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Abstract 

 
The purpose of this thesis was to investigate the micro- and nanostructural changes of the 

optic nerve head (ONH) regions, namely lamina cribrosa (LC), peripapillary sclera 

(ppsclera) and region of insertion (RoIns) as a function of age and glaucoma.    

 

The microstructure of ageing and glaucomatous ONHs have been explored following 

nonlinear microscopy [two-photon excited fluorescence (TPEF) and second harmonic 

generation (SHG)]. Small-angle (SAXS) and wide-angle (WAXS) X-ray diffraction have 

been used to explore into the nanoarchitecture of collagen and elastic fibre in the ageing 

ONH. X-ray microtomography (XMT) was used to assess microstructural changes of the 

ONH in age and glaucoma. Micro- and nanomechanics have been explored following 

Brillouin microscopy and the combination of SAXS/WAXS, respectively.  

 

In the ageing ppsclera, collagen crimp period increased from 19.64 ± 6.41 µm at the age 

2 to 22.04 ± 10 µm at the age of 88 years (p=0.004). Elastic fibre content significantly 

increased from 0% in the 2 years old up to 29% in the 88 years old (p=0.003) in the LC 

and from 0% up to 49% (p=0.019) in the region of insertion. Significant increase in 

collagen fibril diameter [from 98.98 nm ± 0.9 at 22 years old to 113.01 nm ± 1.5 at the 

age of 85 (p=0.026)] and intermolecular Bragg spacing [from 1.44 nm ± 0.12 to 1.53 nm 

± 0.32 (p=0.022)] were found along with a decreased interfibrillar spacing [from 37.63 

nm ± 7.22 to 12.6 nm ± 4.54 (p=0.003)]. Collagen crimp significantly increased in the 

LC and region of insertion in moderate (p=0.013, p=0.013) and advanced (p=0.021, 

p=0.033) glaucoma. XMT enabled the discrimination of the connective tissue from the 

surrounding neuronal pores and 3D reconstruction of XMT dataset showed altered LC 

and pore shape in glaucomatous ONH. 

 

In conclusion, changes in the connective tissue of the ageing and glaucomatous ONH at 

both micro- and nanostructure aided in a better understanding on how the ONH responds 

to intraocular pressure elevation.  
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1 Chapter 1 – General introduction 

1.1 Introduction  

The optic nerve (ON) is the second cranial nerve and consists of axons that transmit visual 

information from the retina to the brain. In humans, the ON consists of over 1 million 

retinal ganglion cell (RGC) axons and glial cells (Anderson, 1973). The ON extends from 

the optic disc to the optic chiasm and continues as the optic tract to the lateral geniculate 

nucleus (Selhorst and Chen, 2009). These axons converge at the optic disc and enter the 

ON at the optic nerve head (ONH).  

Glaucoma is the most common cause of irreversible blindness affecting 80 million people 

worldwide by 2020 (Quigley and Broman, 2006). Glaucoma is associated with 

progressive vision loss due to RGC death. The lamina cribrosa (LC) of the ONH has been 

proposed to be the main site of axons damage (Howell et al., 2007, Quigley and Addicks, 

1981, Quigley et al., 1981, Vrabec, 1976).  

1.2 The optic nerve head 

The ONH presents an oval shape, in which the mean diameter in the Caucasian population 

is 1.88 mm vertically and 1.70 mm horizontally (Quigley et al., 1990). When viewed in 

longitudinal sections, central retinal vessels, neural retina and dural sheaths can be 

recognised (figure 1.1). The ONH is mechanically interesting as it is considered a “weak” 

spot within the surrounding stiff sclera and it can suffer from changes in the structure 

such as those that happen in glaucoma (Quigley and Addicks, 1981, Jonas et al., 1991, 

Tezel et al., 2004). 

1.2.1 Anatomy of the optic nerve head 

Histologically, the ONH can be divided into three zones. These include the prelamina 

(preL) (anterior part terminating at the vitreous), lamina cribrosa (LC) and postlaminar 

(postL) ON. 
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Figure 1.1.The human optic nerve head. Schematic diagram (a) showing the human globe and the 

position of the optic nerve head. Scanning electron microscopy (b) image of a longitudinal section 

of the ONH revealing anatomical boundaries with the LC (open arrow). Note the diameter of the 

optic nerve (on) increases when the distance from the LC increases. The subarachnoidal space 

(sas), the sclera (s) and the retina (r) are also shown and the central retinal vessels were cut 

obliquely to show their path through the ON. Copied from (Elkington et al., 1990) and reprinted 

with permission from Elsevier Limited (see appendix IV.1). 

 

1.2.1.1 Prelamina 

The preL consists of RGC axons that converge at the optic disc where they aggregate and 

enter the ON. The inner surface is covered by a lining of astrocytes; the layer of Elschnig, 

and at the centre of the disc, this layer of astrocytes become thicker into a central 

meniscus, known as the meniscus of Kuhnt. The preL mostly consists of ON fibres 

grouped into bundles, called fascicles, which are surrounded by astrocytes, which provide 

support to the fascicles (Anderson, 1969).  
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1.2.1.2 Lamina cribrosa 

The lamina cribrosa (LC) is a sieve-like structure consisting of successive connective 

tissue plates which surround pores through which RGC axons pass on their way to the 

brain (figure 1.2a). The LC forms a support for the nerve fibre fascicles, and it strengthens 

the posterior eye, protecting it from injuries at the site where the ON exits (Hogan et al., 

1971). In this role, the lamina cribrosa of primates (e.g. human) has developed an intricate 

and robust network of three-dimensional (3D) connective tissue.  

The LC has approximately 10 plates called cribriform plates (figure 1.2a) composed by 

connective tissue fibres (collagen and elastin) that extend to the sclera (Hogan et al., 

1971). The LC cribriform plates contain pores, that range between 20-200µm in diameter, 

which forms a  sieve-like structure (figure 1.2b) (Elkington et al., 1990, Oyama et al., 

2006). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Scanning electron microscope image of the LC. The LC is a sieve-like structure 

composed by connective tissue surrounding pores (a) through which RGC axons pass. n=nasal, 

t=temporal. Note the central retinal artery (A) and vein (V) in the centre. A magnified pore (b) 

showing the collagenous network in which fibrils appear circularly oriented around the pores. 

Adapted and reprinted from (Thale et al., 1996) with permission from the International journal of 

ophthalmology (see Appendix IV.2). 

 

 

The LC is not a homogeneus tissue as demonstrated by Quigley and Addicks (1981). The 

inferior and superior regions have larger pores and less connective tissue supporting 

axons when compared to the nasal and temporal regions (Quigley and Addicks, 1981, 

Radius and Gonzales, 1981, Oyama et al., 2006). Additionally, the size of the pores 
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increases as the distance from the central region towards the periphery increases (Jonas 

et al., 1991). It has been reported in an  in vivo study, that the mean pore area in the 

healthy human LC was 1713 ± 1413 μm2, with a range from 154 μm2 to 6637 μm2 (Ivers 

et al., 2011). More pores have been observed at the posterior LC surface, with anterior 

pores being larger than those in the posterior LC (Ogden et al., 1988).  Pores are not 

continuous through the LC depth, (Quigley and Addicks (1981), as they appear to 

subdivide as they travel through the LC.  

1.2.1.2.1 Cells of the lamina cribrosa 

In the LC, astrocytes provide support to the axons within the neuronal pores, (Anderson, 

1969). Overall, there are regional and functionally different astrocytes that provide 

cellular support and they synthesise extracellular matrix (ECM). Two different sub-

population of astrocytes have been observed in the human LC. Type 1A astrocytes are 

interspersed within the glial columns at the edges of the cribriform plates and they express 

glial fibrillar acid protein (GFAP), a marker for astrocytes, but do not express neural cell 

adhesion molecule (NCAM). Type 1B astrocytes express both GFAP and NCAM and 

they are the major glial cell population and the major source of ECM (Hernandez, 1992, 

Hernandez et al., 1991, Ye and Hernandez, 1995). GFAP and NCAM positive astrocytes 

type 1B surround the nerve fascicles, separating them from the connective tissue beams 

(Oyama et al., 2006).  

In addition to astrocytes, LC cells were found located within cribriform plates which can 

be distinguished from astrocytes as they do not express GFAP (Hernandez et al., 1988). 

These, in association with astrocytes, play an important role in maintaining and 

synthesising the ECM (Hernandez et al., 1988). 

 

Studies have characterised human LC cells from explants, reporting the expression of α-

smooth muscle actin (α-SMA) by LC cells, but not ONH astrocytes (Tovar-Vidales et al., 

2016, Rogers et al., 2012). Recently, messenger RNA (mRNA) expression of 

neurotrophins 3 and 4 (NTs) has been identified in both LC cells and ONH astrocytes, 

suggesting that these contribute to RGC rescue after injury (Lambert et al., 2004a, 

Lambert et al., 2004b, Lambert et al., 2001). Additionally, quiescent microglia cells have 

been found in the LC, located within the wall of blood vessels and surrounding capillaries 

within the cribrifom plates (Neufeld, 1999a). Microglia protect neural tissue and can play 

an important role in defending and repairing damaged tissue (Kreutzberg, 1996).  
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1.2.1.3 Postlaminar optic nerve 

In the postL ON, axons become myelinated and the connective tissue septae penetrate the 

ON from the pia mater, dividing it into 300–400 fascicles (Goldbaum et al., 1989). The 

pia mater is the inner layer of meninges, the membranes surrounding the brain and the 

spinal cord as well as the ON. Its main function is to cover and protect the central nervous 

system (Millen and Woollam, 1961). Connective tissue septae are thicker than the LC 

beams (Oyama et al., 2006), and are proposed to be responsible for giving tensile strength 

to the ON bundles.  

1.2.2 The extracellular matrix of the lamina cribrosa 

The ECM of the LC is composed of connective tissue components such as collagen, 

elastin and proteoglycans and provides support for the axons that are passing through the 

LC pores.  

1.2.2.1 Collagen 

Collagen is the most abundant structural protein in animals and it is important in giving 

structure, support and tensile strength to tissues (Vogel, 1980). In humans, collagen 

comprises one third of the total protein and it is the most prevalent component of the 

ECM. There are 29 different types of collagen, composed of 46 distinct polypeptide 

chains (Shoulders and Raines, 2009, Söderhäll et al., 2007). Collagen consists of three 

polypeptide chains, known as α chains, numbered with Arabic numerals. These three α-

chains are then twisted around to produce the triple-helix that forms the collagen molecule 

(Ramachandran and Kartha, 1954). The fibrillar collagens are asymmetric and have three 

distinct domains, the NH2-terminal domain, the COOH- terminal domain and the central 

helical domain (figure 1.3). 
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Figure 1.3. Collagen molecule. Three α-chains are wrapped around and assembled to produce the 

triple helix that forms the molecule. The asymmetric molecule has a NH2-terminal domain and 

the COOH- terminal domain. Adapted and reprinted from (Tang et al., 2017) with permission 

from Elsevier Limited (see appendix IV.3). 

 

The triple-helical structure of collagen is dependent on an unusual abundance of three 

amino acids: glycine, proline, and hydroxyproline. These amino acids make the 

characteristic repeating motif Glycine-X-Y, where X and Y can be any on these two 

amino acids but often, the amino acid at X is proline, and at Y is 4-hydroxyproline (Fallas 

et al., 2009). 

1.2.2.1.1 Collagen types  

Beyond the existence of 29 different collagen types, more variety exists in the collagen 

family due to several molecular isoforms of the same collagen type (e.g. collagen types 

IV and VI) or a hybrid isoform composed of chains of two different collagen types (e.g. 

type V/XI molecule) (Ricard-Blum and Ruggiero, 2005, Ricard-Blum, 2011).  

Each α-chain of the fibrillar collagens contains approximately 1050 amino acid residues 

(Miller and Wray, 1971) on which collagen types are classified. Overall, collagen can be 

classified into fibrillar, network-forming, MULTIPLEXIN (multiple triple-helix domains 

and interruptions) (Shoulders and Raines, 2009) and FACIT (fibril-associated collagens 

with interrupted triple helices). The predominant collagen types within the ONH are fibril 

forming collagens, namely collagen types I, III and V (Albon et al. 1995).  

 

Collagen type I is the most abundant collagen type in skin, tendons, ligaments and cornea 

(Fleischmajer et al., 1990). Collagen type III is a homotrimer of three α chains and it is 
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usually found in tissues where collagen type I is the major component (von der Mark, 

1981). Types V and XI are formed as heterotrimers of three different α chains and types 

III and V collagen can form heterotypic fibrils with type I collagen, contributing to the 

control of fibril diameter (Birk, 2001). Type VI is a heterotrimeric molecule of three 

different α chains, whereas type X and VIII are related to short chain collagens. Type IV 

is the most abundant collagen in the basement membranes, integrating with laminin 

(Hudson et al., 1993). Collagen types IX, XII, XIV, XVI and XIX belong to the fibril 

associated collagen with interrupted triple helix (FACIT). The structure of these collagens 

is characterised by domains interrupted by short non-helical domains.  

 

The classical fibril forming collagens include collagen types I, II, III, V and XI, which 

are characterised by an ability to self-assemble into highly orientated supramolecular 

aggregates with the typical superstructure, the quarter-staggered fibril array (figure 1.4), 

with diameters between 25-400nm.  

 

Collagen fibrils consist of tropocollagen molecules with a length of 300 nm and a 

diameter of 1.5 nm, arranged in a staggered configuration. This structure creates the 

periodicity known as D-band/period, where D = 67 nm. However, the length of each 

collagen molecule is not a multiple of D, but instead measures 4.46D Within fibrils, 

molecules are deposited side by side and parallel, but staggered with respect to each other. 

There is a gap between two consecutive molecules that measures 0.54D (Petruska and 

Hodge, 1964). Collagen fibrils in tendon have a diameter of 100-500 nm and they are 

formed by several microfibrils which each contains a cluster of 5 molecules (Moeller et 

al., 1995) (figure 1.4). It is this structure that enables small angle and wide-angle x ray 

diffraction experiments to quantify collagen nanostructure.  
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Figure 1.4. Hierarchical structure of collagen fibrils. Triple helices are axially staggered by D 

(~67nm) and regularly organised in the lateral direction. The hierarchical structure of polypeptide 

to fibril is shown from bottom to top of the figure, where collagen complexity increases. Copied 

and reprinted from (Orgel et al., 2001) with permission from Elsevier Limited (see appendix 

IV.4). 

1.2.2.1.2 X ray diffraction 

X ray diffraction is not considered an imaging technique as the substructure of the tissue 

is not visualised in real space. However, x ray diffraction allows investigation at 

nanoscale level, due to the diffraction pattern created when the x ray is shone onto the 

tissue and scattered, producing the diffraction pattern of collagen. The scatter produced 

by the x ray can be subdivided into equatorial, perpendicular to the collagen fibril axis 

and meridional, parallel to the fibril axis (Quantock et al., 2015). The equatorial scatter 

of a single collagen fibril is the product of the fibril (i.e. a cylinder) transform (FT; 

summed scatter from a series of individual cylindrical fibrils), the interference function 

(IF; lattice point describing the fibril packing) and the background derived from non-
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collagenous components (B(K)) (Oster and Riley, 1952, Meek and Quantock, 2001). This 

can be expressed as following: 

I(K) = FT × IF × B(K) 

 

Where K = scattering vector (light) defined as: 

𝐾 =
2𝜋

𝜆
 

The mechanical strain on collagen is distributed over different hierarchical level 

(molecules and fibrils) (Gupta et al., 2004, Gupta et al., 2005, Gupta et al., 2006), 

therefore  to determine how collagen confers mechanical properties to the tissues such as 

skin and tendon, it is necessary to understand the mechanics at different hierarchical 

levels, from a biochemical and molecular level upward. 

1.2.2.1.3 Collagen synthesis  

Collagen is synthesised as procollagen which is subsequently secreted into the ECM as 

collagen. After the removal of the C- and N- terminal propeptides by peptidase cleavage, 

procollagen undergoes post-translational modification in the extracellular space. The 

newly formed collagen molecules are packaged within the Golgi compartment into 

vesicles and released into the extracellular space. Following secretion, the procollagen 

trimers are processed. Collagen fibril assembly (fibrillogenesis) is a complex process in 

which the fibril-forming collagen type (e.g. I, II, III, V or XI) spontaneously aggregate 

into an ordered fibrillar structure. The molecular arrangement into fibrils is additionally 

stabilised by cross-links which contribute to the mechanical resilience of collagen fibrils. 

There are three types of collagen cross-links: disulphide bonding, lysyl oxidase-mediated 

cross-links and non-enzymatic glycation (Kadler et al., 2008, Kadler et al., 1996, Silver 

et al., 1992). 

Intra- and intermolecular disulphide bridges are in collagen types containing cysteine; 

representative types are collagen III, IV and VI in the LC. They form between adjacent 

SH group on the cysteine amino acid (figure 1.5). The role of disulphide bonds is to align 

the three α-chains to initiate the helix formation (Rajpal and Arvan, 2013).  
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Figure 1.5. Schematic representation of collagen intra- and intermolecular disulphide 

bonds. 

 

Stabilisation of newly formed collagen fibrils occur through the formation of lysyl 

oxidase (LOX)-mediated cross-links whereby lysine or hydroxylysine residues in the 

non-helical portions of the molecule are converted into aldehydes, which then condense 

with hydroxylysine and other residues in neighbouring molecules to form intermolecular 

bonds. Although all cross-linking reactions subsequent to aldehyde formation occur 

spontaneously, these are facilitated by the highly ordered, three-dimensional array of 

collagen molecules within the assembling fibril. Lysyl pyridinoline (LP) and 

hydroxylysyl- pyridinoline (HP) are the predominant mature forms of LOX-mediated 

cross-links in most tissues (Robins, 2007).  

 

Non-enzymatic glycation or Maillard reaction occurs between reducing sugars and amino 

group of collagens. The Maillard reaction involves the amino group of lysine or 

hydroxylysine to react with aldehyde group of reducing sugar, forming Schiff base which 

undergoes Amadori reaction to form Amadori products. The latter can be degraded into 

products containing carbonyl groups. These can undergo further transformation including 
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cross linking which lead to the production of Advanced Maillard products, also known as 

Advanced glycation end (AGE) products (Monnier, 1990). 

1.2.2.1.4 Collagen content in the human lamina cribrosa 

Several studies have examined the collagenous ECM of the LC in humans by 

immunolocalisation of collagen types I, III, IV, V and VI (Albon et al., 1995, Albon et 

al., 2000a, Goldbaum et al., 1989, Hernandez et al., 1986, Hernandez et al., 1987, 

Morrison et al., 1989b, Rehnberg et al., 1987). 

 

Type I and III are the major fibrillar components of the ECM of the LC (Hernandez et al., 

1986, Hernandez et al., 1987, Morrison et al., 1988, Goldbaum et al., 1989, Morrison et 

al., 1989a, Quigley et al., 1991a, Albon et al., 1995), whereas type IV is a component of 

basement membrane of the astrocytes surrounding the axonal fascicles (Morrison et al., 

1989b). Fibrillar collagen types I and III have been found to co-distribute within the cores 

of the cribriform plates and blood vessel walls (Albon et al., 1995, Goldbaum et al., 1989, 

Hernandez et al., 1986, Hernandez et al., 1987, Morrison et al., 1988, Quigley et al., 

1991b). Hernandez et al., (1987) and Albon et al., (1995) showed immunolocalisation of 

type IV collagen in the LC, where it was distributed between elastic fibres. 

 

Type I and III are the major fibrillar components of the ECM of the LC, whereas type IV 

is a component of basement membrane and type V and VI connect the fibrillar collagen 

to the rest of the connective tissue (Keene et al., 1988, Modesti et al., 1984). Collagen 

type VIII has also been localised to the cribriform plates in the human ONHs (Tamura et 

al., 1991). 

1.2.2.2 Elastic fibre  

Ultrastructural studies have shown the structural complexity of mature elastic fibre (EFs) 

(Kielty et al., 2007), which are composed of two distinct components; i) fibrillin-rich 

microfibrils and ii) a central amorphous elastin core (Greenlee et al., 1966, Ross and 

Bornstein, 1969). The composition of EFs does not vary, but their organisation changes 

according to the tissue they are found in and their functional role. For instance, in the 

aorta, EFs are organised into a sheet forming circular rings of elastic lamellae surrounding 

the lumen of the aorta (Tsamis et al., 2013). 
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1.2.2.2.1 Elastin 

Elastin, the inner core of EFs, is primarily found in all elastic tissues in the human body, 

such as lungs and vasculature where it provides elasticity. For instance, in the aorta, EFs 

experience 42 million pressure pulses every year (Vrhovski and Weiss, 1998). With an 

average life of 70 years, elastin is the longest lasting protein in the human body. Elastin 

can withstand billions of stretch-relaxation cycles over a lifetime without damage or 

deformation.  

 

Elastin represents 90% of the amorphous core of the mature EF, surrounded by 10-12 nm 

microfibrils (Rosenbloom et al., 1993). The elastin gene is localised on chromosome 7 in 

humans and it is expressed by various cell types during the early stages of development. 

The product is tropoelastin (TE), a protein with 786 amino acids, which consists of 

hydrophobic and cross-linking domains, consisting predominantly of glycine (Gly), 

valine (Val), proline (Pro), leucine (Leu) and alanine (Ala) residues. Like collagen, elastin 

is rich in glycine and proline, determining around 33% and 11% of amino acids residues, 

respectively (Rosenbloom et al., 1993). Unlike tropocollagen, the secondary structure of 

elastin is highly disordered and not well defined, even though x ray studies (Baldock et 

al., 2011) and ultrastructural studies (Pasquali-Ronchetti and Baccarani-Contri, 1997) 

have proposed that the monomer has some sort of organisation and it appears to be 

laterally packed. 

1.2.2.2.2 Microfibrils 

Microfibrils are complex structures which are found in arteries (Krauhs, 1983) as well as 

in non-elastic tissues such as the ciliary zonules of the eye (Streeten and Licari, 1983). In 

the mature EF, microfibrils represent nearly 10% of the total mass (Kielty et al., 2002, 

Kielty et al., 2005). It has been proposed that microfibrils facilitate cross link formation 

by interacting with the enzyme lysyl oxidase (LOX) (Wagenseil and Mecham, 2007).  

1.2.2.2.3 Elastic fibre synthesis 

Elastogenesis is a complex process which leads to mature elastin within EFs and begins 

with the deposition of microfibrils as a scaffold for TE (Kielty et al., 2002). The latter is 

secreted into the ECM where it aggregates spontaneously into globules. In this first stage 

of TE alignment, hydrophobic residues of serial monomers self-aggregate under optimal 
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conditions of pH and temperature (Mithieux and Weiss, 2005). Finally, the lysine-rich 

domains are cross-linked through the action of the enzyme LOX, facilitating the 

formation of the mature fibre (figure 1.6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6. EF formation. At the cell surface, fibrillins are assembled into microfibrils, which 

undergo maturation into transglutaminase-crosslinked microfibrils. Mature microfibrils (MF) 

form bundles and are stabilised by inter-microfibril cross-links. TE is then deposited onto 

microfibrils and stabilised by lysyl oxidase-derived crosslinks. Adapted with permission from 

Journal of Cell Science (http://www.biologists.com/journal-of-cell-science) from (Kielty et al., 

2002) (see Appendix IV.5).  

 

1.2.2.2.4 Distribution of elastin in the lamina cribrosa 

The EF within the human LC has been investigated with different techniques such as 

electron microscopy (Quigley et al., 1991b), immunofluorescence (Hernandez et al., 

1987, Hernandez et al., 1989, Hernandez, 1992) and histological stains (Oyama et al., 

2006). Within the ONH, EFs run parallel with collagen in the LC plates (Hernandez et 

al., 1987, Quigley et al., 1991a, Oyama et al., 2006). EFs ring around the LC and enter 

the LC plates as fibres orientated perpendicularly from the circumference (Hernandez et 

al., 1987, Quigley et al., 1991a). Additionally, immunolabelling studies have shown that 

the peripapillary sclera (ppsclera), a circular collagenous network within 1 mm from the 

optic canal (Jones et al., 2015), contains more elastin and microfibrils than the sclera 

beyond this region (Morrison et al., 1989b, Quigley et al., 1991b).  
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1.2.2.3 Proteoglycans 

Proteoglycans (PGs) represent a major component of the extracellular matrix and they are 

proteins with a covalently attached glycosaminoglycans (GAG). One of the role of PG 

relates to the GAG component of the molecule, which provides hydration and support to 

the tissue to withstand compressional forces (Yanagishita, 1993). GAGs are highly 

sulphated carbohydrate chains that are bound to a protein core. Each of the GAGs keratan 

sulphate, chondroitin sulphate, dermatan sulphate, heparin and heparan sulphate is 

comprised of a unique combination of monosaccharides that forms a characteristic 

repeating disaccharide unit.  

 

PGs in the LC have been identified using immunohistochemistry (Caparas et al., 1991, 

Morrison et al., 1988) and electron microscopy (Fukuchi et al., 1992, Sawaguchi et al., 

1992). The latter found three types of cuprolinic blue positive staining associated with 

collagen in the core of the cribriform plates. Cuprolinic blue is a cationic dye that binds 

to the sulphated GAG residues of PG (Scott, 1980). These were identified as chondroitin 

sulphate and dermatan sulphate GAGs co-localising in the LC plates. Chondroitin 4 

sulphate has been reported to be limited to the ppsclera and LC (Caparas et al., 1991, 

Morrison et al., 1988), whereas chondroitin 6 sulphate was found within the LC plates 

(Caparas et al., 1991) and ON septae (Morrison et al., 1994). Heparan sulphate PGs were 

also present along the margins of the LC plates (Fukuchi et al., 1992, Sawaguchi et al., 

1992) extending into the region of insertion (RoIns). 

 

Decorin, a small dermatan/chondroitin sulphate PG, localised to the LC plates (Morrison 

and Johnson, 1992), has a role in the regulation of collagen fibril diameter and assembly 

of ECM components (Vogel et al., 1984). Biglycan, another small dermatan/chondroitin 

sulphate PG may have a key role in the development of the tissue  

1.2.3 Age related changes in the extracellular matrix of the LC 

Age is an important risk factor in glaucoma (Anderson, 1989) and, the LC has been 

implicated as one of the main sites of damage to the retinal ganglion cell axons (Quigley 

and Anderson, 1976). Collagen, EFs and PG form the ECM of the LC, which has been 

shown to alter as a function of age.  
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1.2.3.1 Collagen  

Total collagen, as a percentage of dry tissue, has been shown to increase from 20% in 

young LC to 50% in the elderly (Albon et al., 1995), suggesting that the cribriform plates 

become thicker (Hernandez et al, 1989; Morrison et al, 1989b). Type III collagen is 

usually found in extensible tissues such as skin and foetal tissue (Montes et al., 1984) 

while type I collagen is less flexible than type III, and absent in neonatal LC (Morrison 

et al., 1989a). In the LC, type III collagen as a percentage of total fibrous collagen 

decreased from 23% to 3% as a function of age (Albon et al., 1995). The altered type III 

to I collagen ratio agreed with Morrison et al (1989a) findings, which suggested that type 

III collagen is predominant in immature LC and is replaced by type I collagen in the adult 

LC (Morrison et al., 1989a). Collagen type IV has also been observed to increase in 

density with age (Hernandez et al., 1986).  

 

All these results are supported by molecular studies that demonstrated that collagen types 

I and IV mRNA expression is not seen in foetal ONH but instead is highly expressed in 

adult ONH suggesting age related accumulation of these types of collagen due to 

continuous synthesis (Hernandez et al., 1991). Furthermore, it has been proposed that in 

the ageing LC, the stiffening of the LC (Albon et al., 2000b) might be partly due to an 

increase in non-enzymatic cross-links (Albon et al., 1995). 

1.2.3.2 Elastin 

Elastin, within the human ONH, is known to alter with age (Albon et al., 1995, Albon et 

al., 2000a, Hernandez, 1992, Hernandez et al., 1989). Like collagen, elastin has been 

found to increase as a function of age, from 7% to 28% as a percentage of dry tissue 

weight (Albon et al., 2000a). However, there is no evidence of EF degradation within the 

cribriform plates (Hernandez, 1992). Elastin accumulates in the LC (Hernandez et al., 

1989) and as a result, it may bind to other proteins.  

 

Within the LC beams, elastin has been shown to run parallel with the collagen bundles 

(Hernandez et al., 1987, Quigley et al., 1991a, Hernandez, 1992, Oyama et al., 2006). 

Immunohistochemical analysis revealed that longitudinal elastin containing fibres formed 

part of the core of the cribriform plates with collagen type III (Hernandez et al., 1987, 

Hernandez and Neufeld, 1989, Hernandez, 1992). 
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Electron microscopy (Quigley et al., 1991a) and immunolabelling of α-elastin 

(Hernandez, 1992) showed no labelling in the foetal lamina cribrosa and in the newborn 

eye, elastin appeared irregular. In the young adult (19 years old), α-elastin labelling was 

localised to thin long EFs running longitudinally within the cribriform plates, whereas in 

normal elderly LC (81 years old), elastin appeared localised within long, tubular and 

thicker fibres, when compared to that in the young (Hernandez et al., 1990, Hernandez, 

1992). 

1.2.3.3 Proteoglycans 

The shorter cuprolinic blue positive filaments of dermatan and chondroitin sulphate PG 

and heparan sulphate PG in older eyes were suggested to indicate a decrease in GAG 

chain length or a reduction in sulphation (Sawaguchi et al., 1992, Sawaguchi et al., 1993). 

Immunolabelling studies demonstrated no change in dermatan sulphate PG, and an age-

related decrease in the ratio of chondroitin 6 sulphate to chondroitin 4 sulphate (Caparas 

et al., 1991, Morrison et al., 1994). Additionally, sulphated GAGs showed a significant 

decrease in age (Albon et al., 2000a). 

1.3 The optic nerve head in glaucoma 

Glaucoma is a generic term used to describe a group of ON diseases that can lead to axon 

degeneration and loss of RGCs. It is the most common cause of irreversible blindness, 

attributing to approximately 10% of blindness (NICE 2009) worldwide and occurring in 

about 2% of people over 40 years of age in the UK (NICE 2009). In 2020, 80 million 

people are predicted to be affected by primary open angle glaucoma (Quigley and 

Broman, 2006). This optic neuropathy usually presents with optic disc cupping, retinal 

nerve fibre layer (RNFL) thinning and vision loss (Quigley and Broman, 2006).  

 

The primary division is open-angle and closed angle (or angle-closure) glaucoma. The 

angle refers to the angle where the iris meets the cornea, it is normally wide and open 

enabling outflow of the fluid from the inside of the eye. The angle contains the trabecular 

meshwork, which acts as a filtration system for the aqueous fluid draining from the eye. 

When this angle is narrowed or closed, pressure can increase, and it may damage the ON 

leading to loss of vision (Foster et al., 2002). In closed-angle glaucoma the iris is pushed 

or pulled up against the trabecular meshwork within the angle of the anterior chamber of 
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the eye. This results in the aqueous humour drainage blockage, thereby increasing the 

intraocular pressure (IOP). Primary open angle glaucoma (POAG) refers to slow closure 

of the drainage canals (trabecular meshwork) due to deficiencies in the ability of the 

trabecular meshwork to manage aqueous humour outflow, partly attributed to 

accumulation of ECM molecules blocking the outflow (Grant, 1955, Weinreb and Khaw, 

2004). This results in increased eye pressure which causes progressive ON damage.  

 

The most common form of glaucoma is POAG, where a gradual loss of the visual field 

occurs, starting with peripheral vision (Grant, 1955, Weinreb and Khaw, 2004). POAG 

progresses slowly and usually it occurs bilaterally (Broman et al., 2008). The mean age 

of onset is 60 years and the incidence of glaucoma increases with age (Quigley, 2011).  

Many studies suggest that the damage to RGC axons occurs within the LC and that 

therefore this structure is the most important aspect of the pathophysiology of glaucoma, 

(Anderson and Hendrickson, 1974, Minckler et al., 1977, Quigley and Anderson, 1976) 

(figure 1.7a,b).  

 

Elevated IOP [(above 21 mmHg (NICE 2017)] is considered one of the most important 

risk factors for the development of POAG (Alward et al., 1998). IOP is determined by the 

rate of aqueous humour secretion and outflow. In POAG there is higher resistance to 

aqueous outflow via the trabecular meshwork (Johnson et al., 2002), which leads to an 

increase in IOP and subsequent damage to RGCs. 

 

IOP acts as a source of stress, resulting in a possible chain of cellular events which 

culminate in RGC axonal damage. It has been proposed that the individual’s response to 

IOP depends on the anatomy and the composition of the eye, which can contribute to 

build an individual’s susceptibility to high IOP (Burgoyne et al., 2005a). The LC has been 

shown to compress and deform backwards in human glaucoma (Quigley et al., 1983, 

Quigley et al., 1981) as also demonstrated by in vivo studies (Furlanetto et al., 2013, Jung 

et al., 2014) and experimental models of monkey ocular-hypertension (Bellezza et al., 

2003b, Roberts et al., 2009, Yang et al., 2007) (figure 1.7c-f).  
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Figure 1.7. Clinical and microstructural features of healthy and glaucomatous eye. Healthy people 

without glaucoma present pale central area (cup), surrounded by the neuroretinal rim (A). People 

affected by glaucomatous optic neuropathy present a larger cup that occupies most of the optic 

disc and the neuroretinal rim disappears (B). Microscopically, normal ONH (C) changes with 

glaucoma (D) where loss of tissue is visible at the neuroretinal rim and the cup is excavated. The 

connective tissue network in healthy people presents collagenous beams surrounding pores (E). 

This structure changes in glaucomatous ONHs where the LC is excavated and has a “W” shape 

(F). Copied and reprinted from (Quigley, 2011) with permission from Elsevier Limited (see 

appendix IV.6). 

 
 
 
Changes in the structure of the LC along with axonal damage (Vrabec, 1976) have led to 

the hypothesis that this structure within the ONH is a major pathological site in POAG.  

There are several theories describing the onset of glaucomatous damage (figure 1.8), 

some are summarised below. The mechanical hypothesis suggested that the LC is 

deformed and strained by the increased IOP. Changes include altered compliance and 
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alteration in the ECM, which can in turn lead to compression of RGC axons passing 

through the pores (Bellezza et al., 2000, Bellezza et al., 2003b, Burgoyne et al., 2005b, 

Downs et al., 2008, Roberts et al., 2009, Sigal and Ethier, 2009).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8. Schematic representation of ONH biomechanics and influential factors in the 

development of POAG. Multiple biomechanical factors influence the individual’s susceptibility 

to glaucoma. Collagen fibre organisation, ONH morphology and LC/peripapillary sclera stiffness 

and geometry play an important role in determining ONH biomechanics. Increased IOP can 

influence non-IOP factor such as inflammation, astrocytes activation and axoplasmic flow which 

will in turn influence the diffusion of nutrients to astrocytes. These can in turn determine RCG 

axons death via apoptosis. Copied and reprinted from (Strouthidis and Girard, 2013) with 

permission from  Elsevier Limited (see appendix IV.7). 

 
 
 
The vascular theory suggests that there is a change in the translaminar pressure gradient 

due to an increase in IOP and alteration in cerebrospinal fluid (CSF) pressure, which in 

turn leads to a perfusion instability within the ONH. This alteration can cause problems 

in ocular blood flow and a reduced blood supply to the ONH leading to RGC axonal 

damage and ultimately their death (Fechtner and Weinreb, 1994, Grieshaber et al., 2007).  
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The glial hypothesis suggested that the activation of glial cells and astrocytes due to 

increased IOP initially protects the neuronal tissue. However, this response can reduce 

neurotrophic support to axons and therefore create a harmful toxic environment 

(Hernandez, 2000, Neufeld et al., 1997, Tezel, 2006). For instance, in rat models reactive 

astrocytes and glial cells synthesise nitric oxide synthase (NOS-2), an enzyme that may 

be neurotoxic to RGC axons (Neufeld, 1999a, Neufeld, 1999b, Neufeld et al., 1997). 

However, POAG is a multifactorial disease and it is possible that a combination of 

mechanisms contributes to the onset and progression of glaucoma and none of them are 

exclusive.  

1.3.1 Genetic predisposition 

Up to 50% of patients with POAG have a positive family history, suggesting that genetic 

defects may contribute to cause the disease (Tielsch et al., 1994). First degree relatives of 

an affected person have 22% risk of developing glaucoma (Wolfs et al., 1998). Early 

onset of POAG has been associated to the myocilin gene (MYOC). More than 180 

variants have been detected in the MYOC gene and almost 40% of these have been 

associated with glaucoma (Hewitt et al., 2008). Mutations of myocilin are generally 

associated with an early adult form of POAG, and a high intraocular pressure (Aldred et 

al., 2004). Myocilin associated disease is transmitted as an autosomal dominant 

Mendelian trait and people carrying MYOC mutation develop glaucoma in 90% of cases 

(Alward et al., 1998). 

 

MYOC was the first gene identified as genetic cause of juvenile POAG in the GLC1A 

locus located on chromosome 1 (Morissette et al., 1995). MYOC gene encodes for the 

myocilin protein, found in the trabecular meshwork and ciliary body, regulating the 

intraocular pressure. Its function is not well understood but it is thought to help to control 

the intraocular pressure (Tamm, 2002). Within normal eyes, myocilin protein is secreted 

into the aqueous humour for unknown purposes. However, studies have shown that the 

altered protein that is produced by myocilin mutations, is retained within the trabecular 

meshwork (Gobeil et al., 2004, Jacobson et al., 2001, Joe et al., 2003, Liu and Vollrath, 

2004). Up to 33% of patients with juvenile open-angle glaucoma have mutations in 

the MYOC gene and it has also been detected in some people with primary congenital 

glaucoma (Svidnicki et al., 2018). Myocilin protein has been found in the trabecular 

meshwork (Sakai et al., 2007), optic nerve head (Karali et al., 2000), ciliary body (Karali 
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et al., 2000), vitreous and aqueous humour (Fautsch and Johnson, 2001, Rao et al., 2000, 

Russell et al., 2001). 

 

Myocilin might influence mitochondrial function, in fact, the overexpression of the 

protein in the trabecular meshwork cells reduced mitochondrial respiration (Sakai et al., 

2007). This might lead to altered function of the cells, which in turn can lead to an altered 

IOP maintenance. Interestingly, the loss of trabecular meshwork cells has been proposed 

before (Alvarado et al., 1984) and the level of myocilin has been found to accumulate in 

the trabecular meshwork interfering with the normal flow pattern, leading to an increased 

IOP (Nguyen et al., 1998). This was supported by immunohistochemical studies 

indicating that some POAG eyes had elevated levels of myocilin (Lutjen-Drecoll et al., 

1998). 

1.3.2 Clinical features 

One of the most common clinical features in glaucoma is optic disc cupping (see figures 

1.7a,b). The optic cup is the white, cup-like area in the centre of the optic disc (Armaly 

and Sayegh, 1969). Normally, the cup is round and horizontally oval and the cup-to-disc 

ratio may vary based on the disc size (Kirsch and Anderson, 1973).The cup-to-disc ratio 

compares the diameter of the “cup” portion of the optic disc with the total diameter of the 

optic disc (Hitchings and Spaeth, 1976). “Cupping” refers to the increased cup-to-disc 

ratio. Normally, glaucomatous eyes have larger cup-to disc ratio and lower amount of 

RGC than a healthy eye (Tatham et al., 2013).  

1.3.3 Ageing and glaucoma 

A major risk to develop glaucoma is age, associated with visual field loss (Medeiros et 

al., 2005). Johnson et al (1987), have reported a variation in total axon population, axon 

diameter, ON area and axon density with age. They found that the total axon population 

ranged from about 1,685,000 axons per optic nerve in a 42 years old eye, to 759,000 axons 

per optic nerve in a 74 years old ON, suggesting that the elderly ON had fewer axons 

(Johnson et al., 1987). 

 

The quality of life of people with glaucoma is reduced, as they may have problems with 

routine actions, like eating and driving to work. Therefore, preventing vision loss could 
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be the first step towards maintaining independence and a good quality of life (Bramley et 

al., 2008). 

1.3.3.1 Glaucomatous changes in the ONH 

A thinning of the LC in glaucoma has previously been reported in both histological (Jonas 

et al., 2012, Ren et al., 2009) and in vivo (Lee et al., 2012, Park et al., 2012) studies.  

The ECM of the LC is extensively remodeled in POAG leading to a tissue 

morphologically different from the healthy LC (Burgoyne et al., 2005, Hernandez et al., 

1990, Hernandez and Pena, 1997, Jonas et al., 2003, Quigley, 2011, Yang et al., 2011a, 

Yang et al., 2011b). 

1.3.3.1.1 Basement membrane 

An increase in basement membrane components, including heparan sulphate PG and 

thickness has been shown in glaucomatous eyes (Hernandez et al., 1990). Activated 

astrocytes are responsible for the newly synthesised basement membrane. Additionally, 

basement membrane like materials were also found disorganised, with deposition 

identified within the pore regions (Hernandez et al., 1990, Morrison et al., 1990). 

1.3.3.1.2 Collagen 

mRNA expression of collagen type IV from astrocytes has been shown to increase in 

glaucomatous ONH when compared to normal ONHs (Hernandez et al., 1994b). Within 

the LC, collagen type I, III and IV were observed between beams and occupying space 

normally occupied by axons (Morrison et al., 1990). Collagen type I appeared compact, 

whereas collagen type III showed no significant changes when compared to normal ONHs 

(Hernandez et al., 1990).  

