely ~2nm and ~0.1nm. An advantage of
AFM over electron microscopy is that it does najuiee any artifact-inducing treatments and
thus can provide a more physiological view of ilssute. However, the scanning area in AFM
(typically a few hundred microns across) is an pafenagnitude below that achievable with
SEM. AFM has been used to visualise and quantiBrakccollagen fibril diameter, D-period
(Fullwood et al., 1995)Meller et al., 1997) and microfibrillar tilt ang{@amamoto et al., 2000).
Importantly, AFM provides a unique link betweerstis ultrastructure and mechanics by being
able to measure forces between the probe and speaurnface in parallel with imaging. This
has been exploited to determine the contributiodiféérent tissue layers (Grant et al., 2011) and
ECM components (Zhuola et al., 2018) of the sdieligs mechanical performance. A further
strength of AFM is that it can also be used forcgien manipulation of the local sample
environment. For example it can mechanically stateiindividual cells and monitor the effects
in real-time by synchronisation with other imagmgdalities (e.g. fluorescence imaging), as
demonstrated in work with cultured immune cellsA&& et al., 2016). However, the potential
for using AFM in mechanotransduction studies ofgblera is yet to be realized.

3. Scleral biomechanics
3.1 Ex vivo biomechanical characterisation methods
3.1.1 Tensile testing

Much of what we know about the fundamental matgmaperties of the sclera has come
from uniaxial tensile testing of scleral stressistbehavior. A large body of work using tissue
strips from enucleated eyes of humans (Eilaghi.e@10; Elsheikh et al., 2010; Geraghty et al.,
2012; Shin et al., 2018), monkeys (Downs et al0520chicks (Phillips et al., 2000), pigs (Lari
et al., 2012), tree shrews (Levy et al., 2018)bits(Shin et al., 2018), cows (Shin et al., 2018)
and dogs (Palko et al., 2011) have establishedhbaiclera is a non-linear material, exhibiting a
strain-stiffening response as crimped collagenléitrecome gradually recruited to bear load
(see Fig 12). These studies have also confirmddhbasclera is a viscoelastic material that
displays significant hysteresis. They have showthasthe healthy sclera displays considerable
mechanical anisotropy that varies with anatomicaifpon, consistent with the regional
microstructural variations in tissue ECM structdigcussed in s2.1. Strip testing has been used
to uncover important scleral biomechanical changésageing, glaucoma and myopia that will
be described in Section 4. Moreover, notable restmlies have reported its use to assess the
effects of crosslinking treatment for myopia (Leatyal., 2018), and its combination with
emergent polarization-sensitive optical coherenogography (PSOCT) imaging to determine
scleral mechanical response to dynamic loadingn(8hal., 2018).



While strip testing has long been a standard metiadleral biomechanical
measurement, there are recognised limitations th@hechnique. Firstly, the scleral tissue strips
required for testing are unavoidably curved andatestrate variations in thickness and
structural anisotropy along their length. This tead to large errors in measured material
behaviour that require mathematical back-correditosolve (Elsheikh and Anderson, 2005).
Secondly, obtaining repeatable measurements withtesting requires preconditioning cycles
that fundamentally alter the stress-strain respofisese limitations have led, in recent years, to
a move towards the more physiological techniqudsiafial tensile testing and inflation testing
(see s3.1.2), which significantly reduce the abanablems (Lari et al., 2012; Tonge et al.,
2013). Biaxial tensile testing does not use swipsssue, but instead square tissue patches.
These are stretched in two perpendicular directiomsore closely mimic in vivo loading
conditions encountered in the eye wall. Biaxiabiog studies on sclera are uncommon in the
literature, but notably the method has been sufidgsemployed to observe the non-linear
stress-strain behaviour of human (Eilaghi et @13 and porcine (Cruz Perez et al., 2014)
sclera.

3.1.2 Inflation testing

Although inflation testing cannot measure the siedsstate of the sclera directly, it can be used
to extract material properties by the applying itasle constitutive model (with some inherent
assumptions) to the experimental pressure-displentdata. Scleral inflation studies have been
performed across a range of mammalian speciestim® to humans (Coudrillier et al., 2012;
Cruz Perez et al., 2016; Fazio et al., 2014a; Gieall., 2009c; Myers et al., 2010a; Myers et
al., 2010b; Nguyen et al., 2013; Palko et al., 20E&hg and Liu, 2012). While the experimental
details vary across these studies, the key comp®oéthe basic inflation set-up are common to
all.

The first component needed is a controllable pmézastion module. A fluid injection
system is required that allows adjustment of batbdt pressure and pressure-rate, usually
achieved via a combination of a syringe pump apceasure transducer with feedback control.
The scleral specimen (usually the transected posteemisphere, or thereabouts, of the eye
globe) is glued/clamped to the pressure chambér seiparate inlets for fluid injection and
pressure measurement. The second component reggiaeteformation tracking module.
Tracking the surface displacement of the internatBssurized sclera at sufficiently high
resolution, and with enough precision, is the nebstlenging aspect of inflation testing, and
researchers have adopted various approaches. @trakd(Girard et al., 2009c) and Fazio et al.
(Fazio et al., 2014a) used electronic speckle paiteerferometry (ESPI) to track posterior
scleral surface displacements in monkeys and humesysectively. ESPI works on the principle
that a rough surface illuminated with a coheregtttlbeam (i.e. a laser) creates a random speckle
light field. Interference of this field with a refnce field then produces an interference pattern
that is dependent on the surface displacementamthas be used to indirectly determine the
latter in 3D. Coudrillier et al. (Coudrillier et.aR012) adopted a more direct approach in their
inflation tests of human sclera, using graphite gemto create contrast markers on the scleral
surface. These markers were then tracked in 3Rtdeith a combination of CCD cameras and
digital image correlation (DIC) software. A DIC appch was also used by Myers et al. (Myers
et al., 2010a), and developed further by Nguyeal.dNguyen et al., 2013) in inflation tests of
mouse sclera. However, the small size of the meysdacilitated only 2D tracking of the
scleral surface profile. Tang and Liu (Tang and, 012) developed an alternative system, in



which ultrasound speckle tracking was used to olteoss-sectional profiles of scleral
displacements in a porcine model. This was subselyuedapted successfully for studies in
human (Pavlatos et al., 2016) (Ma et al., 201% &g 19) and canine (Palko et al., 2016) sclera.
In contrast to DIC methods, ultrasound speckletrerdoes not require the application of
particulate markers to the scleral surface, biteragienerates intrinsic speckle patterns from
acoustic interference of sub-resolution scatterers.

Going forward there is likely to be an emphasiswole eye biomechanical modelling,
and there have already been associated developmentation testing methods. Lari et al (Lari
et al., 2012) developed a method to test intadbv@i&by using a combination of a skewer and
mineral oil bath to support and image cannulatgdepes under inflation conditions. In a
variation on this approach, Pavlatos et al (Paslatal., 2018) and Ma et al (Ma et al., 2019)
also tested intact porcine and human eye globsgectively, by securing them to a holder using
thick spinal needles. Whitford et al. (Whitfordatt, 2016) developed a further variation on the
whole eye inflation/DIC approach, in which theyg#d intact eyeballs in a gelatin suspension to
further reduce external forces on the sclera (B)g Phese kind of approaches have moved
inflation testing closer to the in vivo situatiop keducing non-physiological stress
concentrations and boundary conditions unavoidaiyposed when clamping excised scleral
specimens in standard inflation regimens (Laril.e812; Whitford et al., 2016).

3.1.3 Compression and indentation testing

Indentation testing studies of the sclera areivat sparse but can be traced back more than
three decades to the work of Battaglioli and Karfitrey tested samples of sclera from cow and
human eyes in compression and found that the radrapressive stiffness of the sclera (i.e. its
ability to resist indentation forces perpendicutathe tissue plane) was approximately 100 times
less than its circumferential (i.e. in-plane) st&$s (Battaglioli and Kamm, 1984). In their study,
Battaglioli and Kamm used a relatively simple custmade air piston indenter and optical
displacement probe apparatus capable of sub-mresmiution. However, the commercial
release of the first AFM instrument some five ydater made more sophisticated
nanoindentation studies possible. Braunsmann evaluated elasticity alterations in
cryosections of LC and PPS in eyes with psuedoetioh (PEX) disorder, reporting a marked
softening of the ONH tissues in PEX affected eyes tould possibly render them more
vulnerable to glaucoma damage (Braunsmann etGil2)2Later Leung et al. measured ex vivo
scleral load-displacement response in porcine ayesfunction of IOP using a universal
indentation testing machine in combination withl8SR camera fitted with a stereomicroscope
(Leung et al., 2014). They found that scleral s&ffs correlated positively with IOP. While these
studies indicate the possibility for indentatiostiieg technology to perhaps one day provide
valuable clinical measures of scleral stiffnesgiwo, this potential remains largely unrealised.

3.2 In vivo biomechanical characterisation methods

Ex vivo studies have shown that the biomechanicgbqrties of the sclera change with age
(s4.1), race (s4.1), glaucoma (s4.2), and myo@i&)sin vivo measurements of these properties
could therefore potentially serve as valuable bidas to detect the earliest stages of glaucoma
damage and progressive myopia, helping to proéleepts at risk of developing these
pathologies. At present, in vivo measurements leiracbiomechanical properties are, in
principle, achievable through inverse methods Wikitoe described below.



To fully assess the biomechanical behavior of tiera in vivo, one would need to alter
one of the known loads acting on the sclera whalegiouously monitoring the scleral tissue and
measuring its resulting local deformations. Onlgrtitan the stiffness (or biomechanical
properties) of the sclera — roughly speaking thie & load changes to deformations — be
estimated. It is important to realize that thesevivo biomechanical tests’ need to be performed
within a safe physiological range in order avoidHer progression of visual field loss.
Furthermore, and as for any controlled mechanest| bnly one load should be altered at a time
while all others should remain constant. This pasht represents a significant clinical challenge.

Girard et al. developed a 3D tracking algorithnt ten track displacements and strains
of the PPS following a change in IOP (Girard et20.13). This algorithm requires two optical
coherence tomography (OCT) volumes of the ONH:ismmaptured before a change in IOP
(referred to as the ‘undeformed’ volume) and theepts captured after a change in IOP (referred
to as the ‘deformed’ volume). Briefly, the trackialgorithm defines regions of interest (ROls or
groups of voxels) in the undeformed OCT volume thr@sh subjects them to mechanical
transformations (rigid translation, rigid rotatiatretch/compression and shear) until they best
match their co-localised ROIs in the deformed O®ume (Fig 21). The output is a 3D
displacement field from which tensile, compressam effective (average) strain components
can be derived and mapped. Using such a techri@jtead et al. have reported in vivo local
displacement/strain mapping of the PPS followin& IGwering by trabeculectomy in glaucoma
subjects (Girard et al., 2016). They demonstratatithe PPS was the tissue that exhibited the
highest compressive strain relief (on average 182t IOP decrease of 12 mmHg) following
IOP-lowering surgery by trabeculectomy. This suggdsat trabeculectomy is efficient at
relieving a significant amount of PPS stress thay wtherwise hasten glaucoma progression.