1.3.3.1.3 Elastin 

Within the core of the cribriform plates in glaucomatous ONHs, there is a marked 

disorganisation in the composition of elastin and loss of EFs, as well as elastotic 

degeneration (Pena et al., 1998) and curling of EFs (Quigley et al., 1991a, Quigley et al., 

1994). The EFs appeared also disconnected from the surrounding collagen matrix 

(Hernandez, 1992, Hernandez et al., 1990, Quigley et al., 1991a). Hernandez has reported 
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significant changes in elastin within the ONH, suggesting a loss of EFs within the core of 

the cribriform plates and the tubular appearance was no longer visible (Hernandez et al., 

1990, Hernandez, 1992).  

 

Other studies, however, showed controversial results. In fact, a few studies proposed no 

changes in the number of EFs in experimental glaucoma (Quigley et al., 1991b), as well 

as in the morphology (Quigley et al., 1996), when compared to normal eyes.  However, 

these reports do not agree with immunolabelling studies (Hernandez et al., 1990, 

Hernandez, 1992), electron microscopy and immunogold labelling of elastin showing 

elastosis (Pena et al., 1998, Netland et al., 1995). Additionally, in situ hybridisation 

studies have shown more elastin mRNA expression in glaucomatous LC when compared 

to non-pathological eyes (Hernandez et al., 1994a), suggesting there are newly 

synthesised EFs in glaucoma.  

 

As a function of disease progression, electron microscopy studies have shown a 

correlation between changes in EFs and severity of glaucoma. In mild glaucoma elastin 

became curvilinear in some LC beams, and the longitudinal appearance was no longer 

visible (Quigley et al., 1991a). It appeared that the ‘curling’ occurred in 61% of eyes with 

a history of glaucoma indicating that it is caused by the disease (Quigley et al., 1994). 

The normally long, tubular distribution of elastic fibres within the LC also changed, with 

small fragments of microfibrils interspersed throughout the LC beams (Hernandez, 1992). 

This change was more pronounced in moderate glaucoma with the curvilinear appearance 

observed in most of the LC plates (Quigley et al., 1991a) and at the insertion region 

(Hernandez, 1992). In advanced glaucoma, the curling of EFs was accompanied by neural 

loss (Quigley et al., 1991a); at this stage the organisation of EFs was completely 

disrupted. In fact, the EFs seemed dissociated from the collagenous components and an 

abundance of non-fibrillar elastin aggregates (Hernandez, 1992) was observed.  

1.4 Biomechanics of the ONH 

The ONH is considered a biomechanical structure where IOP related stress and strain act 

as a crucial determinant of the physiological and pathophysiological behaviour of the 

ONH tissues (Bellezza et al., 2000, Downs et al., 2008). 

The connective tissue network of the LC and ppsclera are proposed to strengthen the 

eyeball, resisting tensile, compressive and shear (Grytz et al., 2014, Sigal et al., 2011b) 
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stresses. In fact, the porous LC, a ‘weak spot’ in the eye globe, is only a third of the 

thickness of the sclera (Downs and Girkin, 2017). Thus, the LC is asked to provide 

structural support to the ONH by withstanding IOP-related strain and at the same time 

provide an opening for the axons to leave the eye. This makes the LC more susceptible 

to damage from the increased IOP (Beotra et al., 2018) as the mechanical stress could be 

thus concentrated at the region of insertion (RoIns) due to a difference in biomechanical 

properties between ppsclera and the weaker LC.  

1.4.1 Mechanical environment of the ONH and peripapillary sclera 

The sclera is the main load bearing tissue within the eye and therefore plays an important 

role in maintaining the mechanical properties of the ocular tissue (Girard et al., 2009, 

Sigal et al., 2004, Norman et al., 2011). In this context, the ppsclera surrounding the ONH 

is a anisotropic circumferentially orientated collagen ring (Jones et al., 2015, Morrison et 

al., 1989b, Pijanka et al., 2013, Pijanka et al., 2012, Winkler et al., 2010) with a 

contribution of elastin (Albon et al., 2000a, Hernandez et al., 1986, Quigley et al., 1991b, 

Quigley et al., 1991a). 

Computational modelling has proposed that this circumferential organisation of collagen 

fibres around the ONH is optimal to protect the human LC from stress and to reduce the 

strain at the LC insertion region (Zhang et al., 2015, Grytz et al., 2011). Therefore, the 

ppsclera has been suggested to function as a protective structure to limit the scleral canal 

expansion due to IOP fluctuation (Coudrillier et al., 2012, Girard et al., 2009, Grytz et al., 

2014). 

 

In the response of the ONH to elevated IOP, the expansion of the scleral canal pulls the 

LC within the scleral plane making it more resistant to the posterior displacement (Sigal 

et al., 2011a, Sigal et al., 2011b). On the other hand, a stiffer and more rigid sclera may 

allow less expansion of the scleral canal. As a result the LC becomes stiffer and less 

deformable to IOP increase (Downs, 2015) (figure 1.9). However, it seems that as a 

response to an increased IOP, the LC would in vivo be posteriorly displaced (Furlanetto 

et al., 2013, Park et al., 2013, Fazio et al., 2016). Thus, the characterisation and the 

understanding of both the LC and peripapillary sclera biomechanics is crucial in knowing 

the effects and the response of the ONH to stress.  
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Figure 1.9. Optic nerve head biomechanics. The surrounding ppsclera has an important influence 

on the ONH biomechanics and it has been suggested that it functions as a protective structure to 

limit scleral canal expansion. Within a compliant sclera, IOP causes great scleral canal expansion 

that pull the LC taut. A stiff sclera, on the other hand, allows a little scleral canal expansion with 

elevated IOP and less stretching of the LC, which consequently, is posteriorly displaced. Copied 

and reprinted from (Downs, 2015) with permission from  Elsevier Limited (see appendix IV.8). 

 

1.4.2 Influence of an IOP-driven mechanism 

Over a lifetime, the physiological fluctuation of IOP and the strain applied to the ppsclera, 

alter the connective tissue within the ONH, which lead to the normal ageing process. IOP 

perturbation, however, not only has effects on the ECM of the LC, but also influences the 

ppsclera and activate cells and damages axons (Burgoyne, 2011). Although lowering the 

IOP is the only effective treatment to prevent the progression of the disease (Heijl et al., 

2002), the actual role of IOP in progressing glaucoma is not well understood. This is 

confirmed by clinical observation of glaucomatous ONHs in subjects with a normal IOP 

range, while other individuals, with high IOP, presented no signs of glaucoma (Klein et 

al., 1992).  

 

Interestingly recent data showed that the sclera (Coudrillier et al., 2012, Fazio et al., 

2014), lamina cribrosa (Albon et al., 2000), and cornea (Knox Cartwright et al., 2011) 

stiffen significantly with age. It might be assumed that a stiffer tissue resists deformation 

better than a compliant tissue, however, it has been suggested that a stiffer sclera leads to 

an increase in IOP spikes (Clayson et al., 2017) within an eye that lacks elasticity to 

support the strain. Similarly, the stiffening of the sclera and LC in glaucoma can be related 

to a more protective environment against mechanical strain, since a stiffer connective 

tissue resists more strain than a compliant tissue. However, the stiffening also may induce 
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a remodelling of the eye, which might be more susceptible to IOP fluctuation (Fazio et 

al., 2014). 

Researchers have shown that ONH collagen and elastin are altered as a function of age 

(Albon et al., 1995, Albon et al., 2000a, Hernandez et al., 1989, Morrison et al., 1989a) 

and glaucoma (Quigley and Addicks, 1981, Quigley et al., 1982, Quigley et al., 1981, 

Hernandez et al., 1990) and are therefore likely to affect an ONH’s response to IOP 

changes.  

1.4.3 Cerebrospinal fluid pressure on the ONH biomechanics 

Recently, researchers have focused on the role of cerebrospinal fluid on the biomechanics 

of the LC (Feola et al., 2017, Hua et al., 2017, Ren et al., 2010). The ONH normally 

experiences a complex and dynamic biomechanical environment and it is exposed to two 

pressurised, independent regions: i) the intraocular space anteriorly and ii) the 

subarachnoid space posteriorly. Normal IOP ranges between 10 to 21 mmHg whereas the 

pressure within the subarachnoid space, namely the cerebrospinal fluid pressure, is 

between 5 to 15 mmHg (Quigley et al., 1996). In this environment the LC is the primary 

structure that divides the two regions (Goetz, 2007). The difference in pressure between 

them is called translaminar pressure gradient and can cause changes in the optic disc if 

the pressure is altered (figure 1.10).  
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Figure 1.10. Schematic diagram showing the relationship between intraocular pressure (IOP), 

intracranial pressure (ICP) and translaminar pressure gradient (TLGP). Anteriorly, the ONH is 

exposed to the IOO, whereas posteriorly to the ICP. Therefore, there is a pressure inclination 

across the ON which is the trans-lamina cribrosa pressure gradient (TLPG) that can be formulated 

as IOP minus ICP. Despite the raised IOP contributes towards glaucoma development, individuals 

with normal IOP could also develop the disease. In those patients, large TLPG, as a result of 

abnormal decreases ICP, is thought to be the cause that contributes towards glaucoma, despite 

IOP being in the normal range. Adapted from (Hou et al., 2016) and reprinted with permission 

from Springer Link (Appendix IV.9).  

 

 

 

The circumferential stress (hoop stress) generated by the IOP can result in scleral 

expansion which contributes to LC deformation (Bellezza et al., 2003a, Downs et al., 

2008, Ethier et al., 2004, Roberts et al., 2010). In this context, the role of the cerebrospinal 

fluid pressure has begun to receive more attention as an important factor in ONH 

biomechanics. For instance, even though IOP is a major risk factor, reduced cerebrospinal 

fluid pressure has also been proposed as a risk factor for the development of glaucoma 

(Berdahl et al., 2008, Morgan et al., 2008, Ren et al., 2010). These studies suggested that 

the cerebrospinal fluid pressure had an extensive impact on the strain distribution within 

the LC and an elevated cerebrospinal fluid pressure is positively correlated with increased 

deformation of the LC (Feola et al., 2017, Morgan et al., 2002). 

 

In fact, Ren et al., (2010), suggested that in POAG with normal IOP, the cerebrospinal 

fluid pressure was low, leading to an abnormally high translaminar pressure difference 

which might lead to abnormal function and ON damage due to changes in axonal 
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transportation, deformation of the lamina cribrosa, altered blood flow, or a combination 

leading to glaucomatous damage (Ren et al., 2010).  

1.5 Hypothesis and aims 

Microstructural changes in the ECM of the ONH occur as a function of age, leading to an 

overall increase in connective tissue content (Albon et al., 1995, Albon et al., 2000a, 

Hernandez et al., 1989, Morrison et al., 1989a) and reduced compliance (Albon et al., 

2000b). Glaucoma is the most common cause of irreversible blindness worldwide 

(Quigley and Broman, 2006) in which age is a major risk factor (Coleman and Miglior, 

2008). Previous work has proposed the lamina cribrosa of the ONH is the main site of 

RGC axonal damage in POAG (Quigley et al., 1983, Quigley et al., 1981). 

The hypothesis of this study was that micro- and nanostructure of the ONH is altered as 

a function of age and glaucomatous optic neuropathy. 

 

To test this, the study aimed to further investigate the major connective tissue components 

of the ONH, namely collagen and elastin, in order to better understand the role of these 

as a function of ageing and disease and in tissue biomechanics. To achieve this, the aims 

of this PhD were to: 

 

1. To evaluate and quantify ONH and collagen microstructural parameters (namely 

LC, cribriform plates and ppsclera thickness; and collagen crimp and fibre 

orientation parameters) as a function of age and glaucoma.  

2. To visualise EF organisation and quantify ONH elastin as a function of age and 

glaucoma  

3. To investigate collagen and elastin nanostructure in the ONH, as a function of age. 

4. To determine if changes in micro-/nanostructural parameters underpinned 

changes in ONH micro- and/or nanomechanics 
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2 Chapter 2. An investigation into the connective tissue 

microstructure of the ageing and glaucomatous human 

optic nerve head 

2.1 Introduction 

The lamina cribrosa (LC) of the optic nerve head (ONH) is a sieve-like structure of 

successive connective tissue plates, which comprise elastic fibres (EFs), collagen and 

proteoglycans. In the human LC, immunolocalisation studies identified collagen types I, 

III, IV, V and VI (Albon et al., 1995, Albon et al., 2000a, Goldbaum et al., 1989, 

Hernandez et al., 1986, Hernandez et al., 1987, Morrison et al., 1989b, Rehnberg et al., 

1987). Electron microscopy (Quigley et al., 1991b), immunofluorescence (Hernandez et 

al., 1987, Hernandez et al., 1989, Hernandez, 1992) and histological stains (Oyama et al., 

2006) have found EFs to run parallel with collagen in the LC plates (Hernandez et al., 

1987, Quigley et al., 1991a, Oyama et al., 2006) and they form a ring at the site of the 

RoIns into the LC (Quigley et al., 1991a).  

 

EFs and collagen are the major load bearing components within the human ONH and are 

known to alter with age (Albon et al., 1995, Albon et al., 2000a, Hernandez et al., 1989, 

Hernandez et al., 1987, Hernandez et al., 1991, Morrison et al., 1989a). It is likely that 

these changes, at least in part, contribute to the decreased resilience and stiffening of the 

ageing human LC (Albon et al., 2000b). Since age is a major risk factor in glaucoma 

(Coleman and Miglior, 2008), and ONH biomechanics are relevant to the disease process 

(Sigal et al., 2005a), it is important to analyse both collagen and EF in the ONH. Changes 

in the organisation or content of these components, as a function of age and glaucoma, 

would inevitably alter the biomechanical response of the ONH to IOP. Thus, 

characterisation of the load-bearing connective tissue microarchitecture of the ONH as a 

function of age is essential in understanding its biomechanical behaviour. 

 

Multiphoton microscopy, based on two-photon excited fluorescence (TPEF) and second 

harmonic generation (SHG), is a recent and important advancement in biological imaging 

(Zipfel et al., 2003). Second harmonic generation is a nonlinear optical process, in which 

photons with the same frequency interacting with a nonlinear material are combined to 

generate new photons with twice the energy, and therefore twice the frequency and half 
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the wavelength of the initial photons (Mohler et al., 2003) (figure 2.1b). SHG light is 

emitted coherently and it occurs at non-centrosymmetric loci (i.e. lacks a centre of 

symmetry) (Millard et al., 2005), such as collagen (Williams et al., 2005) and cellulose 

(Brown Jr et al., 2003).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Schematic representation of TPEF and SHG. In TPEF, two photons excite a molecule 

which emits energy as fluorescence normally in the visible spectrum. The emitted wavelength is 

shorter than the excitation wavelength (incoherent) (a). In SHG, the emitted signal is always 

exactly half of the excitation wavelength (coherent) (b). Copied and reprinted from (Gailhouste 

et al., 2010) with permission of Elsevier (see appendix IV.10).  

 

SHG was first demonstrated decades ago (Freund et al., 1986), and since then it has been 

widely used to study collagen within different tissues such as ovary (Kirkpatrick et al., 

2007), skin (Lin et al., 2006), ONH (Jones et al., 2015), mouse cornea (Lo et al., 2006), 

chick cornea (Koudouna et al., 2018a, Koudouna et al., 2018b, Young et al., 2019), and 

in diseases such as osteogenesis imperfecta (LaComb et al., 2008) and liver fibrosis (Sun 

et al., 2008).  

 

SHG has been used to characterise the microstructure and reconstruct the network of 

collagen fibrils within the ONH (Brown et al., 2007, Winkler et al., 2010) and more 

recently to characterise collagen fibril orientation (Pijanka et al., 2019). Another 

important application of SHG has been the characterisation of collagen crimp in a number 

of tissues, for example, porcine tendon (Lee et al., 2017a), porcine cruciate ligament (Lee 
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et al., 2017b), rat tail tendon (RTT) (Goulam Houssen et al., 2012) and rat collateral 

ligament (Franchi et al., 2010).  

 

TPEF is a fluorescence imaging technique that allows imaging of living tissue (Zipfel et 

al., 2003), in which two excitation photons from a pulsed laser combine to excite a 

fluorescent molecule. The molecule releases its excitation energy as a fluorescence 

photon (typically a visible wavelength) (figure 2.1a). TPEF has been used to image EF in 

different tissues such as heart valves (Schenke-Layland et al., 2004), porcine heart and 

ovine arteries (Konig et al., 2005) and skin (Chen et al., 2009).  

 

Because TPEF and SHG involve different contrast mechanisms, they can be used 

simultaneously to provide complementary information regarding tissue structure and 

function. Specifically, SHG signals depend on the orientation, polarisation, and local 

symmetry properties of chiral molecules, whereas TPEF results from the nonlinear 

excitation of molecular fluorescence.   

The combination of SHG and TPEF has been used previously to investigate into collagen 

and EF properties, respectively, of human adipose tissue (Alkhouli et al., 2013), equine 

cartilage (Mansfield et al., 2009, Mansfield et al., 2013, Moger et al., 2009), bovine and 

human cartilage (Mansfield et al., 2019) and human cornea (Lewis et al., 2016). 

 

Changes in the connective tissue fibre orientation has been demonstrated before in both 

healthy ageing and in the glaucomatous ONH (Jones et al., 2015). This study used small 

angle light scattering (SALS) to further investigate the microarchitecture of the 

connective tissue within the LC. A key finding of this study was the identification of 

higher collagen alignment in the infero-temporal LC quadrant in most aged ONHs, with 

increased alignment in glaucomatous ONHs. However, the authors could not conclude 

that the fibre alignment and preferred alignment altered as a function of glaucoma stage 

due to the low sample number. Therefore, more investigations were needed to clarify and 

confirm the importance of fibre alignment in the glaucomatous ONH. 

 

Regional ONH analysis is important because the superior and inferior regions of the LC 

have been proposed to be the first damaged in early glaucoma (Quigley et al., 1981, 

Quigley and Addicks, 1981) and secondly, the infero-temporal region of the LC has been 

proposed to be the site of focal defects, such as disruption of cribriform plates, (Kiumehr 
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et al., 2012) and disc haemorrhages (Siegner and Netland, 1996). Additionally, it has been 

shown previously that this region presented a more pronounced neuroretinal rim loss 

(Caprioli et al., 1987, Garway-Heath and Hitchings, 1998, Jonas et al., 1993). 

 

This chapter aimed to determine if ONH anatomical, collagen and EF microstructural 

features are altered in the ageing and/or glaucomatous ONH. Additionally, this study 

aimed to determine if collagen alignment, found to be higher in the infero-temporal LC 

in glaucoma, could be detected within SHG image datasets of glaucomatous ONH. 

Therefore, the combination of SGH and TPEF was used.  

 

In order to achieve this, the objectives of this chapter were to determine: 

1. if ONH anatomical features namely, LC, cribriform plate and ppsclera thickness  

2. if fibrillar collagen crimp  

3. if LC collagen content and fibre orientation  

altered regionally, or as a function of age or glaucoma  

4. how LC pore parameters (i.e. pore count, area and circularity, collagen content) 

alter within glaucomatous LCs  

 

2.2 Materials and methods 

2.2.1 Source of tissue 

Human eye globes from donors with no history of eye disease (n=28, aged 2 to 88 years) 

were received from the NHS Blood and Transplant Eye bank (Filton, Bristol, UK) in 

moist tissue chamber. Globes were immersion fixed on arrival in 4% paraformaldehyde 

(volume/volume in phosphate buffer solution (PBS), pH 7.4; PFA, see appendix I.1 for 

preparation). Eight eye globes with glaucomatous optic neuropathy (diagnosed prior to 

death by a glaucoma ophthalmologist, with mean deviations of the visual field from -1.45 

to -23.63 dB), were received from the Mayo Clinic (Rochester, USA) in 4% PFA. 

All globes in this thesis, were received, stored and used for research in accordance with 

Human Tissue Act regulations, under the Cardiff University Cathays Park HTA licence. 
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2.2.2 Sample preparation 

Globes were washed in three changes of PBS (for preparation of lab stock, see appendix 

I.2) over 72 hours. All eyes were orientated by observing the position of the macula and 

superior rectus muscles (figure 2.2).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Schematic representation of the eyeball’s muscles, with the focus on superior rectus 

muscle which allowed to determine the orientation of the human globes. Taken from 

https://www.improveeyesighthq.com/eye-muscles.html. 

 

Extraocular muscles and fat, the iris and vitreous humour were gently removed. ONHs 

with surrounding ppsclera were mounted onto a sledge microtome (Microm HM 440E, 

Thermo Fisher, UK) and frozen to -35°C.  

The right ONHs of 9 pairs (aged 22 to 85 years) were sectioned longitudinally at 250 μm 

thickness through the Superior-Inferior axis; the left ONHs of the same 9 pairs were cut 

through Nasal-Temporal axis. The left eye of each pair from 10 healthy (aged 2 to 88 

years) and 8 glaucomatous ONHs (see Table 2.1) was cut transversally at 100 μm 

thickness. All sections were mounted in 1:1 PBS:glycerol on Superfrost Plus slides.  

2.2.3 Nonlinear microscopy: Second Harmonic Generation (SHG) and Two 

Photon Excited Fluorescence (TPEF) 

All ONH sections were subjected to TPEF and SHG imaging. A wavelength tuneable 

ultra-fast pulsed laser system (mode-locked, Ti:Sapphire laser, ChameleonTM, Coherent 

Lasers, UK) with 140 fs pulses coupled to a Laser Scanning Microscope (LSM880 NLO 
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with AxioExaminerTM stand, Carl Zeiss Ltd, UK), a Plan-Apochromat 20x/0.8 NA 

objective lens and ZEN software v2.2 was used to acquire 3D TPEF and SHG images. 

Total TPEF signal was collected with an epi- (backscattered), non-descanned (external) 

detector (NDD) using a near-infrared (NIR) blocking band pass filter (505nm ± 60nm 

bandwidth BrightlineTM, Semrock/Laser2000 UK) (figure 2.3). Forward scattered SHG 

was collected following transmission through the sample at half (400 nm) of the excitation 

wavelength (800 ± 6 nm).  

 

High resolution SHG and TPEF 3D tiled stacks were simultaneously acquired from 

longitudinal (n=18, aged 22 to 85 years) and transverse glaucomatous ONHs (n=8, aged 

72 to 91 years) plus three age-matched controls (n=3, aged 85, 87 and 88 years) as 

sequences of optical slices (1024x1024 pixels) at 2μm increments of focus using a fully 

automated motorised stage.  Additionally, high resolution single tiles of the nasal region 

from transverse (n=10, aged 2 to 88 years) ONHs sections were also acquired for crimp 

measurements.  

 

Images presented in this chapter have been adjusted in brightness to best represent those 

observed on the microscope. 
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Figure 2.3. Schematic optical set up of the LSM880 laser scanning microscope used in the current 

study to acquire SHG and TPEF. SHG signal (Excitation 800nm/Emission 400nm) was collected 

as forward light. TPEF signal (Excitation 800nm/Emission 505nm) was collected in an epi-

detector. The low pass filter ensured that wavelength above 690nm were reflected onto the sample 

and below 690nm were transmitted to the TPEF detector. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table 2.1. Donor demographics of human glaucomatous globes. Visual field sensitivity is 

measured as vision loss in units of mean deviation (MD), compared to a control population. 

Glaucoma severity is divided into early: MD < -6 dB; moderate; MD < -12 dB and advanced; MD 

> -12 dB, based on Hoddap – Parrish – Anderson (Chakravarti 2017) criteria. 
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2.2.4 Anatomical features of the human ONH as a function of age and region 

Anatomical features of the human ONH, namely LC thickness, LC cribriform plates 

thickness and ppsclera thickness were measured within 18 longitudinal ONH sections, 

from 9 paired ONHs aged 22 to 85 years old. Nonlinear images were acquired as 

described in section 2.2.3. Briefly, 3D tiled stacks of longitudinal ONH sections were 

acquired at 2 μm increments of focus into 250 μm tissue depth. Microscope settings 

described in section 2.2.3 were applied to all samples to ensure all ONH sections were 

treated in the same way. Images from the young ages of 22 and 34 years old varied in 

clarity, therefore visualisation judgment were made to ensure consistency throughout the 

experiment. Images that did not show a clear discrimination of the collagenous cribriform 

plates and the LC throughout the depth of the ONH section, were excluded and image 

acquisition was repeated. The latter was performed by uploading the same setting 

parameters used for the first run of acquisition.  

2.2.4.1 Lamina cribrosa thickness 

The lamina cribrosa was defined as the region from the first observed horizontally 

oriented collagenous plate to last where the postL ON connective tissue septae appeared 

i.e. where the collagen became vertically oriented (see delineated anterior and posterior 

surfaces in figures 2.4b and c). ONH datasets were saved as .tiff files and imported into 

Image J version 1.52s (http://rsb.info.nih.gov/ij). LC thickness measurements 

(perpendicular distance between the anterior and posterior LC limits) were computed, 

equidistant between LC periphery and central retinal vessel sheath edge, in 5 optical slices 

for each LC region (superior, inferior, nasal and temporal) (figure 2.4b). 

2.2.4.2 Lamina cribrosa plates thickness 

LC plate thickness was measured perpendicular to the upper and lower edges of the plate, 

within 10 cribriform plates in each of the anterior, mid and posterior e LC (figure 2.4c,e). 

Three optical slices within each region (superior, inferior, nasal and temporal) were 

analysed 

2.2.4.3 Peripapillary sclera thickness 

The ppsclera was defined as the annular ring within 1 mm from the scleral canal (Jones 

et al 2015). Regional ppsclera thickness was measured perpendicular to its anterior and 



      
 

37 
 

posterior surface (figure 2.4d) at 100 µm intervals, starting at 300 µm outside the optic 

canal, within five optical slices. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 
 
 
Figure 2.4. Anatomical features measured within longitudinal sections of ONH. Measurements 

are shown in a schematic view of the ONH (a). Longitudinal section of a 59yr ONH through 

superior-inferior (b) and nasal-temporal (d) axis. LC thickness (b) was measured perpendicular 

(b, yellow arrows) to the anterior and posterior surfaces (b, dashed lines). Blue dots represent the 

anterior scleral canal opening (ASCO). LC plate thickness measurements were performed in the 

anterior, mid and posterior (c) LC. A perpendicular line between upper and lower plate surfaces 

(e, white line) defined the thickness of the cribriform plates (e, pink arrows). Ppsclera thickness 

was measured between and perpendicular (d, white arrow) to its anterior and posterior boundaries 

(d, dashed line). Scale bars represent 500 µm in b,d and 100 µm in c,e. 
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2.2.5 Quantification of collagen crimp parameters in the ageing human ONH 

High resolution single tile SHG image stacks (100 µm thick) of the nasal region of the 

ageing and glaucomatous ONHs were converted to sequential 25 µm substacks. 

Maximum intensity projections (MIPs) of each sub stack from the regions LC, RoIns and 

ppsclera were created. To visualise the collagen bundles, each MIP was zoomed to 200%. 

Only collagen bundles that were not overlapping, blurred and/or incomplete (i.e. 

disappeared into another plane of view) were used in this analysis. A total of 20 measures 

of each parameter (as previously determined by Jan et al., 2018 to be sufficient for this 

purpose) were performed in each region. 

 

Collagen crimp period, amplitude, angle and degree of crimping (n=20 measures for each, 

within triplicate images for each donor ONH) were quantified in the LC, ppsclera and 

RoIns, in a masked fashion (i.e. all images were assigned anonymised codes by a person 

not performing measurements. Following analysis, the sample identifier number was 

reassigned to unmask the data for analysis)   

 

A schematic representation of collagen crimp and measurements performed using Image 

J software is shown in figure 2.5.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Schematic representation of crimp measures performed on high resolution SHG 

images within the ppsclera, LC and RoIns. a) Crimp period (pink double-head arrow), amplitude 

(blue double-head arrow) and angle (green line) are shown. b) Degree of crimp was measured as 

the ratio between the waviness of 3 waves and the end-to-end (straight) line using Neuron J, an 

image J plugin developed to trace neurites within images of cells in culture. 
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Measurements were performed only within a clearly visible collagen bundle within a 

single plane. A straight line measured between two peaks represented the crimp period 

(figure 2.6a). A perpendicular line measured from the highest point of the peak to the 

crimp period line (figure 2.6b) represented crimp amplitude. Using the angle tool 

function, the angle between each period and amplitude combination was drawn and 

measured in degrees (figure 2.6c). The Image J plugin, Neuron J, (first developed by the 

Biomedical Imaging Group, Laboratory of Cellular Neurobiology, Swiss Federal Institute 

of Technology, Lausanne, Switzerland)  to trace neurites within neurons for instance in 

the hippocampus (Meijering et al., 2004)) was used to track the collagen bundles for three 

consecutive waves. Then an end-to-end line was added and the ratio between the two was 

calculated (figure 2.6d). 

 

 

Figure 2.6. Crimp parameters measurements within high resolution SHG images. Crimp period 

(a) was measured as the distance between two consecutive peaks, amplitude (b) was measured as 

the perpendicular line from the highest point to the line of the period, the angle (c) between each 

amplitude and period was measured with the angle tool of Image J and degree of crimp (d) was 

measured as the ratio between the line of three consecutive waves and the end-to-end line using 

Neuron J of Image J. Scale bar represent 10µm. 
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2.2.6 Anatomical features of the human glaucomatous ONH 

2.2.6.1 3D Reconstruction of ONH SHG image datasets 

Due to the high amount of autofluorescence from ONH components making EFs 

segmentation impossible, 3D reconstruction of glaucomatous ONHs and age-matched 

controls was limited to SHG image datasets. 3D SHG datasets of serial transverse sections 

of ONH, from first section containing preL to postL ON were imported into Amira 

software (version 6.5, Visualization Sciences Group, Germany) and a noise reduction 

median filter was applied. The individual 3D ONH datasets from each section were 

aligned to each other using the “transform editor” module in Amira and assembled 

together with an overlap of 10% (to remove optical slices without signal) using the 

“merge” module to reconstruct the 3D ONH.  

 

Next the 3D reconstructed ONH (figure 2.7a) was “thresholded” using the segmentation 

tool to separate the SHG voxels from the non-SHG voxels. The central retinal artery 

(CRA) and surrounding vascular sheaths were manually segmented using the brush tool 

to exclude associated pixels. The segmented ONH dataset was imported into Image J and 

saved as an 8-bit binary image stack (figure 2.7b).  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. ONH SHG data processing and segmentation. Each SHG dataset (a) was segmented 

in Amira using the “Segmentation tool” and converted into binary (b) in Image J. Sectors in b 

represent supero-superior/temporal (SST), supero-superior/nasal (SSN), superior-temporal (ST), 

superior-nasal (SN), temporo-superior/temporal (TST), nasal-superior/nasal (NSN), temporo-

inferior/temporal (TIT), nasal-inferior/nasal (NIN), temporal-inferior (TI), nasal-inferior (NI), 

infero-inferior/temporal (IIT), infero-inferior/nasal (IIN). Scale bar represent 1000 µm. 
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2.2.6.2 Analysis of pore parameters within control and glaucomatous ONHs 

The 3D reconstructed ONH (figure 2.7a) were imported into Amira, and a threshold 

applied which allowed automatic masking of the pores. This threshold could be adjusted 

accordingly, resulting in the connective tissue to be highlighted, separating it from the 

pores (figure 2.7b). The optical section is then manually masked using the brush tool in 

the Amira segmentation editor, ensuring that only the pores were segmented. The central 

retinal artery (CRA) and surrounding vascular sheaths were manually segmented using 

the brush tool to exclude associated pixels.  

 

Pore analysis starts at the segments in which the pores start to form, progressing in depth 

through the segments until the posterior boundary of the lamina cribrosa is reached.  

The segmented ONH dataset was imported into Image J and saved as an 8-bit binary 

image stack (figure 2.7b). 

 

Each binary 3D ONH dataset (figure 2.8a) was imported into Image J and pore parameters 

(i.e. pore count, area and circularity) were calculated using the “Analyse particle” 

function. The minimum and the maximum pixel area size and roundness (circularity) were 

manually adjusted to exclude anything that was not an object of interest in the image. 

Pixel area size was set between 0 and infinity to ensure that all pores were included. 

Roundness was set between 0 and 1 to ensure that all pore shapes were included in the 

analysis. Pore area size and roundness outside the specified ranges imported in image J 

were ignored from the analysis. Particles (pores) touching the sector borders and interior 

holes (i.e pores within larger pores) were excluded from the analysis. 

 

 

Pore count (total number of pores per mm2 ), pore area (area occupied by pores in each 

mm2 expressed as a percentage) and circularity (pore roundness; 1.0: perfect circle, 0.0: 

elongated polygon) were calculated. For regional analysis, a grid defining 12 sectors was 

overlaid using a custom-made macro named “ONH-seg.mac” that divided the optic nerve 

opening into 12 clock hour sectors (figure 2.8b). Regional analysis was performed by 

adding together SST-SSN for superior, IIT-IIN for inferior, NSN-NIN for nasal and TST-

TIT for temporal. 
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Sectors SN, NI, TI, ST of the LC were excluded from the analysis to ensure no 

overlapping of superior, inferior, nasal and temporal regions. Each sector was analysed 

separately using the ROI manager function of image J. Each ROI (e.g. the inner circle for 

the iner LC or the SSN sector) was separately selected and results recorded in Excel. 

To compare pore parameters between inner and outer LC regions, a circle was manually 

drawn onto the image, equidistant from the LC insertion and the central retinal vessels, 

to create inner and outer circle LC regions.  

For overall analysis, data within LC regions [superior (SST-SSN), inferior (IIT-IIN), 

nasal (NSN-NIN) and temporal (TST-TIT)] were added together. 

 

 

 

 

 

 

 

 

 

 
 
 
 

Figure 2.8. Pores segmentation from SHG datasets. Binary image of segmented pores (a) with 

overlay grid to create regions for analysis. Data in between sectors (i.e. SN, NI, TI, ST) (b) was 

excluded from the analysis to ensure no overlapping. Note that the central retinal vessel area was 

excluded from the analysis. 

 
 

2.2.6.3 LC surface reconstruction to quantify LC thickness and volume 

Segmented 3D ONH datasets as binary image stacks were imported into Amira and 

visualised as 2D ortho-slices to reconstruct the anterior and posterior surfaces of each LC. 

On the first optical slice corresponding to the anterior surface of the LC ONH stack, 

multiple landmarks were placed around the optic canal, at the RoIns (figure 2.9a). Then 

the ortho-slice visualisation of the LC was moved to the last optical slice corresponding 



      
 

43 
 

to the posterior LC surface. Multiple landmarks were placed around the optic canal as 

described above (figure 2.9b). Ortho-slices were then removed to allow the visualisation 

of the landmarks (figure 2.9c) of the anterior and posterior LC surface. Once all 

landmarks were placed upon the anterior and posterior surfaces, the “point wrap 

triangulation” tool module was applied to link the landmarks together to recreate the 

volume of the LC (figure 2.9d). The ortho slices were included to allow the visualisation 

of the reconstructed surface enclosing the LC volume along with 2D images (figure 2.9e).  

 

The reconstructed LC enclosed within the ’surface’ was imported into Amira and the 

“Surface Thickness” module applied to calculate the distance between landmarks of the 

anterior and posterior LC surfaces. The output text file with measurements of LC 

thickness was opened in Microsoft Excel and a mean of LC thickness calculated for each 

reconstructed LC surface within three age-matched controls and eight glaucomatous 

ONHs. Thickness maps were computed and generated within the Amira Surface View 

module for each glaucomatous and control ONH. (figure 2.9f).  
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Figure 2.9. LC surface reconstruction using the Amira landmark module. Multiple landmarks 

were placed at the region of insertion, onto the anterior (a) and posterior (b) surface of the LC, 

visualised as 2D with the ortho slice module (red arrows in b showed the landmarks positioned 

onto the surfaces). Landmarks were separately visualised as radial (c) and enface (d) to ensure 

correct positioning around the edges of the LC (red and black arrows in c showed the landmarks 

onto the anterior and posterior surfaces, respectively). The Amira point wrap tool was usedto join 

landmarks together (d) and reconstruct the whole surface to enclose the LC volume (e). LC 

volume area and thickness were calculated for each ONHs and thickness maps recreated with 

pseudo-colour coded legends (f). 
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2.2.7 Analysis of fibrillar collagen within glaucomatous ONH 

2.2.7.1 Quantification of relative fibrillar collagen content 

 

Each 3D ONH binary stack was imported into Image J and a grid defining 12 sectors (see 

figure 2.7b) was overlaid as described in 2.2.6.2. 

For regional analysis, the total number of SHG pixels in each LC sector [superior (SST-

SSN), inferior (IIT-IIN), nasal (NSN-NIN) and temporal (TST-TIT)] was calculated 

using Image J “Analyse particle” by importing each sector separately into image J and 

calculated within each optical slice. Regional analysis was performed by adding together 

SST-SSN for superior, IIT-IIN for inferior, NSN-NIN for nasal and TST-TIT for 

temporal. The total number of SHG pixel within each region was divided by the total 

number of pixels and expressed as a percentage.  

 

For overall fibrillar collagen content, the number of SHG pixel within the LC regions 

(SST-SSN, NSN-NIN, TST-TIT and IIT-IIN) were added together and divided by the 

total area and expressed as a percentage. To investigate the infero-temporal region of the 

LC, sectors named IT, IIT and TIT were added together and divided by the sum of 

respective area and expressed as a percentage.  

2.2.7.2 Analysis of fibrillar collagen alignment within the glaucomatous ONH  

Image J Orientation J Analysis (Puspoki et al., 2016, Rezakhaniha et al., 2012, Fonck et 

al., 2009) was used to compute colour coded maps of local orientation and coherency 

values within the LC, from maximum intensity projections of eight glaucomatous and 

three controls ONHs SHG datasets. Orientation J was used to create colour-coded 

orientation coherence maps to allow visualisation of the areas of the ONH with preferred 

orientation and higher connective tissue alignment. Angle of collagen fibril orientation 

was assigned to a pixel hue (colour), indicating an angle range between +90° to -90°, 

whilst pixel saturation (intensity of hue) represented the coherency (i.e. related to the 

numbers of fibrils oriented in a particular direction). Pixel brightness referred to the 

original image. As an example of a tissue with highly ordered collagen fibres, SHG 

images were acquired of rat tail tendon (RTT), as described in 2.2.3 (see figure 2.10a), 

and orientation maps were computed (figure 2.10b)  
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For regional analysis, the 12 LC sector grid (see 2.2.6.2) was overlaid onto the SHG image 

dataset and coherency values calculated as described in 2.2.7.1. To investigate the infero-

temporal region of the LC, sectors we added together as described in 2.2.7.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10. Orientation J output from high resolution SHG images of RTT (a,b) and ONH (c,d). 

The colour-coded survey maps (b,d) were computed to show collagen orientation (colour). This 

plugin defined orientation as the dominant direction of the features within a region of interest, 

with the outcome a value between ± 90°. A result of 0° represented the horizontal x-axis, +90° 

was the vertical y-axis in the superior direction and -90° represented the inferior vertical superior 

direction. The orientation represented in the colour coded maps allows to identify regions in the 

ONH of highly aligned collagen. Scale bars in a,b and c,d represent 100 µm and 500 µm, 

respectively. 

2.2.7.3 Quantification of collagen crimp parameters in the human glaucomatous 

ONH 

 

Collagen crimp parameters were quantified in the nasal region of high-resolution SHG 

images acquired from transverse sections of 3 glaucomatous ONHs (aged 72, 77 and 77 

years) as described in 2.2.5. 
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2.2.8 Statistical analysis 

All statistical analyses, except for crimp angle, were performed in SPSS v.23 (SPSS Inc., 

USA). Normality of data was determined using the Shapiro-Wilk test with a significance 

level of p>0.05. LC, cribriform plates and ppsclera thickness data were analysed using 

Pearson’s correlation and One-Way ANOVA to determine correlation as a function of 

age and differences between regions.  Crimp period, amplitude and degree of crimping 

were analysed using Spearman’s rank correlation and Mann Whitney test to test for 

correlation as a function of age and differences between glaucoma and age-matched 

controls, respectively. Pores, LC thickness, LC volume, collagen content as the 

percentage of SHG pixels and coherency measurements deemed to be normally 

distributed, therefore One-Way ANOVA and Independent T-test were used. 

 

To account for potential nonlinearities in the relationships between crimp parameters and 

age, three transforms for each parameter were considered: no transform (linear), 

logarithmic, and square root.  

 

To test for differences in the crimp angle measurements, circular statistics were performed 

using Oriana software (Kovach Computing Services, UK). The measures were checked 

for a preferred direction with Rayleigh test at p<0.05 (null hypothesis is that the data is 

distributed in uniform manner) so at p<0.05 the null hypothesis is rejected. To test for 

normality, circular data were was tested for a von Mises distribution (corresponds to 

testing for normal distribution) with the Watson U test with p<0.05. (i.e. if p<0.05, data 

is not normally distributed). Mean angles were automatically computed by Oriana 

software.  