Once scleral deformations (and the correspondiaddpare measured in vivo, inverse
computational approaches can be used to asseis®thechanical properties of the sclera, such
as IFEM (Coudrillier et al., 2013), the virtuallie method (VFM) (Zhang et al., 2017), or the
pre-fitting method (Sigal et al., 2014b), each hgits own pros and cons. However, in vivo
scleral biomechanics is still in its infancy, ahé tnost pressing concern is to further
demonstrate and validate that the biomechanicaguties of the sclera are indeed measurable in
vivo with enough sensitivity and accuracy. Fulletmess visibility of the posterior sclera and
PPS by OCT is also not always achievable in aleptd, and the reported biomechanical
measurements with the above techniques may origcteéhe scleral portions that are deemed
visible. Improvements in OCT hardware (Sigal et2014c), including adaptive optics, swept
source, multiple wavelengths, phase-sensitive @ogy, micro-imaging, and image processing
technigues such as compensation (Girard et al1l20are likely to push the quality and
availability of in vivo biomechanical measuremetatshe next level. Furthermore, other new
imaging approaches such as Brillouin microscopy(&alli et al., 2012; Yun and Chernyak,
2018) and shear wave elastography (Dikici et 811,62 may hold great promise if they can be
successfully applied to the sclera. Brillouin msxopy can measure the ‘hypersonic longitudinal
modulus’ that is thought to be related to the caapive properties of a tissue. It was recently
applied to the porcine sclera ex vivo (Shao e&al1,6). The technique provides parameters that
are different from those mentioned above but mélypsove useful in a diagnostic setting. Shear
wave elastography can determine the local sheaulmeodf a tissue and was recently applied to
the PPS in vivo (Dikici et al., 2016). The reportadduli are typically off by several orders of
magnitude when compared with traditional methodsyédver it should be noted that the settings
are very different. Shear wave elastography reliea highly dynamic mechanical stimulus (a



shear wave), and more research is required to cdemhear wave elastography measurements
with those obtained from traditional biomechanitethods.

Key points:

» OCT-based technologies to measure scleral stramstéfness in vivo have been developed.

= Such technologies are currently being applied aidated in various settings and are likely
to benefit from future improvements in OCT hardware

= Other technologies (e.g. Brillouin Microscopy, Shé#ave Elastography) to measure scleral
stiffness in vivo show great promise, however farthalidation is required.

3.3 Scleral responseto |OP
3.3.1 ECM response

Studies of the scleral ECM response to IOP canbéet! into two groups: response to acute
and chronic IOP elevations. Following acute IOR/a&lens, posterior bowing of the PPS and
expansion of the scleral canal were observed indmufkla et al., 2019; Pavlatos et al., 2018),
monkey (Girard et al., 2009a; Yang et al., 2009jycme (Pavlatos et al., 2018) and sheep
(Voorhees et al., 2017) eyes. The effects werelimaar, with larger deformations at normal or
sub-normal IOPs than at elevated I0Ps, consistghtannon-linear deformation-induced
stiffening resulting from inhomogeneously crimpadlagen fibres (Fig 12). Although crimp had
been postulated as the microstructural basis ofidinelinear mechanical behavior of sclera
(Grytz and Meschke, 2009), it is only recently tivdias been confirmed experimentally (Jan and
Sigal, 2018). Jan et al. used PLM to quantify amaracterize how the collagen fibre crimp
waviness (standard deviation of the fibre orientaalong a fibre bundle) of the LC and PPS in
sheep eyes changes with IOP (Jan and Sigal, 201&)s found that the crimp waviness
decreased with IOP. Interestingly, at a normal 825 mmHg, both LC and PPS had about
75% recruited fibres, with 25% ostensibly in regefWhether this also applies to human eyes
remains unknown.

Posterior bowing of the PPS and expansion of tlegaccanal were also observed in
monkey eyes exposed to chronic IOP elevations ¢Bedl et al., 2003; Yang et al., 2007). Girard
et al. estimated the scleral tangent modulus (ssureaf scleral stiffness) of monkey eyes in
which chronic IOP elevation was induced. They fothmat the tangent modulus decreased at the
earliest stage of IOP elevation but increased ataraie stages (Girard et al., 2011c). Age-
related decreases in collagen crimp are likelyaitbe mechanisms underlying age-related
stiffening of the sclera. Using PLM, Gogola etalantified collagen crimp morphology
(waviness, tortuosity, and amplitude) in 20 noreys of 20 human donors, ranging in age from
0.08 (1 month) to 97 years (Gogola et al., 2018a¢y found that all crimp parameters
decreased significantly with age, with significgrdifferent age-related decreases between
regions. The crimp morphology of the limbus chantgedmost drastically with age, such that it
had the largest crimp in neonates, and among tldesnin the elderly, suggesting that crimp in
this region may play a role in eye developmentfeting of the sclera may also be caused by
alterations in the content of scleral glycosamigogh (Murienne et al., 2016; Murienne et al.,
2015). The scleral ECM response to chronic IOPatlem in glaucoma has also been studied
from both a biomechanical and microstructural pectige by groups using scattering methods
and inflation testing in various combinations (Collidr et al., 2013; Coudrillier et al., 2012;



Danford et al., 2013; Jones et al., 2015; Pijarkd.£2012). These studies are described in detail
in s4.2.

3.3.2 Cellular response

In comparison to ECM, less is known of the respariseells to eye pressure fluctuation, yet
scleral mechanotransduction is an area of growitegest, driven in major part by the need to
clarify the sclera’s dynamic role in myopia anduglama development. Fibroblasts have the
potential to impact tissue-level mechanics by taates: (i) a slow, indirect route via their
expression of ECM molecules (tissue remodellingg, @) a faster, direct route through force-
transduction to ECM from intracellular cytoskelgtabtein networks. Cultured human scleral
fibroblasts have been shown to be sensitive t@ thechanical environment. Applied load alters
the expression levels of ECM molecules (Cui et2lQ4; Shelton and Rada, 2007) and promotes
phenotypic changes (Qu et al., 2015) in vitro. Mbtahigh-magnitude and/or high-frequency
load was shown to promote differentiation of cidthhuman PPS fibroblasts into contractile
myofibroblasts (Qu et al., 2015), indicating th@Pl fluctuations may have an important impact
on fibroblast activity in vivo (Fig 22).

Meanwhile, in vivo animal studies have reportedeased myofibroblast cell numbers in
the sclera of mice with experimental glaucoma (Slgyeet al., 2016) and tree-shrews with
induced myopia (Phillips and McBrien, 2004). It leeen suggested that the latter observation
could explain recovery from axial elongation in 8feew eye that is too rapid to be attributable
to matrix remodelling (Phillips and McBrien, 2004)role for scleral myofibroblasts in
regulation of eye size through tissue-level meatannfluence is further supported by the
identification of collagen-binding integrins in ham(Hu et al., 2011) and tree shrew (McBrien
et al., 2006) derived scleral cell lines, and tdeimonstrated modulation of tissue creep in
collagen gels seeded with human fibroblasts iro\(ittu et al., 2011). In light of these
observations, it is interesting to note that, intcast to the adult eye, there is an absence of
contractile scleral cells in primate eyes undergaoular growth (fetal and neonatal stages)
(Poukens et al., 1998).

There is a growing consensus that fibroblast numivethe sclera are probably greater
than previously accepted, at least under pathagmnditions. For example, recent work by
Oglesby et al (Oglesby et al., 2016) demonstragetb 6-fold increases in cell proliferation in
the sclera of mice following experimental presselevation (Fig 23). Altering the biochemical
pathways that control scleral fibroblast number emidtractile status could be one route to
therapeutically modulating tissue level mechan@gigley and Cone, 2013). For example, it has
been recently shown that rho-kinase inhibition sappress cell proliferation and myofibroblast
differentiation in cultured primary human PPS fibliassts (Pitha et al., 2018). It will be
interesting to see whether the translational pakot these findings in glaucoma therapy can be
realized going forward.

3.4 Scleral influence on ONH biomechanics

The scleral influence on ONH biomechanics has Iségalied using both generic and specimen-
specific models. An example of early generic nunsnmodelling is the work of Bellezza et al.,
who studied the effects of the scleral canal smeshape and scleral thickness on the
biomechanical response of the ONH (Bellezza eR8D0). They found that, for a given level of
IOP, a thinner sclera with a larger and more etigdtcanal induced higher stresses within the



load-bearing connective tissues of the ONH. Expagnon this early work, Sigal et al. developed
a more realistic generic model that incorporated pnd post-laminar neural tissues, as well as
the central retinal vessel and the pia mater (Rigal., 2004). They found that the mean laminar
strain was more sensitive to the scleral stiffrieas to the laminar stiffness and was only
weakly dependent on the stiffness of the neuraliis and pia mater. A schematic illustration of
how the stiffness of the sclera affects the IOR+ &l ONH deformations is shown in Fig 24
(Sigal et al., 2011b).

To determine which anatomic and biomechanical faatwost influenced the
biomechanical response of the ONH to acute chang€&P, Sigal et al. parameterized the
generic model into 21 factors representing ONHigsanatomies and material properties (Sigal
et al., 2005). The biomechanical response of thel@bdsues was quantified through a set of 29
outcome measures, including peak and mean strdsstram within each tissue, and measures of
geometric changes in ONH tissues, such as theadst ratio. The five most important
determinants of ONH biomechanics (in rank ordemendentified as: the stiffness of the sclera,
the size of the eye, I0P, the stiffness of the &@] the thickness of the sclera. This study was
the first to highlight the importance of scleraffaess on ONH stress and deformation.
However, it was performed with the simple, but tedi, method of varying one parameter at a
time. Sigal et al. then extended this work by vagyihe geometric and material parameters
simultaneously (Sigal et al., 2009). They found thdependently increasing either the stiffness
or thickness of the sclera leads to reduced defiiwmabeing transmitted to the ONH. However,
if the sclera is already quite stiff, then changisghickness has relatively little effect on ONH
biomechanics and vice versa.

Girard et al. developed a generic model to investighe effects of scleral collagen fibre
alignment on scleral and ONH mechanics (Girard.e2@09b). The influence of the fibre
concentration factor, a parameter used to descal@gen fibre alignment along a preferred
fibre orientation, was also evaluated. Results gtbthiat a circumferential fibre organisation in
the sclera reduced scleral canal expansion, whéneaspposite was observed with a meridional
fibre organisation. Perez et al. developed a gemeodel of the corneoscleral shell to simulate
the viscoelastic responses of the eye during miofametric changes (Perez et al., 2013). The
viscoelastic properties of the cornea and the aciecluding the instantaneous modulus,
equilibrium modulus, and relaxation time constamste parameterized to examine their effects
on IOP elevations at different rates of volumethanges. Results showed that all viscoelastic
properties influenced the profile of the dynamidl@ue to volumetric changes, and the relative
significance of a specific parameter was highlyatefent on the rate of change. From this, they
concluded that it is necessary to better charaetehie viscoelastic properties of ocular tissues.
Ayyalasomayajula et al. developed a porohyperelastidel of the ONH to discern the effects of
interstitial and intracellular fluid pressure o thiomechanical response to IOP
(Ayyalasomayajula et al., 2016). A generic modehainan eye was constructed and the fluid
permeabilities of the retina-Bruch’s-choroid comxplsclera, uveoscleral pathway, and
trabecular meshwork were parameterized. IOP, @amskr pressure gradient and strains in the
lamina were considered as computational outputdisdse permeability increased, both IOP
and translaminar pressure gradient decreasedtingsul decreased strains in the lamina.

Specimen-specific models, which are based on tbemgey and/or mechanical
properties of an individual eye, have been develdpenore accurately evaluate ONH
biomechanics. Sigal et al. developed models of mupasterior poles with specimen-specific
geometries to explore the I0P-induced deformatifahe® ONH (Sigal et al., 2007, 2009; Sigal et



al., 2011a; Sigal et al., 2010). They found thatgbleral stiffness was the most important
material parameter in determining the biomechanillt to the lamina, matching the findings
from generic models (Sigal et al., 2005; Sigallet2z®04, 2009). Norman et al. developed
human globe models that combined specimen-spedfiteoscleral shells and generic ONHs to
determine the effects of globe shape and size oH GiNmechanics (Norman et al., 2010b).
They found that the PPS thickness was the larggstrdinant of ONH biomechanics, with
decreased thickness resulting in increased maxisttains in the LC and increased scleral canal
radial displacement.

The state of the art in eye models now includegerental measurements of collagen
microstructure. Coudrillier et al. developed a madiégh human specimen-specific scleral
geometry including specimen-specific details oésxicollagen anisotropy derived from WAXS
data, but with a generic lamina (Coudrillier et a013). The non-linear material stiffness used in
this study was also specimen-specific and was mhéted through inverse modelling. This
model implemented a distributed fibre-based cautst# equation that allowed them to study the
influence of collagen fibre alignment and anisojrtiirough an elegant parametric variation.
They found that increasing fibre anisotropy in BeS resulted in a decrease in LC strains and
scleral canal expansion, but also resulted in gepos deformation of the LC. Campbell et al.
created a finite element model with a generic géonirit non-linear and anisotropic material
properties based on specimen-specific measurerokatsmnective tissue volume fraction and
collagen beam orientation obtained from@T scan of a porcine eye (Campbell et al., 2015).
They compared their full model to a model of a hgemous isotropic lamina and an
inhomogeneous isotropic lamina. They found thatsthecture of the LC homogenises the strain
field within the lamina and that the anisotropytlod collagen beams had little influence on the
lamina strains. Zhang et al. incorporated fibreaoigation information from postmortem human
eyes within the ONH models (Zhang et al., 2015& hodels predicted that the circumferential
collagen fibres in the PPS were effective in limgtiLC strains and was able to reduce strain
levels at the scleral canal boundary. Instead, Mees et al. proposed an alternative fibre
architecture for the PPS, in which the scleral tensupported primarily by long-running fibres
oriented tangentially to the canal (Voorhees e¢28l18). They found that the theoretical
tangential arrangement of fibres afforded bettechmaaical support to the tissues within the
scleral canal as compared to a simple circumfeakenitig of fibres (Fig 25A).

Importantly, the long fibre arrangement can alspl&nr clinically observed behaviors of
the ONH that otherwise have found no explanatiootiver theories of PPS mechanics and
behavior, such as a contraction of the sclerallaamder elevated IOP (or its counterpart, the
expansion under a decrease in IOP) (Poostchi,&l0; Strouthidis et al., 2011; Yang et al.,
2009; Yang et al., 2011). A mechanism by which ltarggential fibres can have these effects is
presented in Fig 25B,C. Mechanically, the distioctbetween canal opening and closing under
elevated IOP is important, as they likely haveatiht effects on the flattening and lateral
stretching or compression of the lamina (Sigal e2811a; Sigal et al., 2011b). In turn, from a
mechanobiological standpoint, these would havendiseffects on the axons and glial cells
within the canal.

An important element of the model developed by Viees et al. is that they considered
the tangential fibers as long bundles spanningrakwudllimeters. This is different from the
traditional approach taken by the other biomeclamstudies mentioned above. Those studies
acknowledge that the collagen in the sclera isénform of fibres. The fibres, however, are only
considered as part of a continuum material withtstilares spanning each finite element, and



which do not interact with one another. This isnapdification of the scleral structure in which
the collagen fibre bundles are interwoven and daags over scales much larger than the finite
elements.

The precise nature of the PPS fibre organisatioranes an issue of debate and intense
study. However, some consensus may be found aosst studies. For example the presence
of a subpopulation of long straight fibres (as ptaged by Vorhees et al.), that co-contributes to
ONH canal support together with annular or shaegegential fibres, would be consistent with
previous WAXS studies that reported tangentialdimtands” emanating from the PPS pseudo-
annulus into the mid-posterior sclera (see s2(Pilanka et al., 2012). Interestingly, more than a
decade earlier Meek and Boote had envisaged aasiliméar tangential model as one possible
explanation of the circumferential collagen fibiiiisthe corneoscleral limbus (Meek and Boote,
2004), although its biomechanical implications weoé studied. The model by Voorhees et al.
suggests that long tangential fibres in the limbosld play a major role in anterior segment
mechanics.

Key points:

= Experimental, computational and analytical studiésupport the notion that the sclera plays
a central role in ONH biomechanics.

» The sclera’s influence on the ONH is highly compléxs not easy to predict accurately how
a specific ONH and sclera pair will behave mechalhior how this may affect
susceptibility to mechanically-related pathologiesh as glaucoma.

3.5 Scleral responseto optic nervetraction

The ‘standard’ biomechanical theory of glaucomadtlgpsizes that elevated (or fluctuating) IOP
deforms the ONH tissues, including the LC, and thase deformations drive RGC injury and
death (resulting in blindness). However, I0P isthetonly load deforming the eye tissues.
Studies that used OCT (Chang et al., 2017; Sib2dy6; Wang et al., 2016a), finite element
modelling (FEM) (Wang et al., 2017b; Wang et ab]1@c) and MRI (Demer, 2016) all converge
to the conclusion that horizontal eye movementsicamably deform/shear the ONH tissues
(through the “strong” optic nerve [including isheath] traction imposed on the ONH). These
studies also indicate that such deformations caasbarge (or significantly larger) than those
induced by a substantial IOP elevation (Wang eRéll6a; Wang et al., 2016c¢) (Fig 26). Using
FEM, Wang et al. were able to predict relativehg&optic nerve traction forces during eye
movements, i.e., between 90 (abduction) and 15qadduction), in the same order of
magnitude as extraocular muscle forces (Wang e2@L7b). These forces are directly
transmitted to the PPS and scleral flange via thva dnd may have important consequences on
the growth and remodelling behaviour of the postesclera and surrounding tissues. For
instance, optic nerve traction forces may partiakplain: 1) the development and progression of
myopia; 2) the development of staphylomas (i.e.lknggots within the scleral shell); 3) the
presence of tilted discs in myopia; 4) intrachoabicavitations; and 5) peripapillary atrophy
(Jonas et al., 2016a; Wang et al., 2016b). Intexgyt these findings may also relate to recently
reported microstructural alterations found in tlRSHRN human high myopia eyes (Markov et al.,
2018) (see s4.3). Further, Wang et al. showed wsimglations that the presence of a stiff sclera
(or a weaker, or more tortuous, optic nerve) woinldheory, considerably reduce gaze-induced



ONH deformations and may thus limit the developnwérguch conditions. This awaits
experimental support.

3.6 Scleral influence on the ocular pulse during the cardiac cycle

IOP is not a constant value, but instead is puésatinature. The difference between systolic and
diastolic IOP defines the ocular pulse amplitud@Apthat ranges between 0.9 and 7.2 mm Hg
in healthy subjects (Kaufmann et al., 2006). Gdheriahas been well accepted that the OPA is
mainly caused by acute choroidal expansion duleg@ulsatile blood flow, and changes in the
mechanical properties of the sclera could stronglyence the OPA, which might in turn have
implications for the development and progressioglaficoma. To better understand how the
sclera could influence the OPA, Jin et al. butbanprehensive FEM of the eye that took into
account blood pressure and choroidal swelling dptte cardiac cycle (Jin et al., 2018). The
authors found that, during the cardiac cycle, aagkdn arterial pressure resulted in choroidal
expansion, which in turn induced a change in 1@ @PA) and ONH deformations. From
diastole to systole, they found that choroidal egi@n made the peripapillary retina move
anteriorly, but both choroidal expansion and théd@#ade the prelamina and LC move
posteriorly. The net result was shearing of netisalies in the neuroretinal rim. Interestingly, a
stiffer sclera was shown to result in a higher OBAaller pulse volume, larger diastole-to-
systole ONH strains, and larger neural tissue sinethie neuroretinal rim. In order to estimate
how scleral stiffness could influence I0OP spikesesal studies also used rapid microvolumetric
PBS injections in the posterior chamber of por@yes. The process was also modelled
computationally (Clayson et al., 2017; Morris et 2013; Perez et al., 2013). These studies
showed that a stiffer sclera (induced with crogstig agents) could significantly increase IOP
spike magnitudes for a given volumetric changerdasing the baseline IOP (and hence making
the sclera stiffer) also resulted in significartigher IOP spikes. In summary, experimental and
computational studies converge to the idea th#tfarssclera will generate higher IOP spikes
(i.e. greater OPA) and, counter-intuitively, has gotential to generate higher neural tissue
deformations.

3.7 Scleral responseto cerebrospinal fluid pressure

While several studies have addressed the effecsrebrospinal fluid pressure (CSFP) on the
biomechanical environment within the scleral caral the LC (Feola et al., 2017; Feola et al.,
2016; Hua et al., 2017; Jonas, 2011; Morgan el1885; Sibony et al., 2011; Wang et al.,
2017a), little is known about the scleral respds€SFP. Fazio et al. used OCT angiography to
image and quantify the CSFP-induced ONH deformatiorthe living human eye (Fazio et al.,
2018). They found that the CSFP-induced straiterPPS were higher than those in the LC
and retina. In addition, their results showed thatPPS strain was negatively correlated with the
retinal nerve fibre layer (RNFL) thickness. Huaktextended a previously published numerical
model of the ONH (Sigal et al., 2005) to includeRPSand 23 other factors representing IOP,
central retinal artery blood pressure, tissue angtand mechanical properties, and constraints
on the optic nerve (Hua et al., 2018). A total 88 models were studied to predict factor
influences on ONH deformations. The models preditbtat IOP and CSFP were the top and
sixth most influential factors on ONH biomechaniespectively. However, IOP and CSFP had
different effects. For instance, the strongestotfté CSFP was on the rotation of the PPS, where
its influence was more than twice as large asdhBDP. This suggests that the translaminar
pressure, computed as the difference of IOP andPC®R&y be too simplistic as a parameter to



predict biomechanical insult to the ONH. Fig 2uslrates how increases in CSFP cause
deformation of the ONH. Several studies have aponted that the flattening of the posterior
sclera in space flight-associated neuro-ocularmmd (SANS) is linked to CSFP elevation in
micro-gravity environment (Kramer et al., 2012; ledeal., 2017; Mader et al., 2011).

4. Scleral changes with ageing and disease
4.1 Ageing

Numerous studies have shown that the structureamgosition of the sclera change with age,
though the findings are sometimes conflicting delpeg on the experimental methods, age
range, and animal species examined. Thickness meazasats of fresh enucleated monkey eyes
(Girard et al., 2009c), mouse eyes older than t (guyen et al., 2013) and human donor eyes
(Coudrillier et al., 2012) have shown that the isciains with age. However, other histological
thickness measurements of fixed human eyes didhuw variation with age (Vurgese et al.,
2012). In the human sclera, the number of eld#ires decreases after 20 years of age (Watson
and Young, 2004), while decorin and biglycan lewidsrease after age 40 (Rada et al., 2000).
The cross-sectional area of scleral collagen §ibnitreases with age (Malik et al., 1992), which
may be caused by age-related accumulation of addaglgcation end-products (AGES) (Schultz
et al., 2008). Moreover, the mean collagen fitadius and intermolecular lateral spacing in the
sclerais also larger in older eyes (Daxer etl&98). Taken together, these findings point to
both an accumulation of intermolecular, non-enzyenabsslinks and an increase in the number
of tropocollagen molecules per fibril as importargchanistic determinants of the stiffening of
the sclera as it ages. WAXS measurements of thegeul fibre structure by Coudrillier et al. in
the posterior sclera of human donor eyes measuseghdicant degree of collagen fibre
alignment, but no changes in the dominant collddea orientation, of the tissue with age
(Coudrillier et al., 2015b) (Coudrillier et al., PBa). In contrast, SALS measurements by Vande
Geest and coworkers did not find age-related vianiatin the fibre structure of the human sclera
(Danford et al., 2013; Yan et al., 2011). The casting results may be associated with
differences in the way that these studies defiheddegree of fibre alignment and in the specific
regions of the sclera they examined. Moreover, astioned, unlike WAXS measurements
using SALS are not specific to collagen and majuithe the alignment of elastin fibres.