 

LC and ppsclera angle measurements as a function of age did not fall into a von Mises 

distribution. The circular linear correlation coefficient test was used to determine if a 

circular variable (angle) correlated with a linear one (age). In the LC, glaucoma angle 

measurements were found to be normally distributed so then the Watson Williams F test 

was used to compare age-matched controls and glaucoma. Ppsclera data was normally 

distributed, so a non-parametric Mardia-Watson-Wheeler Test was used to compare age-

matched controls and glaucoma.  To test for differences in the angle measures between 

LC and ppsclera at each age and glaucoma, the Hotelling's Paired Test was used. This test 

checked whether the paired observations differ between the two samples.   
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2.3 Results 

2.3.1 Anatomical features of the human ONH as a function of age and region 

High resolution 3D tiled ONH datasets were obtained from longitudinal sections at 

different ages (figure 2.11). Fibrillar collagen was evident within the cribriform plates at 

LC (figure 2.11d-f) and ppsclera (figure 2.11a-c) as intense SHG signal within the latter. 

Horizontally oriented cribriform plates were visible throughout the LC thickness (figure 

2.11d-f). The SHG signal was also seen in the vascular sheaths surrounding the central 

retinal vessels, which passed through the LC (figure 2.11a-c). In the postL ON, collagen 

became longitudinally oriented within connective tissue septae (figure 2.11a-c). 

The TPEF signal associated with EFs appeared visible at all ages (figure 2.11a-c), 

although minimal in the young 34 years old ONH (figure 2.11a).  

2.3.1.1 Lamina cribrosa thickness 

LC thickness ranged from 334.13 ± 5.8 µm at the age of 22 years to 353.11 ± 7.6 µm at 

the age of 85 year (Table 2.2), although no significant correlation was found with age 

(p=0.367, r=0.342, figure 2.12a) or LC regions (p=0.449, figure 2.12b). No regional 

differences (p=0.416) or correlation with age were observed [superior (p=0.272, r=0.411), 

inferior (p=0.276, r=0.408), nasal (p=0.229, r=0.446) and temporal (p=0.270, r=0.412)]. 
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Figure 2.11. High resolution tiled images showing pseudo-colour coded nonlinear signals [SHG: 

green (collagen); TPEF: red (EF)] in young 34-year-old (a,d), middle age 63-year-old (b,e) and 

elderly 85 year old (c,f) ONHs sections. TPEF signal depicting EF appeared less intense in the 

young 34yr (g) then in the 63yr (b) and 85yr (c). SHG signal depicting fibrillar collagen appeared 

stronger in the ppsclera than in the LC at all ages (a-c, black asterisks). The LC enclosed in the 

dashed lines (a-c) appeared as a thick layer of connective tissue. The lamina cribrosa was defined 

as the region from the first observed horizontally oriented collagenous plate to last where the 

postL ON connective tissue septae appeared. The upper markers to define the upper surface of 

the LC were placed where the first collagenous visible cribriform plate appeared inserted in the 

surrounding sclera. The lower markers to define the lower surface of the LC were placed where 

the last collagenous cribriform plate was inserted into the sclera and just before collagenous 

bundles appeared vertically orientated, which defined the postlaminar ON. Strong SHG signal 

also appeared from the CRA (a-c, white arrows). At higher magnification (d,e,f), strong SHG 

signal appeared within the LC plates. Scale bars are 500µm. 
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Figure 2.12. LC thickness as a function of age and region (mean +/-sd). LC thickness ranged from 

334.13 ± 5.8 µm at the age of 22 year to 353.11 ± 7.6 µm at the age of 85 year (a), although no 

significant changes were found within age or regions (b). 

 

2.3.1.2 Lamina cribrosa plates thickness 

LC cribriform plates thicknesses (Table 2.2), ranged from 14.85 ± 0.3 µm at the age of 

22 years to 16.39 ± 0.3 µm at the age of 85 years but no significant correlation with age 

was observed (p=0.120, r=0.556), (figure 2.13a) or region (p=0.826), (figure 2.13b). No 

differences (p=0.657) or correlation between regions and age [superior (p=0.243, 

r=0.434), inferior (p=0.407, r=0.316), nasal (p=0.144, r=0.528) and temporal (p=0.09, 

r=0.803)], [anterior (p=0.118, r=0.558), mid (0.085, r=0.605) and posterior (p=0.112, 

r=0.567) was observed (figure 2.13c). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table 2.2. LC, cribriform plates and ppsclera thicknesses as a function of age (mean +/-sd). 
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Figure 2.13. LC cribriform plate thickness as a function of age and regions (mean +/-sd). No 

significant changes were observed with age (a) or regions (b) and between anterior, mid and 

posterior LC (c).  

 

2.3.1.3 Ppsclera thickness 

Ppsclera thickness ranged from 806.09 ± 32.8 µm at the age of 22 year to 958.05 ± 24.6 

µm at the age of 85 year (Table 2.2), however it did not show significant increase in age 

(p=0.571, r=0.219) (figure 2.14a). When data was pulled together for regional analysis, 

no significant differences were found between regions (p=0.578) or in age [superior 

(p=0.658, r=-0.172), inferior (p=0.478, r=0.273), nasal (p=0.602, r=0.251) and temporal 

(p=0.516, r=0.202)] (figure 2.14b).  
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Figure 2.14. Ppsclera thickness as a function of age and regions (mean +/-sd). Ppsclera thickness 

ranged from 806.09 ± 32.8 µm at the age of 22 year to 958.05 ± 24.6 µm at the age of 85 year (a), 

however, it did not significantly change in age or regions (b).  

 

2.3.2 Quantification of collagen crimp parameters  

Single images of healthy elderly human ONH at level of LC show distribution of collagen 

within the cribriform plates and RoIns. Collagen crimp within the cribriform plates was 

visible at the age of 6 years (figure 2.15a) and 46 years (figure 2.15b), but not at 63 (figure 

2.15c) and 85 years old (figure 2.15d). TPEF signal showed an intense fluorescence due 

to EFs within the LC and other endogenous fluorescence (figure 2.15e-h). Combined 

SHG and TPEF signals (figure 2.15i-n) demonstrated the absence of EFs within the 6-

year-old (figure 2.15i). However, EFs were co-distributed with collagen within the 

cribriform plates LC greater than 46 years (figure 2.15l-n).  
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Figure 2.15. High resolution single images from nasal region of healthy ageing LC showing 

pseudo-colour coded nonlinear signals [SHG: green (collagen); TPEF: red (elastin)]. SHG signal 

appeared intense at all ages (a-d) and the collagen crimp was observed at the young ages of 6 

years (a, white arrows) and 46 years old (b, white arrows) but not at older ages (c,d). TPEF signal 

appeared less intense at the ages of 6 years (e) compared to older ages (f-h). EFs were not observed 

at the age of 6 years old (e) compared to older ages (f-h) where they appeared visible within the 

cribriform plates (f-h, yellow arrows). Combined images (i-n) showing EFs running parallel with 

collagen within the cribriform plates. Scale bar represents 50 µm. 
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2.3.2.1 Fibrillar collagen crimp parameters in the ageing LC 

In the young LC (figure 2.16a-c) collagen crimp was observed in all cribriform plates, 

whereas at the age of 46 and 57 years old (figure 2.16d,e), some wavy-like bundles were 

seen in between straight fibre bundles. Above the age of 60 years, no wavy-like 

appearance was evident (figure 2.16f-l). No significant increase as a function of age was 

observed in the collagen crimp period (p=0.668, rs=0.167) (figure 2.16m), crimp 

amplitude (p=0.444, rs=0.293) (figure 2.16n), degree of crimping (p=0.546, rs=0.233) 

(figure 2.16p) or crimp angle (p=0.999, r=0.012) (figure 2.16o). Data transformation did 

not show differences in the ageing LC period [square, square root and log data (p=0.726)], 

amplitude [square, square root and log data (p=0.424)] and degree of crimping [square, 

square root and log data (p=0.376)]. 

2.3.2.2 Fibrillar collagen crimp parameters in the ageing region of insertion 

Similarly, fibrillar collagen was visible in the RoIns at the young ages of 2 and 6-year-

old (figure 2.17a,b). Some wavy like collagen bundles were also evident at the ages of 21 

and 46-year-old (figure 2.17c,d). However, at the age of 57 and above, collagen waviness 

was no longer visible (figure 2.17e-l). In the RoIns, no significant changes were observed 

in the collagen crimp period (p=0.265, rs=0.417) (figure 2.17m), crimp amplitude 

(p=0.244, rs=-0.433) (figure 2.17n), degree of crimping (p=0.406, rs=-0.317) (figure 

2.17p) or crimp angle (p=0.322, r=0.432) (figure 2.17o). Data transformation did not 

show differences in the ageing period [square, square root and log data (p=0.310)], 

amplitude [square, square root and log data (p=0.172)] and degree of crimping [square, 

square root and log data (p=0.710)]. 
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Figure 2.16. High resolution nonlinear imaging showing fibrillar collagen appearance in the LC 

at different ages. Fibrillar collagen crimp had a wavy-like appearance at young age of 2 (a), 6 (b) 

and 21 (c) year old. Waviness was still visible at the age of 46 (d) and 57-year-old (e), although 

only within a few regions of interests. Above the age of 60 year, wavy-like appearance was no 

longer visible (f-l). Crimp period (m), amplitude (n), angle (o) and waviness (p), did not show 

any significant changes as a function of age. Scale bar represents 30µm. 
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Figure 2.17. High resolution nonlinear imaging showing fibrillar collagen appearance in the RoIns 

at different ages. Fibrillar collagen crimp had a wavy-like appearance at young age of 2 (a), 6 (b) 

and 21 (c) year old. Waviness was still visible at the age of 46 (d), although only within few 

regions of interests. Above the age of 57 year, wavy-like appearance was no longer visible (e-l). 

Crimp period (m), amplitude (n), angle (o) and waviness (p), did not show any significant changes 

as a function of age. Scale bar represents 30 µm. 
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2.3.2.3 Fibrillar collagen crimp parameters in the ageing ppsclera 

In the ppsclera, crimped collagen bundles were clear at young ages of 2, 6 and 21 years 

old (figure 2.18a-c).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.18. High resolution nonlinear imaging showing fibrillar collagen appearance in the 

ppsclera at different ages. Fibrillar collagen crimp had a wavy-like appearance at young age of 2 

(a, white arrows), 6 (b, white arrows) and 21 (c) year old. Waviness was still visible at the age of 

46 (d), although only within few regions of interests. Above the age of 57 year, wavy-like 

appearance was no longer visible (e-l). Collagen crimp period (m) significantly increased as a 

function of age from 19.64µm ± 6.41 at the age 2 to 22.04µm ± 10 at the age of 88 years (p=0.004), 

however, crimp amplitude (n), angle (o) and waviness (p) did not show any significant changes 

in age. Scale bar represents 30 µm. 
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From the age of 46 to older ages (figure 2.18d-l), no wavy like collagen bundles were 

observed and fibrillar collagen bundles were mostly straight in appearance. Within the 

ppsclera, the collagen crimp period significantly increased as a function of age from 19.64 

± 6.41 µm at the age 2 to 22.04 ± 10 µm at the age of 88 years (p=0.004, rs=0.850) (figure 

2.18m). However, no significant differences were found in any other parameters [crimp 

amplitude (p=0.112, rs=0.567), degree of crimping (p=0.170, rs=0.500) and crimp angle 

(p=0.062, rs=0.659)] (figure 2.18n-p). Interestingly, the ppsclera crimp period (p=0.008) 

and crimp amplitude (p=0.008) were significantly larger than those in the LC. Data 

transformation showed a significant increase in ppsclera crimp period [square, square root 

and log data (p=0.001)] but not in the amplitude [square, square root and log data 

(p=0.553)] and degree of crimping [square, square root and log data (p=0.235)]. 

2.3.3 Anatomical features of the human glaucomatous ONH 

2.3.3.1 3D Reconstruction of ONH SHG image datasets 

Visualisation of transverse 3D reconstructed datasets (figure 2.19a,c,e,g) showed areas of 

interrupted connective tissue in the superior region within early, moderate and advanced 

glaucomatous ONHs (figure 2.19d,f,h). In early glaucoma, some disruption of the 

collagenous beams was seen in the superior region (figure 2.19d) in the enface view. In 

moderate (figure 2.19f) and advanced glaucoma (figure 2.19h), disruption of collagenous 

beams was visible from the enface view and appeared more pronounced than in early 

glaucoma.  

2.3.3.2 Analysis of pore parameters within the glaucomatous ONH 

Overall, pores appeared larger and more defined towards the edges of the LC and in the 

superior/inferior regions compared to nasal and temporal, giving the LC the characteristic 

hour-glass shape, previously described (Quigley and Addicks, 1981, Radius, 1981, Jonas 

et al., 1991).  

 

In advanced glaucoma, pores appeared more elongated and oval (figure 2.19g,h) 

compared to those observed in healthy eyes, which appeared relatively circular (figure 

2.19a,b). In both moderate (figure 2.19e,f) and advanced (figure 2.19g,h) glaucoma, pores 

also appeared bigger with less connective tissue surrounding them.  
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Figure 2.19. 3D volume rendering of reconstructed SHG datasets of human ONH from age-

matched controls and glaucoma. In the control, less collagenous beams appear in the superior-

inferior regions (a) compared to the nasal-temporal. A magnification of a (b) showed an intact 

collagenous network. In early (c), moderate (e) and advanced (g) glaucoma, disruption and 

misalignment of the collagenous beams were identified in the superior region. A magnification 

on the superior region of early (d), moderate (f) and advanced glaucoma (h) showed some 

fragmented collagenous beams (white asterisks). Scale bars represent 1mm. 
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Pore count (see Table 2.3) showed an overall decrease in all glaucomatous LC (p=0.006) 

compared to controls (figure 2.20a). Circularity was significantly lower in advanced 

glaucoma (p=0.006) compared to controls (figure 2.20c). No differences were found in 

pore area (p=0.056) (figure 2.20b). Regional analysis showed a significant lower pore 

count (figure 2.20d) in all regions [superior (p=0.019), inferior (p=0.015), nasal (p=0.033) 

and temporal (p=0.002)] whereas no differences were observed in pore area [superior 

(p=0.055), inferior (p=0.908), nasal (p=0.198) and temporal (p=0.125)] (figure 2.20e) 

compared to controls. Circularity appeared significantly lower in the temporal region only 

in advanced glaucoma (p=0.045) (figure 2.20f). When pores parameters were quantified 

between inner and outer LC, pore count was significant lower in moderate and advanced 

glaucoma in the inner LC compared to controls and early glaucoma (p=0.029) (figure 

2.20g). No differences in the outer LC were observed in count (p=0.065), area (p=0.125) 

and circularity (p=0.104). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Table 2.3. Pore parameters (mean +/-sd) within glaucomatous ONHs. 
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Figure 2.20. Lamina cribrosa pore count, circularity and area (mean ± sd) within glaucomatous ONHs.  (a) Pore count decreased significantly within the LC at 

all glaucoma stages compared to control LC (p=0.006), consistent with a significantly lower pore count in all regions (d)Data comparison between glaucoma 

groups, identified a pore count significantly lower (p=0.029) in moderate and advanced glaucoma, compared to early and controls (g) in the inner LC, but no 

differences within the outer LC (b) No differences in the overall pore area (c) or between regions (e) were observed. However, pore area was significantly lower 

in moderate and advanced glaucoma (p=0.031) compared to controls in the inner LC (h), with no differences identified within the outer LC. LC pore roundness 

i.e. circularity was significantly lower in advanced glaucoma (p=0.006), suggesting pore elongation compared to controls. Regional analysis revealed lower 

circularity in the temporal region (p=0.045) (f) of advanced glaucoma. No differences were observed in circularity (i).



      
 

62 
 

2.3.3.3 LC surface reconstruction to quantify LC thickness and volume 

LC thickness maps were produced from the reconstructed and segmented SHG signal 

from each ONH section and therefore represented the anatomy of the LC as the fibrillar 

collagen only. Regional variation was observed in the thickness of the LC in age matched 

controls and glaucoma (figure 2.21). Thickness maps indicated that the superior and 

inferior regions were thinner compared to the nasal and temporal in all glaucoma (figure 

2.21b-d) and control (figure 2.21a).  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.21. Regional LC thicknesses represented as 3D thickness maps from age-matched 

controls (a) and glaucomatous (b-d) ONHs. Regional variation in LC thickness was observed in 

all samples. The superior and inferior regions appeared to be the thinnest.  

 
 
The average LC thickness (Table 2.3) between glaucoma and controls (n=3) did not show 

differences between early (p=0.056), moderate (p=0.054) and advanced (p=0.055) 

glaucoma (figure 2.22).  
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Figure 2.22. LC thickness (mean +/-sd) in glaucomatous ONH. LC thickness did not show 

differences between early, moderate and advanced glaucoma. 

 
 

LC volume was significantly greater in moderate (p=0.017) and advanced (p=0.005) 

glaucoma compared to controls (figure 2.23) (Table 2.4). No differences were found in 

early glaucoma (p=0.065). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table 2.4. LC thickness (mean +/-sd) and volume within glaucomatous ONHs.  

 

 

 

 

 

 

 

 

 

 
 

Figure 2.23. LC volume (mean +/-sd) within glaucomatous LC. LC volume was significantly 

greater in moderate (p=0.017) and advanced (p=0.005) glaucoma compared to controls. 
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2.3.4 Analysis of fibrillar collagen within glaucomatous ONH 

SHG datasets allowed the visualisation of the fibrillar collagen network within age-

matched controls and glaucomatous ONHs (figure 2.24).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.24. High resolution nonlinear images showing connective tissue organisation within 

glaucomatous ONHs. Disruption of the connective tissue was observed in the superior-inferior 

regions in early (d), moderate (g) and advanced (l) glaucomatous ONH sections. TPEF signal 

showed accumulation of TPEF fluorescent material within pores in the superior region of 

advanced glaucoma (m) and within LC plates of moderate (h) glaucoma. White asterisks in a,d,g,l 

show the lack of SHG signal and yellow asterisks in e,m the accumulation of fluorescent material 

within the pores. No differences were observed in early glaucoma (e) and control (b). Scale bar 

represents 300 µm. 
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SHG images showed a disorder of the collagenous beams from the superior-inferior 

regions in early, moderate and advanced glaucomatous ONHs (figure 2.24d,g,l). Early 

glaucoma showed a similar discontinuity in the superior-inferior regions (figure 2.24d), 

although it did not appear as severe as in the advanced glaucomatous ONH where 

collagenous beams were totally disrupted (figure 2.24l). In the superior region of the 87yr 

(figure 2.24a) a small break with missing connective tissue was observed. The elastin-

associated TPEF signal did not show any differences between age-matched controls and 

early glaucoma (figure 2.24b,e). However, moderate (figure 2.24h) and advanced 

glaucoma (figure 2.24m) showed an accumulation of fluorescent TPEF material within 

plates and pores, respectively. 

2.3.4.1 Quantification of relative fibrillar collagen content 

Fibrillar collagen content, quantified as percentage SHG pixels, was significantly greater 

in early (p=0.006) and moderate (p=0.002) glaucoma compared to controls. Additionally, 

percentage collagen content in advanced glaucoma was significantly lower than that in 

LC of early (p=0.010) and moderate (p=0.002) glaucoma ONHs (figure 2.25a). Regional 

analysis showed lower LC collagen content in moderate glaucoma in the inferior 

(p=0.001) region, compared to nasal and temporal. In advanced glaucoma, collagen 

content was significantly lower in the superior LC region (p=0.006), compared to inferior, 

nasal and temporal (figure 2.25b). Interestingly, when the infero-temporal region was 

analysed (figure 2.25c) collagen content in the early glaucomatous LC was greater 

(p=0.017) compared to controls.  
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Figure 2.25. Relative collagen content as a percentage of SHG related pixel to the total LC pixel 

count (mean ± sd). Fibrillar collagen content (a) appeared significantly greater in early (p=0.006) 

and moderate (p=0.002) glaucoma and significantly lower in advanced glaucoma compared to 

early (p=0.010) and moderate (p=0.002). Regional analysis (b) showed lower collagen content in 

moderate glaucoma in the inferior (p=0.001) region compared to nasal and temporal. In advanced 

glaucoma, collagen content was significantly lower in the superior region (p=0.006) compared to 

inferior, nasal and temporal. Within the infero-temporal region (c), collagen content significantly 

greater in early glaucoma (p=0.017) compared to controls.  
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2.3.4.2 Analysis of fibrillar collagen alignment within the glaucomatous ONH  

Colour-coded images computed from SHG (figure 2.26a-d) showing fibrillar collagen 

alignment showed region of higher alignment (yellow) in the infero-temporal region in 

glaucoma (figure 2.26f-h) and control (figure 2.26e). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.26. High resolution non-linear imaging and correspondent colour-coded collagen 

orientation within glaucomatous ONH. SHG images depicting fibrillar collagen (a-d) are showing 

collagenous structure. Some spots of highly aligned collagen (yellow in colour) (e-h, red circles) 

were observed in the LC within the infero-temporal region. Scale bars represent 500 µm. 
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Coherency values as a measure of anisotropy were computed for each region within 

glaucoma and controls (Table 2.5). Regional analysis revealed greater coherency in the 

nasal region of advanced glaucoma compared to early (p=0.017) and controls (p=0.045). 

Coherency in the temporal region appeared greater in moderate glaucoma compared to 

controls (p=0.024) and early glaucoma (p=0.005) (figure 2.27a).  

 

Comparison within groups revealed greater coherency in the nasal (p=0.036) and 

temporal (p=0.019) regions compared to superior in advanced glaucoma. Additionally, 

greater coherency was also found in the nasal (p=0.017) and temporal (p=0.029) regions 

compared to inferior in moderate glaucoma. No differences were observed in controls 

(p=0.110) and early glaucoma (p=0.133) (figure 2.27a). 

 

When coherency was investigated within the infero-temporal region, early glaucoma 

presented lower values compared to moderate (p=0.006) and advanced (p=0.003) 

glaucoma but not compared to controls (p=0.051) (figure 2.27b).  

 
 
 

 

 

 

 

 

 

Table 2.5. Mean coherency values computed for each glaucomatous LC region. 
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Figure 2.27. Coherency values (mean +/-sd) within glaucomatous LC and regions. Regional 

analysis (a) revealed greater coherency in the nasal region of advanced glaucoma compared to 

early (p=0.017) and controls (p=0.045). Coherency in the temporal region appeared greater in 

moderate glaucoma compared to controls (p=0.024) and early glaucoma (p=0.005). Within the 

infero-temporal region (b), early glaucoma presented lower values compared to moderate 

(p=0.006) and advanced (p=0.003) glaucoma. Comparison within groups showed greater 

coherency in the nasal (p=0.036) and temporal (p=0.019) regions compared to superior in 

advanced glaucoma and greater coherency in the nasal (p=0.017) and temporal (p=0.029) regions 

compared to inferior in moderate glaucoma. 

 

2.3.4.3 Quantification of collagen crimp parameters in the human glaucomatous 

ONH 

 
In glaucoma, some wavy-like appearance was spotted at all stages of the disease, in the 

LC (figure 2.28a-c), RoIns (figure 2.28d-f) and ppsclera (figure 2.28g-i), although 

collagen fibres appeared mostly straight. The ppsclera appeared more wavy-like at all 

stages of disease compared to the LC and RoIns, where only a few collagenous crimped 

bundles were seen.  
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Figure 2.28. High resolution nonlinear images showing fibrillar collagen appearance in the LC, 

RoIns and ppsclera at different stage of glaucomatous neuropathy. Some wavy-like appearance 

was visible (red arrows) in early (a,d,g), moderate (b,e,h) and advanced glaucoma (c,f,i) in all 

regions. However, in the LC (a-c) and RoIns (d-e) only few collagenous bundles showed waviness 

in contrast to those in the ppsclera (g-i) where almost all collagen bundles appeared wavy. Scale 

bars represent 30 µm and 50 µm in a-c/g-h and d-f, respectively. 

 
 
 
Within glaucomatous ONH, crimp period was significantly greater in moderate (p=0.013) 

and advanced (p=0.021) glaucomatous LC (figure 2.29a). No differences were found in 
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LC amplitude (p=0.728) (figure 2.28b), angle (p=0.223) (figure 2.29c) and degree of 

crimping (p=0.332) (figure 2.29d). 

 

 

 

Figure 2.29. Collagen crimp parameters within three glaucomatous (Ea = early, Mod = Moderate, 

Adv = Advanced) ONHs. Crimp period in the LC (a) and RoIns (e) was significantly greater in 

moderate and advanced glaucomatous ONH. No differences were observed in the other 

parameters in the LC [amplitude (p=0.728) (b), angle (p=0.223) (c) and waviness (p=0.332) (d)] 

and RoIns [angle (p=0.143) (f), amplitude (p=0.518) (g) and waviness (p=0.079) (h)]. No 

significant differences were found in any of the parameters within the ppsclera. [period (p=0.728) 

(i), amplitude (p=0.308) (l), waviness (p=0.411) (m) or angle (p=0.180) (n)].  
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Similarly, within the RoIns, the crimp period was significantly greater in moderate 

(p=0.013) and advanced (p=0.033) glaucomatous ONHs (figure 2.29e). However, no 

differences between age-matched controls and glaucoma were found in the angle 

(p=0.143) (figure 2.29g), amplitude (p=0.518) (figure 2.29f) and degree of crimping 

(p=0.079) (figure 2.29h). Interestingly, within the ppsclera no significant differences were 

found in any of the parameters: period (p=0.728), amplitude (p=0.308), degree of 

crimping (p=0.411) or angle (p=0.180) (figure 2.29i-n). 

2.4 Discussion 

Nonlinear microscopy technique enabled the investigation of the distribution of fibrillar 

collagen and EFs within the LC and surrounding tissues and the subsequent ONH 3D 

reconstruction. Unfortunately, due to the number of endogenous fluorescent contributing 

factors other than elastin, the latter could not be easily segmented and quantified from the 

nonlinear ONH datasets. Therefore, the 3D reconstruction and segmentation was limited 

to the SHG datasets. 

The 3D reconstructed ONH facilitated the visualisation of the whole connective tissue 

network within the LC as well as the porous structure. The stacked 3D structure showed 

that the LC is less than a stacked series of cribriform plates on the top of each other but 

rather a complex structure through which apertures/pores, are running through the 

anterior to posterior surfaces. A similar structure has been demonstrated before (Ogden 

et al., 1988). 

2.4.1 Lamina cribrosa, cribriform plates and ppsclera thickness 

Fibrillar collagen was found as bundles within the LC beams, the central retinal vessel 

and ppsclera within longitudinal ONH sections. LC thickness ranged from 334.13 ± 5.8 

µm at the age of 22 year to 353.11 ± 7.6 µm at the age of 85 year, although not significant, 

but similarly to those observed in previous studies (Jonas et al., 2003, Jonas and Holbach, 

2005, Kotecha et al., 2006). Cribriform plate thickness ranged from 14.85 ± 0.3 µm at the 

age of 22 year to 16.39 ± 0.3 µm at the age of 85 year.  

Previous studies have investigated the morphometry of the LC and found that the LC 

thickness is not associated with age (Jonas and Holbach, 2005, Ren et al., 2010, Ren et 

al., 2009), which support the result presented in this chapter. However, Kotecha et al., 
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(2006) found a significant correlation between LC/LC beam thickness and age. 

Discrepancy between Kotecha’s results and the current study might be due to the imaging 

technique used. For instance, measures on 2D longitudinal ONH after SHG/TPEF 

imaging did not consider GAG contribution, which even though in small amount, will 

contribute to LC thickness and it has been shown to be involved in the age-related 

thickening of basement membranes (Timpl, 1989). Additionally, non-fibrillar collagen 

components, such as type IV, which has been shown to increase with age (Hernandez et 

al., 1986, Hernandez et al., 1989) and hence contribute to LC thickness but it is not imaged 

by SHG. Since collagen content increases as a function of age (Albon et al., 1995, 

Hernandez et al., 1989), it is possible that LC collagen fibril become more compact with 

age, affecting the flexibility of the structure. A more compact and more rigid (Albon et 

al., 2000b) elderly LC may lead to a greater susceptibility of the RGC axons to be 

damaged as a function of IOP changes. 

 

Ppsclera thickness ranged from 806.09 ± 32.8 µm at the age of 22 year to 958.05 ± 24.6 

µm at the age of 85 year, however not significant. Previous studies have measured the 

thickness of the ppsclera outside the meningeal sheaths in human (Norman et al., 2010, 

Ren et al., 2010) and monkey (Downs et al., 2007). Ren et al., (2010) showed that the 

ppsclera thickness decreases with increasing axial length, independently from glaucoma. 

2.4.2 Fibrillar collagen crimp in the ageing ONH 

Age-related differences in SHG related fibrillar collagen were also observed in the current 

study. High resolution SHG images of the LC, RoIns and ppsclera revealed fibrillar 

collagen to be wave-like in the young ONH, specifically at the ages of 2, 6, 21 and 47-

year-old. This wavy-like appearance of fibrillar collagen was not evident in the elderly 

LC, RoIns and ppsclera. This appearance of fibrillar collagen is named collagen crimp 

and it is thought to be related to the biomechanical behaviour of the fibre and represents 

the relaxed state of collagen when fibres are not under mechanical stress (Weiss and 

Gardiner, 2001). The change of appearance in the elderly ONHs might suggest an 

uncoiling process of the crimp which might represent the first step to the nonlinear 

response of the fibres to load (Freed and Doehring, 2005). The relaxed (crimped) state of 

fibrillar collagen in the young ONH tissue and the disappearance of crimping in the 

elderly is consistent with the age-related decrease in LC reversibility/compliance and 

increase in stiffness (Albon et al., 2000b). 
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Age-related decrease in collagen crimp and the stiffening of collagen fibres with age has 

been previously studied in other tissues such as rat tendon (Diamant et al., 1972), horse 

tendon (Patterson-Kane et al., 1997a, Patterson-Kane et al., 1997b) and mice tendon 

(Legerlotz et al., 2014). A study conducted on the craniofacial tendons in zebrafish 

suggested that age-related changes in the mechanical function of the tendon is related to 

the loss of nonlinearity, which has been proposed to be due to a decrease in collagen 

crimp (Shah et al., 2015).  

 

Interestingly, when crimp parameters were measured in the ppsclera, a significant 

increase in crimp period was found as a function of age. Burgoyne et al (Bellezza et al., 

2000, Burgoyne et al., 2005) described a model of the ONH as a biomechanical structure 

and suggested that stress and strain generated by IOP are concentrated around the ppsclera 

and the scleral canal. The material properties of the ppsclera are likely to determine the 

mechanical response to IOP fluctuations. An increase in crimp period in age might 

suggest that it is the ppsclera that responds to IOP fluctuation, protecting and preventing 

the expansion of the LC, which correlates with previous studies proposing the ppsclera 

as a protective structure to limit scleral canal expansion (Coudrillier et al., 2012, Girard 

et al., 2009, Grytz et al., 2014). A recent study showed that collagen crimp parameters 

have a distinct pattern over the globe (figure 2.30), suggesting an existent mechanism that 

controls collagen fibres properties within regions of the globe (Jan et al., 2018).  

 

An interesting finding presented in this chapter indicates that the collagen crimp period 

in the LC was significantly smaller than that observed in the ppsclera. Jan et al., 2018 

found that regions with a small crimp period are likely to have large conformity, which 

is defined as the amount of connected similarly orientated collagen bundles. This suggests 

that collagen bundles in the LC tend to stack together to form large groups with similar 

orientation. 
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Figure 2.30. Schematic diagram of crimp pattern around the globe. Different crimp patters have 

been visualised in different regions of the human eye. 

 

 

This might imply that crimp period in the LC was more uniform than that observed in the 

ppsclera (Jan et al., 2018), which has been hypothesised to have less gradual stiffening 

response to strain compared to regions with more variable crimp (Diamant et al., 1972). 

This behaviour might indicate that the LC can stretch and stiffen simultaneously which 

results in a more even response to changes in IOP across the LC to avoid the strain being 

concentrated in one specific region which could damage the axons. These results also 

correlate with the more radially oriented aligned collagen found in the LC (Jones et al., 

2015) which might relate with the smaller fibril diameter found in the LC and the larger 

in the equator compared to the ppsclera (Quigley et al., 1991b), supporting a similar 

pattern of crimp period found in the current study.  

 

Similarly to other tissues (Fata et al., 2014, Hansen et al., 2002, Hill et al., 2012), collagen 

crimp within the ONH represents a key factor on the eye’s nonlinear biomechanical 

response explaining the increase in stiffness as the IOP increases (Ethier et al., 2004). 

Age-related stiffening is thought to contribute to the increased susceptibility of the elderly 

eye to develop glaucoma (Liu et al., 2018). Therefore, knowing and understanding the 

collagen crimp and how it changes with age might be a step forward to a better 

understanding of glaucoma mechanism. 
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2.4.3 Anatomy of the glaucomatous lamina cribrosa 

The current study found that the LC volume was significantly greater in moderate and 

advanced glaucoma compared to controls.  

There was no significant change in the volume of the LC in early glaucoma and there 

were non-significant trends between stages of glaucoma, i.e. there was an increase in early 

and moderate glaucoma in LC volume compared to controls, however, slightly decreased 

in advanced glaucoma. This latter increase in volume is consistent with LC thickening 

and remodelling, as previously shown in monkey models (Yang et al. 2011) and is worthy 

of further investigations. 

 

Thinning of the LC in glaucomatous ONH might be due to the continuous stress and strain 

the LC is subjected, caused by elevated IOP. The IOP produces an expansion of the scleral 

shell which generates tensile forces on the scleral wall. As a result, the scleral canal 

opening expands, which stretches the LC, causing it to thin. A compliant ppsclera 

supports the IOP where the thickness of the LC and scleral canal opening are not altered. 

When the IOP is elevated, the pressure creates an expansion of the scleral canal which in 

turn generates tensile forces at the sclera. These act on the scleral wall causing an 

expansion of the sclera canal which in turn stretches the LC. Thus, the LC is more 

anteriorly displaced and thinned  (Bellezza et al., 2003). It is known that the LC becomes 

stiffer with age (Albon et al., 2000b) and it might be that glaucomatous ONH presents 

stiffer LC. The ppsclera might therefore responds to the IOP elevation pulling the LC 

taut, causing it to elongate and therefore thinning.  

2.4.3.1 Pores parameters within glaucomatous ONHs 

The superior and inferior regions of the LC contain larger pores compared to nasal and 

temporal (Quigley and Addicks 1981). In glaucoma, these regions seem to be 

preferentially affected since they contain less connective tissue, therefore less protection 

and increased axon susceptibility to damage (Gaasterland et al., 1978). Pores vary in size 

and more pores are reported at the posterior LC surface than the anterior surface, with 

anterior pores larger than posterior (Ogden et al. 1988). Additionally, pores divide as they 

travel down through the LC (Quigley and Addicks 1981, Ogden et al. 1988, Albon et al. 

2007) and they appear larger in the peripheral (outer) LC compared to the central (inner) 

LC (Jonas et al., 1991). LC pores, through which axons pass on their way to the brain, are 
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proposed to alter in shape and size in glaucoma. Therefore, studying alteration in pores 

parameters (namely shape, area and count) is essential to the understanding of the basics 

of ONH degeneration in glaucoma and their potential use as a biomarker for disease.  

 
Pore parameters namely pore count, area and circularity showed differences between 

glaucoma and controls. Specifically, pore count was significantly lower in all 

glaucomatous ONHs. Regional analysis revealed a significant lower pore count within all 

regions of glaucomatous ONH compared to controls and lower circularity within the 

temporal region of advanced glaucoma. Analysis of the inner and outer LC showed a 

lower pore count and circularity in moderate and advanced glaucoma only in within the 

inner LC. 

 

Pore shape is a potential factor in relation to glaucoma, where a more elongated shape is 

thought to be associated with the late stage of disease (Miller and Quigley, 1988, Tezel, 

2006). Several investigations have focused on LC and pore shape in vivo (Akagi et al., 

2012, Fontana et al., 1998, Ivers et al., 2015, Miller and Quigley, 1988, Nadler et al., 

2014, Omodaka et al., 2018, Shoji et al., 2017, Sredar et al., 2013, Tezel et al., 2004, 

Wang et al., 2013, Zwillinger et al., 2016) and ex vivo (Reynaud et al., 2016, Voorhees et 

al., 2017, Winkler et al., 2010). 

 

Measurement of pore circularity can be an excellent structural parameter for glaucoma 

diagnosis, as pore shape can drastically change if subjected to high IOP, causing even 

more damage to the axons that are passing through. When an increased IOP pushes the 

LC to move backwards, the LC could stretch on the sides as the pressure has also effects 

on the ppsclera which pull the LC taut, causing a stretching in the LC, which might 

become more elongated and therefore a change in pores shape occurs. In fact, it has been 

previously reported that pore elongation is significantly correlated with glaucoma 

progression, implying that pores become oval shaped and elongated as a function of 

disease progression (Miller and Quigley, 1988). Pores parameters (e.g. shape, count) 

might be a key factor to explain the risk that axons experience when passing through 

pores, implying that axons passing through more elongated pores might be under 

inhomogeneous stress, which might be associated with nerve fibre bundle impairment 

associated with glaucoma (Shoji et al., 2017).  
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The smaller pore count found in glaucomatous LC agrees with a previous study 

(Allingham et al., 1992) that showed a decreased pore count in the glaucomatous ONH 

compared to controls. Smaller area and lower pore count in glaucoma compared to 

controls might suggest that the connective tissue is expanded and increased. In fact, it is 

known that collagen and EFs are damaged and increased in glaucoma (Hernandez et al., 

1990, Hernandez, 1992) when compared to healthy controls. This also correlated well 

with the basement-membrane material which is deposited within the pores, causing the 

area occupied by pores and the pores number to decrease.  

 

Any deformation of the pores might imply that axons passing through will be damaged 

eventually, which might correlate with the vulnerability of the axons to mechanical 

damage that results in glaucoma.  

2.4.4 Fibrillar collagen content within glaucomatous ONH 

 

3D reconstructed ONH showed differences in the connective tissue content between 

glaucoma and corresponding age-matched controls. Specifically, disruption of 

collagenous beams in the superior-inferior axes was observed at all stages of the disease, 

consistent with the concept previously suggested that the superior and inferior regions of 

the LC are the first damaged in glaucoma (Quigley et al., 1981).  

 

Fibrillar collagen content as a percentage of SHG pixels did not show any significant 

changes at any stage of glaucomatous optic neuropathy as well as within regions. 

Interestingly, when collagen content was quantified within the infero-temporal region it 

was significantly greater in early glaucoma compared to controls but not in moderate and 

advanced. This could be a result of early LC modification such as LC cribriform plates 

compression, deformation and disorganisation (Hernandez et al., 1994a, Hernandez et al., 

1994b, Quigley and Addicks, 1981, Quigley and Green, 1979)  and LC remodelling such 

as synthesis and/or degradation of connective tissue components that has been shown in 

human (Hernandez, 2000, Kirwan et al., 2004, Quigley et al., 1981, Quigley and Broman, 

2006, Quigley et al., 1983), rats (Johnson et al., 2007) and monkey (Agapova et al., 2003) 

glaucoma. 
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The increase collagen content in the infero-temporal region in early but not in moderate 

and advanced glaucoma could be due to an early modification of the ECM as a function 

of IOP increase. As shown by Hernandez et al., (1994b) mRNA expression of collagen 

type IV from astrocytes has been shown to increase in glaucomatous ONH when 

compared to normal ONHs (Hernandez et al., 1994b). Additionally, within the LC, 

collagen type I, III and IV were observed between beams and occupying space normally 

occupied by axons (Morrison et al., 1990). The latter could explain the augmented 

collagen content which spread over the pores therefore increasing the percentage of total 

collagen. In late stage of glaucomatous neuropathy, the collagen content might decrease 

due to the intervention of metalloproteases (MMP), enzymes known to degrade the ECM 

in age and disease (Agapova et al., 2003, Yan et al., 2000) that can remodel the 

microenvironment on the ONH, leading to a decreased collagen content.  

 

SHG imaging gives minimal background signal due to no requirement of staining. 

However, SHG intensity could be dependent on collagen substructure, such as cross links 

(Robinson et al., 2016).  

 

Fibrillar collagen diameter increase might be a consequence of the reduction in cross 

links, as shown before in type II collagen in chondrocytes (Wong et al., 2002). With an 

increase in collagen diameter might suggest that the space between collagen molecules is 

increased. During SHG imaging, the SHG signal intensity might depend on the space 

between molecules, therefore SHG signal might vary when the collagen diameter is 

increased. The parallel orientation of collagen fibrils is described as the same orientation 

of the C- and N- termini of adjacent collagen fibrils. It might be possible that reduced 

cross links could promote parallel orientation and therefore increase the SHG intensity 

(Lutz et al., 2012). 

 

Within the LC, collagen type I, III and IV were observed between beams and occupying 

space normally occupied by axons (Morrison et al., 1990). Collagen type I appeared 

compact, whereas collagen type III showed no significant changes when compared to 

normal ONHs (Hernandez et al., 1990).  
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An increased collagen content has been also found within other tissues, such as human 

skin affected by scleroderma (Rodnan et al., 1979), intestinal tissues of people affected 

by Crohn’s disease (Stallmach et al., 1992), cerebral vessels of people with Alzheimer’s 

disease (Kalaria and Pax, 1995) and degenerated mitral valve (Purushothaman et al., 

2017). Purushothaman et al., (2017) suggested that the increased collagen content 

contributed to a derangement of the ECM composition, which led to an increase in the 

thickness of the valve layers which as a result influenced the function of the valve. 

Similarly, Kalaria and Pax (1995) showed an augmented collagen content in the cerebral 

micro-vessels as measured by the hydroxyproline content and suggested the greater 

content of collagen lead to an altered function of vessels observed in Alzheimer’s disease. 

Interestingly, Stallmach et al., (1992) suggested that in Crohn’s disease the increased 

collagen type III synthesis could be involved in the pathogenesis of fibrosis and lead to a 

chronic inflammation of the intestine. Changes observed in other tissues might correlate 

well with increased collagen content that occur in glaucoma, leading to a fibrotic tissue 

which in turn alters the biomechanical function of the LC to support RGCs axons. 

 

In disease, such as cystic medial degeneration, atherosclerosis and inflammation, the 

collagen content within the aorta increased, specifically within abdominal-thoracic aorta 

(Cattell et al., 1993, Gao et al., 2012). The human aorta normally possesses a high degree 

of elasticity which aids in pumping blood in the downstream circulation (Westerhof et 

al., 2018). The microstructure of collagen and elastin supports the aorta in its function 

(Halloran et al., 1995, Holzapfel et al., 2007), therefore alterations in the quantity and/or 

architecture of the collagenous fibres leads to mechanical and functional changes 

associated to aortic disease (Tsamis et al., 2013, Tsamis et al., 2011, Tsamis et al., 2009, 

Zulliger et al., 2004).  

2.4.4.1 Fibrillar collagen alignment 

The infero-temporal region has been previously demonstrated to present some areas of 

highly aligned collagen (Jones et al., 2015) in both ageing and glaucomatous ONHs, 

which became more pronounced at late stage of disease. The infero-temporal region has 

been proposed to have a greater susceptibility to nerve damage in early glaucoma 

(Quigley and Addicks, 1981). Winkler et al., (2010) have shown that the this region has 

a low collagen alignment when compared to the other regions (Winkler et al., 2010), 
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which supports findings in the current study of lower coherency in early glaucoma as 

described in 2.3.4.2. 

 

Orientation and alignment of connective tissue strongly depends on the amount and nature 

of stress they experience (Culav et al., 1999). In fact, the orientation of collagen fibres 

within the ECM allows extension of the tissue and it is responsible of the nonlinear 

behavior. The long-range extensibility of skin is due to a significant reorientation of 

collagen fibre networks (Gabella, 1987, Purslow, 1989). These connective tissues become 

stiffer as they are extended, and collagen fibres become more aligned in the direction of 

the stretch. This nonlinear behavior has been related to the effects of the strain on the 

reorientation of stiff collagen in blood vessels (Bigi et al., 1981, Roveri et al., 1980). For 

instance, in tendon collagen fibres are highly aligned allowing them to bear the rotational 

forces during movements (Kannus, 2000). 

 

In early glaucoma, coherency values were found lower compared to moderate and 

advanced, suggesting that at the late stages of disease collagen fibril were more aligned. 

This result is supported by Winkler et al. (2010) who showed a low degree of collagen 

alignment in the infero-temporal region compared to other regions and this result is also 

supported by Jones et al. (2015) who found a high degree of collagen alignment in the 

infero-temporal region within advanced glaucoma and they appeared as spots of highly 

aligned collagen following SALS imaging. This is important as focal defects (Kiumehr 

et al., 2012) and disc hemorrhages (Siegner and Netland, 1996) predominate in the infero-

temporal region. Additionally, it has been shown previously that this region presented a 

more pronounced neuroretinal rim loss (Caprioli et al., 1987, Garway-Heath and 

Hitchings, 1998, Jonas et al., 1993) and has a greater susceptibility to damage in early 

glaucoma (Quigley and Addicks, 1981). This region might be therefore an indication of 

disease progression and/or spots of higher susceptibility. However, more investigations 

in this respect are needed. 

 

Overall, coherency analysis revealed the highest alignment in the nasal and temporal 

regions. Nasal and temporal LC regions have been shown to contain higher connective 

tissue than the superior and inferior regions (Jonas et al., 1991, Ogden et al., 1988, 

Quigley and Addicks, 1981). It is believed that the reduced support in the superior and 

inferior regions predispose the RGC axons to IOP related damage (Quigley and Addicks, 
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1981, Quigley et al., 1981).  The greater connective tissue density and the higher fibre 

alignment within the nasal and temporal regions reinforce the hypothesis that these two 

regions better support RGC axons. 

2.4.4.2 Fibrillar collagen crimp in the glaucomatous ONH 

Crimp parameters were also quantified and compared between three age-matched 

controls and three different stages of glaucoma. Interestingly, in the LC and RoIns, but 

not ppsclera, the crimp period showed a significant increase in moderate and advanced 

glaucoma compared to the respective age-matched controls. No changes were found in 

any parameter at early stages of disease. This result might imply that fibrillar collagen is 

not affected until later in the diseases and not at the level of the ppsclera, which correlates 

with the fact that the LC has been proposed to be the main and first site of axonal damage 

in glaucoma (Quigley et al., 1981, Quigley and Addicks, 1981).  

 

The alteration of collagen crimp and morphology has been studied before in mouse 

tendons as a function of type II diabetes progression. Tendons have a complex 

biomechanical behaviour that exhibits nonlinearity and anisotropy based on the grade of 

the collagen crimp (Connizzo et al., 2013b, Duenwald et al., 2010). Alteration in collagen 

structure and composition could lead to an altered mechanical behaviour and functional 

response. Studies have shown structural changes in tendon affecting the way they respond 

to load, in particular re-alignment and collagen fibril uncrimping (Connizzo et al., 2013a, 

Dourte et al., 2012). It has been shown that type II diabetes alters collagen structure and 

subsequently mechanical function (Gonzalez et al., 2014, Grant et al., 1997).   

 

At the LC and ppsclera fibrillar collagen showed some crimped bundles, in contrast to 

the correspondent age-matched controls where collagen bundles appeared straight. This 

result might imply that excessive pressure-induced deformation/degradation of the LC 

triggers biochemical events that eventually lead to a reestablishment of the collagen 

crimping.  The ONH ECM is very much disturbed in glaucoma, resulting in extensive 

remodelling, including the loss of fibrillar collagen, reduction in elastin content, and an 

accumulation of glycosaminoglycans (Hernandez et al., 1990, Hernandez and Pena, 1997, 

Hernandez et al., 1994a, Hernandez and Ye, 1993, Quigley et al., 1994, Quigley et al., 

1991a, Quigley et al., 1991b). Additionally, it has been proposed that collagen and elastin 

of a glaucomatous ONH appear detached from the surrounding ECM (Quigley et al., 
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1991a). This implies there is a loss or partial degradation of the straight fibres and 

suggesting they are no longer under tension which keeps them in the stretched state such 

that the collagen fibres appear wavy-like.  

 

In the recent years studies have focused on the potential effects that glaucoma has on the 

microarchitecture of collagen using diffraction methods such as WAXS (Pijanka et al., 

2012) and SALS  (Danford et al., 2013, Jones et al., 2015). However, these studies 

focused on the changes in fibrillar collagen orientation in glaucoma and none of them 

investigated the collagen crimping. Other studies provided information regarding 

collagen microstructural changes in glaucoma, although only with mathematical models 

(Bellezza et al., 2000, Grytz et al., 2011, Norman et al., 2011, Sigal et al., 2005b). It is 

likely that microstructural changes occurring in glaucoma increase the matrix stiffness 

which could occur during non-enzymatic glycation cross-linking of collagen fibres. 

Advanced glycation end products (AGEs) naturally occur with age (Schmidt et al., 2000, 

Thornalley, 1998) and they have been found in the cribriform plates of the LC during 

ageing (Albon et al., 1995, Amano et al., 2001). 

 

Oxygen and reactive oxygen species (ROS) accelerate AGE formation (Gkogkolou and 

Böhm, 2012). Based on the role of oxidative stress in glaucomatous degeneration 

(Alvarado et al., 1984, Ko et al., 2000, Sacca et al., 2005, Zhou et al., 1999), Tezel et al., 

(2007) aimed to find a correlation between glaucoma and AGE. With 

immunohistochemical labelling, the authors compared AGE deposition between 

glaucomatous and controls ONHs and they found an increase in AGE in glaucoma. Since 

it is well known that AGE deposition is related to ageing  (Schmidt et al., 2000, 

Thornalley, 1998), the findings presented by Tezel et al suggested that glaucomatous 

degeneration is associated with the accelerated ageing process (Tezel et al., 2007). Since 

glaucoma is a disease of the elderly, the AGE deposition could be enhanced in glaucoma, 

influencing the ability of the ONH to withstand elevation of IOP. Current studies in fact 

support that the accelerated deposition and accumulation of AGE in the ageing LC 

accompanies other ECM alteration in the glaucomatous ONH, which can increase the 

axonal damage by compromising the ability of the LC to bear strain caused by elevated 

IOP (Burgoyne et al., 2005, Quigley et al., 1983).  
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2.5 Conclusion 

In conclusion, although a considerably amount of work has been done to characterise the 

microstructure of the ppsclera and LC, this study reports a first investigation of different 

microstructural features (i.e. collagen crimp) of the LC, RoIns and ppsclera in normal 

healthy and glaucomatous eyes. The results suggest that the increase in crimp period in 

the ppsclera as a function of age but not in the LC or RoIns, lead to a first response of the 

ppsclera to the IOP alteration, where collagen stretches first preventing the LC and the 

optic canal to expand.  

 

The results presented provide evidence in support of the hypothesis that microstructural 

alteration of the ppsclera and LC with age influence the ONH biomechanics leading to 

increased susceptibility to develop glaucoma. This study also showed alteration in the 

superior – inferior axes of the glaucomatous LC as well as alteration in the connective 

tissue contents when compared to the age-matched controls. This is consistent with and 

supports previous research showing disruption of the collagenous beams and damage of 

the LC in glaucoma within the superior and inferior regions. Therefore, in certain 

susceptible eyes, the age-related changes in the microstructural features of the LC, RoIns 

and ppsclera may result in an exaggerated response to IOP, leading to a deformation of 

the ONH and eventually in axonal loss.  

2.6 Limitation 

This study presented with couple of limitations. Four of the eight glaucomatous eyes used 

in the study were diagnosed with early stage of disease and among the remaining four, 

two were moderate and two advanced. This might have affected the statistical significance 

of findings and comparisons between age-matched controls and glaucoma, although 

changes have been found in collagen crimp and orientation. No samples younger than 

22yr were available for this characterisation or from the mid-age range. This would have 

limited the statistical significance of the measurements. Computational alignment of thick 

tissue sections for 3D reconstruction might be subjected to imprecision and therefore 

limiting the accuracy of the reconstructed volume stacks. This might have had effect on 

the collagen content and preventing the statistical significance. 
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2.7 Future work 

An increase in sample size, especially young and mid-age range, would allow a better 

understanding and confirm or disprove the absence of a relationship between age and LC, 

RoIns and ppsclera thicknesses. More glaucomatous ONHs are required especially at 

moderate and advanced stage of disease, which will increase the understanding of 

microstructural changes as a function of glaucoma and improve statistical confidence. An 

additional goal of this research to consider crimp parameters will involve the development 

of mathematical models similar to that presented by Grytz and Meschke (2009) to predict 

stiffness of collagen fibrils within ppsclera, RoIns and LC (Grytz and Meschke, 2009). 

This model will also consider collagen fibril diameter measured with small angle x ray 

diffraction (see chapter 5) to investigate and determine potential differences in stiffness 

between the soft LC tissue and harder tissue of the ppsclera to confirm the role of the 

ppsclera to support and prevent expansion of the scleral canal and therefore limit axonal 

damage due to deformation of the LC.  
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3 Chapter 3 - Determination of an elastic fibre spectral 

signature using spectral imaging to quantify optic nerve 

head elastic fibre content 

3.1 Introduction 

Elastin is one major component of the ECM within the human ONH (Elkington et al., 

1990, Hernandez et al., 1986, Hernandez et al., 1987, Morrison et al., 1989a). Electron 

microscopy (Quigley et al., 1991b), immunofluorescence (Hernandez et al., 1987, 

Hernandez et al., 1989, Hernandez, 1992) and histological stains (Oyama et al., 2006) 

have found elastic fibres (EFs) running parallel with collagen within the LC plates 

(Hernandez et al., 1987, Quigley et al., 1991a, Oyama et al., 2006). Additionally, EFs 

form a ring at the site of the region of insertion (RoIns) into the LC (Quigley et al., 1991a). 

Elastin, within the human optic nerve head (ONH) (Hernandez et al., 1987, Hernandez et 

al., 1986), is known to increase with age (Albon et al., 1995, Albon et al., 2000a, 

Hernandez, 1992, Hernandez et al., 1989) and EFs are altered in glaucoma (Hernandez, 

1992, Hernandez et al., 1990, Quigley et al., 1991b). 

 

With an average half-life of 70 years, elastin is the longest-lasting protein of the human 

body (Shapiro et al., 1991). Elastin, a major component of EFs, has been explored in the 

ECM as a major endogenous fluorophore (Blomfield and Farrar, 1969), present in ovine 

and porcine arteries (Konig et al., 2005, Schenke-Layland, 2008, Schenke-Layland et al., 

2004a). EFs are normally associated with tissues, such as blood vessels, that can 

withstand pressure changes (Shadwick, 1999) and tissues that require elasticity and recoil. 

EFs have been detected in arteries, lungs, skin, intervertebral discs and elastic cartilage 

(Jacob, 2006, Kelleher et al., 2004, Kielty, 2006, Wagenseil and Mecham, 2009). Elastin 

is capable of deforming to large extension under small forces and it is thought that it 

behaves like a biological rubber and provides connective tissue with elasticity (Hoeve 

and Flory, 1974). 

 

The morphology of EFs are highly tissue specific (Kielty et al., 2002, Mithieux and 

Weiss, 2005). For instance, within arteries, such as the aorta, EFs form concentric 

fenestrated lamellae within the medial wall surrounded by smooth muscle cells. In 
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arteries, EFs play a vital role in maintaining the mechanics of the vessel, which is essential 

for blood circulation (Davis, 1993a, Davis, 1993b).  

 

Elastin has been explored in the ECM as a major endogenous fluorescent component of 

the EF in ovine and porcine arteries (Konig et al., 2005, Schenke-Layland, 2008, 

Schenke-Layland et al., 2004). Early studies suggested that the enhanced emission 

fluorescence as a function of age in human aortas (John and Thomas, 1972, Konova et 

al., 2004, Lansing et al., 1951, Labella and Lindsay, 1963), skin (Na et al., 2001) and rat 

arteries (Bruel and Oxlund, 1996) was due to a rise in polar hydrophilic amino acids 

(Labella et al., 1966, Spina and Garbin, 1976, John and Thomas, 1972) known to exhibit 

internal fluorescence (Molnár-Perl, 2005). These studies purified elastin from different 

tissues using the hot alkali method (John and Thomas, 1972, Labella and Lindsay, 1963) 

or sequential enzymic digestion (Nejjar et al., 1990, Ross and Bornstein, 1969), proposing 

that the increase in hydrophilic amino acids observed was a consequence of the 

contamination of other proteins (Spina et al., 1983, Labella and Lindsay, 1963, Gotte and 

Serafini-Fracassini, 1963, Partridge and Keeley, 1974) which are deposited during the 

ageing process and they are resistant to hot alkali digestions (Lansing, 1955). However, 

Labella et al in 1966 suggested that the increased fluorescence is associated to the 

oxidation of tyrosine, a polar amino acid, which generates fluorescence derivatives 

(Labella et al., 1966). 

 

Spectral imaging, a combination of imaging and spectroscopy, is an analytical technique 

that collects spectroscopic and imaging information at the same time. Spectral imaging 

collects spectral information across a wide range of wavelengths at the same time as 

recording the spatial information in an image. The data collected is called a “hypercube”, 

which contains spatial data in the x and y and spectral data along a third dimension (z) 

for each pixel in the image. Spectral imaging has been previously used to determine an 

EF spectral signature in human skin (Chen et al., 2009), aorta (Zoumi et al., 2004) and 

cells (Tsurui et al., 2000, Zimmermann et al., 2002, Zimmermann et al., 2003) using 

spectral imaging. 

 

The hypothesis of this study was that the i) determination of an elastin-specific spectral 

signature will enable characterisation and quantification of EFs within the human ONH 

and ii) EF content is altered in ageing and glaucomatous ONHs. Therefore, the overall 
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aim of this chapter was to develop an EF (elastin) associated TPEF signature which could 

be used to quantify and analyse changes in elastin and/or EFs within the ageing and 

glaucomatous ONH. 

 

To achieve this aim, the objectives were to: 

1. Characterise the spectral signature of elastin within the EFs of the rat aorta 

2. Confirm that the elastin derived signature from 1 is similar in human tissue, 

namely human CRA 

3. Characterise the elastin signature within the human ONH connective tissue, using 

optimised parameters identified in 1 and 2 

4. Spectrally unmix elastin fluorescence from other endogenous fluorescence 

5. Quantify elastin content within the LC, RoIns and ppsclera 

6. Determine if ONH EFs alter with age or glaucoma. 

3.2 Methods 

3.2.1 Source of tissues 

Thirteen eye globes from donors with no history of ocular disease (aged 2 to 88 years) 

were received from the NHS Blood and Transplant Eye bank (Filton, Bristol, UK) in 

moist tissue chamber, with consent for research purposes. Ten globes were immersion 

fixed on arrival in 4% PFA (weight/volume in PBS, pH 7.4), whereas three (aged 63, 72 

and 80 years) remained in the moist chamber. Additionally, eight glaucoma globes 

(diagnosed prior to death by a glaucoma specialist) in 4% PFA, were received from the 

Mayo Clinic (Rochester, USA) as described in 2.2.1. Glaucomatous ONHs have been 

divided in GL1- GL4: early glaucoma with a visual field mean deviation (MD) of +1.42 

to -4.35 dB; GL5 and GL6:  moderate glaucoma, MD -8.77 and -11.63 dB, and GL7 (MD: 

-12.81 db) and GL8 (MD: -23.60 dB) had advanced glaucoma. All globes were stored at 

+4°C as described in 2.2.1. 

 

Rat aorta (RTA), known to contain EFs in the tunica media (Keech, 1960, O'Connell et 

al., 2008) and RTT, rich in collagen type I (Rowe, 1985) were harvested from Wistar rats 

within one hour of death and immersion fixed in 4% PFA. Purified EFs preparations (i.e. 

digested preparations of bovine nuchal ligament and porcine ear) were provided by Exeter 

University (a gift from Dr. Ellen Green). Bovine nuchal ligament and porcine ear had 
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been subjected to the Lansing procedure (Soskel et al., 1987) to digest away all non-EFs 

components (Green, 2012). In brief, strips of nuchal ligament and ear were delipidated in 

chloroform: methanol (3:1 v:v) for 1 hour, then immersed in acetone for 1 hour and 

washed in 0.15M NaCl. Both tissues were then immersed in 0.1M NaOH within a water 

bath at 95˚C for 45 minutes, left to cool at room temperature, and washed in distilled 

water to lower the pH to 7.0. Tissues were stored at 4˚C in 0.15M NaCl with 0.1% sodium 

azide in distilled water to prevent bacterial growth. 

3.2.2 Sample preparation 

All globes were washed in three changes of PBS over 72 hours and transverse 100 μm 

sections were prepared as described in 2.2.2. 100 μm thick sections of RTA, RTT, bovine 

nuchal ligament and porcine ear were cut using a sledge microtome (Microm HM 440E, 

Thermo Fisher, UK) and mounted in PBS:glycerol (1:1 v:v) on Superfrost Plus slides.  

3.2.3 Development of an elastic fibre signature using spectral imaging.  

3.2.3.1 Spectral imaging 

TPEF was performed using a wavelength tuneable ultra-fast pulsed laser system as 

described in 2.2.3. Spectrally resolved detection of TPEF was conducted using the 

programmable slit (10 nm) of the Laser Scanning Microscope instrument’s epi-detection 

emission spectrometer. Excitation and emission lambda stacks of 1024x1024x20x8 bit 

pixel resolution were acquired using ZEN software version 2.2 with a scan speed of 9 

(0.42 μsec/pixel dwell time) and spatial sampling steps (pixel distance) of 0.28 μm. 

Excitation lambda stacks were collected with an epi (backscatter), non-descanned 

(external) detector (NDD) using a near-infrared (NIR) blocking bandpass filter of 505 nm 

± 60 nm bandwidth (BrightlineTM, Semrock/Laser2000 UK). Emission lambda stacks 

were collected using a laser power of 1.8% with a fully open confocal spectrometer 

pinhole (601.3 Airy Unit) over an emission range of 432-642 nm using the Gallium 

Arsenide Phosphide (GaAsP) internal detector. The latter was selected to avoid 

acquisition of collagen-derived second harmonic generation (SHG) signals between 

370nm to 400nm (Freund et al., 1986, Zipfel et al., 2003b).  



      
 

90 
 

All excitation and emission lambda stack maximum intensity projections (MIPs) 

presented in this chapter were adjusted in brightness to best resemble those observed on 

the microscope. 

3.2.3.2 Determination of elastic fibre signature from the elastic lamellae of rat 

aorta 

RTA sections in triplicate were excited from 700 nm to 900 nm in 10 nm steps. To ensure 

a constant laser power at different excitation wavelengths, the mean laser power output 

was normalised during acquisition of excitation spectra using the calibration file 

ExcitationFingerprint_12_12_2016 (Table 3.1). Once the optimal excitation wavelength 

range had been determined, the next step was to determine the optimal emission 

wavelength for EFs associated TPEF. Emission lambda stacks were collected following 

excitation of the RTA at 740 nm, 760 nm, 780 nm and 800 nm with laser power of 1.8%. 

 

 

Table 3.1. Laser power expressed as a percentage at different excitation wavelengths. The 

calibration file ExcitationFingerprint_12_12_2016 was uploaded during acquisition of excitation 

spectra to ensure a constant laser power at different wavelengths.  

 

3.2.3.2.1 Analysis of relative intensities values within excitation and emission 

lambda stacks. 

Excitation and emission lambda stacks data collected from the aortic elastic lamellae were 

subsequently opened with ZEN software version 2.2. Each lambda stack was visualised 

as MIP. The contrast was adjusted, and the image was zoomed to 200% to enable the 

observation of the elastic lamellae within the aorta wall (figure 3.1). A region of interest 

(ROI) was manually drawn within three regions of the aortic elastic lamellae known to 

contain EFs (figure 3.1a,b). Relative intensities within these ROIs were output using the 

ZEN software and saved as .xls files. 
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Figure 3.1. Maximum intensity projections (MIPs) of excitation and emission lambda stack within 

RTA. In MIPs, for each X and Y coordinates, the pixel with the highest fluorescence intensity 

along the λ axes is represented by the colour of the corresponding wavelength. Excitation (Ex: 

700-900 nm) (a) and emission (Em: 432-642 nm at Ex: 800 nm) (b) MIPs of the elastic lamellae 

of RTA with ROIs containing EFs (insets in a and b). Scale bar represents 50µm and 20µm in 

insets.   

 
 
Relative intensities of emission spectra, following excitation at 740 nm, 760 nm, 780 nm 

and 800 nm, were manually normalised to the square of the laser power, by dividing each 

intensity value by a calibration coefficient. At these excitation wavelengths, a percentage 

of laser power of 1.8% was used. The latter was firstly converted to an integer number by 

removing the percentage then normalised to the square to obtain a calibration coefficient 

of 0.000324 as shown below.  

 

𝐶𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 = (
1.8%

100
)

2

 

 

Relative intensities of emission spectra were divided by the calibration coefficient to 

obtain normalised intensities. Normalised data was imported into MATLAB where the 

mean intensity of the three ROIs was computed and plotted against excitation and/or 

emission wavelength using a custom-written MATLAB script (see appendix II.1 

“EF_Intensity_Profile_v1”). 
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3.2.3.3 Determination of the elastic fibre signature of the elastic lamina of the 

human central retinal artery 

Human CRA in triplicate sections, were imaged as described in section 3.2.3.2.  

Excitation and emission lambda stacks were visualised as described in section 3.2.3.2.1 

to enable the visualisation of the elastic laminae within the CRA (figure 3.2). ROIs were 

manually drawn within the elastic lamina (figure 3.2a,b). Relative intensities of these 

ROIs were output, normalised and plotted versus wavelength as described in section 

3.2.3.2.1. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. Maximum intensity projections (MIPs) of excitation and emission lambda stacks of 

the human CRA. Excitation (Ex: 700-900 nm) (a) and emission (Em: 432-642 nm at Ex: 800 nm) 

(b) MIPs of the elastic laminae of the artery with ROIs containing elastic lamina (insets in a and 

b). Scale bar represents 50µm and 20µm in insets.    

3.2.4 Validation of the TPEF elastic fibre signature 

To confirm that the selected excitation and emission wavelengths did not overlap with 

fibrillar collagen signals, RTT sections, rich in type I collagen (Rowe, 1985), were 

subjected to spectral imaging as described for the RTA in section 3.2.3.2. Relative 

intensities of ROIs were output, normalised and plotted versus wavelength as described 

in section 3.2.3.2.1. 

 

To validate the elastic signature obtained from RTA and CRA, purified (to remove none 

EFs) elastin preparations of porcine ear skin and bovine nuchal ligament were subjected 

to spectral imaging as described in section 3.2.3.2. Relative intensities of ROIs within 
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emission lambda stacks were output, normalised and plotted versus wavelength as 

described in section 3.2.3.2.1. 

3.2.5 Characterisation of elastic fibre spectral signature in the human aged ONH 

and regions 

To determine if EF signature could be generated from human ONH connective tissue, 

three elderly human ONHs (aged 85, 87 and 88 years old) were excited at 800 nm ± 6 and 

emission spectra were acquired within 10 nm slit widths from 432 to 642 nm. The EF 

signature was examined within the superior, inferior, nasal and temporal LC, the RoIns 

and ppsclera.  

 

Emission lambda stacks of each ONH area were visualised as MIPs as described in 

section 3.2.3.2.1. ROIs in triplicate, were manually drawn to include EFs present within 

the LC cribriform plates (figure 3.3a), RoIns and ppsclera of each ONH. Additionally, 

ROIs were also drawn within the neuronal pores (figure 3.3b) as an example of an area 

not containing EFs. The relative intensities of the ROIs analysed here were subtracted 

from the corresponding ONH EFs intensity value output from the LC, RoIns and ppsclera 

ROIs to determine if this ROI could be used as a measure of background intensity. Since 

excitation was at a single wavelength (800 nm), normalisation of relative intensities to 

the square of the laser power was not performed. 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Maximum intensity projections (MIPs) of excitation and emission lambda stack within 

human ONH. Insets in a and b showed the ROIs drawn at the edges of the EFs within the 

cribriform plates (a). Regions were also drawn within neuronal pores (b). White arrows in a,b 

point to small particles observed at the ONH. Scale bar represents 50µm and 20µm in insets.  
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However, within the LC and postL ON sections, small, irregular, yellowish particles 

(figure 3.3a,b)  were observed. Previously lipofuscin has been identified in the ONH 

(Cubeddu et al., 1999, Delori et al., 2001, Feldman et al., 2010). To determine if those 

particles had a similar spectrum to lipofuscin, an aliquot of purified human retinal 

pigment epithelial (RPE) lipofuscin (a gift from Professor Mike Boulton) (Boulton and 

Marshall, 1985) was excited at 800 nm ± 6 as described in 3.2.5. 

 

Relative intensities from emission lambda stacks of both lipofuscin granules and the ONH 

granular component were output and plotted versus wavelength as described in section 

3.2.3.2.1. Due to the excitation with single wavelength (800 nm), the normalisation to the 

square of the laser power was not performed. 

3.2.6 Elastic fibre spectral signature in unfixed ONHs 

To investigate whether fixation had any effect on TPEF fluorescence, the EF signature 

within three unfixed ONHs (aged 63, 72 and 80 years old) was compared to that of fixed 

ONHs. ONHs were subjected to spectral imaging as described in 3.2.5 and relative 

intensities of emission lambda stacks were output and plotted versus wavelength as 

described in 3.2.3.2.1. As a single excitation wavelength of 800 nm was used, 

normalisation to the square of the laser power was not performed. 

 

Areas under the curve (AUC) were calculated using the Trapezoidal rule to determine if 

the EFs relative intensity altered between fixed and unfixed.  

 

𝐴𝑈𝐶 =  
1

2
∑(𝑦𝑘+1 + 𝑦𝑘)(𝜆𝑘+1 − 𝜆𝑘)

𝑁−1

𝑘=1

 

where  

N = 14 is the range of wavelengths  

yk = relative intensity at a given wavelength λ (i.e. λk)  
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3.2.7 Elastic fibre spectral signature in the human ageing ONH 

EFs spectral signature was analysed within the nasal regions of the LC, RoIns and 

ppsclera of ten ONHs, without pathology, aged 2 years to 88 years old. Sections from LC, 

RoIns and ppsclera were subjected to spectral imaging as described in 3.2.5. Relative 

intensities of emission lambda stack from LC, RoIns and ppsclera were output using the 

ZEN software, saved as .xls files and plotted as intensity versus wavelength. 

To determine changes in shape of the spectral curves, relative intensities of emission 

lambda stacks within LC, RoIns and ppsclera were normalised to the maximum intensity 

value and plotted versus wavelength.  

3.2.8 Spectral unmixing of the ONH elastic fibre spectral signature 

The spectral unmixing (Zimmermann et al., 2002, Zimmermann et al., 2014, 

Zimmermann, 2005) was performed using the “Unmixing” tool of  ZEN software. Proof 

of concept was first performed within the RTA, CRA and the elderly human ONHs. The 

aim of the spectral unmixing was to separate (unmix) the EF TPEF from other 

fluorophores. Emission lambda stacks from RTA (figure 3.4a), CRA (figure 3.4b) and 

elderly human LC (figure 3.4c) were imported into the ZEN software as .tiff. Three 

distinct ROIs corresponding to three different components namely i) component 1: EFs 

(figure 3.4d-f), ii) component 2: matrix adjacent  to elastic laminae (figure 3.4g-i) and iii) 

component 3: an area without EFs (figure 3.4l-n) were drawn onto the emission lambda 

stacks. The “Unmixing” tool of ZEN software was applied.  

 

Distinct region of interests, corresponding to three different fluorophores, were unmixed 

from the original image. From the equation above, the Cn corresponded to the 

concentration of the elastic fibre (component 1), matrix adjacent to elastic fibre 

(component 2) and an area without elastic fibre (component 3). The spectrum intensity of 

the fluorophore (i.e. elastic fibre, matrix and area non-containing elastic fibre) was 

measured within each pixel of the lambda stack at different emission wavelength. The 

linear unmixing algorithm measures the spectrum intensity I(λ) of a given fluorophore in 

each pixel at different wavelengths. By measuring the spectrum at different lambda, it is 

possible to estimate the concentration of several components within the same pixel by 

using a least square fitting. 
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Thus, each pixel within each region of interest selected within the lambda stack is 

characterised by the sum of the intensities, which depends on the concentration of 

fluorophores in that pixel. The higher the concentration, the higher the intensity. Each 

pixel in the spectral image is categorised as representing a mixture of fluorophore signals 

(intensities) whiting the measured spectrum I(λ). The latter can be deconvolved into the 

concentration (Cn) of each individual fluorophore’s spectrum (Rn), when all values as 

summed. This can be expressed as: 

 

      𝐼(𝜆) = ∑ 𝐶𝑛𝑅𝑛
𝑁
𝑛=1 (𝜆) 

Where 

Cn = concentration of the fluorophore 

Rn (λ) = spectrum intensity of the fluorophore  

N = total number of fluorophores = 3  

3.2.8.1 Quantification of elastic fibre TPEF contribution to the ONH 

The unmixed images, representing the three components (figure 3.5a-c) were imported in 

Image J and segmented using the threshold method to determine an intensity boundary 

that separated the object and the background. Then the image was segmented by 

converting it to a binary image (figure 3.5d-f) based on the threshold. EFs associated 

TPEF (component 1) pixels in the LC, RoIns and ppsclera was expressed as percentage 

of the total pixels within the three components (i.e. total TPEF) in each ONH. 
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Figure 3.4. Linear unmixing output from lambda stacks. Three regions of interests corresponding 

to EFs (red polygons in a-c), matrix surrounding EFs (green polygons in a-c) and non-containing 

EFs areas (white polygons in a-c) were drawn on the lambda stacks of RTA (a), human CRA (b) 

and elderly human LC (c). Lambda stacks were then uploaded into Zen software and the linear 

unmixing algorithm applied. The latter separated the three components based on their spectral 

properties and output three pseudo-colour coded images of EFs (component 1, d-f), matrix 

(component 2, g-i) and non-containing EFs areas (component 3, l-n). Scale bars represent 50µm. 
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3.2.8.2 Quantification of elastic fibre content in the unmixed TPEF 

To quantify EFs in the human ONH, EFs associated TPEF (component 1) pixels were 

segmented by thresholding as described in 3.2.8.1 and saved as a binary image. The 

number of EFs associated pixels were expressed as a percentage over the total number of 

pixels within the ROI. EFs content was quantified in an age range of ONHs (2-88 years 

old) within LC, RoIns and ppsclera 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. Spectral unmixing and segmentation of EFs within the ONH TPEF. Unmixed images 

representing component 1 (a), component 2 (b) and component 3 (c) and corresponding 

thresholded pixels of images representing component 1 (d), component 2 (e) and component 3 

(f). Elastic fibre ‘content’ was represented by the number of thresholded pixels in component 1 

as a percentage of r the total number of pixels in component 1 image. Elastic fibre ‘contribution’ 

to the TPEF signal was represented by the component 1 thresholded pixels as a percentage of the 

total number of all TPEF pixels (i.e. the pixel sum of all three components). Scale bar represents 

50 µm. 

3.2.9 Elastic fibre spectral signature in the human glaucomatous ONH 

Glaucomatous ONHs (n=8) and three age-matched controls were subjected to spectral 

imaging as described in 3.2.5 to determine the EFs spectral signature. Relative intensities 

from emission lambda stacks were output and plotted as intensity versus wavelength as 

described in 3.2.3.2.1. Due to the excitation with single wavelength (800 nm), the 
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normalisation to the square of the laser power was not performed. EFs TPEF content was 

determined as described in section 3.2.8. 

3.2.10 Statistical analysis 

All statistical tests were performed with SPSS v.25. Normality of data was tested using 

Shapiro Wilk at a significance of p>0.05. To determine differences in EFs TPEF spectra 

shape, in normal, ageing and glaucomatous ONHs, Dunn’s test multiple comparison was 

performed with significance of p<0.05. Linear correlation tests between intensities and 

ONH age were performed with Pearson’s correlation using a level of significance p<0.05.  

 

As data was deemed to be normally distributed, comparisons between AUCs of unfixed 

and fixed ONHs were analysed using one-way ANOVA and independent t-tests. EF 

content correlation with age was tested with Spearman’s rank correlation as deemed to be 

not normally distributed. EF content was compared in glaucomatous ONHs with One-

way ANOVA and independent t-test as deemed to be normally distributed. 

3.3 Results 

3.3.1 Determination of elastic fibre signature from the elastic lamellae of rat 

aorta 

An example of excitation lambda stack generated from RTA sections at 700-900 nm is 

shown in figure 3.6a. Distinct elastic lamellae were evident within the MIP running 

horizontal to the RTA axes (figure 3.6b). Excitation spectra demonstrated an excitation 

range of 740-800 nm (figure 3.6e) consistent with the lambda stack montage (figure 3.6a). 

Intensity maxima were observed at 760 nm and 780 nm indicative of the highest intensity 

signals associated with elastic lamellae. The signal was weaker or not observed at 

wavelengths lower than 740 nm or greater than 810 nm (figure 3.6e). 

A representative emission lambda stack collected following excitation at 740, 760, 780 

and 800 nm, is shown in figure 3.6c. Distinct elastic lamellae (figure 3.6d) were evident 

in the corresponding MIP. Overall, EFs associated TPEF was observed over a broad 

emission range of 432-562 nm (figure 3.6c and 3.6f) with maximum signal values 

between ~470 nm to ~500 nm (figure 3.6f). Emission signals were less intense at 

wavelengths greater than 562 nm and highest following excitation at 760 nm (figure 3.6f). 
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Figure 3.6. Excitation (a,b) and emission (c,d) lambda stacks of RTA elastic lamellae. a) 

Excitation lambda stack, Ex:700-900 nm at 10nm steps, Em:445-565 nm. c) Emission lambda 

stack, Ex:800 nm, Em: 432-642 nm at 10nm slit width. Distinct elastic lamellae were evident 

within the excitation (b) and emission (d) MIPs within the aorta tunica media. Relative intensities 

of elastic lamellae were highest when excited in the range 740-800 nm (e). The intensities of the 

elastic lamellae in the emission spectra were highest in the range 432-562 nm when excited with 

760nm compared to excitation wavelengths of 740, 780 and 800 nm (f). Scale bars represent 

50µm. 
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3.3.2 Determination of the elastic fibre signature of the elastic lamina of the 

human central retinal artery 

An excitation lambda stack generated from human CRA (excitation: 700-900 nm) is 

shown in figure 3.7a. The distinct elastic lamina was evident within the MIP of the 

excitation lambda stack circularly orientated around the lumen (figure 3.7b). Excitation 

spectra had a maximum at 760 nm and 800 nm (figure 3.7e). The signal intensity was 

lower at wavelengths less than 740 nm and greater than 810 nm (figure 3.7e). 

An emission lambda stack representative of those collected following excitation at 740, 

760, 780 and 800 nm is shown in figure 3.7c. The elastic lamina (figure 3.7d) can be seen 

clearly in the excitation MIP. Overall, EFs associated TPEF was observed over a broad 

emission range of 432-562 nm (figure 3.7c and 3.7f) with maximum signal intensity 

values at ~470 nm and ~500 nm. Emission signals were decreased or negligible at 

wavelengths greater than 562nm. Emission intensity was greatest following excitation at 

800 nm (figure 3.7f). 

3.3.3 Validation of the TPEF elastic signature 

Representative emission lambda stacks following 800 nm excitation derived from 

positive controls tissues, porcine ear and bovine nuchal ligament are shown in figure 3.8a 

and 3.8c respectively. MIPs of porcine ear (figure 3.8b) and nuchal ligament (figure 3.8d) 

showed the EFs distribution within these tissues. Porcine ear and nuchal ligament EFs 

associated TPEF emission spectra were similar to those observed for the CRA; higher 

intensity signal was observed in the range of 432-532 nm (figure 3.8e). 
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Figure 3.7. Excitation (a,b) and emission (c,d) lambda stacks of human CRA elastic lamina. a) 

Excitation lambda stack, Ex:700-900 nm at 10nm steps, Em:445-565 nm. c) Emission lambda 

stack, Ex:800 nm, Em: 432-642 nm at 10nm slit width. Distinct elastic laminae were evident 

within the excitation (b) and emission (d) MIPs within the tunica intima. Relative intensities of 

elastic laminae were highest when excited in the range 740-800 nm (e). The intensities of the 

elastic laminae in the emission spectra were highest in the range 432-562 nm when excited at 800 

nm compared to excitation wavelengths of 740, 760 and 780 nm (f). Scale bars represent 50µm. 
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Figure 3.8. Emission lambda stacks of porcine ear skin [a, MIP (b)] and bovine nuchal ligament 

[c, MIP (d)]. Ex:800nm, Em: 432-642nm at 10nm slit width. The intensities of elastin in the 

emission spectra were highest in the range 432-562 nm (e). Scale bars represent 50µm. 

 

 

An excitation lambda stack generated from RTT at 700-900 nm is shown in figure 3.9a. 

No signals from the tendon were retrieved in the excitation lambda stacks at 700-870 nm. 

However, at wavelength of 880 nm, 890 nm and 900 nm (figure 3.9e), signals derived 

from fibrillar collagen were recorded at half of the excitation wavelengths (figure 3.9b). 

Emission lambda stacks of RTT, representative of those acquired following excitation at 
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740, 760, 780 and 800 nm, is demonstrated in figure 3.9c. TPEF was not emitted from 

RTT in the range 432-642 mn (figure 3.9d,f). 

 

 

 

Figure 3.9. Excitation (a) and emission (c) lambda stack of RTT. Ex: 700-900nm at 10nm steps, 

Em:445-565nm. No signals from the tendon were retrieved in the excitation lambda stack (a) 

except for 880 nm, 890 nm and 900 nm wavelengths (e). TPEF was not emitted from RTT in the 

range 432-642 mn (d,f). Forward SHG signal (b) derived from fibrillar collagen were recorded at 

half of the excitation wavelengths (b). Scale bars represent 50µm. 
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3.3.4 Characterisation of elastic fibre spectral signature in the human aged ONH 

and regions 

Representative emission lambda stacks and MIPs derived from human LC (figure 3.10a) 

and ppsclera (figure 3.10c) are shown in figure 3.10. EFs spectral signature in the ONH 

LC (figure 3.10e), RoIns (figure 3.10f) and ppsclera (figure 3.10g) showed similar 

maximum intensities of those observed in the RTA, CRA and purified tissues, from 

450nm to 550 nm (see figures 3.7 and 3.8).  

 

Figure 3.10. Emission lambda stacks from human ONH. Emission lambda stack from LC (a) and 

ppsclera (c) and MIPs (b,d, respectively) are shown. Relative intensities of EFs in the emission 

spectra were highest in the range 432-562nm when excited with 800nm in both LC (a), and 

ppsclera (c). EFs spectral signature in the ONH LC (e), RoIns (f) and ppsclera (g) showed similar 

maximum intensity to those acquired from controls and purified tissues. Fluorescent particles 

were observed in the LC pores (b, white arrows) but not in the ppsclera (d). Scale bars represent 

50µm. 
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Fluorescent particles were observed within the LC pores (figure 3.10b). These particles 

appeared limited to the LC and were not observed within the ppsclera (figure 3.10d). 