The gross shape of the sclera is also altered éynggRecently, using OCT, Tun et al.
found that the shape of the sclera at its boundiétythe ONH changes as a function of age
(Tun et al., 2019). On average, the anterior sertddhe PPS had a characteristic v-shaped
configuration with its peak pointing towards th&iorThe range, however, varied from an
inverted v-shaped (but with a relatively flat ptefito a more pronounced v-shaped
configuration. Interestingly, the v-shaped confagion was more prominent with increasing age,
worse vision, thinner cornea, greater axial lentftimner peripapillary choroid, and deeper
anterior LC (Fig 28). Such changes in PPS shageagé could have a significant impact on the
overall biomechanical environment of the ONH, ametéfore warrant further investigation.

The mechanical behavior of the sclera has beenureghssing a variety of methods in
human, monkey and mouse eyes, and the studieschasestently found a stiffening effect with
age. Uniaxial strip tests of human sclera repatttetithe elastic modulus increased with age and
was different in the anterior and posterior regi@ffriberg and Lace, 1988) (Geraghty et al.,



2012). Inflation tests of the posterior sclerallsbeEmonkey eyes (Girard et al., 2009c), canine
eyes (Palko et al., 2016) and human eyes (Cowtrdti al., 2012; Fazio et al., 2014a) all
observed a stiffening of the pressure-strain respaovith older age. Interestingly, scleral
stiffness increases more rapidly with age in eyesifdonors of African descent (Fazio et al.,
2014b). If and how this latter observation mighklto racial differences in susceptibility to
scleral-related ocular diseases such as myopiglandoma remain important unanswered
guestions. Pressure-displacement response, measunédtion tests of mouse eyes, was also
significantly stiffer in older compared to youngeouse eyes (Myers et al., 2010a).

Various studies have applied computational modglind inflation testing to estimate
the mechanical properties of the sclera and catldipees and their alterations with age. The
stress-strain relationship of the sclera was desdrby anisotropic hyperelastic models that
represent the tissue as a distribution of stiffaggn and elastin fibres in a more compliant
isotropic matrix. The latter represented contritwsi from non-fibrous components of the tissue,
such as PGs, and the effects of crosslinking. Gieaal. (Girard et al., 2009c) and Grytz et al.
(Grytz et al., 2014) applied such models to fit ¢festic properties of the fibres and matrix, and
parameters for the distribution of fibre orientatito full-field inflation scleral data of monkey
and human eyes. Coudrillier et al. (Coudrillieakt 2013) applied experimental WAXS
measurements directly to describe the collagee Binucture and fit the elastic properties of the
collagen fibres and matrix to the inflation testhioman eyes. All three studies showed that the
shear modulus of the soft matrix material increasit age. The increase in matrix stiffness
may be caused by the accumulation of AGEs withaamgkother age-related changes in the
matrix microstructure that may affect collagen ifibzillar interactions. For example, Murienne
et al. (Murienne et al., 2016) showed that remoglygosaminoglycans in the posterior sclera of
human donor eyes decreased the scleral thickndsaeneased its stiffness under inflation
testing. Grytz et al. (Grytz et al., 2014) alsoared that the collagen crimp angle decreased
with age. Both a larger matrix stiffness and a $enalollagen crimp angle lead to a stiffer stress-
strain response in the low-pressure region of #atian test, resulting in a more linear stress-
strain response. The findings for the collagerefiétiffness were more varied. Girard et al.
(Girard et al., 2009c) found that the strain-stiffey behavior of the scleral collagen fibres in
monkeys increases with age, indicating that theradtiffens more quickly with strain in older
animals. Grytz et al. (Grytz et al., 2014) repotieat the collagen fibre modulus decreased with
age in European-derived donor eyes, while thereneagtatistically significant age effects in
fibre modulus in African-derived donor eyes. Furthere, Coudrillier et al. found that the fibre
modulus increased with age in human diabetic dobatrsot in those without diabetes
(Coudrillier et al., 2015a, b). However, despitesh advances in our knowledge, the precise
relationship between ageing, diabetes and glaugemains to be established. Notably,
experiments thus far have probed the equilibriuch@seudo-elastic behavior of the sclera, while
the age-dependent viscoelastic scleral properi@sin poorly characterized. Importantly,
viscoelastic properties determine the deformatesponse of the sclera and ONH to IOP
fluctuations and optic nerve traction, and may irhpaughness to the interfacial interactions
between the retina and sclera. This has clinicplications not only for glaucoma, but also
macular degeneration.

Key points:

» The stress-strain response of the sclera becoiffes ahd more linear with age.



= Age-related mechanical changes are likely due tacenmulation of intermolecular collagen
crosslinks and a reduction in glycosaminoglycaneatthat alters collagen fibril
morphology and interactions.

= Age-related alterations in scleral material behavimay be important in glaucoma and
macular degeneration.

4.2 Glaucoma

Multiple studies have shown that the collagen stmgcand mechanical behavior of the PPS is
different in glaucoma human donor eyes and in alsisizbjected to long-term IOP elevation.
Significant regional differences have been measurdge collagen fibre organisation of human
eyes using WAXS (Coudrillier et al., 2015c; Pijardtaal., 2012) and SALS (Danford et al.,
2013). Using WAXS, Pijanka et al. reported a daseein the degree of fibre alignment in the
superior/temporal and inferior/nasal quadranthefiuman PPS, while the remaining two
guadrants showed an increase (Pijanka et al., 28113jer study with a larger number of
specimens showed that the collagen structure iRPBf overall becomes more uniform as the
eye’s glaucoma status (based on axonal loss) cdry® normal to glaucoma undamaged to
glaucoma damaged (Coudrillier et al., 2015c). SAt&asurements showed that a parameter
related to the degree of collagen alignment ofRR& of glaucoma eyes was higher than in
normal eyes in the nasal region, but smaller instigerior region (Danford et al., 2013). The
collagen structure of the PPS also became lessigaghin mouse eyes with glaucoma. Pijanka
et al. measured a lower degree of collagen alighmdread-injected glaucoma mouse eyes
compared to the contralateral control eye (Pijegtia., 2014). Meanwhile, Cone-Kimball et al.
performed detailed TEM evaluation of the collagencture in bead-glaucoma mouse eyes and
reported an increase in the number and cross-sattoea of collagen fibrils. There was also an
increase in the number smaller diameter fibrils faweer larger diameter fibrils (Cone-Kimball
et al., 2013).

The mechanical behavior of the PPS becomes shitarglaucoma. Nguyen et al.
developed an inflation test method for mouse elyasused two-dimensional DIC to track the
deformation of the scleral edge (Nguyen et al..30They observed a stiffer pressure-strain
response in the PPS, in both the meridional ardigiferential directions, in bead-glaucoma
mouse eyes compared to contralateral controls. B@wal. used uniaxial strip tests to measure
the stress relaxation behavior of the PPS of noamdlearly-glaucoma monkey eyes and found a
stiffer equilibrium (long-time) elastic modulustine early-glaucoma group (Downs et al., 2005).
The increased scleral stiffness in early-glaucomakmay eyes was later confirmed by Girard et
al. in more detailed inflation tests with ESPhteasure the full 3D deformation field of the
posterior sclera (Girard et al., 2011c). The awgtapplied IFEM to fit the parameters of a
hyperelastic distributed fibre model to the surfdeéormation field and reported a larger elastic
modulus and structural stiffness. Coudrillier etagdplied inflation testing with DIC to measure
the full-field deformation response of the postesdera of human donor eyes and found that
diagnosed glaucoma patients, both with and witlptic nerve damage, exhibited a stiffer
pressure-strain response in the meridional direcitd a smaller ratio of meridional to
circumferential strain in the PPS (Coudrillier et 2012). These findings were consistent with
WAXS measurements indicating a less aligned fibmgcture in the various regions of the PPS
(Pijanka et al., 2012). IFEM showed that, on aveyaige matrix shear modulus and collagen
fibre stiffness increased as the level of optiovaeatamage changed from undamaged to



glaucoma undamaged and finally glaucoma damageddi@icer et al., 2015c). However, the
effect was not statistically significant becaus¢hef large inter-specimen variability.

The pressure-strain inflation response of the RRSffer in C57BL/6 mice compared to
the albino CD1 strain, which has a longer and weder and thinner PPS. In bead-injection
glaucoma experiments, the optic nerve of CD1 mias more susceptible than C57BL/6 to RGC
axonal death, while the sclera of bead-glaucoma &f@% exhibited a significantly larger
stiffening effect than that of C57BL/6 eyes (Cohalg 2010). However, modelling studies
have not definitively determined whether a stieleral response to pressure is indicative of a
stiffer scleral material behavior (i.e. a largaastic modulus) because of the large variability in
the inflation response of individual glaucoma ey®bkreover, it remains unclear whether a
stiffer response to pressure is protective of glawer. Mice with a mutation in collagen 8A2
exhibited a larger eye and stiffer scleral respdod®P, and were less susceptible to RGC axon
death than the wild-type B6 control (Steinhartlet2z012). However, stiffening the sclera of
CD1 mice by collagen crosslinking with glyceralddhyed to greater susceptibility to RGC
damage (Kimball et al., 2014). Efforts to direathgasure ONH deformation in mouse models
may show the combined effects of variations inleygth, regional scleral thickness and scleral
stiffness on the observed strains (Nguyen et @lL82Nguyen et al., 2017). More detailed
modelling is needed to evaluate the combined effelcthese factors on the stresses experienced
by the glial and axonal tissues of the ONH (Myeralg 2011).

Key points:

= Chronic IOP elevation causes remodelling of PPf#geh structure and a stiffer pressure-
strain response, that occurs concurrently withcoperve damage.

» The effects of IOP increase are individually valéaéind may be influenced by the
homeostatic baseline structure and mechanical giep®f a given eye.

4.3 Myopia

Myopia is the most common refractive conditioneafing about 22% of the current world
population (Holden et al., 2016). In a normal entoy@t eye with clear vision, light rays
entering the eye focus precisely on the retina 2Big). However, in a myopic eye light rays
focus in front of the retina, causing the typicllrby vision in myopia (Fig 29B). Generally,
myopia first occurs in school-age children and ¢ghly progresses until age 20. Juvenile-onset
myopia is typically characterised by an elongatestgrior scleral shell (Fig 29C).

Human and animal studies have confirmed the existeha common mechanism across
species that uses visual cues to actively matchstta length of the eye to its focal length
(Howlett and McFadden, 2007; Norton and Siegw&®51 Siegwart and Norton, 2011,
Wallman and Winawer, 2004; Wildsoet, 1997). Thsam-guided, active process is called
emmetropization. Like humans, many animals are togpe at birth (i.e. the light focuses behind
the eye) and the refractive error diminishes aetleeemmetropizes. In animals, eye size can be
experimentally modulated by shifting the focal @agrosterior or anterior to the retina using
negatively or positively powered lenses, makingahe respectively myopic or hyperopic
(Norton et al., 2010; Schaeffel et al., 1988; Siagvand Norton, 2010). Increasing evidence
from animal studies suggests that the emmetropizatiocess relies on a feedback mechanism
that alters scleral remodelling to match the abeiabth of the eye to its optical system. Fig 30
illustrates the emmetropization process as a mésinanvolving the detection of visual stimuli



at the retina, signaling from the retina to theeszland modulation of scleral remodelling and
axial elongation; which in turn modulates the visstamulus and closes the loop.