Spectral imaging of lipofuscin from RPE (figure 3.11a) revealed a similar maximum 

intensity of those acquired from the granules within the ONH from 552 nm to 620 nm 

(figure 3.11b). However, the signature of lipofuscin granules was shifted towards higher 

wavelengths (in the red spectrum), therefore the spectrum had a different shape to that of 

EFs. Normalisation to the maximum showed significant changes in the spectrum shape 

(Dunn’s test p=0.001). 

 

 

 

 

 

 

 

 

 

 

Figure 3.11. RPE-associated lipofuscin emission MIP (a) and spectral signature (b). MIP of 

emission lambda stack (a) showing RPE-associated lipofuscin granules. Relative intensities of 

these RPE particles were similar to those of granules observed in the LC. Spectral signature of 

RPE lipofuscin and LC granules shifted to higher wavelengths (b). Scale bar represents 50µm. 

 
 

EFs spectral signature and AUCs comparison between fixed and unfixed elderly ONH is 

shown in figure 3.12. In all ONH regions, the EFs intensity was significantly greater in 

the fixed ONHs compared to unfixed ONHs [LC (p=0.021) (figure 3.12a,e), RoIns 

(p=0.011) (figure 3.12c,g), pores (p=0.020) (figure 3.12b,f) and ppsclera (p=0.016) 

(figure 3.12d,h)]. Normalisation to the maximum did not show changes in spectrum shape 

[LC (Dunn’s test p=0.056), RoIns (Dunn’s test p=0.086) and ppsclera (Dunn’s test 

p=0.245)] between fixed and unfixed ONHs, except for pores (p=0.002). 
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Figure 3.12. EFs spectral signature between fixed and unfixed ONHs. In all ONH regions, mean 

± sd AUCs were greater in the fixed ONHs compared to unfixed ONHs [LC (p=0.021) (a,e), 

RoIns (p=0.011) (c,g), pores (p=0.020) (b,f) and ppsclera (p=0.016) (d,h). 
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EFs were not observed within the neuronal pores, through which the bundles of nerve 

axons pass (figure 3.10b). EFs spectral signature was thus explored before and after 

subtracting pores intensity values from the LC (figure 3.13a,d), RoIns (figure 3.13b,e) 

and ppsclera (figure 3.13c,f). EFs spectral signature did not change after pore subtraction 

[LC (Dunn’s test p=0.161), RoIns (Dunn’s test p=0.057) and ppsclera (Dunn’s test 

p=0.271)]. Normalisation to the maximum did not show differences in the spectrum shape 

before and after pore intensity subtraction [LC (Dunn’s test p=0.483), RoIns (Dunn’s test 

p=0.617) and ppsclera (Dunn’s test p=0.849)].  

 

 EFs spectral signature was explored in the superior, inferior, nasal and temporal regions 

of the aged ONHs (figure 3.14). No differences were found in the aged LC (figure 3.14a-

c) within superior (Dunn’s test p=0.152), inferior (Dunn’s test p=0.123), nasal (Dunn’s 

test p=0.051) and temporal (Dunn’s test p=0.138) and RoIns [superior (Dunn’s test 

p=0.064), inferior (Dunn’s test p=0.147), nasal (Dunn’s test p=0.164) and temporal 

(Dunn’s test p=0.061) (figure 3.14d-f)]. Within the ppsclera, the EFs spectral signature 

within the nasal (Dunn’s test p=0.004) (figure 3.14h,i) and temporal (Dunn’s test 

p=0.002) (figure 3.14h,i) regions were significantly greater than superior and inferior. 

Normalisation to the maximum did not show differences in any region within the LC 

superior (Dunn’s test p=0.389), inferior (Dunn’s test p=0.535), nasal (Dunn’s test 

p=0.589) and temporal (Dunn’s test p=0.659) regions, RoIns superior (Dunn’s test 

p=0.764), inferior (Dunn’s test p=0.810), nasal (Dunn’s test p=0.810) and temporal 

(Dunn’s test p=0.833) regions and ppsclera superior (Dunn’s test p=0.880), inferior 

(Dunn’s test p=0.865), nasal (Dunn’s test p=0.976) and temporal (Dunn’s test p=0.880).  
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Figure 3.13. EFs spectral signature before and after intensity values of pores were subtracted. LC 

(b), RoIns (c) and ppsclera (d) before and LC (e), RoIns (f) and ppsclera (g) after values from 

pores were subtracted. EFs spectral signature did not change after pore subtraction.  
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Figure 3.14. EFs spectral signature in the aged ONH regions. LC (a-c), RoIns (d-f) and ppsclera (g-i) showed similar spectral curves. Regional analysis 

and normalisation to the maximum did not show any differences between regions within the LC and RoIns. Within the ppsclera, the EFs spectral signature 

within the nasal (p=0.004) and temporal (p=0.002) regions were significantly greater than superior and inferior.
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3.3.5 Elastic fibre spectral signature in the human ageing ONH 

In the 2- and 6-years old ONH, visible EFs was not detected within the LC cribriform 

plates or RoIns, but were clearly demonstrated in those of elderly LC, RoIns and ppsclera. 

EFs spectral signature within each ONH region [i.e. LC (figure 3.15a), RoIns (figure 

3.15b) and ppsclera (figure 3.15c)] showed similar emission range 432-552nm, to those 

previously identified in the CRA. Normalisation to the maximum showed no differences 

in the spectrum shape amongst ages within the LC (Dunn’s test p=0.154), RoIns (Dunn’s 

test p=0.251) and ppsclera (Dunn’s test p=0.459). 

 

 

 

 

 

 

 

 

 

 

Figure 3.15. EFs spectral signature in the LC (a), RoIns (b) and ppsclera (c). At the ages of 2 and 

6 years old, EFs relative intensity were lower when compared to elderly in the LC (a) and RoIns 

(b).   
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3.3.6 Spectral unmixing of the ONH elastic fibre spectral signature 

Lambda stacks of young (figure 3.16a), middle age (figure 3.16b) and elderly ONHs 

(figure 3.16c) showed ROIs corresponding to EFs (figure 3.16a-c red polygon), matrix 

surrounding EFs (figure 3.16a-c, green polygon) and non-containing EFs areas (figure 

3.16a-c, white ellipse). The linear unmixing separated the EFs derived TPEF signature 

(figure 3.16d-f) from component 2 (matrix) (figure 3.16g-i) and component 3 (non-

containing EFs areas) (figure 3.16l-n).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.16. Linear unmixing from ageing ONH. Three regions of interests corresponding to EFs 

(red polygons in a-c), matrix surrounding EFs (green polygons in a-c) and non-containing EFs 

areas (white polygons in a-c) were drawn on the lambda stacks of young (a), middle age (b) and 

elderly human LC (c). Lambda stacks were then uploaded into Zen software and the linear 

unmixing algorithm applied. The latter separates the three components based on their spectral 

properties and output three pseudo-colour coded images of EFs (component 1, d-f), matrix 

(component 2, g-i) and non-containing EFs areas (component 3, l-n). Scale bars represent 50µm. 
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Unmixed TPEF images did not show visible EFs within the 2 years old ONH (figure 

3.16a). Visible EFs within the cribriform plates and RoIns were seen in the 60 (figure 

3.16d) and 85 years old (figure 3.16g). Unmixed images of component 2 showed the 

matrix surrounding EFs at all ages (figure 3.16b,e,h), where gaps appearing black 

corresponded to regions where the EFs were visible. Unmixed images of component 3 

showed non-containing EFs regions at all ages (figure 3.16c,f,i). 

3.3.6.1 Quantification of elastic fibre TPEF contribution to the ONH 

EFs contribution in the human ONH significantly increased as a function of age in the LC 

from 0% at the age 2 years to 47.8% (pixel percentage) at the age of 88 years (rs=0.842, 

p=0.002) (figure 3.17a), RoIns from 0% to 39.0% (rs=0.952, p=0.000) (figure 3.17b) and 

ppsclera from 6.3% to 49.7% (r=0.988, p=0.000) (figure 3.17c). 

3.3.6.2 Quantification of elastic fibre content in the unmixed TPEF 

EFs content increased as a function of age in the LC from 0% at the age 2 years to 29.6% 

(pixel percentage) at the age of 88 years (rs =0.830, p=0.003) (figure 3.17d), RoIns from 

0% to 44.2% (rs=0.721, p=0.019) (figure 3.17e) and ppsclera from 8.1% to 49.3% (rs = 

0.903, p=0.000) (figure 3.17f).  
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Figure 3.17. EFs content within he human ONH. EFs TPEF content significantly increased in the 

LC (p=0.003) (d), RoIns (p=0.019) (e) and ppsclera (p=0.000) (f). EFs contribution to the ONH 

significantly increased in the LC (p=0.002) (a), RoIns (p=0.000) (b) and ppsclera (p=0.000) (c). 

 

3.3.7 Elastic fibre spectral signature in the glaucomatous ONH 

Normalisation to the maximum did not show differences in the spectrum shape of 

glaucomatous ONH in any region of the LC [superior (Dunn’s test p=0.687) (figure 
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3.18a), inferior (Dunn’s test p=0.854) (figure 3.18b), nasal (Dunn’s test p=0.702) (figure 

3.18c) and temporal (Dunn’s test p=0.693) (figure 3.18d)]; RoIns [superior (Dunn’s test 

p=0.786) (figure 3.18e), inferior (Dunn’s test p=0.884) (figure 3.18f), nasal (Dunn’s test 

p=0.891) (figure 3.18g) and temporal (Dunn’s test p=0.852) (figure 3.18h)] and ppsclera 

[superior (Dunn’s test p=0.785) (figure 3.18i), inferior (Dunn’s test p=0.701) (figure 

3.18l), nasal (Dunn’s test p=0.733) (figure 3.18m) and temporal (Dunn’s test p=0.765) 

(figure 3.18n)].  

 

 
 
 

 

 

 

 

 

 

 
 
 
 

 
 
 
 
 
 
Figure 3.18. EFs spectral signature within glaucomatous LC (a-d), RoIns (e-h) and ppsclera (i-n). 

EFs spectra normalised to the maximum did not show any differences amongst regions in the LC 

[superior (a) (p=0.687), inferior (b) (p=0.854), nasal (c) (p=0.702) and temporal (d) (p=0.693)]; 

RoIns [superior (e (p=0.786), inferior (f) (p=0.884), nasal (g) (p=0.891) and temporal (h) 

(p=0.852)] and ppsclera [superior (i) (p=0.785), inferior (l) (p=0.701), nasal (m) (p=0.733) and 

temporal (n) (p=0.765)]. 
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3.3.8 Spectral unmixing of the glaucomatous ONH elastic fibre signature 

Representative unmixed images of early, moderate and advanced glaucomatous showed 

the separation of the EFs derived TPEF signature (figure 3.19a,d,g) from component 2 

(figure 3.19b,e,h) and component 3 (figure 3.19c,f,i). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.19. Linear unmixing from glaucomatous ONH. Three regions of interests corresponding 

to EFs (red polygons in a-c), matrix surrounding EFs (green polygons in a-c) and non-containing 

EFs areas (white polygons in a-c) were drawn on the lambda stacks of young (a), middle age (b) 

and elderly human LC (c). Lambda stacks were then uploaded into Zen software and the linear 

unmixing algorithm applied. The latter separates the three components based on their spectral 

properties and output three pseudo-colour coded images of EFs (component 1, d-f), matrix 

(component 2, g-i) and non-containing EFs areas (component 3, l-n). Scale bars represent 50µm. 
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Unmixed images of EF-associated TPEF showed EF within the LC plates and RoIns at 

all stages of glaucoma (figure 3.19a,d,g). In early glaucoma (figure 3.19a), EFs appeared 

mostly straight and relatively organised within LC plates and RoIns, similarly to those 

observed in controls (see figure 3.16g). In moderate glaucoma (figure 3.19d), EFs looked 

disorganised in the LC plates and RoIns. Similarly, in advanced glaucoma (figure 3.19g) 

EFs seemed more disconnected and disorganised to those observed in early glaucoma 

(figure 3.19a). 

Unmixed images of component 2 showed the matrix surrounding EFs (figure 3.19b,e,h), 

where gaps appearing black corresponded to regions where the EFs were visible. 

Unmixed images of component 3 showed non-containing EFs regions, which could 

correspond to lipofuscin granules and fluorescent material (figure 3.19c,f,i) 

3.3.8.1 Quantification of elastic fibre contribution in the human glaucomatous 

ONH 

EFs contribution in the human glaucomatous ONH was significantly greater in the LC in 

advanced glaucoma (p=0.001) (figure 3.20a) but lower in early (p=0.021) and moderate 

(p=0.041) compared to controls. No differences were found in the ppsclera (p=0.052) 

(figure 3.20c) and in the RoIns (p=0.149) (figure 3.20b). Regional analysis showed the 

nasal (p=0.010) and temporal (p=0.010) EFs contribution was greater in advanced 

glaucomatous LC (figure 3.20d) compared to controls. No regional differences were 

found in the RoIns [superior (p=0.829), inferior (p=0.964), nasal (p=0.087) and temporal 

(p=0.248)] (figure 3.20e) and ppsclera [superior (p=0.436), inferior (p=0.740), nasal 

(p=0.055) and temporal (p=0.853)]  (figure 3.20f).  

 

Regional analysis within groups showed a significantly higher EFs contribution in the 

superior/inferior (p=0.007) and temporal (p=0.022) region compared to nasal (figure 

3.20d) of early glaucoma. No differences were found within controls [plates (p=0.586), 

RoIns (p=0.536), ppsclera (p=0.850)], moderate [plates (p=0.981), RoIns (p=0.332), 

ppsclera (p=0.922)] and advanced glaucoma [plates (p=0.143), RoIns (p=0.574), ppsclera 

(p=0.242)]. In the RoIns, within controls, EF contribution was significantly greater in the 

nasal region compared to temporal (p=0.021) and superior/inferior regions. Additionally, 

the EF contribution in the inferior region of early glaucomatous was significantly greater 

than in the nasal (p=0.010) (figure 3.20e). In the ppsclera, EF contribution was 
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significantly greater in the inferior region of moderate glaucoma (p=0.031) compared to 

nasal and in the nasal region of advanced glaucoma compared to inferior and temporal 

(p=0.021) (figure 3.20f). 

 

 

 

 

 

 

 

 

 

 

Figure 3.20. EF TPEF (mean +/-sd) contribution of the human glaucomatous ONH. EFs 

contribution was significantly greater in the LC in advanced glaucoma (p=0.001) (a) but lower in 

early (p=0.021) and moderate (p=0.041) compared to controls. No differences were found in the 

ppsclera (p=0.052) (c) and in the RoIns (p=0.149) (b). Regional analysis showed the nasal 

(p=0.010) and temporal (p=0.010) EFs contribution was greater in advanced glaucomatous LC 

(d) compared to controls. Regional analysis within groups showed a significantly higher EFs 

contribution in the superior/inferior (p=0.007) and temporal (p=0.022) region compared to nasal 

(d) of early glaucoma. In the RoIns, within controls, EF contribution was significantly greater in 

the nasal region compared to temporal (p=0.021) and superior/inferior regions. Additionally, the 

EF contribution in the inferior region of early glaucomatous was significantly greater than in the 

nasal (p=0.010) (e). In the ppsclera, EF contribution was significantly greater in the inferior region 

of moderate glaucoma (p=0.031) compared to nasal and in the nasal region of advanced glaucoma 

compared to inferior and temporal (p=0.021) (f). 
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3.3.8.2 Quantification of elastic fibre content in the human glaucomatous ONH 

EFs TPEF content in advanced glaucomatous LC (p=0.001) (figure 3.21a) was 

significantly greater than the controls. In the RoIns (figure 3.21b), EF content was greater 

in moderate (p=0.043) compared to controls. No differences were observed in the RoIns 

(p=0.053) (figure 3.21b) and ppsclera (p=0.130) (figure 3.21c).  

 

Regional analysis showed all LC regions in advanced glaucoma had greater EFs content 

(p=0.011) than controls (figure 3.21d). No differences in the RoIns [superior (p=0.820), 

inferior (p=0.964), nasal (p=0.087) and temporal (p=0.248)] (figure 3.21e) and ppsclera 

[superior (p=0.436), inferior (p=0.640), nasal (p=0.053) and temporal (p=0.857)]  (figure 

3.21f). 

 

Regional analysis within groups showed a greater EFs content in the LC in the superior 

(p=0.001) and temporal (p=0.029) regions compared to inferior in early glaucoma (figure 

3.21e). EF content was also greater in the inferior region (p=0.042) in moderate glaucoma 

compared to the superior (figure 3.21d). Additionally, in the RoIns the EFs content was 

greater in the inferior region (p=0.016) compared to temporal in early glaucoma and in 

the inferior region compared to nasal (p=0.023) in advanced glaucoma (figure 3.21e). In 

the ppsclera, EF content in the superior region of early glaucoma was significantly greater 

(p=0.003) then inferior (figure 3.21f).  

 

 
 

 
 
 
 
 
 

 

 

 

 

 

 



      
 

120 
 

 

 

 

 

 

 

Figure 3.21. EF content (mean +/-sd) within human glaucomatous ONH. EFs content was greater 

in advanced glaucomatous LC (a) (p=0.001) and moderate RoIns (b) (p=0.043) compared to 

controls. No differences were observed in the ppsclera (p=0.130) (c).  All LC regions in advanced 

glaucoma showed greater EFs content (p=0.011) than controls (d). Regional analysis within 

groups showed a greater EFs content in the LC in the superior (p=0.001) and temporal (p=0.029) 

regions compared to inferior in early glaucoma (e). EF content was also greater in the inferior 

region (p=0.042) in moderate glaucoma compared to the superior (d). Additionally, in the RoIns 

the EFs content was greater in the inferior region (p=0.016) compared to temporal in early 

glaucoma and in the inferior region compared to nasal (p=0.023) in advanced glaucoma (e). In 

the ppsclera, EF content in the superior region of early glaucoma was significantly greater 

(p=0.003) then inferior (f).  
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3.4 Discussion 

In the current study, a TPEF spectral imaging protocol was developed and optimised to 

characterise the EFs associated TPEF within the ONH. The TPEF spectral parameters for 

RTA and human CRA of the optic nerve were optimised at 760 nm and 800 nm excitation, 

respectively, with optimal emission in the range 432-552 nm. TPEF signal was not 

emitted from RTT using these parameters, confirming that the EFs spectral signature did 

not contain any contribution from collagen. 

The EFs TPEF signature in the aged ONH generated similar shaped curves to those 

observed in the CRA, RTA and controls such as nuchal ligament and porcine ear. This 

result provided supporting evidence that the spectral signature derived from the ONH was 

from EFs.  

 

There has been an attempt previously to segment and quantify EFs (Jones, 2014), 

however, due to endogenous fluorescence contributing factors other than EFs, the latter 

could not be easily segmented and quantified. One of these factors are small, irregular, 

yellowish particles, similar in size and shape to those of purified retinal pigmented 

epithelium (RPE) lipofuscin. Lipofuscin has been found in healthy aged ONH (Dolman 

et al., 1980) and glaucomatous eyes (de Castro JP et al., 2013) and it has been found 

significantly increased within LC cells of glaucomatous ONHs (McElnea et al., 2014). 

Fernandez de Castro et al. (2013) investigated and quantified lipofuscin in the ageing ON 

and found lipofuscin accumulation in the ON as a function of age. Lipofuscin is 

considered the best marker of age (Porta, 2002) and neuronal lipofuscin is thought to 

result from incomplete mitochondrial digestion (Sulzer et al., 2008). The lipofuscin 

spectrum presented in this chapter showed maxima in the range between 550-620 nm. 

Due to the orange-red spectrum of the lipofuscin spectrum compared to the blue-green 

(432-552 nm) of EFs, lipofuscin granules were easily separated spectrally from EFs 

TPEF. 

3.4.1 Elastic fibre spectral signature in the ageing ONH 

The EFs TPEF spectral signature showed, as a function of age, similar spectral 

characteristics of the three aged ONHs and the controls. In the LC, RoIns and ppsclera 

EFs TPEF spectral signature showed a broad emission spectrum of 432-562 nm with a 

maximum at ~502 nm. The normalisation of the EF’s spectra to the maximum did not 
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show differences in spectrum shape, which imply the reliability of the EF’s signature 

determined within the human ONH. 

 

When the EFs signature was explored as a function of age, the 2 and 6 years old ONHs 

had a low EFs intensities, consistent with the lack of visible EFs within ONH tissues 

previously proposed (Albon et al., 2000a, Hernandez et al., 1989). Electron microscopy 

(Quigley et al., 1991a, Hernandez, 1992, Oyama et al., 2006) and immunolabelling of 

human elastin (Hernandez, 1992, Morrison et al., 1989a, Albon et al., 2000a) showed no 

labelling in foetal and young LC (Hernandez, 1992, Morrison et al., 1989a). This result 

implies lack of EFs within younger ONHs and that the low relative intensities in the 2 

and 6 years old could be derived from other substances such as the microfibrils observed 

in the young LC (Hernandez, 1992). 

 

TPEF has been used previously as a label-free technique to investigate into age-related 

changes of endogenous fluorophores. Watson et al., (2013) have assessed age-related 

changes of mouse ovarian tissue by imaging nicotinamide adenine dinucleotide (NADH), 

flavin adenine dinucleotide (FAD) and lipofuscin autofluorescence (Watson et al., 2013). 

The authors found an ageing increase in TPEF fluorescence, suggesting that TPEF is a 

reliable technique to investigate into age-related changes by imaging endogenous 

fluorescence.  

 

Many intrinsic fluorophores within tissues are derived from the aromatic amino acids, 

such as Tryptophan (Trp), Tyrosine (Tyr) and Phenylamine (Phe), which emission ranges 

between 400-600 nm (Deyl et al., 1980). Examples of these are NAD(P)H (Zipfel et al., 

2003a), flavoproteins, flavins (Benson et al., 1979, Aubin, 1979), and retinol (Zipfel et 

al., 2003a). Much of the intrinsic fluorescence observable with TPEF is in the range of 

440-550 nm, therefore it is often difficult to discriminate between different sources.  

However, the combination of TPEF and linear unmixing allowed to separate the EFs 

TPEF from other fluorophores and therefore assess the contribution of only EFs to the 

TPEF signal. Thus, the EFs contribution to the TPEF could be used as a label-free 

indicator of age in the human ONH. TPEF has therefore the potential to translate ex vivo 

assessment into in vivo investigation of the age-related changes of the EFs.  
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3.4.2 Elastic fibre spectral signature in the glaucomatous ONH 

The EFs TPEF spectral signature was also explored within glaucomatous ONH. After 

normalisation to the maximum, EFs signature did not show differences in spectrum shape 

in glaucoma when compared to controls.  

 

Changes in EFs have been previously reported in glaucoma (Hernandez et al., 1990, 

Hernandez, 1992, Quigley et al., 1991a). Quigley (1994) showed a curled appearance of 

the EFs, which was more pronounced with the progression of the disease (Quigley et al., 

1994). Ultrastructural observation by immuno-electron microscopy showed different 

labelling of elastin as a function of glaucoma progression (Hernandez, 1992). In mild 

glaucoma EFs were no longer organised into tubules; they appeared fragmented with 

aggregates of microfibrils. The remaining intact EFs contained little α–elastin 

immunopositivity. In moderate glaucoma, these alterations appeared more pronounced 

and the normal EF was no longer visible. In advanced glaucoma, an abnormal elastin 

staining was observed within the cribriform plates and aggregates of nonfibrillar EFs-

staining material were abundant throughout the plates (Hernandez, 1992).  

Disorganisation of the EFs was also observed in glaucoma, in which they appeared 

disconnected from the surrounding matrix (Hernandez et al., 1990, Hernandez, 1992). 

Previous studies also suggested that in glaucoma the ECM is remodelled by the reactive 

astrocytes. The latter synthesise ECM proteins such as tenascin and laminin that are not 

expressed in adult life. The synthesis of new ECM molecules and the degradation of ECM 

by metalloproteinases (MMPs) (Agapova et al., 2003, Yan et al., 2000) can remodel the 

microenvironment of the ONH, leading axons to be more susceptible damaged. 

 

In human skin, the ageing process of the EFs has a profound effect on the function of the 

EFs system. Human skin accumulates damage due to both the normal ageing process and 

environmental factors, such as exposure to ultraviolet light (El-Domyati et al., 2002). The 

acute exposure to ultraviolet radiations might alter the smooth appearance of EF 

becoming gradually fragmented (Braverman and Fonferko, 1982, Suwabe et al., 1999, 

Tsuji and Hamada, 1981), which in turn might change the ability of EFs to recoil 

(Escoffier et al., 1989, Smalls et al., 2006, Takema et al., 1994). 

 

In human skin elastosis is a hallmark of age and it is characterised by de novo synthesis 

of elastotic material, which includes deposition of new EFs, fibrillin (Chen et al., 1986) 
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and basophilic fibres (Mitchell, 1967, Muto et al., 2007). Multiphoton microscopy has 

been used previously to investigate changes in EFs in human skin (Koehler et al., 2006, 

Lentsch et al., 2019, Shirshin et al., 2017) and skin elastosis (Koehler et al., 2012), 

suggesting that the elastotic materials deposited during ageing skin retrieve fluorescence 

which could be investigate with TPEF.  

 

EFs appear to be elastotic in glaucoma (Hernandez, 1992, Hernandez et al., 1990, Netland 

et al., 1995, Pena et al., 1998) which is defined as the aberrant proliferation and 

degeneration of EFs and has been described in ageing skin (Braverman, 1989, Werth et 

al., 1996) and blood vessels (Jakobiec et al., 2015).  

Overall, alteration in the microstructure and content of EFs in tissues can lead to the 

mechanical and functional changing associated with diseases such as atherosclerosis and 

aneurism, with a reduced strength and elasticity of affected arteries. 

3.4.3 Elastic fibre content in the ageing ONH 

To aid in understanding the EF changes as a function of age and glaucoma, EF content 

following linear unmixing was investigated. The content of EFs increased significantly 

with age. This result is thus consistent with the increased EFs in ageing ONH previously 

described (Albon et al., 2000a, Hernandez et al., 1989) and the increase in EFs as a 

measure of the cross-links desmosine and isodesmosine (Albon et al., 2000a). A number 

of previous studies quantified elastin and EFs within the ONH using immune-labelling 

which is associated with the appearance and distribution of EFs in elderly (Hernandez et 

al., 1989, Hernandez, 1992, Morrison et al., 1989b, Morrison et al., 1989a) and 

glaucomatous ONH (Hernandez, 1992, Hernandez et al., 1990, Quigley et al., 1991b).  

 

The novel approach presented in this study is a quantitative and valuable tool to detect 

and characterise EFs without stain and histological process the specimens. Therefore, it 

presents potentials for future investigation of the EFs spectral features that could be 

detected in vivo as a measure of glaucoma progression.  

 

EFs content has been also investigated in other ageing tissue. Within arteries, EFs are 

concentrated in the internal and external elastic laminae (Kielty et al., 2007). The 

compliance and elasticity of main arteries play an important role in cardiac function, 
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hence age-related reduction of compliance (i.e. arteriosclerosis) leads to increased blood 

pressure, major risk factor for heart failure (Mitchell, 2008, O'Rourke and Hashimoto, 

2007). It has also been reported that remodelling of human aorta, associated with age, is 

caused by EFs fragmentation (Toda et al., 1980), possibly a consequence of the force 

applied on the artery wall over life-time period (Greenwald, 2007, Hunter et al., 1996, 

Sans and Moragas, 1993). The stiffness of central arteries determined by in vitro 

mechanical testing (Bruel and Oxlund, 1996, Learoyd and Taylor, 1966) increases with 

age. Generally, EFs-rich tissues, such as skin, blood vessels, and lungs, lose their 

compliance in elderly individuals. 

 

The increased in EFs observed in the ageing ONH, as previously reported (Albon et al., 

2000a), could lead to similar effects observed within other tissues, such as decreased 

compliance, elasticity and increased stiffness. In fact, a decreased in LC compliance as a 

function of age has been demonstrated before (Albon et al., 2000b). The accumulation of 

EFs over age, with no evidence of degradation within the cribriform plates (Hernandez, 

1992), leads to a stiffer LC, which in turns alter the its ability to support axons from IOP 

fluctuation. This in turn might predispose the elderly eye to glaucomatous optic 

neuropathy. 

3.4.4 Elastic fibre content in the glaucomatous ONH 

EFs ONH content significantly increased in advanced glaucoma in the LC compared to 

controls. Within the LC, EFs content was significantly greater in advanced glaucoma 

compared to controls. However, no differences were observed in the ppsclera and RoIns. 

Regional analysis in the LC, showed a significantly greater EFs content in all regions of 

advanced glaucoma compared to controls as well as greater EFs content in the superior 

and temporal regions compared to inferior within early glaucoma. Similarly, within the 

RoIns, greater EFs content was observed in the superior regions of early glaucoma 

compared to the nasal. 

 

In glaucoma there appear to be an increased area of EFs-labelled material (Pena et al., 

1998) suggesting that the presence of the elastotic fibre might consist of new synthesised 

EFs, as also demonstrated by the increased elastin (Hernandez et al., 1994) and TE mRNA 

expression (Pena et al., 1996). The increase in EFs-labelled material that occur in 
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glaucoma could explain the augmented EFs relative intensity observed in advanced 

glaucoma. The EFs-labelled materials observed might exhibit endogenous fluorescence 

and therefore determine an increase in relative intensities of the TPEF EFs. 

 

The LC has been proposed to be the main site of axons damage (Howell et al., 2007, 

Quigley and Addicks, 1981, Quigley et al., 1981, Vrabec, 1976) and it is well known that 

the inferior and superior regions of the LC have larger pores and less connective tissue 

supporting axons when compared to the nasal and temporal region (Quigley and Addicks, 

1981, Radius and Gonzales, 1981, Oyama et al., 2006). The superior and inferior poles 

(Quigley and Addicks, 1981), which are associated with areas conducting fibres of the 

arcuate bundles (Hoyt, 1962, Quigley and Addicks, 1981), are the first to be damaged in 

glaucoma (Quigley et al., 1981). The increased EFs content found in the superior region 

of the LC and RoIns does not agree with previous studies suggesting that these regions 

contain less connective tissue (Quigley and Addicks, 1981, Radius and Gonzales, 1981, 

Oyama et al., 2006). However, the increased level of TE mRNA found in glaucomatous 

ONH (Hernandez et al., 1994) could explain this result, which also appear more 

pronounced in advanced glaucoma in both the LC and the reigon of insertion. Since the 

superior and inferior regions are the first to be damaged as a function of glaucoma 

progression, the EFs might be subjected to damage in these regions first and consequently 

all the changes in EFs oberved in glaucoma along with the increased TE mRNA 

expression could have led to an increased in EFs content. 

 

The increased in EFs content in the LC, is also consistent with molecular biology studies 

which found an activation of EFs (Hernandez et al., 1994) and TE (Pena et al., 1996) 

mRNA within the human ONH as a function of glaucoma progression. The observed 

increase in EFs content only in advanced glaucoma within the LC, might imply that the 

EFs are subjected to damage in the LC only at late stage of disease, which suggest that 

EFs could only be damaged after chronic exposure to elevated IOP. No changes were 

observed in the early and moderate stage of glaucoma, indicating that EFs is not 

significantly damaged at this stage or the newly synthesised EFs could replace the 

damaged ones, which in turn maintain some sort of ONH microenvironment. At later 

stage of the disease, the action of the MMP to degrade the ECM and the continues effects 

of the IOP onto the LC, could determine a significant damage to the EFs which are no 

longer capable of provide elasticity to the LC. 
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Hernandez (1992) suggested that as the disease progresses, the alterations in EFs are more 

pronounced. Newly synthesised EFs might begin at the early stage of the disease along 

with the proliferation of basement membranes. These mechanisms are similar to those 

observed in the atherosclerotic arteries where proliferating smooth muscle cells in the 

tunica intima synthesise basement membranes and EFs materials (Hedin et al., 1999). 

 

An elderly eye, which already experienced IOP fluctuation over time, with an 

accumulation of EFs, might be more susceptible to develop the disease. Therefore all 

these changes in EFs likely influence the changes in compliance and resilience observed 

in the glaucomatous LC (Burgoyne et al., 1995, Zeimer and Ogura, 1989). 

It can be concluded that the quantification of TPEF content could be a valuable tool to 

quantify ex vivo EFs associated fluorescence without the contribution of other sources of 

fluorescence within the tissue. The first experiments on in vivo TPEF imaging of human 

skin were performed in the late 1990s (Masters et al., 1997, Masters et al., 1998a, Masters 

et al., 1998b) and since then TPEF has been employed to translate the ex vivo investigation 

into clinical diagnosis, such as detection of melanoma (Dimitrow et al., 2009) and basal 

cell carcinoma (Balu et al., 2015). These studies suggest the potential of TPEF as non-

invasive approach for in vivo diagnosis. The approach presented in this chapter enhances 

the ability of TPEF as a label-free technique to investigate into EFs changes by imaging 

its endogenous fluorescence. 

3.5 Conclusion 

This chapter introduced a novel approach that indirectly detects structural/compositional 

changes in EFs and has potential as an indicator of ageing and advanced glaucomatous 

optic neuropathy. The goal of this chapter was to identify a new method to potentially 

translate the ex vivo investigation into a non-invasive in vivo detection of EFs damage. 

The new approach described in this chapter offers novel means to qualitatively and 

quantitatively investigate EFs changes by studying its spectral signature. Several 

techniques have been used to detect changes in EFs in age (Hernandez et al., 1989, 

Hernandez, 1992, Morrison et al., 1989b, Morrison et al., 1989a) and glaucomatous ONH 

(Hernandez, 1992, Hernandez et al., 1990, Quigley et al., 1991b), however, findings 

presented in this chapter take the EFs studies a little further by proposing TPEF as a 
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reliable tool to reveal changes in EFs based on its spectral properties and without 

destroying specimens with antibody staining procedures. 

3.6 Limitation 

This study showed limitations. The preparation of ONH sections and the acquisition of 

lambda stack at different times and on different days introduced possible variation in 

sample preparation and instrument characteristics. A wide-open confocal spectrometer 

pinhole and the 10nm slit width allowed the maximum signal acquisition but also could 

smooth the acquired spectrum making peaks less distinct. The use of a narrower slit width 

(e.g. 5nm or 3nm) in future studies may make peaks sharper and more distinct. This 

chapter showed that fixation significantly increases the relative fluorescence within the 

tissue, therefore AUC calculation and comparison was not possible within ageing and 

glaucomatous ONHs. Future work will require unfixed sample to reduce to minimum the 

unspecific fluorescence. 

3.7 Future work 

Further experimental work is needed to better understand which residue(s) of EFs gives 

rise to the TPEF associated fluorescence. Further investigations are also needed to 

determine the origin of the alteration of EFs fluorescence in glaucoma and at different 

stage of disease. More glaucomatous specimens, especially at late stage of disease are 

required to complete the investigation and increase the statistical confidence. To better 

understand the changes in EFs in glaucoma based on the spectral signature, investigations 

are needed as a function of ONH depth, which requires spectral imaging to be performed 

on different sections of the same ONH. Additional work would be required to investigate 

the EFs TPEF signature within unfixed specimens, to enable the measures of relative 

intensities only associated with EFs and remove all fixation derived autofluorescence.  

 

 



      
 

129 
 

4 Chapter 4 – Investigation into the potential of X ray 

microtomography to investigate the optic nerve head 3D 

microarchitecture 

4.1 Introduction 

X-ray microtomography (XMT) is a non-destructive imaging technique used to study a 

broad variety of samples. The first system was created and built by Jim Elliott in the early 

1980s to study small, biological hard tissues (Elliott and Dover, 1982). XMT uses x-rays 

to create multiple 2D images of a small object which are then reconstructed into a 3D 

image without destroying the sample. The internal structure of the sample is investigated 

by acquiring many projections images, known as radiographs, while rotating the sample 

through 180 degrees with a motorised stage. These projections can be reconstructed into 

a 3D volume to study the internal and external structure of the object (Vlassenbroeck et 

al., 2007).  

 

The use of histological sections for 2D analysis, is frequently subjected to inaccuracies 

such as tissue distortion.  In the current chapter, the potential of XMT was assessed as a 

non-invasive, section-free alternative tool to investigate the 3D microstructure of the 

ONH. However, it is important to note that XMT does not detect fibrillar collagen and 

does not provide the high level of resolution associated with SHG, therefore XMT should 

be treated as a complementary technique to further analyse the 3D ONH connective tissue 

microstructure and is not a replacement of SHG imaging.  

 

Since the connective tissue structure of the ONH is made up by collagen and EFs (Albon 

et al., 1995, Albon et al., 2000a, Hernandez et al., 1986, Hernandez et al., 1987, Morrison 

et al., 1989a, Morrison et al., 1988, Morrison et al., 1989b), to analyse the 3D 

microarchitecture, contrast agents that enhance collagen and EF signals are needed. 

Contrast agents, previously used to enhance soft tissue contrast in XMT studies include 

phosphotungstic acid (PTA) for collagen (Descamps et al., 2014, Disney et al., 2017, 

Metscher, 2009a), tannic acid for EFs (Murakami, 1973, Roholl et al., 1981), Lugol’s 

iodine for collagen (Disney et al., 2017, Gignac and Kley, 2014, Metscher, 2009b) and 

brain-wide reduced osmium pyragallol-mediated amplification (BROPA) staining for 

axons (Mikula and Denk, 2015).  
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The hypothesis of this study was that XMT can be used as a section-free, non-destructive 

imaging technique to investigate the i) overall 3D connective tissue microstructure of the 

ONH and ii) axons within the LC pores. In order to achieve this, the aims of this chapter 

were to: 

1. Develop staining protocols to differentiate between the connective tissue components 

and the neuronal pores to analyse the 3D connective tissue microstructure of the ONH 

2. Develop staining protocols to visualise axons within the LC pores 

4.2 Materials and methods 

4.2.1 Source of tissue 

Eighteen fresh porcine globes were received from the local abattoir (W.T. Maddock, 

Wales, UK) within 12 hours of sacrifice. All globes were cleaned immediately with PBS 

to remove residues of blood, and extraorbital muscles and fat, retina, choroid and vitreous 

humour were gently excised from the ONH. ONHs were dissected from the globes and 

immersed in a solution of 4% PFA and stored at +4°C. Additionally, three right eye globes 

from human donors with no history of eye disease (aged 72, 81 and 85 years) were 

received from the NHS Blood and Transplant Eye bank (Filton, Bristol, UK) in moist 

tissue chamber. Two right eye and one left eye globes from donors with glaucomatous 

optic neuropathy (diagnosed prior to death by glaucoma ophthalmologists, aged 77, 84 

years and unknown) were received from the Mayo Clinic (Rochester, USA). Human 

ONHs were dissected from all globes as described in 2.2.1. 

4.2.2 Sample preparation 

Porcine ONHs (n=15) were removed from 4% PFA, washed in three changes of PBS for 

24 hours and immersed in various contrast agents, including tannic acid (TA) (n=3), 

phoshotungstic acid (PTA) (n=3), BROPA (n=3), and Lugol’s iodine (n=3). The 

protocols used are described below for each contrast agent. Additionally, porcine ONHs 

(n=3) in 4% PFA and the human globes (n=6) were stored in 4% PFA.  
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4.2.3 Nonlinear microscopy of porcine ONHs 

High resolution SHG and TPEF image stacks of porcine LC and ppsclera were acquired 

as described in 2.2.3 to confirm the connective tissue composition of the porcine ONH.  

4.2.4 The use of contrast agents to enhance signals within the ONHs 

4.2.4.1 PTA 

PTA is a common negative stain for biological tissue known to enhance the collagen 

signal in electron microscopy. Tungsten specifically binds to collagen fibres (Malatesta, 

2016) by selectively binding to the basic groups (lysine and arginine residues) of proteins 

(Jones, 1993, Höög et al., 2010). Porcine ONHs (n=3) were immersed in a solution of 2% 

(weight/volume) PTA (for preparation of lab stock, see appendix I.3) (Sigma-Aldrich, 

UK) in distilled water for 5 days, then washed in PBS for 2 hour and stored in 4% PFA 

at 4°C. Porcine ONHs (n=3) were then immersed in a solution of 2% PTA in 70% 

(volume/volume) ethanol. Prior to immersion in PTA 70% ethanol, samples were 

subjected to 2-hour incubations in 30% (volume/volume) ethanol (Sigma-Aldrich, UK), 

50% ethanol and 70% ethanol. Following a 5-day immersion in 2% PTA 70% ethanol, 

samples were washed in 70% ethanol for 1 hour, then stored in 4% PFA at 4°C.  

4.2.4.2 Lugol’s Iodine solution 

Lugol’s iodine has been used to enhance contrast in soft tissues (Metscher, 2009a). 

Porcine ONHs (n=3) were immersed in 10% (volume/volume) Lugol’s iodine (lab stock, 

see appendix I.4) (Sigma-Aldrich, UK) in distilled water for two weeks. Thereafter, 

ONHs were removed from the solution, washed in PBS for 2 hour and stored in 4% PFA 

at 4°C. 

4.2.4.3 Tannic acid 

Tannic acid (TA) has been suggested to enhance the signal of EF (Kageyama et al., 1985, 

Simmons and Avery, 1980), specifically the amorphous core (Damiano et al., 1979, 

Kageyama et al., 1985, Kajikawa et al., 1975, Ushiki and Murakumo, 1991). Porcine 

ONHs (n=3) were immersed in 2% (weight/volume) tannic acid (lab stock, see appendix 
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I.5) (Sigma-Aldrich, UK) in distilled water for two weeks. Thereafter, ONHs were 

removed from the solution, washed in PBS for 2 hour and stored in 4% PFA at 4°C. 

4.2.4.4 Brain-wide reduced osmium pyragallol-mediated amplification (BROPA) 

Three porcine ONHs were stained with BROPA to enhance visualisation of axons 

(Mikula and Denk, 2015), as the osmium tetroxide binds preferentially to lipids, including 

nerve-related lipids (Kiernan, 2001). During this procedure, ONHs were constantly 

rotated slowly at room temperature in the dark. First, ONHs were incubated for 96 hours 

in 30ml glass pots containing 40mM osmium tetroxide (OsO4) (for preparation see 

Appendix I.6) (Electron microscopy Science, Ltd), 35mM of potassium 

hexaferrocyanate, (see Appendix I.7) 100mM sodium cacodylate buffer at 7.4 pH (see 

Appendix I.8) and 2.5M formamide (see Appendix I.9). The samples were then 

transferred into clear glass pots containing an aqueous solution of 40mM osmium 

tetroxide in 100mM sodium cacodylate buffer pH 7.4, for 48 hours, before being 

immersed into clear glass of 100mM sodium cacodylate buffer pH 7.4 for 4 hours to wash 

the residual of osmium tetroxide. Next, samples were transferred to 320 mM pyrogallol 

at pH 4.1 (see appendix I.10) for 72 hours. Following a final wash in 100mM sodium 

cacodylate buffer pH 7.4 for 4 hours, samples were transferred to 40mM aqueous osmium 

tetroxide for 72 hours. Then, immersed in PBS for storage at +4°C.  

4.2.5 X ray microtomography (XMT) 

Twenty-four hours prior to imaging, all ONHs were washed in PBS to remove any 

fixative residues, and finally transferred to PBS. XMT was carried out at station I13-2 at 

Diamond Light Source (DLS) (Didcot, Oxford) (figure 4.1a) within the Diamond-

Manchester Imaging Branchline. (Rau et al., 2011, Rau et al., 2017).  

4.2.5.1 Data collection and optimisation of scanning parameters 

At Diamond Light Source, each hydrated ONH was removed from the PBS wash and 

mounted onto a CryoCap (Molecular Dimension, Ltd., Newmarket, Suffolk, UK) by 

gluing the back of the ON to the pin (figure 4.1c). Initially, moist tissue paper was placed 

onto the top of the sample to prevent dehydration during scanning (figure 4.1c). In some 

cases, samples were stabilised further using Blue Tac placed at the base of the CryoCap. 
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The sample was positioned onto the CryoPin (Molecular Dimension, Ltd., Newmarket, 

Suffolk, UK) (figure 4.1b) and placed in the beam path (figure 4.1a).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1.Experimental set up at station I13-2 at Diamond Light Source. Experimental hutch (a), 

sample holder on stage (b) and sample holder pin (c). The ONH was glued onto the CryoCap, 

which was placed onto the sample holder (b) and finally in the beam path (yellow circle in a). 

 

 

All samples were scanned using a pink beam (3 GeV, 300mA) and scans were acquired 

through a 180° rotation with a step size 0.045-0.06° using a motorised stage onto which 

a pco.edge 5.5 scintillator-coupled detector (2560 x 2160 pixels and a pixel size of 6.5 

μm2) was mounted. Objective lens 1.25x, 4x and 10x were used to achieve the total 

magnification, effective pixel size and field of views as demonstrated in Table 4.1. After 
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parameters were optimised, image data acquisition on individual samples required 

between 2 and 5 hours. 

 

 

 

 

 

 

 

 

 

 

 

Table 4.1. Images recorded using a pco.edge 5.5 detector at different magnifications. Note that 

the system provided a 2x magnification in addition to that provided by the objective lens.  

 

4.2.5.2 Optimisation of exposure time and number of projections 

Scans were acquired at different exposure times between 100-500 milliseconds with 

projections number between 2001-4001. A first scan included 3001 projections at 0.06° 

steps with 300 milliseconds exposure time and sample-detector distance of 245 mm.  

Further optimising scans involved similar setting but with projections of 2001 and 4001 

and step sizes of 0.045° with a detector-sample distance at 250 mm and 200 mm. 

Subsequent scan involved the same number of projections (4001) a step size of 0.045°, 

exposure time of 100 milliseconds and detector-sample distance at 250 mm. Additionally, 

the moist tissue paper was removed to prevent bubble formation and tissue deformation.  

4.2.5.3 Optimisation of sample to detector distance 

For all scans, 4001 projections were collected at 0.045° steps. The sample to detector 

distance and exposure times were varied between 50 to 200 mm and between 100-200 

milliseconds, respectively. Additionally, ONH tissues were stabilised with Blue Tac 

placed at the bottom of the CryoCap.  
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4.2.6 Data processing in DAWN 

All datasets were initially reconstructed using the DLS software DAWN (Basham et al., 

2015) using the tomo-centre and tomo-recon functions (Table 4.2).  

 

 

 

 

 

 

 

 

Table 4.2. Tomo-centre and tomo-recon commands to define the CoR and reconstructing the 

datasets.  

 

4.2.6.1 Tomo-centre 

It was essential, for the quality of the reconstructions, to determine the location of the 

projected rotation axis, or the centre of rotation (CoR). Datasets as .nxs files were 

separately imported into DAWN and the CoR was determined as the number of the optical 

slice representing the middle of the whole dataset.  The tomo-centre commands (see 

appendix III.1) were applied, to reconstruct the dataset with a series of different values of 

CoR which are smaller and/or larger than the input value. Datasets were then imported 

into DAWN and the CoR manually selected amongst those automatically found by the 

command.  

4.2.6.2 Tomo-recon 

Datasets with optimised CoRs were separately imported into DAWN and the tomo-recon 

command was applied (see appendix III.2). This reconstructed the whole dataset based 

on the optimal CoR previously found. 
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4.2.7 Data processing in Savu 

After DAWN reconstruction, all datasets were refined using the cluster-based codes 

written in Savu (Atwood et al., 2015). All scripts used in Savu processing can be found 

in Appendices III.3-III.9. Savu data processing consisted of six refining steps, which are 

summarised in Table 4.3.  

 

 

 

 

 

 

 

 

 

Table 4.3. List of processes to correct tomo-reconstructed datasets into Savu software. The whole 

process included six different steps to improve image quality by suppressing artefacts, removing 

artefact rings and refining the CoR. 

 

The initial steps involved the loading of the tomo-reconstructed datasets into Savu and 

the refining of the CoR defined with tomo-centre. In a Savu processing window, the Savu 

NxtomoLoader was input to upload raw tomography data saved in. nxs format (see 

appendix III.3).  

 

Next, the Savu command DistortionCorrection was used to (see appendix III.4) to refine 

the CoR previously determined with the tomo-centre by correcting raw data from lens 

distortion induced by image acquisition process.  

 

The next two intermediary steps involved the Dark and Flat field correction and ring 

artefact suppression Savu DarkFlatFieldCorrection enabled the former (see appendix 

III.5). Flat-field correction is a technique used to improve quality in digital imaging and 

it is applied after projection images of the sample are acquired with and without the X-
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ray beam turned on. Projections acquired with and without beam are referred to as flat 

fields (F) and dark fields (D), respectively. The purpose of flat fields correction is to 

remove artefacts from 2D images which are caused by variation in the sensitivity of the 

detector. 

 

Then Savu RingArtefactFilter was applied to remove ring artefacts due to the rotation of 

the sample on a vertical axis (see appendix III.6).  

Two final steps involved the reconstruction of the processed datasets using Savu 

AstraReconGpu (see appendix III.7) and Savu TiffSaver used to save the reconstructed 

datasets as .tiff formats (see appendix III.8).  

4.2.7.1 Application of a Paganin Filter 

Reconstructed datasets were imported into Savu to apply the Paganin filter 

(PaganinFilter), a low pass filter which smoothed the image, removing residual artefacts. 

(see appendix III.9). Each dataset was processed with and without Paganin filter, to 

compare the effect of the filter in smoothing the images.  

4.2.8 3D reconstruction of XMT datasets 

Each Savu output ONH dataset in .tiff format was approximately 4 Gb, therefore prior to 

3D reconstruction in Amira, the datasets were reduced in size by cropping (in Image J) 

optical slices that did not contain any information from the top and bottom of the image 

stacks. Each cropped human and porcine ONH dataset are visualised as a 3D 

reconstruction of the dataset volume using Amira “Volren” module. Enface visualisation 

was possible through a transverse cut into the depth using the “ROI cropping tool” of 

Amira. PreL (figure 4.2a), LC (figure 4.2b) and postL (figure 4.2c) were visualised for 

the porcine and human ONHs. 
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Figure 4.2. 3D reconstructed images of porcine ONH stained with PTA in ethanol. Enface images 

from the rendered ONH showed the preL (a), LC (b) and postL (c). Scale bars represent 1 mm. 

 

4.2.9  Analysis of human lamina cribrosa structural parameters 

Each human ONH dataset with the correct scale (2.6 µm2 = 1 pixel for 1.25x objective 

lens) was imported into Amira and visualised as a 3D using the “Volren” module. Due to 

low contrast between the cribriform plates and the neuronal pores, automatic 

segmentation of the whole dataset was not possible, therefore the LC surface to calculate 

LC thickness and volume was not reconstructed.  

 

The LC thickness measurements (perpendicular distance between the anterior and 

posterior LC limits) were computed within representative longitudinal optical slices (n=3) 

containing the central retinal vessels from each control (n=3) and glaucomatous (n=3) 

ONH using the “ruler” tool of Amira. Three measures were computed for each region 

(i.e. superior, inferior, nasal and temporal) within each optical slice. Mean ± standard 

deviation of overall and regional LC thickness was plotted as a bar chart.  
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4.2.9.1 Analysis of lamina cribrosa pore parameters 

As mentioned above, due to low contrast between the cribriform plates and the neuronal 

pores, automatic segmentation of the connective tissue and subsequently the pores, using 

thresholding was not possible. Therefore, representative optical slices of the anterior (n=3 

slices), mid (n=3 slices) and posterior (n=3 slices) LC of each glaucomatous (n=3) and 

controls (n=3) ONHs, were manually segmented using the “brush” tool to select pores 

(figure 4.3a). Each segmented optical slice was imported into image J and converted into 

a binary image (figure 4.3b). The central retinal vessels and surrounding sheaths were 

excluded from the LC area by manual removal using the “brush” tool. Pore parameters 

were calculated using “Analyse particle” as described in 2.2.6.2. Pore count (total number 

of pores per mm2), pore area (area occupied by pores in each mm2 expressed as a 

percentage) and circularity (pore roundness; 1.0: perfect circle, 0.0: elongated polygon) 

were calculated. Mean ± standard deviation of overall and regions LC pore parameters 

were plotted as a bar chart to show changes in pores as a function of glaucoma.  

 

 

 

 
 

 

 

 

 

 

 

Figure 4.3. Manual pores segmentation from XMT optical slices. Three optical slices from each 

dataset were manually segmented in Amira v6.5. With the brush tool, pores were manually 

segmented (a), the image was then converted into binary (b) and a grid sector overlapped for 

regional analysis. Data in between sectors (i.e. SN, NI, TI, ST) was excluded from the analysis to 

ensure no overlapping. The central retinal artery was also excluded from the analysis. 
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4.2.9.2 Quantification of lamina cribrosa connective tissue 

The LC connective tissue was also manually segmented in the three representative optical 

slices of the anterior, mid and posterior LC as described in 4.2.9.1, and converted into 

binary images in Image J. The number of connective tissue segmented pixels was 

calculated using the “Analyse particle” function and divided by the total number of pixels 

and expressed as a percentage as described in 2.2.7.1.   

4.2.10 Statistical analysis 

All statistical analysis was performed with SPSS version 25 (SPSS Inc., USA). The 

Shapiro-Wilk test was used to test for normally distributed data with a significance of 

p>0.05. Data were deemed to be normally distributed therefore one-way ANOVA and the 

independent sample T-test was used to test for differences between glaucoma and age-

matched controls. 

4.3 Results 

4.3.1 Nonlinear microscopy of porcine ONH 

SHG signal derived from fibrillar collagen appeared strong in the porcine LC (figure 

4.4a), but no TPEF was observed (figure 4.4b). 

4.3.2 Optimisation of scanning parameters 

Exposure time, number of projections and signal to noise ratio were optimised using 

unstained porcine ONH. Table 4.4 summarises parameters and problems that occurred. 

These early scans generated some issues, such as i) cracks in the tissue and shrinking, 

possible due to dehydration (figure 4.5d) and ii) tissue deformation (figure 4.5a,b,c) and 

bubbles potentially due to the condensation of the moist tissue paper placed at the top of 

the sample.  
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Figure 4.4. High resolution nonlinear images (SHG: green, TPEF: red) of porcine ONH. SHG 

signal derived from collagen appeared strong in the LC (a). TPEF signal was not observed in the 

LC (b). Scale bars represent 50 µm.  

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

Figure 4.5. Enface sections of 3D reconstructed phase ONH. Tissue deformation (a,b black 

arrow), bubbles and cracks (c,d, black arrows) occurred during the first set of optimisation scans. 

Scale bars represent 1 mm. 
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Table 4.4. Details of the optimisation of exposure time and projections on unstained porcine 

ONHs. The optimal scan included 4001 projections at 100 msec exposure time with 250 mm 

propagation (highlighted in bold). This scan achieved a good contrast without bubbles and very 

little tissue deformation.  

 

 

The next scan did not allow to achieve enough contrast for the naked eye to discriminate 

between pores and connective tissue (figure 4.6a,b). The final scan was chosen to be the 

optimal at 4001 projections, 100 millisecond exposure time and sample detector distance 

of 250 mm although some tissue deformation (figure 4.6c) was still visible, no bubbles 

and good contrast were achieved in both the longitudinal (figure 4.6c) and enface (figure 

4.6d) views. 

Next, optimisation of the sample detector distance was performed using PTA-stained 

porcine ONH. Table 4.5 summarises parameters and problems that occurred. 
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Table 4.5. Details of the optimisation parameters for detector-sample distance. The optimal scan 

included 200 mm propagation at 100 millisecond exposure (highlighted in bold). This scan 

achieved a good contrast without bubbles and very little sample movement.  

 

 

 

 

Due to the high temperature inside the experimental hutch, the main issue that arose was 

the melting of the Blue Tack (figure 4.6e) which led to sample movement and therefore 

tissue deformation. Therefore, subsequent scans were performed without Blue Tack and 

the sample was glued onto the CryoCap (figure 4.6f). In PTA-ethanol stained ONHs, 

tissue deformation was also observed (figure 4.6e), likely due to the dehydration effects 

of ethanol. 
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Figure 4.6. Longitudinal and enface sections of a phase contrast (unstained) (a-d) and PTA-stained 

(e,f) porcine ONH. The second scan did not generate enough contrast to discriminate neuronal 

pores from the surrounding connective tissue (a,b). Asterisks (a) indicated the metal pin, with 

overlapping blue tack added to stabilise the sample. Next scan on phase ONH, using 4001 

projections, an exposure time of 100 ms and 250 mm sample detector distance, allowed good 

contrast (c,d) and little tissue deformation (c, white arrow). Next scan on PTA-stained ONH (e,f) 

showed the sample stabilised with Blue Tack (e, black asterisks). However, the Blue Tack melted 

causing sample movement and therefore tissue deformation (e, black arrows). Thus, final scan 

involved the removal of the blue tack and the sample was directly glued onto the CryoCap (f, 

black asterisks). Scale bars represent 1 mm. 
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4.3.3 3D reconstruction of porcine ONH 

Representative images of the LC from 3D reconstruction of porcine ONHs with and 

without Paganin filter are shown in figure 4.7. Paganin filter smoothed the image and 

removed noise within phase (figure 4.7d), PTA in water (figure 4.7e) and ethanol (figure 

4.7f), lugol’s iodine (figure 4.7l), tannic acid (figure 4.7m) and BROPA (figure 4.7n). 

However, images appeared too smooth compared to those without filter. The connective 

tissue was more defined and visible when the filter was not applied within all ONHs 

[phase (figure 4.7a), PTA in water (figure 4.7b) and ethanol (figure 4.7c), lugol’s iodine 

(figure 4.7g), tannic acid (figure 4.7h) and BROPA (figure 4.7i)]. Therefore, datasets 

were analysed without the Paganin filter.  

 

Representative images of the LC from 3D reconstruction of porcine ONHs are shown in 

figure 4.8. All ONHs stained with different contrast agents showed a good differentiation 

of the connective tissue from the neuronal pores. Phase-contrast images (i.e. without 

contrast agents) showed a good discrimination of the connective tissue and pores, 

enabling observation of LC beam organisation surrounding the pores (figure 4.8a).  

 

PTA staining provided the best differentiation between LC connective tissue and pores, 

in both water (figure 4.8b) and ethanol (figure 4.8c); the collagenous network within the 

cribriform plates was clearly visible. Lugol’s iodine (figure 4.8d) penetrated the tissue, 

allowing a clear differentiation of the connective tissue from the neuronal pores. Tannic 

acid (figure 4.8e) stained ONHs showed good differentiation of connective tissue within 

the cribriform plates from the neuronal pores, which appeared grey/black surrounded by 

bright cribriform plates. The BROPA staining of ONHs showed a diffuse network within 

the pores (figure 4.8f) which appeared clearer at higher magnification (figure 4.8g,h). The 

connective tissue of the LC plates appeared black surrounding the brighter pores.  
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Figure 4.7. Representative porcine ONH optical slice before and after Paganin filter. Phase (a), PTA in water (b), PTA in ethanol (c), lugol’s iodine (g), tannic 

acid (h) and BROPA (i), showed a better discrimination of the LC connective tissue from the pores before Paganin filter was applied. The filter caused too 

much smoothing within all images [phase (d), PTA in water (e), PTA in ethanol (f), lugol’s iodine (l), tannic acid (m) and BROPA (n)]. Scale bar represents 

1 mm. 
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Figure 4.8. 3D reconstruction of the ONHs at 2.50x magnification. Phase-contrast (a), PTA in 

water (b), PTA in ethanol (c), tannic acid (e) and lugol’s iodine (d) all showed a clear 

discrimination of the connective tissue from the neuronal pores. BROPA (f) stained ONHs 

showed contrast within the LC pores compared to the unstained black cribriform plates (g,h). 

However, magnification and resolution were not enough to discriminate the axons. Scale bars 

represent 100 µm. 
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When acquired at higher magnification, similar results were observed. Unfortunately, due 

to sample misalignment during scanning, no suitable images were available of BROPA 

stained ONHs and of any stained ONH at magnification of 20x. 

The connective tissue within the LC cribriform plates was clearly visible within ONHs 

stained with Lugol’s iodine (figure 4.9d), PTA in water (figure 4.9b) and PTA in ethanol 

(figure 4.9c). Phase-contrast (figure 4.9a) and tannic acid (figure 4.9e) did not show a 

good discrimination between pores and LC connective tissue.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.9. 3D reconstruction of the ONHs at 8x magnification. PTA in water (b), PTA in ethanol 

(c), and Lugol’s iodine (d) all showed a clear separation of the connective tissue from neuronal 

pores. Phase-contrast (a) and tannic acid (e) did not show good discrimination and contrast 

between neuronal pores and LC cribriform plates. Scale bars represent 100 µm. 
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4.3.4 Reconstructions of human ONH datasets 

No contrast agents were applied to the human samples and phase contrast imaging 

allowed an overall good visualisation of the LC connective tissue (figure 4.10b) in the 

healthy ONH. PreL (figure 4.10a) and postL ON (figure 4.10c) also showed good 

discrimination between pores and connective tissue. Phase contrast imaging of 

glaucomatous ONHs, showed a good contrasting differentiation of the LC (figure 4.10e) 

but not in the preL (figure 4.10d) and postL ON (figure 4.10f), where the optic canal 

border was difficult to identify. Within glaucomatous ONHs, the preL (figure 4.10d), LC 

(figure 4.10e) and postL ON (figure 4.10f) appeared more oval shaped compared to 

normal preL (figure 4.10a), LC (figure 4.10b) and postL ON (figure 4.10c).  

4.3.5 Analysis of human lamina cribrosa structural parameters 

4.3.5.1 Analysis of lamina cribrosa pore parameters 

Differences in the LC pore shape were observed in the LC of glaucomatous ONHs 

compared to controls, where pores appeared relatively circular (figure 4.11a-c). A more 

elongated shape of the LC and the pores was observed in the glaucomatous ONHs. The 

LC shape appeared more oval in both the mid (figure 4.11e) and posterior LC (figure 

4.11f), compared to anterior (figure 4.11d) LC. The elongated shape appeared more 

pronounced in the anterior (figure 4.11d) and mid (figure 4.11e) LC compared to the 

posterior (figure 4.11f). Note the altered shape of the posterior glaucomatous LC (figure 

4.11f) in the inferior region. The image is not rotated by 90 degrees, but it showed an 

abnormal shape of the posterior LC compared to mid (figure 4.11e) and anterior (figure 

4.11d).  
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Figure 4.10. Enface images of preL, LC and postL of healthy normal and glaucomatous ONHs. 

Lower phase contrast was observed within glaucomatous ONHs. The borders of the preL (d), LC 

(e) and postL ON (f) were difficult to identify and are denoted by dashed white ellipses. Phase 

contrast of controls showed clear representation of preL (a), LC (b) and postL ON (d). Scale bars 

represent 1mm. 
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Figure 4.11. Anterior, mid and posterior LC images from healthy and glaucomatous ONH. 

Differences were observed in the LC and pore shape between glaucoma and control ONHs. In the 

controls, pores and LC appeared relatively circular and well defined in anterior (a), mid (b) and 

posterior (c). In contrast, glaucomatous LC showed more elongated pores in both anterior (d) and 

mid (e) LC. LC shape appeared more elongated in the nasal-temporal axes in the anterior (d) and 

mid (e, white arrows) regions. Note the altered shape in the inferior region of the posterior LC (f, 

white arrow). Image is not rotated 90 degrees. Scale bars represent 1 mm.  
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Pore parameters namely pore area (%), pore count and circularity showed a significant 

decrease in glaucomatous ONH when compared to controls [area (p=0.002) (figure 

4.12a), count (figure 4.12b) (p=0.003), circularity (p=0.002) (figure 4.12c)].  

Regional analysis showed that circularity was significantly lower in all regions in 

glaucoma compared to controls [superior (p=0.022), inferior (p=0.013), nasal (p=0.037), 

temporal (p=0.005) (figure 4.12f)]. Average pore count appeared significantly lower in 

the superior region only (p=0.037) (figure 4.12e). No differences were observed in pore 

area [superior (p=0.139), inferior (p=0.178), nasal (p=0.168), temporal (p=0.108) (figure 

4.12d)]. 

 

When compared between inner and outer LC, pore count (p=0.039) (figure 4.12h) and 

circularity (p=0.026) (figure 4.12i) were significantly lower in glaucoma in the outer LC 

compared to controls. No differences were found in pore area [inner LC (p=0.082), outer 

LC (p=0.089)] (figure 4.12g), count (p=0.053) and circularity (p=0.073) in the inner LC. 

 

LC was significantly thinner in glaucoma (p=0.007) (figure 4.13a) and in the inferior 

region (p=0.030) (figure 4.13b) when compared to controls. 

4.3.5.2 Quantification of lamina cribrosa connective tissue 

Table 4.6 summarises connective tissue content within regions in glaucoma and controls. 

Overall, no differences were found in connective tissue content between glaucoma and 

controls (p=0.568) (figure 4.14a). Regional analysis revealed no differences between 

glaucoma and controls in any region [superior (p=0.529), inferior (p=0.127), nasal 

(p=0.515), temporal (p=0.761)] (figure 4.14b).  
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Figure 4.12. Pore parameters (mean +/-sd) in healthy and glaucomatous ONH. Pore area (%) (a) (p=0.002), count (b) (p=0.003) and circularity (c) 

(p=0.002) showed a significant decrease in glaucoma compared to controls. Regional analyses revealed that circularity (f) was significantly lower in all 

glaucoma regions compared to controls. Whereas count (p=0.037) was significantly lower only in the superior region (e), when compared to controls. 

When compared between inner and outer LC, pore count (p=0.039) (h) and circularity (p=0.026) (i) were significantly lower in glaucoma in the outer LC 

compared to controls. No differences were found in pore area [inner LC (p=0.082), outer LC (p=0.089)] (g), count (p=0.053) and circularity (p=0.073) in 

the inner LC. 
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Figure 4.13. LC thickness (mean +/-sd) in glaucomatous ONH. LC was significantly thinner in 

glaucoma (p=0.007) (a) and in the inferior region (p=0.030) (b) compared to controls. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14. Connective tissue content (mean +/-sd) within glaucomatous ONHs. No differences 

were found in the overall connective tissue content between glaucoma and controls (a) (p=0.568) 

nor in regions (b) [superior (p=0.529), inferior (p=0.127), nasal (p=0.515), temporal (p=0.761)]. 
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Table 4.6. Connective tissue content within regions of three glaucomatous and three healthy 

controls ONHs.  

 

4.4 Discussion 

The purpose of this experiments was to test the potential of XMT as cutting-free technique 

to investigate the i) overall 3D connective tissue microstructure of the ONH and the ii) 

axons within the LC pores. Since its first application in 1980s, XMT has been widely and 

increasingly used, due to its capability as a non-invasive technique. In the last decade 

XMT has been introduced in arthritis research (Disney et al., 2017), cancer research 

(Paulus et al., 2000), soft tissue analysis (Descamps et al., 2014, Gignac and Kley, 2014) 

and assessment of the collagen network within porcine vessels (Nierenberger et al., 2015). 

XMT resolves many limitations of imaging techniques previously employed to study the 

ONH microstructure. Most importantly, XMT does not require tissue processing as in 

conventional histological techniques which alter tissue structure (Yan et al., 1994, Yang 

et al., 2009). In the current chapter the ability of XMT to be employed as an imaging 

technique for visualisation of the 3D microstructure of the ONH was investigated. 
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4.4.1 Optimisation of XMT scan parameters 

Optimised parameters employed in this study for ideal XMT imaging of the 3D ONH 

connective tissue microstructure included overall optimisation at 2.50x magnification, 

with 4001 projections, exposure time of 100 millisecond and sample detector distance of 

200 mm. However, it was not possible, likely due to tissue deformation and/or movement, 

to acquire scans at 8x total magnification or higher.  

 

To prevent tissue distortion and movement, which were seen in acquired scans, short scan 

exposures of 100 millisecond were chosen as optimal. Artefacts due to sample movement 

would be an important issue which might lead to a misinterpretation and a misalignment 

of the 3D reconstructed dataset. Porcine ONHs reconstructions stained with PTA, Lugol’s 

iodine and tannic acid enabled the connective tissue network of the ONH to be visualised, 

except for BROPA, where the low magnification and resolution limited the axon 

visualisation.  

 

Overall, human healthy and glaucomatous phase contrast ONHs showed a similar result 

where the cribriform plates of the LC were differentiated from the neuronal pores. These 

results confirmed the potential of XMT as a reliable cutting-free technique to investigate 

the microarchitecture of the ONH.  

 

Contrast agents are often needed for visualisation of connective tissue (Campbell et al., 

2015). However, XMT does not always require the application of contrast agents for 

conventional imaging that relies on x-ray absorption. In fact, in the current study, porcine 

ONHs datasets acquired with phase contrast (unstained) showed an adequate contrast to 

discriminate the connective from the neuronal pores. This result might be a key factor in 

future investigation of ONH biomechanics where contrast agents are not suitable as they 

might alter sclera and LC tissue mechanical properties (Campbell et al., 2015). Therefore, 

XMT poses a powerful tool to investigate the biomechanical properties of the ONH 

(Coudrillier et al., 2016). 

 

The best differentiation of porcine ONH connective tissue was observed in ONHs stained 

with PTA in ethanol, confirming the suitability of PTA to enhance collagen using this 

technique. PTA is a common negative stain for biological tissues used in transmission 

electron microscopy. Tungsten binds to fibres of connective tissues such as collagen 
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(Malatesta, 2016) and it selectively binds to the basic group (lysine and arginine residues) 

of proteins (Jones, 1993, Höög et al., 2010), hence it is a good candidate to enhance the 

resolution of the collagen network. ONHs stained both with PTA in water and ethanol 

showed some tissue alteration and deformation, potentially due to the effects of ethanol 

in dehydrating the tissue. 

 

Porcine ONHs stained with Lugol’s iodine and tannic acid showed a suitable contrast to 

discriminate between neuronal pores and surrounding connective tissue, though not as 

effectively as with PTA-stained ONHs. Lugol’s iodine is a small molecule compared to 

PTA and it is known to diffuse rapidly and deeply into fixed (Metscher, 2009a) and soft 

tissues (Degenhardt et al., 2010). Lugol’s iodine has been used to enhance contrast in soft 

tissues (Metscher, 2009a) and specifically it has been shown to stain muscle and 

connective tissue fibres (Cox and Jeffery, 2011, Jeffery et al., 2011). Lugol’s iodine 

solution, a form of inorganic iodine, binds to glycogen (Hur and Yachimski, 2019), which 

has been found in astrocytes of the rat ON, to sustain axons after glucose deprivation 

(Wender et al., 2000). No differences in PTA and Lugol’s iodine penetration within the 

tissue were observed, indicating that in the ONH, different stains penetration was not a 

problem. No alterations were observed in Lugol’s iodine stained ONHs, suggesting that 

the majority of shrinking and alteration are due to PTA and ethanol.   

 

Tannic acid has been widely used as a mordant for electron microscopy experiments 

(Afzelius, 1992, Roholl et al., 1981, Tzaphlidou et al., 1992) to enhance the electron-

density of EF, specifically the amorphous core (Damiano et al., 1979, Kageyama et al., 

1985, Kajikawa et al., 1975, Ushiki and Murakumo, 1991). The exact mechanism of 

interaction between tannic acid and EF is unknown but Hayat (1981) has proposed two 

theories (Hayat, 1981). One possibility is the ionic interaction between carboxylate anions 

of tannic acid and cationic sites on the protein. The second possibility is a hydrogen bond 

occurring at alkaline pH which involves binding of anionic oxygen to cationic groups. In 

fact, Kageyama showed that the maximum tannic acid staining was achieved at pH range 

of 7-9 (Kageyama et al., 1985). ONHs stained with tannic showed a good discrimination 

of the LC connective tissue from the pores. However, EFs were not identified in the 

porcine LC, as shown in this chapter by TPEF imaging.  Therefore, tannic acid might 

have not bonded to EFs and hence the good differentiation of the connective tissue 

observed in tannic acid stained ONHs is due to phase contrast imaging. No alteration 
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and/or tissue deformation were observed in phase contrast images suggesting that the 

tissue deformation observed in ONHs with contrast agents applied, is likely due to the 

staining. This is an important result as for biomechanical studies phase contrast images 

are required. Phase imaging can be the suitable tool to differentiate the connective tissue 

from neuronal pores in investigation into the biomechanics of the ONH. 

 

In an attempt to visualise axons, a modified version of BROPA published by Mikula and 

Denk (2015) was performed. BROPA has previously enabled both myelinated and 

unmyelinated axons to be tracked preserving enough ultrastructure of the specimen for 

the chemical synapses and spines to be identified by SEM (Mikula and Denk, 2015). The 

protocol described by Mikula and Denk (2015) was modified to extend immersion times 

into different chemicals due to the larger size of the ONH sample. In the scans of BROPA 

stained ONHs, axons could not be identified within the LC pores due to the low 

magnification. The main contrast agent included into BROPA staining is osmium 

tetroxide, commonly used in electron microscopy (EM) (Palay et al., 1962, Porter and 

Kallman, 1953). Osmium tetroxide is a highly toxic contrast agent interacting with 

unsaturated lipids, sometimes also interacting with proteins (Hayat, 1981, Wigglesworth, 

1975).  

 

Additional chemicals in BROPA staining included pyrogallol and potassium 

hexaferrocyanate. The first has been shown to act as a bridging agent to bind additional 

osmium tetroxide in subsequent steps (Mikula and Denk, 2015). The second is a mild 

oxidising agent for functional groups and both chemicals have been proposed to improve 

the penetration of the osmium tetroxide into the sample (Mikula and Denk, 2015). 

BROPA stained ONHs showed interesting features, where both the connective tissue and 

pores appeared differently stained compared to the other stained ONHs. The connective 

tissue appeared black surrounding white/grey neuronal pores. The content of the pores 

appeared more defined in the BROPA stained ONHs compared to other contrasted ONHs, 

which could indicate that axons might have been, at least in part, stained. Due to sample 

movement during acquisition scans, dataset collection was not possible at 8x 

magnification and higher. Total magnification of 2.50x was not appropriate to 

discriminate axons or bundles of axons. Therefore, the approach presented requires 

further optimisation.  
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Phase contrast images acquired from control and glaucomatous human ONH showed 

adequate contrast to discriminate pores from the surrounding connective tissue. Low 

contrast was observed in the preL, where connective tissue was not present, compared to 

the LC and postL ON where the cribriform plates and the connective tissue septae, 

respectively, appeared clearly distinguishable from the neuronal pores. 

4.4.2 Pores parameters within the glaucomatous ONH 

Differences were observed in the LC in glaucomatous ONHs, where pores appeared 

elongated, oval-shape and less circular compared to controls.  

In the healthy ONH, the LC appeared circular and no specific differences were observed 

between the anterior, mid and posterior LC. On the other hand, in glaucomatous ONHs, 

pores were more elongated in the anterior and mid LC, compared to the posterior, where 

pores seemed smaller but more circular.  

 

Several studies has focused on the pore parameters (namely, shape, area and elongation) 

in vivo (Akagi et al., 2012, Fontana et al., 1998, Ivers et al., 2015, Miller and Quigley, 

1988, Nadler et al., 2014, Omodaka et al., 2018, Shoji et al., 2017, Sredar et al., 2013, 

Tezel et al., 2004, Wang et al., 2013, Zwillinger et al., 2016) and ex vivo (Reynaud et al., 

2016, Voorhees et al., 2017, Winkler et al., 2010). Previous studies (Akagi et al., 2012, 

Fontana et al., 1998, Ivers et al., 2015) measured pore area in µm2, ranging from 1456 

µm2 to 3103 µm2. Circularity, as a measure of pore elongation, correlated well with that 

presented in previous studies, which showed in both healthy and glaucomatous ONH, 

pore circularity of 0.83 (Fontana et al., 1998) and 2.38, respectively (Akagi et al., 2012). 

Pore count presented in the current chapter also correlated well, with values ranging from 

168 to 292 average pore count (Jonas et al., 1991). As described in 2.4.3.1, pore count, 

area and circularity appeared to be an indicators of glaucomatous progression as 

previously proposed that pore elongation, for example, is significantly correlated with 

glaucoma progression, implying that pores become oval shaped and elongated at 

moderate stage of disease progression (Miller and Quigley, 1988).  

 

Results of the analysis of pores in healthy and glaucoma correlated well with data 

presented in chapter 2, in SHG image datasets. Both techniques showed a significant 

decrease in pore count in glaucoma compared to controls [from 414.48 in healthy ONH 
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to 137.39 in advanced glaucoma (SHG) and from 102.28 in controls to 57.02 in glaucoma 

(XMT)]. Similarly, circularity, showed comparable values and a significant decrease 

[from 0.70 in healthy ONH to 0.68 in advanced glaucoma (SHG) and from 0.82 in 

controls to 0.72 in glaucoma (XMT)] in glaucoma compared to controls. Although, pore 

area significantly decreased in glaucomatous ONHs, compared to controls in XMT image 

datasets, but not with SHG, values of pore area were comparable between the two 

techniques.  

4.4.3 Connective tissue content within glaucomatous ONH 

Connective tissue content as a percentage of the segmented connective tissue pixel did 

not show any significant difference between glaucoma and controls. The variability and 

the changes observed between the results presented in the current chapter and the ones in 

chapter 2 could be due to the sample reconstruction. Chapter 2 presented a quantification 

of collagen content as a percentage of SHG pixels, which signal is known to raise from 

non-centrosymmetric molecules (Millard et al., 2005), such as collagen (Williams et al., 

2005). On the contrary, XMT allowed a full 3D reconstruction without sample alignment. 

The latter can cause inaccuracy in the reconstruction, leading to a limited statistical 

confidence. Even though, results presented in the current chapters confirm the suitability 

of XMT to allow quantification of collagen content as a function of glaucoma 

progression.  

 

Fibrillar collagen imaged with SHG and presented in chapter 2, showed strong signal in 

both the LC and ppsclera. Data presented in the current chapter, following XMT imaging, 

showed that PTA could represent a reliable substance to enhance collagen signal, 

although data presented herein has been collected on porcine ONH. Elastic fibres imaged 

with TPEF and presented in chapter 3 showed strong TPEF fluorescent signal in the 

elderly and glaucomatous ONH. Tannic acid, as known to enhance elastic fibre signal 

(Kageyama et al., 1985, Simmons and Avery, 1980), has been used to stain porcine 

ONHs, as presented in the current chapter. Additionally, TPEF images have also been 

collected from porcine ONH as shown herein and, interestingly, no TPEF-associated 

elastic fibres were observed. Therefore, it is not possible to discriminate if tannic acid can 

bind to elastic fibres and therefore increase its signal. Pores structure imaged with SHG, 

as shown in chapter 2, showed a good representation of the sieve-like structure of the LC 
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and SHG allowed the automatic segmentation of the pores throughout the ONH depth. In 

the current chapter, the porous structure of the LC was clearly visible only after staining 

within porcine ONH. Phase images did not show a clear enough discrimination of pores 

and connective tissue to allow automatic threshold segmentation. However, XMT 

imaging enabled the characterisation of the 3D structure of the human ONH without 

sectioning and therefore allowing the whole reconstruction of the ONH structure without 

the need of combining tissue sections. 

4.5 Conclusion  

The study has demonstrated the ability of XMT as a valuable technique to investigate the 

microarchitecture of the ONH. Different staining procedures were tested and successfully 

enabled the connective tissue to be clearly differentiated from axonal pores. This was also 

achievable by phase, which is a key result for future investigation of the biomechanics of 

the ONH where contrast agents could alter the mechanical behaviour of the tissue.  

As collagen is the major connective tissue component within the ONH, PTA has been 

proposed as the optimal contrast agent to achieve decent differentiation between 

connective tissue and neuronal pores. This method has the potential to characterise age-

related structural changes in the collagenous network of the ONH. BROPA stained ONHs 

presented interesting feature, however, more optimisation is required (i.e. higher 

resolution and magnification) to discriminate and count axons.  

As a proof of concept, results from the analysis of the LC geometry and composition 

presented following SHG imaging (chapter 2) and those in the current chapter, correlated 

well suggesting that XMT could have the potential as a cutting-free technique which does 

not require full sample preparation, therefore no tissue sectioning and/or staining would 

be required. 

4.6 Limitations 

This work presented several limitations. Long scans may have initiated a dehydration 

process, especially after the removal of moist tissue paper. Tissue deformation and sample 

movements could be due to the dehydration which might alter the subsequent 3D 

reconstruction. 
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Although BROPA seemed to have stained parts of the ONH, it did not allow the count of 

the axons within neuronal pores, likely due to the lack of resolution required for axonal 

count. Due to the small size of each axon (~1 µm), a high magnification is also required 

to enable counts. Staining is essential for the observation of nerve axons and from 

previous studies, phase contrast microtomography did not allow the visualisation of axons 

(Coudrillier et al., 2016), which implies the necessity of some contrasting agent to 

enhance the axon signal. even though phase contrast imaging showed enough 

differentiation of the LC connective tissue from the pores, the contrast achieved was not 

good enough for thresholding segmentation of pores and connective tissue, therefore, the 

result presented for pores parameters cannot be considered as representation of the whole 

ONH. Further optimisations are required to increase the contrast of phase imaging 

without the use of contrasting agents.   

 

The low contrast within phase imaging of human ONHs limited the segmentation of the 

full ONH volume, which did not allow the reconstruction of LC surface to determine LC 

thickness and volume. This limited the LC thickness measurements within representative 

optical slices and requires further improvements. 

 

Sample movement appeared to be an issue throughout the experiment since did not allow 

to acquire scans at greater magnification. This limited the visualisation of the axons and 

further connective tissue investigation within the cribriform plates.  

4.7 Future work 

Optimised connective tissue parameters and phase will be used to investigate the LC 

microstructure in human glaucomatous versus age-matched control ONHs. As mentioned 

in the conclusion, a good contrast was also achieved by phase imaging which will be 

important to investigate the ONH biomechanics. Additionally, sample movement requires 

further optimisation to enable acquisition of scans at higher magnification. 

However, as mentioned above, the contrast was not good enough for full segmentation, 

therefore further optimisations are required to increase phase contrast imaging to enable 

the segmentation of the full ONH volume. 
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Future work will include the development of inflation testing to mimic the increased IOP 

that occurs in glaucoma, similar to that described in Albon et al. 2000b, Midgett et al. 