The prevalence of myopia has dramatically increased the past 60 years and has risen
from 20% to nearly 90% in some Asian populationsi@ih, 2015). Several visual stimuli have
been identified to alter the refractive developnwithe eye including axial defocus, peripheral
defocus, form deprivation, light intensity, contraad light chromaticity (Ashby et al., 2009;
Gawne et al., 2017; Liu and Wildsoet, 2011; Ohlehdod Schaeffel, 2009; Rucker and
Wallman, 2012; Sherman et al., 1977; Wallman et18I78). While the exact cause of the
epidemic increase in myopia is still unclear, aeked scleral remodelling is thought to be a
common factor across all visual stimuli that maysseamyopia (Grytz, 2018).

Several changes in scleral composition and stredtave been identified in human
myopia and experimental animal myopia. In termsashposition, notable changes reported
include lower hyaluronan and sulfated glycosamipogh levels (Moring et al., 2007),
upregulated enzymatic degradation (Guggenheim acilrién, 1996; Guo et al., 2013),
downregulated collagen type | synthesis (Gentkd.e2003) and downregulation of aggrecan
(Siegwart and Strang, 2007). While myopia occurlyea life and is characterized by an
elongated eye size, accelerated tissue growthtihacause of myopia. Scleral growth ceases
very early during axial development of the eyee&dlvolume increases from birth to the end of
the second year of life but remains unchanged #fterein both normal eyes (Shen et al., 2016)
and eyes that develop myopia (Jonas et al., 20¥BH. Similar to human myopia, the amount
of sclera changes little (3-5% reduction in dry gi#) during experimental myopia in tree
shrews (McBrien et al., 2001; McBrien et al., 200M@yring et al., 2007). In human eyes, scleral
thickness decreases significantly with increasixigldength (Shen et al., 2015a). In severe cases
of high myopia, the sclera thickness was repomdaketonly 31% of a normal sclera (Cheng et
al., 1992). Severe scleral thinning in high myaogaa lead to the formation of posterior scleral
staphyloma. Animal studies have confirmed thatsttiera thins during experimental myopia
(McBrien et al., 2001; Norton and Rada, 1995). Ehessue-level observations suggest that not
accelerated scleral growth, but another distinathraaism underlies axial elongation in myopia:
scleral remodelling. Scleral remodelling is a mexda that involves the rearrangement of
existing material due to micro-deformations that @rearly) volume-conserving at the tissue-
scale, whereas scleral growth is a mechanism Haatges the amount (volume) of the sclera.

Animal studies have revealed changes in sclenasifucture during myopia
development. After experimental myopia inductiosjgnificant diameter thinning of scleral
collagen fibrils has been observed in rabbits @tial., 2018) and tree shrews (McBrien et al.,
2001). While these ultrastructural changes occiokiyu(2 weeks) in rabbits with lens induced
myopia, no significant changes were seen in a airtifine frame in tree shrews. Instead, only
after prolonged lens-induced myopia (~3 months) avaggnificant reduction in collagen fibril
diameter seen in the shrew. This reduction in geltefibril diameter is consistent with
ultrastructural observations in highly myopic huneges (Curtin et al., 1979). Based on inverse
computational models, Grytz and Siegwart reported the crimp of scleral collagen fibres
increases during the development of myopia (Grygtz Siegwart, 2015). Meanwhile,
experimental evidence of changes to the bulk fisganisation of scleral collagen in human
high myopia has recently come from WAXS studiesrids et al. reported changes in the
posterior collagen fibre alignment, in which themally well-conserved circumferential PPS
fibre structure unravels towards a more meridiatighment (Markov et al., 2018) (Fig 31).
Further studies are required to ascertain whelteset changes reflect tissue remodelling relating



directly to myopic lengthening of the sclera. Ather possibility is that they could point to a
mechanical adaption to elevated scleral tensidnghly myopic eyes, that will be greater at a
given IOP due to globe enlargement and posterioniing of the eye wall (Markov et al., 2018).
If and how such scleral microstructural changeshtniglate to optic nerve traction forces (see
s3.5) and increased risk of retinal atrophy anghstebma in highly myopic eyes is unknown.
Siegwart and Norton reported the first vision-inedichange in scleral biomechanics,
showing that the scleral creep rate increases glestperimentally induced myopia (Siegwart
and Norton, 1999). The creep rate represents thdyawhich the sclera stretches while it is
subjected to a constant load. The creep rate waslfto respectively increase/decrease while the
axial elongation rate was experimentally increadecteased, and myopia induced/recovered
(Fig 32). Similar to the changes in scleral cresp,rthe so-called ‘transition strain’ or ‘locking
strain’ was found to increase/decrease during naydpvelopment/recovery (Grytz and
Siegwart, 2015). The transition strain is direcdiated to the collagen fibre crimp and represents
the strain level at which the scleral collagendgstraighten (Jan and Sigal, 2018) (see Fig 12).
Interestingly, a similar increase in scleral tréinsi strain was found by Murienne et al. after
digestion of glycosaminoglycans in pig sclera (Mane et al., 2015). Collectively, these finding
illustrate the tight connection between changdssue composition, structure, biomechanics
and scleral remodelling. More recently, Levy etidéntified a profound cyclic softening effect
in tree shrew sclera after inducing experimentabpig (Levy et al., 2018). They also reported
that scleral crosslinking using genipin inhibite firocess, providing support for the notion of
scleral crosslinking as a potential myopia continerapy (see s5.2).

Key points:

» The emmetropization process involves a vision-glifigedback mechanism that alters
scleral remodelling to match the axial length @& #@ye to its optical system.

» Accelerated scleral remodelling, and not scleralgh, underlies myopia development.

» Scleral composition, structure and biomechanicshamged during myopia development.

5. Scleral therapies
5.1 Surgical treatments

In the context of this review, relevant surgicakttments may be broadly divided into two
groups: (i) those that justify surgery of the salas a means to access and/or biomechanically
alter neighboring ocular structures for clinicahbét (referred to here as ‘collateral scleral
surgeries’); and (ii) those involving deliberateldargeted mechanical alteration of the sclera
itself (classified here as ‘primary scleral surgst).

5.1.1 Collateral scleral surgeries

Scleral surgery to treat presbyopia (loss of foaage) has been explored over more than two
decades (reviewed in (Hipsley et al., 2018)). Suaigapproaches include anterior ciliary
sclerotomy (radial incisions in the sclera oventythe ciliary muscle) (Hamilton et al., 2002),
implantation of scleral expansion bands (Daviddoal.e2016; Malecaze et al., 2001), and
anterior scleral laser ablative surgeries (Hipgtesl., 2017; Lin and Mallo, 2003). All these



approaches have been shown to be effective insienepresbyopia to various degrees by
increasing the elasticity of the eye’s accommoe@adipparatus. However, inconsistent clinical
outcomes, treatment effect regression and incideatanterior ischemia have led to the
justification of scleral surgery as a presbyopegatment being called into question. Nevertheless,
while controversial, it remains an active areaasiearch (Glasser, 2008; Hipsley et al., 2018).
Scleral buckle (SB) treatment to repair retinabdbiment is another example of an enduring
scleral surgical procedure that continues to evdsilicon sponge, rubber or plastic “buckle”
element is strapped to the eyeball to indent tleraat the retinal detachment site, promoting
reattachment and healing (Park et al., 2018). @hespast decade, the burgeoning of ocular
biomechanics as a scientific discipline has poslgivmpacted SB technique development. For
example, computational modelling approaches ar@ragng to guide surgeons on buckle design
and use by helping to identify factors (e.g. budilee/shape, strap tightness, ocular biometry,
IOP) that most strongly influence the clinical autee (Ge et al., 2017; Lanchares et al., 2016;
Wang et al., 2007). Increasingly, SB is being corabiwith pars plana vitrectomy (PPV), a
procedure where a small number of scleral holgad@ly three) are created to facilitate vitreous
removal (Park et al., 2018).

Anterior scleral surgery in the form of trabecuteuy, scleral laser trabeculoplasty (SLT)
and drainage shunt implantation has long beemaalimainstay of IOP reduction in the
treatment of medically uncontrolled glaucoma (Bosed Pasquale, 2017), and here too
techniques are progressing. The recent adoptiomab-pulse lasers for SLT (Yu et al., 2019),
new shunt implant designs and materials (Chen aut& 2018) and adjunct tools such as
collagen matrix implants, fibrin adhesives, and atim membrane transplants (Lu et al., 2018)
are all examples of emerging strategies to supfite®sis, scarring and other side-effects of
glaucoma drainage surgery.

5.1.2 Primary scleral surgeries

Surgical reinforcement of the posterior scleravsadle but highly debated option to manage
pathologic myopia, and is usually indicated in eyéh associated macular changes and/or
staphyloma (Ohno-Matsui and Jonas, 2018). The droeenvolves inserting a strip of (usually)
donor sclera material under the separated exttabrouscles and pushing it down deeply
towards the posterior pole. The ends of the steplaen crossed over the medial rectus muscle
and sutured to the sclera on the medial aspebieauperior and inferior recti (Thompson,
1990).0ne source of controversy stems from difficultybitaining and storing donor tissue, and
this is driving current efforts to develop biocortipke artificial materials and devices (Yuan et
al., 2016). Meanwhile, established and emergingradjprocedures such as patching therapy
(Shen et al., 2015b) and collagen crosslinkinge(¥tal., 2018) (see s5.2) are being combined
with surgical reinforcement in an effort to impros#icacy and safety. Mechanical alteration of
the posterior sclera is also being considered adtamative neuroprotective strategy for
glaucoma patients who respond poorly to IOP lowgef@uigley and Cone, 2013; Strouthidis
and Girard, 2013). One possible surgical approacidde to locally stiffen the scleral tissue
around the ONH, for example by the insertion ofacbmpatible (e.g. titanium) ring implant

into the PPS and/or adjacent tissues. While treen®t yet any experimental evidence to support
the viability of such an approach, recent compateti modelling results (Soh, 2016) show that,
theoretically at least, it could be one effectigate to reducing IOP-driven scleral canal
expansion and LC strain (Fig. 33).



5.2 Scleral crosslinking

Collagen crosslinking has been used in multiplérsggs to mechanically stabilise collagenous
tissues and hydrogels (Lima et al., 2009). It @uthht that biomechanical weakening of the
cornea is the underlying cause of keratoconus (slayal., 2007). Corneal crosslinking using
riboflavin and ultraviolet A light has been propdsend successfully used to mechanically
stabilise the cornea in keratoconus patients sif&8 (Raiskup et al., 2015; Wollensak et al.,
2003). A single treatment session of corneal cragslg has been shown to slow or arrest
keratoconus progression and achieve long-termlisiioon of the condition (10 years) with a
good safety profile (Raiskup et al., 2015). In getd.3 we discussed several structural and
biomechanical changes that occur during the dewatop of myopia, including scleral creep
rate, collagen fibre crimping and re-alignment, apdic softening (Grytz and Siegwart, 2015;
Levy et al., 2018; Markov et al., 2018; Siegward &orton, 1999). These changes suggest that
the sclera is biomechanically weakened during theelbpment of myopia. Collagen
crosslinking has therefore been proposed as afmdteeatment for myopia and, in particular,
for progressive myopia (Wollensak and lomdina, 2008rogressive myopia is one of the
leading causes of blindness worldwide without azepted treatment option that can slow or halt
progressive scleral remodelling (Buch et al., 20Ddtter et al., 2006; Green et al., 1986;
Krumpaszky et al., 1999; Munier et al., 1998). Gitlee lack of treatment options available and
the morbidity of progressive myopia, an effectili@ical solution is becoming increasingly
necessary.