2017. In this experiment, the IOP will be increased and samples will be scanned before 

and after elevation to aid in understanding the behaviour and structure of the LC as a 

function of mechanical stress. As part of this experiment, LC parameters (e.g. thickness 

and backward displacement), connective tissue content (e.g. collagen and elastin) and 

pore parameters (count, area and circularity) will be investigated as a function of 

mechanical stress. 

 

Future work will also include more optimisation of BROPA staining to achieve axon 

count within neuronal pores. This will include the establishment of an embedding 

protocol to stabilise the ONHs at higher magnification to minimise sample movement. 

Axon count will aid in understanding the relationship between pores and connective tissue 

as a function of glaucoma progression. Additionally, axonal count will aid in grading the 

stage of glaucoma based on the number of retinal ganglion cell axons. 
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5 Chapter 5 –An investigation into the optic nerve head 

connective tissue nanostructure using X-ray diffraction 

5.1 Introduction 

Studies have suggested that the mechanical influence of the surrounding ppsclera is 

particularly crucial (Eilaghi et al., 2010, Norman et al., 2010, Sigal, 2009, Sigal et al., 

2009) and that ppsclera stiffness is a key factor in determining IOP-derived lamina 

cribrosa strain (Sigal et al., 2009). Mathematical modelling has suggested that thickness, 

shape and material properties of the sclera are all influential factors (Eilaghi et al., 2010, 

Norman et al., 2010, Sigal, 2009, Sigal et al., 2009). Therefore, investigation into 

ppsclera, as well as LC, connective tissue micro- and nanostructure and architecture is 

required for understanding their physiological behaviour and potential implications in 

glaucoma. As previous mentioned, the mechanical compliance of the LC appears to 

decrease with age (Albon et al., 2000b) and in glaucoma (Zeimer and Ogura, 1989).  

 

It has been suggested that biomechanical properties of collagenous tissues, such as the 

cornea, are significantly influenced by the fibrils that form the bulk of the corneal stroma 

(Meek, 2009). In fact, fibril diameter (Cintron et al., 1973, Kamma-Lorger et al., 2010, 

Rawe et al., 1994) and interfibrillar spacing (Cintron et al., 1973, Rawe et al., 1994) of 

stromal fibrils are altered after injury and changes persist in the long-term at the wound 

margin (Dawson et al., 2005, Hayes et al., 2010, Melles and Binder, 1990). It has been 

therefore proposed that some of these changes might be related to the observation that the 

mechanical strength of the corneal scar tissue does not ever fully recover (Steele, 2009). 

Additionally, changes in collagen fibril orientation have been proposed to influence 

corneal biomechanics and compromise its function (Boote et al., 2013). 

 

X ray diffraction has been used to investigate collagen structure at the nanoscale level in 

ocular tissues, such as cornea collagen (Sayers et al., 1982, Meek and Quantock, 2001, 

Meek and Leonard, 1993, Meek and Boote, 2009, Meek et al., 1987, Boote et al., 2003, 

Pijanka et al., 2013, Pijanka et al., 2012, Coudrillier et al., 2015, Bell et al., 2018), human 

sclera (Quantock and Meek, 1988), ppsclera (Pijanka et al. 2012, Pijanka et al., 2013) and 

lens crystallins (Regini et al., 2004). Additionally, optic nerve myelin (Chandross et al., 

1978, Schmitt et al., 1935, Schmitt et al., 1941), elastin (Ali et al., 2004, Serafini-
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Fracassini and Field, 1977) and lipids (Winlove et al., 2004) have been studied. In this 

chapter, collagen and elastin nanostructure will be investigated in the LC and ppsclera 

using this technique. 

 

When a focused beam of X-ray is passed through a collagenous structure such as the 

cornea or the sclera, some of it is scattered. The interference effects of the scattered waves 

produce a fibre diffraction pattern, or X-ray scatter pattern (figure 5.1) (Meek and Boote, 

2009). The wide-angle and small angle patterns are recorded when X-rays are scattered 

at large and small angles respectively (Meek and Quantock, 2001). Small-angle scattering 

(SAXS) arises from interference of scattered light from collagen at the fibrillar level 

(figure 5.2a), while wide-angle scattering (WAXS) occurs from the collagen molecules 

making up the fibrils (figure 5.2b). The meridional X-ray scatter pattern arises when the 

beam is scattered parallel to the fibre axis, originating from the D period of the axial 

packaging of collagen (see section 1.2.2.1.1). X-ray scattering at different angles gives 

rise to the equatorial reflections, which originate from the lateral packing of collagen 

(Meek and Boote, 2009, Meek and Quantock, 2001). 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.1. Schematic representation of X ray scattering. Small angle (SAXS) and wide angle 

(WAXS) x ray scattering is produced simultaneously. The collection of SAXS or WAXS data is 

dependent on the detector-sample distance, which is in the order of metres and millimetres for 

SAXS and WAXS, respectively.  Equatorial SAXS reflections, arising from the lateral spacing of 

collagen fibrils, provides information on the interfibrillar spacing and fibril diameters. Meridional 

reflections, arising from the axial staggering of collagen fibrils, provide information on the D 

period (67 nm). Equatorial and meridional reflections of WAXS patterns are derived from the 

lateral packing of collagen molecules within the fibril and give rise to intermolecular Bragg 

spacing and distance between amino acid residues. Copied from (Quantock et al., 2015) and 

reprinted with permission from Elsevier Limited (see appendix IV.11). 
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Figure 5.2. Schematic illustration of the hierarchical structure of collagen within a tendon. SAXS 

and WAXS allow the quantification of fibrillar collagen parameters (a) and molecular parameters 

(b), respectively. Note ONH collagen fibrils do not assemble into fascicles. Copied, adapted and 

reprinted from (Kannus, 2000) with permission from John Wiley and Sons Limited (see appendix 

IV.12). 

 

 

In this chapter, SAXS and WAXS were performed, with the aim to investigate the 

nanostructure of collagen and elastin within the ONH’s ppsclera and LC. To date, as far 

as this author is aware, no studies have previously characterised the nanostructure of the 

ONH using simultaneous SAXS and WAXS data acquisition. The hypothesis tested in 

this chapter was that ONH, ppsclera and LC, connective tissue nanostructure changes as 

a function of age. Since age is an important risk factor in glaucoma, any changes in ONH 

collagen and/or elastin nanostructure would likely contribute to changes in mechanical 

properties.  

 

To achieve this, the objectives of this study were to:  

1. identify ONH collagen and elastin using SAXS and WAXS and determine their 

distribution within the human ppsclera and LC. 

2. quantify collagen parameters (fibril diameter, interfibrillar Bragg spacing, D 

periodicity) in the ppsclera and LC, and determine if they alter with age 

3. quantify collagen molecular parameters (intermolecular Bragg spacing, distance 

between amino acids residues) in the ppscleara and LC, and determine if they alter 

with age 
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4. determine the effect of radial stretch on ONH collagen and/or elastin 

nanostructure 

5.2 Materials and methods 

5.2.1 Source of tissue 

Fourteen human paired eye globes (aged 22 to 85 years) were received from the Filton 

Eye Bank (NHSBT, Filton, UK) in moist tissue chamber. Twelve were immersion fixed 

in 4% PFA as described in section 2.2.1, and stored at 4°C, and two were snap frozen and 

stored at -80 °C until needed.  

Rat aorta (RTA) containing EF (Keech, 1960, O'Connell et al., 2008) and RTT, rich in 

collagen type I (Rowe, 1985) were harvested from Wistar rats as described in 3.2.1. 

Purified elastin preparations (i.e. digested preparations of bovine nuchal ligament and 

porcine ear) prepared as described in section 3.2.1. Additionally, two porcine ONHs were 

received from the local abattoir and processed as described in section 4.2.1.  

5.2.2 Sample preparation 

ONHs from globes were oriented and 250 μm longitudinal (LS) sections were cut as 

described in sections 2.2.2. 250 μm sections of RTA, bovine nuchal ligament and porcine 

ear (purified elastin tissue preparations) were also cut. The sections were then carefully 

wrapped in cling film, labelled and stored at -80° C. The RTA, bovine nuchal ligament 

and porcine ear (Helliwell et al., 2017, Morocutti et al., 1991, Turner et al., 2015) sections 

provided elastin positive controls, since very few studies on SAXS and WAXS of elastin 

exist (Ali et al., 2004, Gotte and Serafini-Fracassini, 1963, Serafini-Fracassini and Field, 

1977). Hydrated RTT was dissected from fresh rat tail, collagen bundles removed, 

wrapped in cling film and stored at -20° C until experiment. 

5.2.3 Data collection 

Small angle (SAXS) and wide angle (WAXS) x ray scattering were simultaneously 

collected on beamline I22 (figure 5.3) at the Diamond Light Source (Didcot, Oxfordshire, 

UK). Data was collected with a PILATUS 2M and PILATUS 3-2M-L detectors for SAXS 

and WAXS, respectively. 
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Figure 5.3. Experimental set up for simultaneous collection of SAXS and WAXS on station I22. 

The sample (red square) was positioned at 6.75 m from the detector (distance detector-sample) 

for SAXS and at 0.4 m for WAXS acquisition. The red box inset shows where the sample holder 

is placed in the beam path. 

 

 

First, the alignment of the specimen was achieved by exposing x ray sensitive film within 

the sample holder to the beam path to locate incident beam position. Beam centre position 

was calculated by exposing silver behenate powder to x ray. This was used to calculate 

beam centre in both SAXS and WAXS data. 

Data from human ONH sections was collected using a x ray beam of λ 0.1 nm (150 x 350 

µm in size), in raster scans, at 500 µm intervals, using 10 or 5 seconds exposure times 

over areas up to 8 mm (horizontal) x 8 mm (vertical), as required to incorporate whole 

tissue sample.  Sample-detector distance was 6.75 m or 0.4 m for SAXS and WAXS 

respectively. A lead beam-stop was positioned between the detector and sample to block 

the high intensity beam from hitting the detector. This was repeated for SAXS and WAXS 

data acquisition in RTT, RTA, bovine nuchal ligament and porcine ear skin, over a 2 mm 

(horizontal) x 2 mm (vertical) area. 

SAXS and WAXS patterns were acquired through four beamtime experiments. For data 

collection, individual sections wrapped in cling film were placed into sealed Perspex 

(Lucite Group Ltd, Southampton, UK) chambers with Mylar (DuPont-Teijin, 

Middlesbrough, UK) windows (figure 5.4). Single data patterns of the empty chamber 

(Mylar only) were also acquired and used in data processing to remove non-sample 

background. 
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Figure 5.4. Custom made Perspex/Mylar sample holder. The tissue section (red arrow), wrapped 

in cling film, to prevent dehydration was mounted within a sample holder in between Mylar sheets 

(black arrow). 

 

5.2.4 Small angle x ray scattering in human ONH 

Each SAXS pattern (an individual scan point) was saved as a nexus (.nxs) file under its 

scan number. Each ONH dataset was opened with DAWN data analysis software 

(Basham et al., 2015, Filik et al., 2017) version 2.13. Montages of scatter patterns from a 

raster scan of an ONH were created using the DAWN “Stich” plugin, (see figure 5.5a). 

This enabled selection of scatter pattern within the LC (figure 5.5b), RoIns (figure 5.5e) 

or ppsclera (figure 5.5c) and postL ON (figure 5.5d). Collagen meridional reflections 

(figure 5.5c) and equatorial (figure 5.5c) were identified in the ppsclera, however, these 

were not observed in the LC Additionally, two circular reflections associated to myelin 

(figure 5.5d) and a faded arced reflection, likely elastin (figure 5.5e) were identified. 

5.2.5 Quantification of fibrillar collagen parameters 

Collagen fibril diameter, interfibrillar Bragg spacing and D period were quantified from 

SAXS data derived from fibril transform (FT), interference function (IF) (Oster & Riley, 

1952, Meek & Quantock, 2001) and axial staggering of collagen, respectively, in both 

longitudinal (LS) and transverse (TS) ONH sections. Interference function and fibril 

transform arising from equatorial reflections, derived from the ordered lateral 

arrangement of collagen, contain information related to the interfibrillar Bragg spacing 

and and the fibril diameter, respectively. D period can be calculated from meridional 
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reflections; it is representative of the orders of 67 nm quarter stagger axial molecular 

spacing (Meek and Boote, 2009, Meek and Quantock, 2001).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5. Panel of SAXS patterns identified in LS ONH sections at different levels. A montage 

(a) of SAXS patterns illustrating color-coded reflections from the LC (b), ppsclera (c), postL ON 

(d) and RoIns (e). After background removal equatorial (c, red arrow) and meridional (c, white 

arrows) were identified in the ppsclera. Note the absence of collagen derived reflections in the 

LC scatter pattern (b). Additionally, reflections associated to myelin (d, blue arrows) and elastin 

(e, blue arrows) were identified in the ON and RoIns respectively. Scale bar represents 500 μm. 
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5.2.5.1 Background subtraction and intensity plots 

Raw nexus files were imported into DAWN data analysis software (Basham et al., 2015, 

Filik et al., 2017) and the “Subtract frame” plugin was used to batch subtract background 

scatter (within the empty sample holder) from all datasets . 

Next, 1D X-ray intensity profiles of 2D scatter patterns were created along a line through 

the centre of a 2D scatter pattern as shown in figure 5.6. The “Radial profile” plugin 

(radial integration) was applied to create 1D plot.  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.6. Typical SAXS pattern associated to fibrillar collagen. The intensity profiles were 

measured through a radial profile which incorporates both equatorial and meridional reflections. 

Radial lines were drawn on the SAXS patters through the centre of the patter and perpendicular 

to each other’s. 

 

5.2.5.2 Calibrant 

Hydrated RTT (mainly type I collagen) was used as a calibrant for SAXS pattern positions 

(Grynpas, 1977) as it produces meridional Bragg reflections (figure 5.7a), in the orders 

of 67nm (Tomlin and Worthington, 1956, Folkhard et al., 1987, Fraser and MacRae, 

1981), a result of the quarter stagger axial molecular spacing. 1D profile plots of RTT 

meridional diffraction patterns were generated in DAWN (figure 5.7b). 



      
 

172 
 

 

Figure 5.7. Typical SAXS pattern (a) and intensity 1D plot (b) of RTT. Note the orders of 

meridional reflections of RTT collagen (a, white arrows point to the 2nd, 3rd, 4th and 5th orders). 

Equatorial reflections were also identified (a, red arrow). Note that 1st order meridional reflection 

is obscured by the high intensity flare of the beam. 1D plot of intensity (b) shows peaks related 

to 1st, 2nd, 3rd, 4th and 5th orders of collagen. 

 

5.2.5.3 Calibration of peaks position using rat tail tendon 

The positions of intensity peaks of interest were converted from pixel number to distance 

in real space (nm) using:  

 

1𝑠𝑡 𝑜𝑟𝑑𝑒𝑟 𝑚𝑒𝑟𝑖𝑑𝑖𝑜𝑛𝑎𝑙 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑛𝑡 (𝑝𝑖𝑥𝑒𝑙𝑠) × 𝐷 𝑠𝑝𝑎𝑐𝑖𝑛𝑔 𝑜𝑓 𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑛𝑡 (𝑛𝑚)

𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑑𝑎𝑡𝑎 𝑝𝑒𝑎𝑘 (𝑝𝑖𝑥𝑒𝑙𝑠)
 

 

The pixel number was inversely related to the distance in nm (i.e. the distance becomes 

smaller with progressing distance from beam centre). Intensity profiles were plotted 

against scattering vector, Q, which represents the structure (distance) in reciprocal space 

and it is expressed as:  

𝑄 =
2𝜋

𝑑
 

Where:  

d = the position of the data peak (nm)  

Q = the length of the scattering vector (nm-1) 
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5.2.5.4 Calculation of collagen fibril parameters 

Collagen fibril diameter, axial period and interfibrillar Bragg spacing, were quantified 

from SAXS data. Initially, to detect SAXS signal and to determine regional variation in 

collagen parameters, these were analysed and quantified in SAXS reflections (n=6) 

acquired from regions (superior, inferior, temporal and nasal) of each pair of LS tissue 

sections (n=8) from elderly ONHs (n=4). Meridional and equatorial (figure 5.8a) 

reflections of a SAXS profile from the ppsclera with radial intensity profile revealed a 

peak associated to interfibrillar Bragg spacing (figure 5.8b). However, the fibril diameter 

peak was obscured by the third order of meridional reflection (figure 5.8b). Next, fibrillar 

collagen parameters were quantified within the ageing ppsclera (from 22 to 85 years), and 

regionally, from 24 ONH tissue sections. 

 

 

 

Figure 5.8. Typical SAXS pattern derived from fibrillar collagen in the human ppsclera. The 

scatter pattern (a) showed equatorial (red arrow) and meridional (white arrows) reflections. After 

radial profile was applied, a 1D plot was obtained as shown in b. Intensity profile of collagen is 

obtained before background subtraction (b, blue line). After background subtraction of scatter not 

associated to collagen, an intensity profile as shown in b, red line is obtained. After background 

subtraction, the interfibrillar Bragg spacing appeared more defined (b, red arrow). Note the first 

order meridional reflection (b, blue arrow). 

 

5.2.5.4.1 D period 

The positions of intensity peaks of meridional reflections to calculate D period were 

transformed from pixel number to distance in nm using the equation in 5.2.5.3. 
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5.2.5.4.2 Fibril transforms 

The scattering of a single fibril is given by F2 and takes the form of the Bessel function 

of first kind where the position of the first subsidiary maximum (second peak) is related 

to the fibril diameter. Therefore, the position of the second peak of Bessel function was 

used to fit the Fibril Transform (FT), because this peak derives entirely from the FT with 

no contribution from the Interference Function (IF).  As the fibril transform maximum is 

close to the third order of collagen meridional reflection (Meek and Quantock, 2001), the 

FT peak was fitted using an FT mathematical model, based on a first order Bessel function 

(Meek and Quantock, 2001) (figure 5.9). The fibril diameter (2r) can be calculated using 

equation: 

 

2r =
5.14

(Q ×  π)
 

Where  

2r = Fibril diameter (nm) 

5.14 = numerical factor defined by the position of the first maximum of the Bessel 

function (Meek and Quantock, 2001, Oster and Riley, 1952, Worthington and Inouye, 

1985)  

Q = Reciprocal space position of the first subsidiary maximum (nm-1) 

 

 
Figure 5.9. Bessel function fitting on FT peak from human ppsclera. The FT peak (a) (a closer 

view is shown in b) has the maximum near the third order of collagen meridional reflection. The 

second peak of Bessel function was used to fit the FT peak allowing a better visualisation and 

measure of the peak position. The black arrows in a,b point to the second peak of Bessel function 

used to fit the FT peak position of ppsclera. 
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Therefore, the position of the first subsidiary peak (second peak) of the Bessel function 

(figure 5.9a,b) was used to calculate the FT, without contribution from IF (Boote et al., 

2003), by inserting the peak position into the equation above. All peak positions were 

measured with the DAWN “peak fitting” tool in Q (nm-1), which determines the position 

of the highest point.  

5.2.5.4.3 Interference function 

To determine IF peak position, a baseline subtracted approach with a pseudo Voigt fitting 

was performed in DAWN. The “Baseline” plugin was applied to the ONH 1D intensity 

plots. Briefly, the peak was selected using the “Find peak” tool and a pseudo-Voigt profile 

(like a Gaussian curve) was fit to the IF. The peak position in Q was converted into 

nanometres (real space) by taking the reciprocal: 

 

IF (nm) =  
1

Q
 

5.2.5.5 Myelin SAXS reflections in the human ONH 

SAXS diffraction patterns attributed to myelin (Karthigasan and Kirschner, 1988, Kim et 

al., 2015) were identified within each LS postL ON section (figure 5.10a). Peaks position 

in pixel (figure 5.10b) of myelin reflection were converted into real space using hydrated 

RTT as the calibrant as described in section 5.2.5.3. 

  

 

 

 

 

 

 

 

 
Figure 5.10. Typical SAXS pattern found in the human postL ON. In the scatter pattern (a) the 

inner (blue arrow) and outer (red arrow) ring distance were measured and 1D plot (b) created. 

Peak position in pixel of inner (b, blue arrow) and outer (b, red arrow) were converted into real 

space (nm) using the 1st order peak position of calibrant (RTT). 
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5.2.6 Wide angle x ray scattering in human ONH 

Each WAXS pattern at an individual scan point was saved as nexus (.nxs) file under the 

scan number. An ONH raster scan dataset was imported into DAWN and montages were 

created as described in section 5.2.4. A representative montage of the ONH with scatter 

patterns originating from different locations is shown in figure 5.11. A montage of ONH 

patterns (figure 5.11a) shows ppsclera scatter patterns before (figure 5.11b) and after 

background removal (figure 5.11c), and elastin WAXS reflections (diffuse ring) (Ali et 

al., 2004, Serafini-Fracassini and Field, 1977) from the CRA (figure 5.11d) and  the RoIns 

(figure 5.11e). Collagen meridional (figure 5.11c) and equatorial (figure 5.11c) 

reflections were identified in the ppsclera.  

5.2.7 Quantification of collagen molecular parameters 

Intermolecular Bragg spacing and distance between amino acid residues were quantified 

from WAXS data derived from equatorial and meridional reflections, respectively. 

WAXS meridional and equatorial reflections arise from the spacing between consecutive 

molecule amino acids and the lateral spacing between adjacent collagen molecules within 

fibrils (Meek et al., 1991).  

5.2.7.1 Background subtraction and intensity plots 

Raw nexus files were imported into DAWN, background subtracted and 1D profile 

created as described in section 5.2.5.1. 
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Figure 5.11. WAXS patterns identified in LS ONH. A montage (a) of WAXS patterns illustrating 

color-coded locations of reflections from the ppsclera before (b) and after (c) background removal 

showing equatorial (c, red arrow) and meridional (c, white arrows) reflections. Additionally, 

reflections associated to elastin within the ONH CRA (d, blue arrows) and RoIns (e, blue arrows) 

were identified. Scale bar represents 500 μm. 
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5.2.7.2 Calibrant 

To calibrate the WAXS scatter pattern positions produced from ONH tissue sections, 

silicon powder (previously characterised distances for orders of reflections; first order at 

0.314 nm; ~330 pixel distance from beam centre) (Jesche et al., 2016) was subjected to 

WAXS as described in section 5.2.3 (figure 5.12a). Silicon powder produced a well-

defined order of rings (figure 5.12a), from which a 1D intensity profile was created in 

DAWN and the first peak position was determined using the “Find peak” tool (figure 

5.12b). 

 

 

 

 

 

 

 

 

 

Figure 5.12. Silicon powder WAXS pattern (a) used as a calibrant for WAXS collagen molecular 

parameters calibration. 1D plot (b) showing the first order of ring at 0.314nm (b, blue arrow).  

 

5.2.7.3 Calculation of collagen molecular parameters 

Intermolecular Bragg spacing and distance between amino acid residues were quantified 

from WAXS reflections (n=6 per region per ONH) to determine regional (superior, 

inferior, temporal and nasal) variation within LS section as described in 5.2.5.4. 

Molecular parameters were analysed within the ageing ppsclera as in 5.2.5.4. 

5.2.7.3.1 Intermolecular Bragg spacing and distance between amino acid residues 

Peak positions (in pixels) of silicon powder and ONH collagen were imported in the 

following formula to calculate the intermolecular Bragg spacing (IMS) and distance 

between amino acid residues: 
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𝐼𝑀𝑆 =
λ

sin (tan−1 [
Rscl
Rcal

tan(2sin−1(λ/2d))])
 

Where  

IMS = Intermolecular Bragg spacing 

λ = 0.1 nm is the wavelength of the x ray beam 

Rscl = pixel position of the scleral collagen 

Rca = pixel position of the calibrant (silicon) 

5.2.7.4 Elastin WAXS diffraction patterns 

Elastin-derived WAXS diffraction patterns (figure 5.13a) were also characterised from 

each LS ONH. Peak position in pixels (figure 5.13b) of the outer edge of the reflection 

was imported into the equation described in 5.2.7.3.1, using silicon powder as the 

calibrant (see section 5.2.7.2). 

. 

 

 

 

 

 

 

 

 

 

Figure 5.13. Typical elastin WAXS pattern within human ppsclera. Scatter patterns (a) were found 

at all ages in the ppsclera where the ring (a, red arrow) distance was measured and 1D plot (b) 

created. Peak position of elastin ring (b, red arrow) was imported into equation showed in section 

5.2.7.3.1 to convert pixel number into real space (nm). 

 

5.2.8 SAXS and WAXS data in PTA stained human ONH 

Since fibrillar collagen-derived SAXS scatter patterns were not visible in the LC, in an 

attempt to enhance fibrillar collagen scatter signals, ONH sections from four eye globes 

were immersed in 2% phosphotungstic acid (PTA; used in electron microscopy for 

connective tissue enhancement) (Descamps et al., 2014, Disney et al., 2017, Metscher, 
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2009). In brief, four human ONHs, aged 46, 47, 62 and 84 years, were cut transversely in 

100μm sections, immersed in 2% PTA (Sigma-Aldrich, UK; weight/volume in distilled 

water) for 20 minutes, then rinsed thrice in 5-minute washes in PBS. Sections were 

wrapped in cling film and subjected to SAXS-WAXS on i22 at Diamond synchrotron, as 

described above in 5.2.3. 

Additionally, the same sections were subjected to second harmonic generation (SHG) 

microscopy (described in section 2.2.3) for the allocation of SAXS diffraction patterns in 

the LC and ppsclera. 

 

Each SAXS and WAXS pattern from PTA-stained ONHs were saved as .nxs file and 

montages created as described in section 5.2.4. SAXS and WAXS analysis was also 

performed in PTA-stained ONH section as described above in 5.2.5 and 5.2.6, 

respectively. Regional analysis was performed as detailed below. 

 

In order to quantify SAXS and WAXS collagenous parameters within LC regions, 

montages (figure 5.14a) were rescaled to match the size of SHG images. Both images 

were imported into MATLAB separately and SHG image was made semi-transparent 

(figure 5.14b). A numbered grid was created into Excel, relating to the horizontal or 

vertical raster scan of the SAXS and WAXS montage, saved as .png image and imported 

into MATLAB. This grid was made semi-transparent and overlapped to the already 

imported SHG and SAXS and WAXS montage. The grid position was adjusted so that 

position number 1 was at the top left corner and each SAXS and WAXS diffraction 

pattern corresponded to a number (figure 5.14c). Finally, a grid containing twelve sectors 

was created using a custom-made macro in Image J, named ONH_seg (figure 5.14d) as 

described in section 2.2.6.2. The SAXS and WAXS frames numbers that fell into the 

superior, inferior, nasal and temporal regions (n=6 patterns per region) as well as 

inner/outer ON canal were analysed. 
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Figure 5.14. SAXS and WAXS data analysis of LC sections from PTA-stained ONHs. Montage 

of SAXS diffraction patterns (a) was overlapped with the corresponding SHG image (b), scan 

exposure numbers (c) and ROI grid (d) showing LC regions (i.e. superior, inferior, nasal and 

temporal) and inner/outer sectors of the ON canal. Data between sectors were excluded from 

analysis to avoid overlapping. Scale bar represents 200 μm. 

 

5.2.9 Effects of radial stretch on collagen fibril and molecular parameters 

Two porcine and two human ONHs (aged 60yr and 67yr) were subjected to SAXS and 

WAXS (low sample number due to beamtime constraints), as described in section 5.2.3. 

To simulate the scleral strain effect on the LC, proposed to occur in glaucomatous ONHs, 

porcine and human ONHs were inserted into a stretcher device and subjected to radial 

strain (figure 5.15)  

To do this, the sclera surrounding the ONH (following dissection) was cut at 4 different 

points to produce a flat half-globe to fit within the stretcher (figure 5.15a). The ON was 

cut as close as possible to the scleral coat to remove postL ON. A gel-based super glue 

was applied to a BIONIKO manual lens stretcher (Bioniko Instruments, Arizona, USA) 
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in the un-stretched position for scleral attachment to the stretcher metal pins (figure 

5.15b). Once glued properly, the sclera between pins was cut to enable (as much as 

possible) uniform radial stretch around the ONH. The ONH was moistened with PBS 

drops. Before mounting the stretcher onto the sample holder, preconditioning was 

performed prior to scanning in an attempt to restore tissue microstructure to normal state. 

The latter included three separate cycles of 10 minutes stretch, and 5 minutes relaxation. 

The tissue was placed in the relaxed position, wrapped in cling film to prevent 

dehydration and mounted onto sample holder and raster scanned as described in section 

5.2.3. Without dismounting the device, the tissue was stretched, left to acclimatise for 10 

minutes and rescanned. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.15. Porcine half globe mounted onto the stretcher device. Porcine globes were cleaned 

of the muscles and tendons and the sclera was cut at 4 points (a, asterisks) to flatten the half-globe 

for mounting in the device. The BIONIKO stretcher device (b) (Bioniko Instruments, Arizona, 

USA) presented eight metal pins onto which the half globe was glued. Red arrow in b shows the 

back portion of the ONH. On opposite sides, two screws (b, black arrows) are rotated clockwise 

to switch from relaxed to stretched mode.  

 

The extent of the deformation of the lamina cribrosa was calculated as described in Albon 

et al., (2000b) as the change in length/original length. The radial strain was calculated 

separately in the horizontal (superior-inferior) and vertical (nasal-temporal) axis. The 

distance (length) between two opposite scleral points was measured in millimetres before 

and after the stretch was applied and values calculated as following: 

 

𝑆𝑡𝑟𝑎𝑖𝑛 =
𝐿𝑥 − 𝐿0

𝐿0
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Where  

Lx = length after stretch 

L0 = original length 

 

Ten SAXS and WAXS patterns were analysed for fibrillar collagen, molecular parameter 

and elastin within each ONH region and quantified as described in sections 5.2.5 and 

5.2.6, respectively. Full width at half maximum (FWHM) of the elastin peak was 

automatically calculated in DAWN using the “Fitting peak” function to analyse changes 

in elastin organisation as a function of radial stretch.  

5.2.10 Fibrillar collagen orientation: polar plots 

Polar orientation plots showing the angular distribution of fibrillar collagen (e.g. polar 

patch plots) were calculated from SAXS meridional scatter patterns. (Bell et al., 2018) 

(figure 5.16). Polar orientation plots, showing the predominant orientation of collagen 

within each SAXS patterns (Meek and Boote, 2009), were created using a custom-made 

MATLAB script previously developed for WAXS data, and adapted by Dr. James Bell 

(see appendix II.2 “Polar_plot_SAXS_ONH”) (Abass et al., 2017). The azimuthal 

distribution of radially integrated collagen intensity (figure 5.16a,b) was generated to 

create the plot (figure 5.16c-e). Singular polar plots were then arranged into a grid 

according to the actual geometric position in the optic nerve head, giving a polar vector 

maps for each optic nerve head section. Points lacking collagen determined a gap into the 

map. Each assessed point in the ppsclera could thusly be addressed by a polar vector plot, 

in which the length of a vector toward any direction is proportional to the relative number 

of fibres preferentially aligned in that direction (Bell et al., 2018).  

5.2.11 Statistical analysis 

All statistical tests were performed with SPSS v.23. Normality of data was tested using 

Shapiro Wilk at a significance of p>0.05. Statistical analysis from SAXS and WAXS in 

the regional and PTA stained, and radial stretch ONH data was normally distributed so 

comparison between regions and inner and outer LC, and between LC and ppsclera, was 

performed with One-way ANOVA and independent T-test.  
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For SAXS and WAXS data in age range of ppsclera Spearman’s rank and Pearson’s 

correlation, were used respectively. SAXS myelin and WAXS elastin Data analysis was 

performed Pearson’s correlation as a function of age.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.16. Collagen orientation polar plot. The aligned collagen scatter is represented as a polar 

vector plot. The meridional peak (a) is fitted and integrated as a function of angle (b). The total 

scatter can be divided into scatter from the preferentially aligned (anisotropic) collagen (b, clear 

area) and scatter from isotropically oriented collagen (b, shaded area). Each pattern (c) was 

analysed to produce contour polar plot (d,e). 
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5.3 Results 

5.3.1 Detection of SAXS patterns in human ONH 

In the first part of this study to determine if SAXS could be used to detect collagen and 

elastin, analysis was performed on four donors paired ONHs (aged 78-85 years) within 

eight LS ONH sections. Representative schematic diagram of the raster scan (figure 

5.17a) used to create the montage of SAXS data acquired from a nasal-temporal oriented 

ONH section (figure 5.17b), with colour-coded positions of selected SAXS patterns 

(figure 5.17c-f) are shown in figure 5.17.  

 

Although collagen reflections were identified in the ppsclera (figure 5.17c) in all sections, 

none were detected in the LC (figure 5.17d); here signals were a diffuse scatter around 

the beam centre. Faded and arced reflections were identified at the level of the CRA and 

within the RoIns (figure 5.17f), likely attributed to elastin. Circular reflections typical of 

myelin (Falzon et al., 2007) were observed in the postL ON (figure 5.17e). The LC-postL 

ON boundary was clearly visible due to the strong patterns obtained from myelin in the 

latter. Collagen reflections (meridional and equatorial) of ppsclera were similar to those 

of RTT collagen (figure 5.18d). Surprisingly, SAXS reflections were not detected within 

the bovine nuchal ligament (figure 5.18a), porcine skin (figure 5.18b) and RTA (figure 

5.18c).  

5.3.2 Detection of WAXS patterns in human ONH 

In the first part of this study to determine if WAXS could be used to detect collagen and 

elastin, analysis was performed on donor paired ONHs (aged 78-85 years) as described 

in 5.3.1. Representative montages of superior-inferior axes before (figure 5.19a) and after 

background removal (figure 5.19b) showing colour-coded position of WAXS patterns are 

presented in figure 5.19. Collagen WAXS reflections were detected in the ppsclera (figure 

5.19c) of all LS sections, however, these reflections were not clearly visible until 

background (i.e. attributed to Kapton ring and sample holder) removal. RTT scatter 

patterns, arising from collagen showed clear WAXS meridional and equatorial reflections 

(figure 5.19d). 
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Figure 5.17. Panel of SAXS patterns identified in the longitudinal section of a 85 year old donor 

at different levels. A schematic diagram of a raster scan applied to ONH sections (a) and montage 

of a nasal-temporal ONH (b) with selected SAXS patterns illustrating reflections from the 

ppsclera (c), LC (d), myelin (d) and elastin (e). Meridional (c, white arrows) and equatorial (c, 

red arrow) reflections were visible in the ppsclera. Faded and circular rings (e, red arrows) 

associated to myelin were identified in the postL ON. Diffuse ring (f, red arrows) associated to 

elastin were identified in the CRA. Scale bars represent 500 µm. 
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5.3.2.1 Positive controls for elastin 

Within the CRA (figure 5.19e), a diffuse circular ring was identified at 0.44nm. This 

diffuse ring was also identified within the ppsclera at 0.45nm (figure 5.19c). the bovine 

nuchal ligament (figure 5.19f), porcine skin (figure 5.19h) and RTA (figure 5.19g), 

providing support for this reflection being associated with elastin.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.18. Panel of SAXS patterns identified in controls. Bovine nuchal ligament (a), porcine 

skin (b), RTA (c) did not show any collagen SAXS reflection whereas RTT scatter pattern (d) 

showed clear meridional (white arrow) and equatorial (red arrow) reflections. 
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Figure 5.19. Panel of WAXS patterns identified in LS sections of an 85-year-old donor at different levels. Montage in the superior-inferior axes before (a) and 

after (b) background removal illustrating reflections from the ppsclera (c) and CRA(e). Meridional (c,d white arrows) and equatorial (c,d red arrow) reflections 

were visible in the ppsclera and RTT. Diffuse rings (f-h, blue arrows) associated to elastin were identified in the bovine nuchal ligament (f), RTA (g) and 

porcine skin (h). A similar diffuse ring associated to elastin was identified in the CRA (e, blue arrow) and ppsclera (c, blue arrow). Scale bars represent 500 

µm.
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5.3.3 Collagen fibril and molecular parameters within the ageing ppsclera  

5.3.3.1 Fibril parameters in the ppsclera 

Median ± interquartile range (IQR) of fibril parameters in the ppsclsra are summarised in 

Table 5.1. SAXS diffraction patterns in the ppsclera were identified in all aged ONHs, 

from 22yr to 85yr. Collagen fibril diameter significantly increased from 98.98 nm ± 0.9 

at 22 years old to 113.01 nm ± 1.5 at the age of 85 (rs=0.636, p=0.026) (figure 5.20a). 

The D period showed no significant change as function of age (rs= -0.460, p=0.190) 

(figure 5.20d). Interfibrillar Bragg spacing showed no significant change as function of 

age and ranged from 136.28 nm ± 7.48 to 125.10 nm ± 15.62 (rs= -0.333, p=0.618) (figure 

5.20b). However, as fibril diameter changed as a function of age, it would affect the latter. 

Therefore, the subtraction of twice the radius allowed the recalculation of the interfibrillar 

spacing, which significantly decreased from 37.63 nm ± 7.22 at the age of 22 years to 

12.6 nm ± 4.54 at the age of 85 years (rs=-0.783, p=0.003) (figure 5.20c). 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 

Figure 5.20. Fibrillar collagen parameters in the ageing ppsclera. Fibril diameter (a) significantly 

increased (p=0.026) whereas the interfibrillar spacing (c) significantly decreased (p=0.003) as a 

function of age. No differences were found in the interfibrillar Bragg spacing (b) and D periodicity 

(d).  
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5.3.3.2 Molecular parameter in the ppsclera 

Molecular parameters in the ppsclera are summarised in Table 5.1. Collagen 

intermolecular Bragg spacing significantly increased from 1.44 nm ± 0.01 at the age of 

34 years to 1.53 nm ± 0.03 at the age of 85 years (p=0.022, r=0.826) (figure 5.21a). 

Distance between amino acid residues did not change as a function of age (p=0.326, 

r=0.081) (figure 5.21b). 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.21.Collagen molecular parameters in the ageing ppsclera. Intermolecular Bragg spacing 

(a) significantly increased (p=0.022) as a function of age. No differences were found in the 

distance between amino acid residues (b).  
 

 
Table 5.1. Fibrillar collagen (Median ± IQR) parameters and mean ± sd collagen molecular 

parameters in the ageing ppsclera.  
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5.3.3.3 Elastin WAXS reflections within the human ONH 

Elastin associated diffuse and circular rings were identified within the CRA and ppsclera 

following background removal. The distance of the reflection from beam centre was 

between 0.441 nm ± 0.002 and 0.444 nm ± 0.005 (Table 5.2) and did not change as a 

function of age (p=0.062, r=0.608).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.2. Elastin ring distance (mean ± sd) from WAXS diffraction patterns. No significant 

changes were observed as a function of age. 

 

5.3.3.4 Myelin patterns in the human ONH 

As mentioned previously in 5.3.1 two diffuse rings, inner (RI) and outer (RO), were 

identified in the postL ON. These reflections appeared wide and diffuse and located at 8-

8.3 nm for RI and 5.5 nm for RO from beam centre (Table 5.3). Since these reflections 

were not present in the LC and ppsclera, it is likely they arise from myelin. RI and RO 

were measured as a function of age. The distance from beam centre of RI significantly 

increased from 8.01 nm ± 0.034 at the age of 22yr to 8.32 nm ± 0.030 at the age of 85yr 

(r=0.764, p=0.004) (figure 5.22). RO significantly increased from 5.41 nm ± 0.100 at the 

age of 22yr to 5.59 nm ± 0.040 at the age of 85yr (r=0.745, p=0.005) (figure 5.22). 
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Figure 5.22. Myelin associated rings in the ageing ppsclera. Both RI (p=0.004) and RO (p=0.005) 

ring distance from beam centre significantly increased as a function of age. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.3. Myelin rings distance (mean ± sd) in the ageing ppsclera. These reflections appeared 

wide and diffuse and located at 8-8.3nm and 5.5nm from beam centre.  
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5.3.4 Collagen fibril, molecular and elastin reflections in PTA-stained human 

ONH 

Following PTA staining, which enhanced LC collagen, SAXS and WAXS reflections 

were detected within the LC and ppsclera. Representative montages showing colour 

coded SAXS and WAXS positions of patterns are shown in figure 5.23a and figure 5.23b, 

respectively. Collagen meridional and equatorial reflections were detected, enabling fibril 

and molecular collagen parameters quantification in the LC (figure 5.23b,e) and ppsclera 

(figure 5.23c,f). Myelin SAXS reflections were not observed. Elastin WAXS reflections 

were detected in the ppsclera (figure 5.23f) but not in the LC. 

5.3.4.1 Quantification of collagen parameters from SAXS PTA-stained ONHs 

Fibrillar collagen parameters of the LC and its regions are summarised in Table 5.4. Fibril 

diameter in the four LCs had a mean of 78.23 nm ± 1.40, ranging from 76.42 nm ± 4.35 

to 79.55 nm ± 1.04 (Table 5.5) (figure 5.24a). Interfibrillar Bragg spacing had a mean of 

94.65 ± 1.16 and ranged from 93.21 nm ± 4.05 to 96.87 nm ± 4.12 (Table 5.4) (figure 

5.24b). D periodicity did not vary, with a mean of 65.96 nm ± 0.71 and ranged from 64.07 

nm ± 0.65 to 66.59 nm ± 0.82 (Table 5.5) (figure 5.24c). 

 

Fibrillar collagen diameter in the PTA-stained LC was significant lower at the age of 46 

(p=0.007) and 47 (p=0.046) compared to older ages of 62 and 84 years old (figure 5.24a). 