Collagen crosslinks accumulate naturally in therscturing throughout life (Schultz et
al., 2008). Based on computational model predisti@rytz and El Hamdaoui proposed that the
natural accumulation of collagen crosslinks de@sdise eye’s susceptibility to scleral
remodelling and myopia with age (Grytz and El Hamda2017). McBrien and Norton have
shown that preventing natural collagen crosslinkingbles the axial elongation rate during lens-
induced myopia in juvenile tree shrews, suggedtiag collagen crosslinks modulate scleral
remodelling in myopia (McBrien and Norton, 1994)oMgnsak and colleagues reported that the
biomechanical changes introduced by scleral crddsly remain effective for up to 8 months in
rabbits (Wollensak and lomdina, 2008b, 2009). Stlemrsslinking was shown to reduce
collagen fibril crimping (Zyablitskaya et al., 201supporting the idea that crosslinking can
counteract biomechanical changes seen in expern@ybpia (see s4.3). Wang and Corpuz
demonstrated that weekly scleral crosslinking usmlgr Tenon'’s injections of genipin can slow
experimental myopia over 21 days in guinea pig €yé¢sng and Corpuz, 2015). However, that
study did not incorporate a sham injected groupci@at al. have shown that sham injection
behind the sclera can a have a significant effecboal development and should, therefore, be
considered when delivering crosslink agent via $aben’s injections (Garcia et al., 2017). Two
groups have reported that scleral crosslinkinggisimoflavin and ultraviolet-A radiation can
also slow progression of experimental myopia byaasing scleral biomechanical strength in
guinea pigs (Dotan et al., 2016; Liu et al., 20B&cently, Lin et al. showed successful slowing
of experimental myopia using glyceraldehyde foesalcrosslinking in rabbits (Lin et al., 2019).
Interestingly, Chu et al. had earlier also perfatragb-Tenon's injection using glyceraldehyde in
the guinea pig model of myopia (Chu et al., 2018) Im contrast to the study by Lin et al., they
reported that scleral crosslinking had no effectrendevelopment of myopia despite
biomechanical strengthening of the sclera. Chu. etnd Lin et al. used the same concentration
of glyceraldehyde, but Lin et al. injected the stwgking agent every other day (seven times in
total) compared to only one injection performeddhu et al. The different number of injections



may explain the disparity in the results betweaséhtwo studies and stresses the importance of
using multiple doses when studying the effect térst crosslinking. Recently, Grytz et al.
reported the first investigation of dose-dependéieicts of scleral crosslinking on myopia
development (Grytz et al., 2018). This study usém Benon’s injections of genipin in tree
shrews, confirming that scleral crosslinking caswsbxial elongation in myopia and that the
effect is dose dependent. Furthermore, a shamteffetib-Tenon’s injections on axial

elongation was also seen in the study of Grytz.etanfirming the previous finding of Garcia et
al. (Garcia et al., 2017).

Artificial crosslinking can be induced in multipkeays, where each method has its
benefits and disadvantages. Maintaining a balartedzn minimizing cytotoxic effects and
invasive operative procedures, while preservingttnent efficacy, will be essential to identify
and optimise a clinically deliverable method ofesal crosslinking. The classical approach is
based on using ultraviolet A light-activated rilaofin. The clear advantage of a light activated
crosslink agent is the ability to use the lightdcalise the treatment to the area of interest. A
major challenge of this strategy remains the safety of the light to the sclera, which
currently requires the operative exposure of theragWollensak and lomdina, 2009; Wollensak
et al., 2005). Current scleral crosslinking techiesjusing riboflavin/ultraviolet A light were
found to be not safe enough (Wang et al., 2015)mfwove efficacy and reduce retinal toxicity,
other light wavelengths such as blue light (Zhaingl.e 2015b) have been proposed and continue
to be evaluated.

An alternative approach is to use crosslink agnasdon’t require light activation. The
most commonly used scleral crosslinking agents filimcategory are two low-cytotoxic
compounds: glyceraldehyde and genipin. Both agemts been successfully used to slow
myopia progression, as mentioned above. Genim@misturally occurring organic compound and
one of the best characterized low-cytotoxic crogsig agents (Campbell et al., 2017; Fessel et
al., 2014). Campbell et al. have shown that a nioxsfer concentration of genipin is required to
achieve a comparable scleral stiffening effechtd tbtainable using alternative low-
cytotoxicity agents such as glyceraldehyde (7-foldnethylglyoxal (30-fold) (Campbell et al.,
2017). The main advantage of using a crosslink tattpan doesn't require light activation is the
less invasive delivery of the agent via sub-Tenam&ctions. However, there are also
disadvantages in using non-light activated agétusexample, currently there is no method to
limit the crosslinking procedure to the sclera aloB@rytz et al. reported that the genipin solution
can diffuse across the limbal boundary during thi® Eenon’s injections, crosslinking not only
the sclera but also the cornea (Grytz et al., 208B¥tudies that showed successful slowing of
myopia progression using glyceraldehyde or genigguired repeated injections of the crosslink
agents (typically 3 to 5 times or weekly injectipriBhe development of an improved and
sustained delivery strategy will be essential fpotential application in the clinic. Moreover,
while no study has reported any major safety corecer alarming adverse effects, the safety of
these agents is still under evaluation.

Scleral crosslinking has also been proposed asemfial treatment strategy for
glaucoma, but was found to increase glaucoma damagenouse model when the entire sclera
was crosslinked (Kimball et al., 2014). Howeveru@allier et al. have shown that restricting
scleral crosslinking to the PPS region can havereticial effect by reducing the magnitude of
biomechanical strains within the LC (Coudrillieradt, 2016). Consequently, localised scleral
crosslinking may find utilisation in glaucoma axbnauroprotection, but this potential treatment
modality requires further investigation and remainproven.



6. Futuredirections and conclusions

The structure and biomechanical performance ofthera is coming under increasing focus by
researchers whose work is defining with more gldhe tissue’s central importance in common,
sight-threatening ocular pathologies such as gikaacand progressive myopia. Classical views
of the sclera as a largely static, quiescent tissadeing replaced by a growing awareness of its
dynamic nature in terms of ECM growth and remodglinechanisms and cellular
biomechanical responses over wide-ranging timeescéthcreasingly comprehensive
understanding of the multiple, interacting biomewgbal loads on the sclera (including eye
movement forces and fluid pressures) is leadingdce physiologically relevant combined
experimental and computational models. Such matelsequired to investigate scleral-related
disease and its association with ageing - a nestdatii become even more pressing as the
global population continues to age.

Going forward it is certain that we will see mo@able advances in the broad and fertile
area of scleral research. It is likely that newgimg modalities will be leveraged to visualise
further aspects of scleral hierarchical structure eell-ECM interactions, similar to what we are
seeing in corneal research with the recent apmicaf methods such as third harmonic
generation (Jay et al., 2015) and coherent ankeSt®aman scattering (Kaji et al., 2017)
multiphoton imaging. We can also expect to seenmging methods increasingly combined
with quantitative tools such as Fourier methodg(Ra et al., 2019) to provide more
representative ECM and cellular structural inpotscomputational modelling (Fig 34).

In the future there will likely be a continuatiohtbe current trend towards 3D imaging
techniques (Feneck et al., 2018; Yang et al., 2DaB4d the unification of ocular structure data in
an effort to gain a more holistic view of oculahbgiour through whole eye biomechanical
modelling (Voorhees et al., 2017; Whitford et aD,16; Zhou et al., 2019a; Zhou et al., 2019b).
It is possible that we will also see a future staftards in vivo biomechanical modelling
approaches, particularly if urgently needed progees) be made on characterisation of ECM
structure in the living eye. Indeed, quantitativelgpping collagen fibre organisation in vivo in
human subjects may prove critical to improve glamaaiagnosis and management. Recently,
PSOCT has been used to evaluate the volumetriostiactural tissue organisation in rat PPS in
vivo (Fig 35). This was done by taking advantagéhefbirefringence caused by collagen fibres
(Baumann et al., 2014). In that study, a PPS filoig was observed, which was validated against
conventional histology and found consistent witheotex vivo studies (Girard et al., 2011a).
Translating PSOCT to the clinic could become fdasibthe future, however significant
challenges such as loss of signal quality when ingadeep tissues must first be overcome.

The rise of artificial intelligence (Al) computirand its pervasion into vision research
will likely accelerate in future, and this couldsudt in further clinical benefits for scleral-redalt
disease diagnosis and prognosis — perhaps mostdiat@ky in the glaucoma clinic. For
instance, Al algorithms have already been developethhance, denoise, and automatically
segment the PPS (along with other connective anchhssues) in OCT images of the ONH in
order to extract important in vivo structural infaation. The performance of such algorithms is
already on a par with that of human experts (Fig @8her Al algorithms have used the textural
and structural information (Devalla et al., 201Bayalla et al., 2018b; Girard et al., 2011b) of
the sclera (along with that of other tissues) inTA@ages of the ONH to provide a glaucoma
diagnostic power that could challenge current gaédidard glaucoma parameters such as RNFL



thickness (Girard et al., 2018). In the future,awe likely to see the emergence of other Al
algorithms that will use structural and biomechahisformation about the sclera to help predict
which patients are at risk of developing visualil®ss from glaucoma.

In terms of scleral treatments, an increasing esiston minimally invasive therapies is
probable. The success of collagen crosslinkingetat ttorneal biomechanical problems (e.g.
keratoconus) has provided incentive for researtthsoleral crosslinking (see s5.2). However,
while notable progress has been made using anim@élsithere remain many unanswered
guestions in terms of safety, efficacy and modéadifvery that are currently blocking clinical
translation. Another potentially productive scletsrapeutic route currently still in its infaney i
stem cell treatment. Scleral reinforcement viaapplication of mesenchymal stem cells is being
evaluated as a potential treatment for progressiy@pia (Janowski et al., 2015). Cell-mediated
strategies involving both direct structural enhaneet of the scleral stroma and indirect routes
via stimulation of dopamine are being consideraed &). Meanwhile, increasing success in the
search for novel myopia genes is coming from thdewing use of big data analyses (Flitcroft et
al., 2018). These studies are already providingmial targets that could be leveraged in future
towards gaining control of myopic scleral elongatibrough, for example, gene therapy. Given
the already substantial and growing burden of ati@lated eye disorder worldwide, the success
of such approaches will become even more impontettie future.
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Figure Captions

Figure 1: Overview ofscleral morphometry and connective tissue strucAirédpproximate wall
thickness and dimensions of the normal, adult husaéera B) Transmission electron microscopy
(TEM) image of the outer scleral stroma, showingd#ar structure formed by collagen fibril bundles
in longitudinal (Lc), transverse (Tc) and obliqu@c] section. A fibrocyte (F) and elastin fibre an
also be seen. Bar: 1.5u@) TEM image of stroma from a different specimenighér magnification,
showing D-periodic banding of individual fibrils langitudinal section. Proteoglycans are present as
fine filaments (arrowheads) associated with théageh fibrils. Bar: 250nnD) Second harmonic
generation (SHG) image of en-face section throbgloptic nerve head at mid-stromal depth,
showing the fenestrated lamina cribrosa (LC) thapsrts the exiting retinal nerve axons. The
collagen fibril bundles of the neighbouring periplapy sclera (PPS) adopt a predominantly
circumferential orientation in this region. PanefadRen from (Bron et al., 1997) and reproduced with
permission of Hodder Arnold. Panel C adapted frévatson and Young, 2004) with permission of
Elsevier Ltd.

Figure 2: Anatomy of the anterior segment of the eye, showliegvarious scleral tissue layers.
Adapted with permission from https://eyeanatomymaydpress.com/2012/10/15/the-limbus.

Figure 3: Thehierarchical structure of scleral collagen (nos¢ale). Five triple alpha-chain
tropocollagen molecules assemble into microfibiisyhich the axial stagger of individual molecules
leads to gap/overlap regions that define the 67xial B-period. Varying numbers of near-parallel
microfibrils form collagen fibrils of diameters rging from 25 to 230nm.The microfibrils are actually
inclined by 5° to the fibril axis, but this is not shown in tisisnplified diagram.

Figure 4: Gross orientations of collagen lamellae in the gost human sclera, as interpreted from
histological examinations by Kokott (1934). Righteshown with superior (S) and nasal (N) aspects
marked. Notable features are circular orientatimuiad the optic nerve (on) and associations wigh th
superior oblique (so) and inferior oblique (io) rolesinsertions. Figure adapted from (Watson, 2012)
with permission of JP Medical Ltd.

Figure5: Quantifying scleral collagen orientation using walegle X-ray scattering (WAXSH)

The constructive interference of forward-scatteXedys from the regular lateral packing of
constituent tropocollagen molecules aligned ne&lhgowithin the fibrils produces a Fourier
transform (WAXS pattern) that is collected on aedair behind the specimds) The collagen fibril
orientation distribution function is extracted frahe WAXS pattern by analysing the angular spread
of (radially integrated) X-ray intensity. The seatfrom preferentially aligned collagen (clear cegi

of graph above the dotted line) is displayed aslarector plot in which the plot shape indicates
preferential fibril orientations (in this case uxiad), while the plot size is indicative of the deg of
anisotropy.

Figure 6: Collagen microstructure of the posterior sclerasgispecies. Polar vector plots of collagen
fibril orientation in various mammal speci@-E) and humangF), determined using WAXS. The
shape of the individual plots indicates the pref@émlirection of collagen fibrils at that point et

tissue, while the plot colour scaling is indicatifethe degree of anisotropy. Note that the



circumferential collagen structure of the peripiapyl sclera bordering the optic nerve (ON) is pgorl
defined in smaller mammals, but becomes gradubdirer with increasing eye size. The area
covered by the WAXS maps is shown in yellow ondbheompanying eye shadow diagrams.

Figure 7: SALS mapping of fibre microstructure in the pegilary sclera (PPS) and lamina
cribrosaLeft: Fibre maps for en-face sections from 6 human do(®healthy: N1-3; and 3
glaucoma: G1-3). A highly aligned (red colour) &king (black vector) can be observed in the PPS
(the LC boundary is shown in black). Contour colapresents the fibre concentration fackight:
Simulated IOP-induced deformations (effective siraiow deformations (blue colour) can be
observed near the scleral canal boundary (a rggimme to mechanical defects). Such deformations
would be much higher if one were to remove theregEnous PPS fibre ring. OPS: outer
peripapillary sclera, IPS: inner peripapillary saleContour colour represents the strain magnitude.
Figure modified from (Zhang et al., 2015) with p&sion of the Association for Research in Vision
and Ophthalmology.

Figure 8: Two-channel multiphoton microscopy image recorfiteth human episclera. The elastin
fibre network (red) is revealed by TPF autofluosse, and is shown alongside collagen fibril
bundles (green) visualized concurrently with SH@gmng. Figure adapted from (Park et al., 2016)
with permission of the Association for ResearcNigion and Ophthalmology.

Figure9: A) The posterior sclera of the sheep eye visualisedyuPLM. Three major organizational
patterns were identified and marked by an astesislampersand, and a hashtag: i) interweaving
fibres that formed a basket-weave patt@&hgsterisk), ii) fibres oriented radially from thenal C)
ampersand), and iii) fibres wrapped circumfereltiatound the canal)) hashtag). White lines
representing orientation averaged over 20 x 28wene overlaid to aid discerning the fibre
organization. Figure adapted from (Jan et al., BpWith permission of the Association for Research
in Vision and Ophthalmology.

Figure 10: Collagen crimp period visualised using PLM). An LC beam appears banded when
imaged with PLMB) Adding the lengths of one bright band and one tarkd makes one collagen
crimp periodC) Processing several “raw” PLM images with variaiterf orientations, it is possible
to pseudocolour half periods as alternating yelma purple bands that help visualize the crimp.
Note that the crimp bands are fairly uniform andppedicular to the longitudinal axis of the LC
beam. This crimp pattern helps reduce shearingasbn within the LC beam when loaded
longitudinally. Note that crimp period is only oaspect of fibre crimp. Figure adapted from (Jan et
al., 2017a) with permission of the AssociationR&asearch in Vision and Ophthalmology.

Figure 11: Wide views spanning the LC and sclera under Pldy)(and visualised using the yellow
and purple bands as described in Fig 10 to simglggerning crimp period independent of the
orientation (middle). The bottom shows pairs of MM images and corresponding crimp period
visualization images of close-ups of the LC (botleft), proximal PPS (bottom center), and distal
PPS (bottom right). An example line illustratinget@ periods is overlaid on each. It is easy to
distinguish that the crimp period in the LC was Bnha the proximal PPS the period was similar to
that of the LC. The period increased with distainom the canal. Figure adapted from (Jan et al.,
2017a) with permission of the Association for Resledn Vision and Ophthalmology.



Figure 12: Schematic of how fibre uncrimping contributesissiie mechanical properties. (Top) As a
single fibre stretches, it uncrimps, requiring tigkly little force until it loses all crimp. The
straightened fibre can only be stretched furthemiaking the fibre longer, which requires an
increasing force, and so the fibre appears stiffdibre that has uncrimped and is bearing load is
called “recruited”. The macroscopic force or stifis of multiple fibres depends on the distributbn
baseline crimp in the fibres. (Bottom row) In aioggwith fibres of uniform crimp, stretch leadsao
macroscopic step increase in stiffness due toitheltsneous straightening of all fibres. In a regio
with variable crimp, stretch leads to a graduatease in stiffness due to the progressive straigige
of fibres. Fibres with less crimp are straighteaad loaded (recruited) before fibres with more prim
Figure adapted from (Jan et al., 2017a) with pesimisof the Association for Research in Vision and
Ophthalmology.

Figure 13: Crimp characteristics vary around the globe, insistent ways between individuals. The
figure is to compare crimp period and amplitudessiregions of the globe. The 25th percentile, 50th
percentile (median), and 75th percentile periodanglitude values were used to generate
representative fibres for each region as sinuseiddiese visualizations are not intended to reptese
any specific fibril, fibril bundle or lamellae, bate, instead, intended to visualise how the crimp
differs between regions. In regions with more umfarimp, all three lines would be relatively

similar, whereas in regions with highly variablewgp they would vary. Figure adapted from (Jan et
al., 2018) with permission of the Experimental Research.

Figure 14: Application of 3DPLM to the posterior pole of laegp eye. The 3D orientation of the
fibres can be separated into in-plane and out@fglbrientations, where the plane is that of the
section.(a) Bright field image of a cryosection with red anéen arrowheads pointing to long in-
plane fibre bundles and out-of-plane fibre bundiespectively(b) In-plane fibre orientation map
showing both in-plane fibre morphology and orieistatColours indicate the in-plane fibre
orientation;(c) Out-of-plane fibre orientation map highlightingre bundles. Colours indicate the
out-of-plane fibre orientation, from fully in-plarfblue) to perpendicular to the plane (marpdd)
Out-of-plane fibre orientation of small region anferest shown in (cjg) 3D visualization of collagen
fibres. Figure adapted from (Yang et al., 2018lhwwermission of the Journal of Biophotonics.

Figure 15: Collagen fibre orientation maps in the PPS andégion of a pig eye. The images were
acquired using either PLM (a, c¢) or SPLM (b, dpofuncut thick sampléa) The PLM images
appear green, without much detail of the knownigecture of the regior(b) In contrast, SPLM
images show a much more heterogeneous arrangddathtcircumferential and radial fibres can be
identified, based on color-coded orientatiaiey;and(d) show close-ups of the region marked by the
dashed rectangle. Overlaid on the images are joaa#iraged orientation lines. Figure adapted from
(Yang et al., 2018a) with permission of the SPIE.

Figure 16: Porcine PPS imaged by snapshot polarized lightasiopy (Yang et al., 2019). The
colors indicate the local orientation of the colladibres and the brightness is roughly proporiitma
the local collagen density. Note that the coloes@btained through optical means, and the image is
not coloured digitally. The scleral canal is slighiut of frame on the bottom right corner. Clearly
discernible in the image are collagen fibre bundlesumferential to the canal. The width of the
region of circumferential fibres is between 20% 4086 of the canal diameter in both porcine and
human eyes (Gogola et al., 2018b). It is also ptessd distinguish the collagen fibres that forra th



bundles. The bands of color indicate collagen fdyip (Jan et al., 2017b). The collagen fibre
bundles and the crimp of the fibres increase ie giith distance from the canal (Jan et al., 2017a).

Figure 17: High-resolution T2*-weighted MR images of the wedied ovine sclera near the optic
nerve head. The left panels show the cross-sedfitive sclera, optic nerve head, and lamina crédbros
in sagittal view. The right panel shows the corori-weighted image oriented as the blue box in
the left panel at 16 x 16 frim-plane resolution and repetition time/echo tim@000/9.5 ms. Details
of the lamina cribrosa (yellow arrow) within thetigmerve head and the distributions of crimps (red
arrows) in the scleral fibres surrounding the opticve head were revealed especially at orientation
near the magic angle at approximately 55° to thiem mmeagnetic field (B0O). Figure adapted from (Ho
et al., 2014) with permission of the AssociationResearch in Vision and Ophthalmology.

Figure 18: Quick-freeze deep-etch (QFDE) electron microsdomgge of mouse posterior sclera,
revealing layers of differentially oriented collaglamellae in 3D. On the right side of the image (*
can be seen an area of partially etched, vitrified a product of the “freeze-fracture” procesdimat
can preserve native hydrated structure more cldbalyis possible with conventional electron
microscopy sample preparation. Scale banm2 Figure reproduced from (Ismail et al., 2017)wit
permission of Elsevier Ltd.

Figure 19: Ultrasound (US) speckle tracking of scleral and QOddformation under inflation testing.
US imageA) and colour maps of vertical displacemBiut horizontal displaceme@), and strains
(D-F) for a representative human donor eye at 30 mnirHg.yellow dotted lines in A) indicate the
boundaries between ONH and peripapillary tissud{PtRe inner and outer blue lines are fitted
curves for demarcation of region of interest (Rfof)strain analysis, and the middle blue line isdis
to divide the anterior and posterior halves. Nbsd the retina is largely excluded from the ROI.
Positive displacements = upward vertical movememightward horizontal movement. Vertical
displacements were larger within the ONH. The tagrial displacement of PPT was negative on
average on the left side of ONH and positive orridlet side of ONH, indicating a small scleral chna
expansion. Through-thickness compression was lang@sagnitude and concentrated in the anterior
half of the ONH and PPT. Reproduced from (Ma et24119) with permission of the Association for
Research in Vision and Ophthalmology.

Figure 20: Inflation testing of intact eye globA) Elevation view diagram of the whole eye globe
inflation testing rig set-uB) Side view of the rig set-u) Match between modelled and imaged
topography of the eye globe. The FE nodes repriaggtiite corneal apex, posterior pole and limbal
ring are highlighted in red. Adapted from (Whitfagtal., 2016) under Creative Commons License
4.0.

Figure 21: Steps to track IOP-induced displacement of a siagleral point in vivol) an ROl is
created in the undeformed OCT volurgThe ROI undergoes a combination of affine
transformations (translation, rotation, shear areteh);3) a displacement vector can be extracted
when the deformed ROI best matches a co-localisgidiRthe deformed volume. Adapted from
(Girard et al., 2013) with permission of the aughor



Figure 22: Simulated IOP promotes contractility in culturadan scleral fibroblast#) Fibroblast
contractility in response to 1% or 4% cyclic stratrb Hz for 24 hours, assessed by a 3D collagen
gel-based assay. The numbers refer to cell guemtitihile the vertical graph axis denotes relajeie
area (a.u.) as measured in Imad®JPhase-contrast and confocal immunofluorescentesagerlaid

to show the correlation between expression of ¢effalar contractile apparatuegMA and F-actin)
and wrinkle formation. Arrow indicates a wrinklerfioing myofibroblast. Arrowhead indicates a non—
wrinkle-forming fibroblast. Red: F-actin, GreatBMA, Blue: DAPI. Scale bar: 50m. Reproduced
from (Qu et al., 2015) with permission of the Adation for Research in Vision and Ophthalmology.

Figure 23: Experimental glaucoma increases cell proliferaind myofibroblast differentiation in
mouse scleralop row: Immunohistochemical labelling of vimentin (red)A) control andB) 3-day
glaucoma scleral wholemountdiddie row: a-SMA labelling (green) irC) control andD) 3-day
glaucomaBottomrow: cell adhesion molecule-actinin labelling (red) ifE) control and~) 3-day
glaucoma. DAPI nuclear counterstain is shown i ftuall panels. Scale bars =.20. Reproduced
from (Oglesby et al., 2016) with permission of Mal&ar Vision.

Figure 24: A schematic illustration of how the stiffness loétsclera affects the IOP-induced ONH
deformations. In the case of a compliant sclerfd) (len increase in IOP induces large scleral
deformations, which are transmitted to the scleaall, resulting in a large scleral canal expansion
that pulls the lamina taut. Conversely, a stifesaldeforms little under IOP (right), with a small
scleral canal expansion, allowing the lamina talisplaced posteriorly by the action of IOP on its
anterior surface. Figure adapted from (Sigal e8l11b) with permission of the Association for
Research in Vision and Ophthalmology.

Figure 25: A) Computational models used to simulate the biom@chblbehavior of four theoretical
collagen fibre arrangements (top row). Shown ihtliglue is the posterior sclera, with the scleral
canal as a red disc. The black lines representdtegen fibres. On the middle and bottom row are
shown contour levels of the magnitude of the deédioms (strain) due to an IOP elevation of 50
mmHg. A simple reinforcement of the canal with arderential fibres limited the strain in the
lamina due to IOP but did provide support to tHersc Conversely, a radial arrangement of fibres
reduced the strain in the sclera, but lead to bighins within the lamina. The combination of rddia
and circumferential fibres still caused high stsaimthe lamina. A tangential arrangement of fibres
provided the best reinforcement for both the scecthe lamina, reducing the strains to near zero-
levels. Depending on the fibre curvature, longdiotangential to the canal can have substantially
different responses to I0OP increadgsMaps of IOP-induced strain for three differentéb
curvatures. When the fibres were concave to thal¢@anal Closing Fibers), increased IOP caused
the canal to close, and lamina compression. Whefilthes were convex (Canal Opening Fibers),
increased IOP caused the canal to open and thedamistretch. Note that the models incorporated
many fibres. For simplicity, only a few are show@).Diagram of the mechanism of action of long
tangential fibres. For concave fibres, the loadnfi®P results in an outward tensile force at theata
boundary as the fibres straighten. For convex $ijttee load from IOP results in an inward
compressive force at the canal boundary as thedistraighten. Figure adapted from (Voorhees et al.
2018) with permission of Acta Biomaterialia.

Figure 26: Magnetic resonance imaging (left), optical coheestomography imaging (centre), and
finite element modelling (right) all strongly sugg¢hat the optic nerve applies a traction forceon
the back of the eye during eye movements. Theeseiltris shearing of the optic nerve head tissues
(red arrows). Note that deformations were magnifi¢ines in the finite element models to aid visual



interpretation. Adapted from Wang et al., 2016a&fahg et al., 2017 with permission of the
Association for Research in Vision and Ophthalmyplog

Figure 27: A schematic description of three mechanisms bywmcreases in CSFP cause ONH
deformations. Undeformed ONH is shown with contumsitnes, and deformed ONH with dashed
lines.(a) CSFP acts inwardly compressing the pia mater lamdetrolaminar neural tissue within.
Due to the Poisson effect, lateral compression caange expansion in the axial direction, increasing
retrolaminar pressure (Morgan et al., 1995) “puagHianteriorly on the lamina and causing
clockwise rotation of the PP&) CSFP acts outwardly on the dura mater away frapth mater,
causing the known distension of the dural she&ilie( et al., 2003) rotating the PPS
counterclockwise, and displacing the periphenheflamina posteriorlyc) CSFP “pushes” the PPS
anteriorly, causing flattening of the globe andckleise rotation of the PPS, and displacing the
periphery of the lamina anteriorly. Figure adagdtedh (Hua et al., 2018) with permission of the
Association for Research in Vision and Ophthalmyplog

Figure 28: Determinants of the peripapillary sclera (PPS)airghealthy eyes. An increase in the v-
shaped configuration of the peripapillary sclerB$lPis associated with increasing age, longer axial
length, thinner central corneal thickness (CCTiprtar choroidal thickness, worse vision and an
increase in lamina cribrosa (LC) depth. Adaptednf{@un et al., 2019) with permission of the
Association for Research in Vision and Ophthalmyplog

Figure29: Effect of myopia on eye shap®) Emmetropia is the visual condition of the normgad e
with clear vision. This condition is achieved wttea axial length of the eye matches the refractive
power of the cornea and lens, such that light emggocused exactly on the retigg.A myopic eye

is too long for its optical components and lightdses in front of the retina causing faraway olsject
to appear blurryC) Overlaid histologic sections of the emmetropic agyd the contralateral, highly
myopic eye of the same donor showing the extendstegor segment of the myopic eye. The
anatomy of the anterior segment is nearly identichbth eyes. In contrast, the posterior segmént o
the myopic eye is elongated compared to the empietaye, causing the typical increase in axial
length seen in myopia. Reproduced from (Grytz, 201igh permission of Kugler Publications.

Figure 30: The emmetropization process and factors that inhactefractive development of the
eye. Mechanisms highlighted in yellow representiaistimuli and environmental factors that impact
the refractive development of the eye. Mechanisigislighted in blue are thought to be involved in
the feedback mechanism. Mechanisms highlighteddargare believed to impact the refractive
development of the eye without modulation by thedfeack mechanism. Reproduced from (Grytz,
2018) with permission of Kugler Publications.

Figure 31: Bulk collagen microstructural changes in humarhhityopia.Left panel: WAXS polar
vector maps of collagen orientation in (top) a nairemd (bottom) a high myopia flat-mount human
posterior sclera. The peripapillary sclera, bomtgthe optic nerve, is shown bounded in black. Note
myopic alteration to collagen directions in thigios. The normal sclera features a predominantly
circumferential pattern, with only a slight intgption in the superior (S)-nasal (N) aspect. However
the S-N interruption is far more widespread inhighly myopic eye (arrows), suggesting an
unravelling of the normal structure in high myogRight panel: fibre displacement angle from perfect
circumferential alignment in (top) average of 7mat specimens and (bottom) the high myopia



specimen. ON: optic nerve. Figure adapted from Kaaet al., 2018) with permission of Molecular
Vision.

Figure 32: Regulation of scleral creep rate in tree shrewsidiexperimentally induced myopia (-5D
lens treatment) and recovery. Axial elongation aeselerated in the treated eye during monocular -
5D lens treatment and slowed during recovery frébh lens wear (lens removal). Creep rate
increased/decreased in the treated eye durindriesisnent/recovery. The creep rate of the control
eye and normal animals without lens treatment laogva for comparison. Reproduced from (Grytz,
2018) with permission of Kugler Publications.

Figure 33: Computational modelling of theoretical posteriogreent ring implants as a potential
glaucoma therapyh) Generic human eye model geometry and FE ni®sBroposed intrascleral (IS)
ring implant (implant material stiffness = 200GRa).Alternative ring implant (200GPa stiffness)
located in the subarachnoid space (SA§)Effect of SAS and IS+SAS combination implants on
calculated ONH deformation behaviour, under a sitea IOP of 50mmHg. A maximum 66%
reduction in scleral canal expansion and a 28%atéxtuin LC strain are predicted by the model
under the double ring combination implant stratéggapted from (Soh, 2016) under Creative
Commons License 4.0.

Figure 34: Fourier analysis of mechanical load-induced F-astiiess fibre networks in cultured
bovine scleral fibroblasté&) Confocal image showing green cytoskeletal stié#sed of F-actin,
stained with Alexa-488® phalloidin (bar =|2%). B) Map of integrated actin signal, sampled every
5um. C) Polar vector map of actin fibre orientation fromalysis of Fourier power spectruim) Map

of degree of fibre recruitment (DFR) around thengipal fibre direction. Reproduced from (Pijanka et
al., 2019) with permission of the Journal of Biofgocs.

Figure 35: A) Fundus image of the rat ONB) Collagen fibre orientations (colour map) in the
peripapillary sclera about 10n posterior to the retinal pigment epithelium. Golscale: -90 to 90
degrees. S, T, |, N: superior, temporal, infem@sal C) Preferred collagen fibre orientations in the
peripapillary sclera showing a ring pattern. Adddrem (Baumann et al., 2014) with permission of
the Association for Research in Vision and Ophtluddiy.

Figure 36: Automated segmentation of ONH connective and ndigges using artificial
intelligence (Al) computing. The peripapillary s@éas shown in yellow. The performance of Al is
now similar to that of a human expert.

Figure 37: Potential stem cell treatment for progressive mgof) Injection of a mesenchymal stem
cell suspension into the subscleral sp&)dbual mechanisms for the possible prevention ofprg/o
eye elongationLeft: Integration of stem cells into the scleral strdiaradirect mechanical support.
Right: Indirect stimulation of the scleral tissue via dar@e production. Adapted from (Janowski et
al., 2015) with permission of AlphaMed Press.
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Visualizations of Crimp Period and Amplitude Around the Globe

Limbus

B o

Percentile

Median 7~ N\~ N\

Anterior Equator

™™ ™™

Equator

Posterior Equator

e SO e WSS

/‘\/A\ o

Central Cornea

S N

Peripheral Cornea

TN NN NN

NNANNAS i

Central Cornea

Peripheral
Cornea

Limbus -

Anterior
Equator — =

e

Equator

P

Posterior
Equator Posterior PPS
Sclera
Posterior Sclera PPS

i W W i e

i ™ " S

il W



(b) In-plane fibre orientation map
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Collagen Anisotropy (a.u.)
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Highlights

* Reviewsthe state-of-the-art in structural, biomechanical and in-silico techniques for
characterizing the sclera.

» Presents acomprehensive view of dynamic, physiological loads acting on the sclera,
including al known fluid pressure and eye movement forces.

» Discusses recent findings on pathophysiological scleral changesin ageing, glaucoma
and myopiain the context of the clinical literature.

* Includesorigina data on sclera microstructure across species that challenges current
thinking about the relationship between scleral structure and biomechanical function.

»  Summarizes recent therapeutic breakthroughs and predicts future areas of progress.
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