Interfibrillar Bragg spacing was significantly lower at the age of 62 years (p=0.006) 

compared to younger ages (figure 5.24b). Collagen parameters were also investigated 

between inner and outer LC (Table 5.5). However, no differences were found in the fibril 

diameter (p=0.276), interfibrillar Bragg spacing (p=0.817) or D periodicity (p=0.969). No 

regional or inter-donor differences in LC fibril parameters were observed.  

 

Fibrillar collagen parameters of the ppsclera from PTA-stained ONH and regions are 

summarised in Table 5.4. Ppsclera fibril diameter of PTA-stained ONHs had a mean of 

106.77 ± 4.55 and ranged from 105.04 nm ± 2.58 to 107.31 nm ± 4.66 (figure 5.24a). 

Interfibrillar Bragg spacing in the ppsclera of PTA-stained ONHs had a mean of 127.71 

± 2.75 and ranged from 110.39 nm ± 5.15 to 132.97 nm ± 4.25 (figure 5.24b), D 

periodicity did not vary, had a mean of 65.87 ± 0.56 and ranged from 64.07 nm ± 0.65 to 

66.59 nm ± 0.82 (figure 5.24c). Fibrillar collagen diameter in the PTA-stained ppsclera 
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was significant lower at the age of 46 (p=0.034) and 47 (p=0.003) compared to elderly 

(figure 5.24a). Interfibrillar Bragg spacing was significantly lower at the age of 84 years 

(p=0.023) compared to younger ages (figure 5.24b). The ppsclera interfibrillar Bragg 

spacing (p=0.001) and diameter (p=0.001) were significantly greater than those of the LC 

(figure 5.24a,b). D period did not show any changes between LC and ppsclera (figure 

5.24c) (p=0.251).  No differences were observed in the pspclera fibril parameters between 

unstained and PTA-stained ONHs [fibril diameter (p=0.980), Interfibrillar Bragg spacing 

(p=0.907) or D period (p=0.056)]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.23. Panel of SAXS and WAXS diffraction patterns identified in TS PTA-stained ONH 

sections from a 62-year-old donor. A montage of SAXS (a) and WAXS (d) pattern illustrating 

colour-coded positions of reflections from the LC and ppsclera. SAXS (b) and WAXS (e) 

reflection from the LC and SAXS (c) and WAXS (f) reflection form the ppsclera. Collagen 

meridional (b,c,e,f, white arrows) and equatorial (b,c,e,f, red arrows) where indetinfied in both 

LC and ppsclera. A diffuse ring associated to elastin was identified in the WAXS ppsclera (f, blue 

arrow). Scale bars represent 500 µm. 
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Table 5.4. Mean ± sd of fibrillar collagen parameters in the LC and ppsclera of PTA-stained 

ONHs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table 5.5. Mean ± sd of fibrillar collagen parameters in the inner and outer LC of PTA-stained 

ONHs. 
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Figure 5.24. Fibrillar collagen (mean ± sd) parameters from PTA-stained ONH SAXS diffraction 

patterns within the LC and ppsclera. Fibrillar collagen diameter in the LC was significant lower 

at the age of 46 (p=0.007) and 47 (p=0.046) compared to elderly. Interfibrillar Bragg spacing was 

significantly lower at the age of 62 years (p=0.006) compared to younger ages. Fibrillar collagen 

diameter in the ppsclera was significant lower at the age of 46 (p=0.034) and 47 (p=0.003) 

compared to elderly. Interfibrillar Bragg spacing was significantly lower at the age of 84 years 

(p=0.023) compared to younger ages. Fibril diameter (p=0.001) and interfibrillar Bragg spacing 

(p=0.001) were greater in the ppsclera compared to LC. 
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5.3.4.2 Quantification of collagen parameters from WAXS PTA-stained ONHs 

Intermolecular Bragg spacing in the PTA-stained LC had a mean of 1.00 nm ± 0.06 and 

ranged from 0.935 nm ± 0.02 to 1.077 nm ± 0.12 (Table 5.6) (figure 5.25a). The distance 

between amino acid residues had a mean of 0.291 nm ± 0.01 and ranged from 0.296 nm 

± 0.06 to 0.29 nm ± 0.11 (Table 5.6) (figure 5.25b). Intermolecular Bragg spacing in the 

PTA-stained LC was significantly lower at the ages of 46 (p=0.002) and 47 years 

(p=0.008) compared to elderly (figure 5.25a). Molecular parameters were also 

investigated between inner and outer region of the LC, but no significant differences were 

found in intermolecular Bragg spacing and (p=0.943) and distance between residues 

(p=0.468) (Table 5.7). No regional or inter-donor differences in LC fibril parameters were 

observed. 

 

Ppsclera intermolecular Bragg spacing had a mean of 1.01 nm ± 0.08 and ranged from 

0.935 nm ± 0.01 to 1.11 nm ± 0.12 (figure 5.25a) (Table 5.7). The distance between amino 

acid residues had a mean of 0.296 ± 0.01 and ranged from 0.294 nm ± 0.06 to 0.296 nm 

± 0.11 (figure 5.25b) (Table 5.7). Intermolecular Bragg spacing in the PTA-stained 

ppsclera was significantly lower at the ages of 46 (p=0.002) and 47 years (p=0.001) 

compared to elderly (figure 5.25a). 

Additionally, ppsclera intermolecular Bragg spacing was greater than that observed in the 

LC at the age of 84 years old (p=0.001) (figure 5.25a). Intermolecular Bragg spacing was 

lower in PTA-stained ONHs compared to that within LS non-stained ONHs (p=0.030). 
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Figure 5.25. Collagen molecular parameters (mean ± sd) from PTA-stained ONH WAXS 

diffraction patterns within the LC and ppsclera. Intermolecular Bragg spacing in the PTA-stained 

LC was significantly lower at the ages of 46 (p=0.002) and 47 years (p=0.008) compared to 

elderly 62 and 85 years old. Intermolecular Bragg spacing in the PTA-stained ppsclera was 

significantly lower at the ages of 46 (p=0.002) and 47 years (p=0.001) compared to elderly. 

Intermolecular Bragg spacing (p=0.001) was greater in the ppsclera compared to LC at the age of 

84 years old. 
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Table 5.6. Collagen molecular parameters (mean ± sd) in the LC and ppsclera of PTA-stained 

ONHs 

 

 

 

 

 

 

 

 

 

 

 

Table 5.7. Collagen molecular parameters (mean ± sd) in the inner and outer LC of PTA-stained 

ONHs. 

 

5.3.4.3 Quantification of elastin distance from WAXS PTA-stained ONHs 

Elastin reflections of the LC are summarised in Table 5.8. Elastin ring had a mean of 

0.428 nm ± 0.004 and ranged from 0.425 nm ± 0.005 to 0.431 ± 0.002 (Table 5.8). No 

regional or inter-donor differences in LC fibril parameters were observed. 
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Table 5.8. Elastin ring distance (mean ± sd) within the LC of PTA-stained ONHs. 

 

5.3.5 Effect of radial stretch on ONH collagen and elastin  

Stress is a measure of the load applied to a tissue, whereas strain is a measure of the local 

deformation of a material induced by stress. Stress-strain are normally represented by 

stress-strain curves. These are unique for each material and are found by recording the 

amount of deformation (strain) at distinct intervals of loads (stress) (Blum 2016, Downs 

et al., 2008). 

5.3.5.1 SAXS and WAXS reflection detected in the ppsclera 

The known orientation of the ONH within the stretcher device was determined after 

globes were cleaned as described in 2.2.2. ONHs were mounted onto the stretcher device 

with the superior ONH towards the top of the device and the temporal ONH to the left of 

the device. Marks were drawn onto the device to keep record of the position of the 

superior and temporal; with known inferior and nasal regions. The stretcher device was 

mounted into the beam path with the superior facing the roof and the temporal facing the 

wall of the experimental hutch. The ONHs were stretched without dismounting the device 

from the beam path, therefore, the orientation did not change. The vertical direction was 

defined as the distance between the superior and inferior metal pins, with the horizontal 

direction defined as the distance between nasal and temporal metal pins. 
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Quantifiable SAXS and WAXS patterns were detected before and after radial stretch was 

applied to two human and two porcine ONH. SAXS and WAXS diffraction patterns 

showed similar patterns in both human (figure 5.26) and porcine (figure 5.27) ONHs 

before (figure 5.26a,c and figure 5.27a,c) and after the stretch was applied (figure 5.26b,d 

and figure 5.27b,d). No visible SAXS and WAXS reflections in the LC were detected.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.26. SAXS and WAXS patterns in the human ppsclera before and after radial stretch. 

Fibrillar collagen meridional (a-d, white arrows) and equatorial (a-d, red arrows) were identified 

before (a,c) and after (b,d) radial stretch. Collagen (c,d, white and red arrows) and elastin (e,f, 

blue arrows) WAXS patterns were visible only after background removal (i.e. removal of Kapton 

ring).   
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Figure 5.27. SAXS and WAXS patterns in the porcine ppsclera before and after radial stretch. 

Fibrillar collagen meridional (a-d, white arrows) and equatorial (a-d, red arrows) were identified 

before (a,c) and after (b,d) radial stretch. Collagen (c,d, white and red arrows) WAXS patterns 

were visible only after background removal (i.e. removal of Kapton ring).   

 
 
Collagen meridional and equatorial reflections were clearly visible in both human and 

porcine ONHs from SAXS (figure 5.26a,b and figure 5.27a,b) and WAXS (figure 5.26c,d 

and figure 5.27c,d). Additionally, within WAXS patterns, a diffuse ring attributed to 

elastin was identified in human before (figure 5.26c) and after stretch (figure 5.26d) but 

not in porcine ONHs.   

 

Calculation of LC strain in the X (nasal-temporal axis) and Y (superior-inferior axis) 

direction across the ONHs was performed as described in Albon et al., (2000). The LC 

strain was calculated in both directions and showed differences between human and 

porcine ONHs (figure 5.28). Different values between human and porcine ONHs might 

indicate that the two species present different anisotropy, likely due to the difference in 

structure between porcine and human ONH, and the response to stress is different.  
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Figure 5.28. LC strains across human and porcine ONHs. The human ONHs (60- and 62-year 

olds) showed differences in the strain measured vertically and horizontally across the LC the 

porcine ONH strains did not differ. 

 

 

Polar plots of the arrangement of fibrillar collagen in human and porcine ONH before and 

after stretch is shown in figure 5.28. Collagen fibrils in the ppsclera are circularly oriented 

around the optic canal in both human (figure 5.28e,f) and porcine (figure 5.28g,h) ONHs. 

Results suggested that after radial stretch changes in collagen orientation are observed in 

human (figure 5.28f) ONHs. The gap in the centre of each polar plot is due to the lack of 

collagen-derived SAXS reflections within the LC/optic canal (figure 5.28a-d).  
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Figure 5.29. Representative polar plots of collagen fibril orientation. SAXS montages of human 

unstretched (a) and stretched (b) and porcine unstretched (c) and stretched (d) are shown. The 

correspondent polar plot montage of human unstretched (e) and stretched (f); porcine unstretched 

(g) and stretched (h) are shown. The red ellipses in a-d indicate the optic canal where fibrillar 

collagen SAXS patterns were not identified and therefore no polar plots were calculated. A 

circular ring of collagen is observed around the optic canal (e-h). Polar plots in the human ONH 

showed a different collagen orientation after stretch (f, blue ellipse). No peculiar changes in polar 

plot orientation were observed in the porcine ONH, before and after stretch (g,h, respectively). 

Scale bars represent 500µm. 
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5.3.5.2 Fibrillar collagen parameters  

Fibrillar collagen parameters were measured within the ppsclera of both human and 

porcine ONHs. No significant changes were observed, before and after radial stretch, in 

fibril diameter (p=0.486) (figure 5.29a), interfibrillar Bragg spacing (p=0.686) (figure 

5.29b) and interfibrillar spacing (p=0.343) (figure 5.29c) in both human and porcine 

ONHs. However, the D period was significantly greater after the stretch in the human 60 

years old (p=0.029) and the 66 years old ONHs (p=0.029) (figure 5.29d), but not in the 

porcine ONH (p=0.325) compared to before stretch. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.30. Fibrillar collagen parameters in the human and porcine ppsclera before and after the 

radial stretch. D period was significantly greater (d) after stretch in both human ONHs (p=0.029) 

but not in the porcine. Fibril diameter (a), interfibrillar Bragg spacing (b) and interfibrillar spacing 

(c) did not show any significant changes after radial stretch.  

 

5.3.5.3 Collagen molecular parameters 

Collagen molecular parameters were measured within the ppsclera of both human and 

porcine ONHs. Distance between amino acid residues was significantly greater in the 60 

years (p=0.046) (figure 5.30b) and 66 years (p=0.044) (figure 5.30c) when subjected to 

radial strain. No differences in this parameter were found in the porcine ONH (p=0.139) 
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(figure 5.30a). The intermolecular Bragg spacing did not alter following application of 

radial stretch in 60 years old (p=0.575) (figure 5.30b) or 66 years old human ONH 

(p=0.256) and (figure 5.30c) porcine ONH (p=0.181) (figure 5.30a). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.31. Collagen molecular parameters (i.e. intermolecular Bragg spacing and distance 

between residues) in human and porcine ppsclera before and after radial stretch. The distance 

between residues was significantly greater in the stretched 60yr (p=0.046) (b) and 66yr (p=0.044) 

(c), although no differences were found in the porcine (p=0.139) (a). The intermolecular Bragg 

spacing did not show any difference in the 60yr (p=0.575) (b), 66yr (p=0.256) (c) and porcine (a) 

(p=0.181) ONHs.  

 

5.3.5.4 Elastin 

Mean ± sd elastin ring distance from beam centre and FWHM are summarised in table 

5.9. 

The diffuse elastin ring was identified in both relaxed and stretched human ONH ppsclera, 

however, it was not observed in the porcine ONH. Elastin ring distance was measured 

before and after radial stretch in both human ONHs (Table 5.9) and did not show any 

significant difference in distance from beam stop following stretch in the 60 years old 

(p=0.753) and 63 years old (p=0.615) (figure 5.31a).  
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Additionally, to assess the degree of order of elastin the calculated FWHM of the elastin 

peak showed no significant changes following stretch in the human 60yr old (p=0.879) 

and 66yr old (p=0.822) (figure 5.31b) ONHs. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.32. Elastin associated WAXS parameters as a function of radial stretch. Elastin ring 

distance (a) did not show any significant difference in the 60yr (p=0.753) and 66yr (p=0.953) 

human ppsclera. No significant changes were observed in the elastin FWHM (b) in the 60yr 

(p=0.879) and 66yr (p=0.822) human ppsclera.  

 
 

 

 

 

 

 

 

 

 

Table 5.9. Elastin rings (mean ± sd) in the human ppsclera before and after radial stretch.  
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5.4 Discussion 

This chapter aimed to investigate the nanostructure of collagen and elastin in the aged 

ONH and ppsclera using small angle and wide-angle x ray diffraction. SAXS and WAXS 

diffraction patterns were clearly visible in the LS section at the level of the ppsclera, 

however, no measurable diffraction patterns were identified in the LC within LS ONHs 

sections at any age. This result was surprising as the major components of the LC are 

collagen and elastin (Albon et al., 1995, Albon et al., 2000a, Hernandez et al., 1986, 

Hernandez et al., 1987), however, expected and consistent with a previous study (Jones, 

2014) which did not identify any SAXS diffraction patterns at the level of the LC. The 

lack of diffraction within the LC may reflect its low connective tissue density and the 

porosity of the structure in comparison to the dense surrounding sclera.  

 

Although no SAXS and WAXS diffraction patterns became visible at the level of the LC 

within LS sections, the PTA-staining enhanced the fibrillar collagen signal, allowing 

SAXS and WAXS patterns from the LC to become visible. PTA is a common negative 

stain for biological tissues used in transmission electron microscopy. It is an anionic 

heavy metal, tungsten, which is likely to be a good candidate in electron microscopy to 

localise basic group. PTA selectively binds to the basic group (lysine and arginine 

residues) of proteins (e.g. collagen)  (Jones, 1993, Höög et al., 2010). No differences were 

found in the aged LC and ppsclera within PTA-ONH stained sections, however, fibrillar 

collagen parameters in the LC were significantly lower compared to the ppsclera. This is 

consistent with a study on monkey and human healthy LC in which fibrillar diameter was 

lower in the LC than the ppsclera (Quigley et al., 1991). The PTA-staining successfully 

enhanced fibrillar collagen signal to detect SAXS patterns in the LC and it holds potential 

for the future quantification of LC collagen parameters.  

 

Some interesting diffraction patterns were also identified within the controls. 

Surprisingly, no SAXS diffraction patterns were visible within the bovine nuchal 

ligament, porcine ear and RTA, although nuchal ligament and ear had been digested to 

remove none elastin and the RTA is mainly composed by elastic lamella and collagen 

fibres (Keech, 1960, O'Connell et al., 2008).  

 

Clearly defined SAXS fibrillar collagen meridional and equatorial diffraction were 

identified in the RTT. This was expected as RTT is mainly composed by collagen type I 
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with no contribution of elastin (Tomlin and Worthington, 1956, Folkhard et al., 1987, 

Fraser and MacRae, 1981). SAXS diffraction patterns were also seen at the CRA which 

showed a diffuse and arced ring, likely associated to elastin as well as meridional and 

equatorial reflections. This result was expected as it is known the CRA contains elastic 

lamina in the wall and fibrillar collagen at the level of the tunica adventitia (Hayreh, 

1963). 

 

Interestingly, WAXS diffraction patterns from bovine nuchal ligament, porcine ear and 

RTA showed a diffuse and circular ring not associated to fibrillar collagen. Since nuchal 

ligament and porcine ear were previously digested to remove all except for elastin, it is 

likely that this diffraction pattern is associated to elastin. A similar pattern was also visible 

in the RTA and central retinal artery, since, as mentioned above, both tissues contain 

elastic lamellae/lamina in the tunica media (Hayreh, 1963). The same diffuse ring was 

not identified in RTT, implying that elastin is negligible within the RTT, consistent with 

the fact the RTT is mainly composed by collagen type I (Tomlin and Worthington, 1956, 

Folkhard et al., 1987, Fraser and MacRae, 1981).  

5.4.1 SAXS within the ageing ONH 

Although, no SAXS and WAXS diffraction patterns were available from the LC within 

LS sections, interestingly diffraction patterns from the ppsclera allowed the quantification 

of fibrillar collagen parameters as a function of age. Collagen fibril diameter and 

interfibrillar spacing significantly increased and decreased, respectively, as a function of 

age. 

 

One of the major load-bearing components of the LC is fibrillar collagen. The distribution 

of collagen fibril diameter within a tissue, determines how effective collagen fibrils are 

in providing strength against a force (Hukins and Aspden, 1985, Parry, 1988). Fibril 

diameter has been shown to increase with age within other tissues. In rabbit patellar 

tendon (Sklenka et al., 2006), flexor tendon of horse (Parry et al., 1978a), RTT (Parry et 

al., 1978b) and human cornea (Daxer et al., 1998) fibril diameter increased as a function 

of age. It has been proposed in the cornea, that increase in fibril diameter might contribute 

to age-related changes in biomechanical properties, such an increased stiffness, which in 

turn might alter the mechanical function of the cornea (Daxer et al., 1998). The increased 

in stiffness might also be accompanied by the glycation-induced cross-linking of collagen 
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molecules shown in the cornea (Malik et al., 1992) as well as the incorporation of collagen 

molecules into the fibril during age (Daxer et al., 1998) which thus lead to an increase in 

the diameter.  

 

Collagen fibril diameter in the human ppsclera fell within the previously published wide 

range of fibril diameters. Indeed, transmission electron microscopy (TEM) performed on 

human sclera showed a wide range of fibril diameter (from 25 to 230nm) randomly 

arranged when compared to those in the cornea (Komai and Ushiki, 1991). Although 

changes in ONH collagen  as a function of age has been demonstrated before (Hernandez 

et al., 1987, Hernandez et al., 1989, Hernandez et al., 1991, Morrison et al., 1989, Albon 

et al., 1995, Albon et al., 2000a, Albon et al., 2000b) and scleral collagen fibril diameter 

has been characterised before (Komai and Ushiki, 1991) no studies have reported changes 

in ONH fibril diameter as a function of age. 

 

Ppsclera D periodicity of 65-66 nm was found at all ages, indicating that the axial stagger 

of collagen fibrils is not affected by age. D periodicity is shorter than that observed in 

RTT collagen type I (~67nm) but it is closer to that observed in skin (Brodsky et al., 

1980). The shorted D periodicity presented in this chapter might be caused by the 

presence of other collagen types other than collagen type I as well as by collagen 

molecular tilt along the fibril axis (Hulmes et al., 1981). The greater fibril tilt in this part 

of the sclera might explain a shorter D periodicity as it has been shown for the cornea 

where the short D period was due to a fibril tilt of 15 degrees (Yamamoto et al., 2000). 

 

Interfibrillar Bragg spacing did not show any difference as a function of age, however, it 

was lower in the elderly ppclera compared to younger. Conversely, interfibrillar spacing 

significantly decreased in age. Malik et al., (1992) showed a decrease in interfibrillar 

spacing in the ageing human corneas, also confirmed by Kanai and Kaufmann from an 

electron microscopy study (Kanai and Kaufman, 1973). It has been suggested previously 

that proteoglycans play a key role in maintaining and regulating the spacing between 

collagen fibrils (Borcherding et al., 1975), therefore the decrease in interfibrillar Bragg 

spacing observed in the cornea might be related to the age related decrease in the ratio of 

proteoglycans to collagen (Scott et al., 1981). 

 

A smaller interfibrillar spacing along with a greater fibril diameter, may imply that the 

fibrils are closer to each other, leading to a more closely packed tissue which result in 
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higher collagen fibril volume fraction. This may have an impact on the biomechanics of 

the elderly ppsclera, suggesting that fibrils are bigger, there is less space between fibrils 

therefore the connective tissue of the elderly ppsclera appear less flexible.  

Interestingly, interfibrillar Bragg spacing and diameter measured in this study were found 

to be higher than those previously found with EM (Quigley et al., 1991).  

 

In the cornea, almost every stage of EM processing produces a significant change in 

structural parameters. Glutaraldehyde fixation significantly increased the intermolecular 

spacings, while resin infiltration and resin polymerization each resulted in shrinkage of 

all the spacings. Fullwood and Meek (1993) suggested that post-fixation in osmium 

tetroxide caused the loss of the intermolecular pattern and increased the shrinkage in 

interfibrillar Bragg spacing and D periodicity.  

 

Differences in measured fibril diameter are often caused by tissue hydration. X ray 

scattering measurements are estimated, being made at physiological conditions and hence 

hydration, whereas measurements made with electron microscopy are made after 

significant tissue preparation that involves drying the tissue below the critical point of 

hydration, when water is lost from the interfibrillar spacing (Fratzl and Daxer, 1993, 

Fullwood and Meek, 1993, Fullwood et al., 1992, Hayes et al., 2017).  

 

It has been shown that different resins produce shrinkage of the tissue leading to an 

average decrease of fibril dimeter of 13.6% (Fullwood and Meek, 1993). These results 

suggest that interfibrillar Bragg spacing and diameter are lower when measured within 

EM images to those observed with SAXS, and likey explain the greater fibril diameters 

and interfibrillar Bragg spacing presented in the current chapter.  

5.4.2 Myelin SAXS reflections 

Interesting SAXS diffraction patterns at approximately 8 nm and 5.5 nm were found in 

LS sections at the level of the ON canal. These diffraction patterns were not produced by 

fibrillar collagen and were likely associated to myelin as myelin sheaths are known to 

surround axons in the postL ON, but not in the human preL or LC. The myelin membranes 

originate from and are a part of the Schwann cells in the peripheral nervous system (PNS) 

and oligodendrocytes in the central nervous system (CNS) (Raine, 1984). X-ray 

diffraction studies of myelin provided information of the repeating unit that showed three 
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peaks which corresponded to i) protein plus lipid polar groups and ii) two channels which 

corresponded to lipid hydrocarbon chains. Myelin structure is periodic and well ordered, 

with a period which is equal to the sum of twice the lipid membrane and the cytoplasmic 

thickness (Harker, 1972).  

 

Data from mammalian optic nerve showed a repeat distance of 8nm, which included two 

protein layers (about 1.5nm each) and one layer of lipid (about 5nm). The main repeating 

unit of two unit membranes is twice this representation, or 16nm (Hirano and Dembitzer, 

1967) (figure 5.33).  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.33. Schematic representation of myelin repeating unit. Myelin forms a bilayer of protein 

and lipid around axons of the central nervous system. The extracellular water interface measures 

1.5 nm and contains the myelin protein zero (P0). Beneath, the phospholipid layer of 5 nm 

contains peripheral myelin protein (PMP). Beneath this layer, the protein layer of 1.5 nm thick, 

contains the myelin protein two (P2) and the myelin basic protein (MBP). The repeating unit 

measures in this thesis include the lipid layer and the repeating unit of 8 nm (protein-lipid-

protein). The main repeating unit of myelin is shown to be 16 nm. Adapted from (Papini and 

Konig, 2015) with permission of Taylor & Francis (Appendix IV.13). 

 

 

Depending on the species and whether the sample comes from the CNS or PNS, the period 

ranges approximately between 15-20nm (King and Thomas, 1984, Blaurock, 1981). 

Schmitt (1935), proposed an 18 nm periodic structure of the mammalian nerve, and 

suggested that the sheaths are composed by a periodic array of protein-bounded lipid 

layers (Schmitt et al., 1935). An electron microscopy study proposed that the periodic 
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structure of the sheaths arises from the spiral wrapping of the Schwann cells around axons 

(Ben Geren, 1954, Schmitt et al., 1941).  

The 8nm reflection identified in this study it is likely to be the repeating distance 

previously found in the mammalian optic nerve (Hirano and Dembitzer, 1967). The 

additional ring found at 5 nm is likely produced by the lipid layer (Hirano and Dembitzer, 

1967). The ring distance associated with the lipid and the protein-lipid-protein layers was 

significantly greater in the elderly ON compared to younger. This might suggest that 

myelin layers become thicker in age due to accumulation of lipid and/or protein in the 

sheaths. It has been proposed from a previous WAXS study on human brain that the ring 

associated to lipid layer becomes less intense in old brain implying that lipid myelin 

becomes less ordered with age (Chia et al., 1983). Degenerative changes also occur with 

age in the myelin sheaths, such as the formation of myelin balloons  (Peters, 2002), which 

are enclosed by lamellae of myelin. Additionally, a study on monkey nerves illustrated 

that the ageing myelin exhibits an accumulation of vesicles in between the repeating unit 

(Sandell and Peters, 2001). These age-related changes and accumulation of substances, 

such as 2',3'-Cyclic nucleotide 3'-phosphodiesterase (CNP) protein (Yin et al., 1997) 

might imply a thickening of the layers which lead to a change in the SAXS diffraction 

patterns. 

 

Chia et al, (1983) proposed a change in lipid behaviour and myelin as a function of age, 

following WAXS. The authors found a broad reflection in infant myelin and they 

proposed a disordered state of myelin sheaths when still in development. This reflection 

became and remained sharp until age of 30-50. Above the age of 50, it became less sharp 

and started to fade, proposing that at this age myelin lipid was less ordered (Chia et al., 

1983). In addition, it has been proposed that the optic tract showed a change in myelin 

periodicity as a function of age, ranging from 16nm (9-months old) to 15.9 (41 years old) 

(Chandross et al., 1978).  

5.4.3 WAXS within the ageing ONH 

WAXS diffraction patterns from the ageing ppsclera showed a significant increase in 

intermolecular Bragg spacing as a function of age, from 1.44 nm ± 0.01 in the 34-year-

old ppsclera to 1.53 nm ± 0.03 in the 85-year-old ppsclera. This increase might be 

explained by the deposition of new inter-molecular cross-links. Two major processes 

involve collagen cross-links: enzyme-mediated cross-links which involves lysyl oxidase 
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(LOX) and glucose-based reaction, also known as non-enzymatic glycation. LOX-

mediated cross-linking involves oxidative deamination of terminal lysines by lysyl 

oxidase forming lysyl aldehyde. The latter can form covalent inter-molecular cross-links 

to form the subsequent fibril. Non-enzymatic cross-linking involves a reaction between 

glucose and lysine which undergo the Amadori mechanism and oxidative modifications. 

This results in the formation of advance glycation end (AGE) products which can form 

inter-molecular cross-links (Bailey, 2001).  

 

Intermolecular cross-links are a key in the extracellular maturation of collagen, in fact, 

they provide the fibrils with mechanical strength essential for biological properties of 

collagen over a life time (Zimmermann et al., 1973). In 1992, Malik et al., showed an 

increase in intermolecular Bragg spacing in the ageing human cornea and sclera and they 

suggested that these changes might be due to an increase in non-enzymatic cross-linking 

between collagen molecules that occur with age (Malik et al., 1992). It is known that non-

enzymatic collagen cross-linking increases with age (Albon et al., 1995) and it has also 

been shown that in vitro glycation leads to the expansion of the packing of collagen 

molecules within RTT (Tanaka et al., 1988). Malik and Meek (1994) showed that 

glycation of human corneas and sclera increased with age and it occurs with an increase 

in collagen cross-links and intermolecular Bragg spacing, suggesting that age-related 

cross-links are mostly intermolecular (Malik and Meek, 1994). This might suggest that 

new cross-links are deposited between tropocollagen molecules in the elderly ppsclera, 

altering the mechanical behaviour of the ONH tissues. Additionally, Daxer et a., (1998) 

suggested that the increase in intermolecular Bragg spacing observed in the human cornea 

was due to the deposition on collagen molecules within fibrils with age, pushing the 

molecules further apart (Daxer et al., 1998). The increase in ppsclera intermolecular 

Bragg spacing is therefore likely associated with an accumulation in intermolecular cross-

links as a function of age. This may also explain the increase in fibril diameter, suggesting 

that molecules are further apart. If this is the case, a similar process could occur in the LC 

and it would be consistent with the age-related increase in AGE-products known to occur 

in the ageing LC (Albon et al., 1995). 

5.4.4 Elastin WAXS reflections 

EFs within the LC and ppsclera has been investigated with several techniques, including 

electron microscopy (Quigley et al., 1991), immunohistochemistry with antibodies 
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against elastin (Hernandez et al., 1987, Hernandez et al., 1989, Albon et al., 2000a) and 

histological staining (Oyama et al., 2006), however little is known about its nanostructure. 

X ray diffraction studies by Gotte and Fracassini (1963) showed a limited order in elastin 

(Gotte and Serafini-Fracassini, 1963) which was later confirmed by Seraffini-Fracassini 

(Serafini-Fracassini and Field, 1977) and Ali et al (Ali et al., 2004), with two broad 

diffraction rings observed at 0.45 nm and 0.93 nm. The spacing measured in the current 

study appeared constant at all ages and it is in accordance to that observed previously, 

which identified the 0.45 nm ring as the lateral spacing of β-sheets and 0.93 nm as the 

hydrophobic interactions between sheets (Ali et al., 2004). An interesting WAXS 

diffraction pattern became visible at the ppsclera and CRA from WAXS patterns 

following removal of Kapton ring. Similar diffraction patterns were also found in purified 

elastin preparations of bovine nuchal ligament and porcine ear skin. Evidence suggests 

elastin diffraction is minimal and its nanostructure has been difficult to characterise due 

to the amorphous nature of the protein. Serfani-Fracassini et al. (1977) isolated and dried 

elastin from bovine nuchal ligament and subjected the preparation to SAXS. This result 

reported diffraction patterns of 4.5-5 nm after extension of an elastin strip of 65% 

(Serafini-Fracassini and Field, 1977).  

 

Therefore, it is likely that the diffraction presented in the current chapter is associated to 

elastin; it remained constant at 0.44 nm with no significant changes observed. The current 

study, however, only showed the ring at 0.44 nm. The absence of the 0.93 nm diffraction 

patterns could be due to different samples and preparation. From the structural point of 

view, there is a lack of literature regarding the presence or absence of an ordered structure 

of elastin. Therefore, further investigations are needed to better understand the ordered 

structure of elastin, if any, and how the WAXS diffraction patterns arises from the lateral 

spacing of β-sheets. 

5.4.5 SAXS and WAXS within human and porcine ppsclera 

SAXS and WAXS patterns from ppsclera collagen and elastin were identifiable in human 

and porcine ONHs in both the unstretched and stretched states. Preliminary results from 

quantification of SAXS and WAXS data revealed no significant differences in collagen 

fibril diameters, interfibrillar Bragg and interfibrillar spacing. However, collagen D 

period (p=0.029) and distance between amino acid residues (p=0.044) were significantly 

greater in stretched human ppsclera, but not in porcine ONH. Several studies have focused 
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on the hierarchical nature of collagenous tissue (Parry et al., 1978a, Kastelic et al., 1980, 

Kastelic et al., 1978) attempting to relate tissue’s structure with the function (Kastelic et 

al., 1980, Viidik, 1972). Most of the studies focussed on the tissue at the fibril bundle 

level and have correlated uncrimping and stretching with the nonlinear response of the 

tissue (Belkoff and Haut, 1991, Comninou and Yannas, 1976, Lanir, 1979, Lanir, 1983, 

Liao and Belkoff, 1999, Stouffer et al., 1985). However, little has been investigated on 

the nanostructure. The increase in D period and distance between amino acid residues in 

the stretched ppsclera without a change in interfibrillar spacing suggest that the force 

applied by the radial stretch unwind collagen at fibril and molecular level. Collagen 

unwinding, or uncoiling, might refer to the denaturation of the triple helix which leads to 

its disruption. An uncoiled tropocollagen has significant effects on the mechanical 

properties of the whole tissue (Veres and Lee, 2012, Wang et al., 2002, Uzel and Buehler, 

2009).  

 

It has been proposed by computational modelling that the type of amino acids that define 

the tropocollagen molecule change its stiffness. For instance, axial strain applied on a 

single fibril uncoiled the molecule, leading to a modification of amino acids motifs; which 

was shown to change the stiffness of tropocollagen molecules (Uzel and Buehler, 2009). 

This finding is also supported by a scanning electron microscopy study which showed 

that when loaded, collagen fibrils undergo a failure mechanism which involved molecular 

denaturation (Veres and Lee, 2012). Taken together, these findings suggest that after 

loading, collagen molecules can uncoil, leading to a change in mechanical properties of 

the fibril. This in turn, would have effects on the response of the ONH to different levels 

of IOP-induced stress. 

5.5 Limitations 

This study presented few limitations. Firstly, the lack of human ONHs sections at young 

ages below 22yr, did not allow a complete investigation into the age-related changes of 

the nanostructure of collagen. Even though a good age-range was analysed, the study 

would benefit from investigation of nanostructure at very young ages. Secondly, due to 

date differences in experimental data collections, WAXS pattern acquisition was not 

available for the 22, 25, 46, 47 and 59-year-old ppsclera., as the WAXS set up at Diamond 

Light Source had not been optimised at this time. Even though this limited the WAXS 

analysis in those ages, the setup was optimised in Diamond Light Source to allow better 
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acquisition of diffraction patterns which allowed the investigation as a function of age. 

Thirdly, the preliminary study on the nanomechanics following radial stretching was 

limited by the number of samples due to beam time allocation. However, the results 

presented needed further investigation to confirm or dismiss the changes in D periodicity 

and the absence of changes in interfibrillar Bragg spacing, interfibrillar spacing and fibril 

diameter. Further investigations are also needed to improve the reliability of the data in 

calculating the strain in both X and Y direction. Discrepancy could be however explained 

by the Poisson ratio. Poisson's ratio is the ratio of lateral strain to longitudinal strain in a 

material. Large Poisson's ratio suggests that the lateral strain is more (for the same given 

longitudinal strain) compared to another material whose Poisson's ratio is small. 

However, discrepancy in the X and Y direction could be also due to the less connective 

tissue content in the superior-inferior axis versus nasal-temporal. In glaucoma, the 

neuroretinal rim appears to thin in the superior-inferior axis, leading to a potentially 

elongated LC in this direction (Bourne 2012), which could explain a difference in strain 

between the X and Y.  

 

The longitudinal direction is defined as the direction of pull, whereas the lateral direction 

describes the perpendicular direction with respect to the direction of pull. The Poison’s 

ratio of the strain in the X and Y direction could explain the differences in the calculated 

strain in X and Y for both human and porcine ONHs. Finally, even though PTA 

successfully stained the LC, only 4 ages were investigated which limited the age-range 

analysis of LC collagen parameters, more will be investigated in the future, now that 

techniques have been developed for this purpose.  

5.6 Conclusion 

The response of the LC and the ppsclera to stress is essential in maintaining a suitable 

environment to protect axons that pass through the ONH. The results from nanostructure 

and microstructural data analysis will aid in understanding why the LC and ppsclera 

structure is critical to its biomechanical performance, and how ageing alters its 

predisposition to glaucoma. Collagen fibrils provide support against an applied force 

depending on the fibril diameter and the organisation within the tissue (Parry, 1988, 

Hukins and Aspden, 1985). Ppsclera fibrillar collagen diameter increased as a function of 

age, leading to a more compact and less compliant tissue. Additionally, the axial 

arrangement of tropocollagen molecules increases, suggesting that as a consequence of 
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radial stretch, the collagen molecules unwind, altering the mechanical behavior of the 

fibrils. These connective tissue changes, at least in part contribute to the decreased 

resilience of the ageing human lamina cribrosa 

5.7 Future work 

The potential of the PTA to enhance the fibrillar collagen signal will allow an 

investigation of load-bearing components in the LC as a function of age and glaucoma. 

Hence, more data on the LC from ONH PTA-stained sections is required to fully 

understand the effects of age on the nanostructure of the LC. Observation of elastin in our 

WAXS data will enable the development of future experiments to characterise elastin and 

collagen nanostructural changes, together with microstructural ONH features, as a 

function of load, to determine which connective tissue components play a role in ONH 

biomechanics at different stages of the stress-strain curve.  

Preliminary data from the effect of induced strain in this beam-time has permitted an 

insight into how collagen fibrils behave in the ppsclera. However, a stiffer and more rigid 

ppsclera may limit scleral canal expansion (Sigal and Ethier, 2009); hence further studies 

are required to ascertain the role of the ppsclera-LC interaction with the ONH in 

glaucoma. Future investigations are therefore required to i) analyse collagen and elastin 

in the human LC as a function of age and glaucoma (LC diffraction patterns following 

PTA labelling) and ii) fully explore collagen and elastin nanostructure as a function of 

ONH radial stretch (to mimic ONH biomechanics in glaucoma) in different aged ONHs. 
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6 Chapter 6 – Simultaneous Raman-Brillouin microscopy to 

map structure and micro-mechanics in the porcine optic 

nerve head 

 

6.1 Introduction 

Light scattering phenomena are divided into elastic and inelastic processes. When the 

light is scattered by matter, most of the scattering is elastic scattering (Rayleigh 

scattering) with no change in energy; i.e. the scattered light has the same energy as the 

incident light, therefore the same wavelength. A small portion of scattering is inelastic 

where the scattered light has different energy to the incident light. 

6.1.1 Brillouin scattering 

Brillouin light scattering is an inelastic process arising from the interaction of light with 

spontaneous thermodynamic fluctuations that are present in the tissue, known as acoustic 

vibrations, or phonons (figure 6.1) (Mattana et al., 2018).  

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1.Schematic representation of Brillouin scattering. a) An incoming photon is radiated 

onto the sample at angle α. b) Closer view of the interaction between the incoming light and the 

acoustic phonon with the scattering volume, giving rise to the Brillouin scattering. Adapted from 

Mattana et al., (2018) and reprinted with permission. Copyright @ 2017, World Scientific 

Publishing Co. Pte. Ltd (see appendix IV.14) 

 
 
 
Brillouin microscopy is a non-invasive technique used to map the micromechanical 

properties of tissue (Scarcelli and Yun, 2007a, Scarcelli et al., 2015) and for 
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characterisation of viscoelastic properties of biological materials. A visible laser light 

(photon) (λ = 500 nm – 600 nm) is radiated onto the sample. The photon interacts with 

the material lattice, releasing an acoustic wave (phonon) and therefore losing an amount 

of energy corresponding to the energy of the phonon. The change in energy corresponds 

to a change in the frequency of the scattered light, usually measured in the order of GHz 

(Mattana et al., 2017b). 

The frequency of the scattered photon is measured by a spectrophotometer and the energy 

of the phonon is calculated as the difference between the energy of the incident and the 

energy of the scattered photons.  

The process described, where the frequency of the scattered beam is slightly lower than 

that of the emitted beam, is known as Stokes process. An anti-Stokes process is, on the 

contrary, when the scattered photon has absorbed the phonon energy and its frequency 

results slightly higher than that of the emitted beam. 

The frequency shift, known as Brillouin frequency shift (ώb) (Wu et al., 2017) can be 

described as: 

ώ𝑏 =
2𝑛

𝜆
√

𝑀

𝜌
sin

𝜃

2
 

where  

ρ  = density of the material 

n  = refractive index of the material 

λ  = wavelength (nm) of the incident laser 

θ  = angle between incident and scattered wave vectors 

M = modulus describing the stress necessary to determine a change in 

volume within the material, by compression or expansion.  

 
It can be noticed that the frequency shift is proportional to the square root of the modulus, 

therefore Brillouin graphs can be interpreted as “stiffness maps”, which could be used to 

determine variation in longitudinal modulus (Scarcelli et al., 2015, Antonacci et al., 2015, 

Zhang et al., 2017). From Brillouin experiments, three independent parameters can be 

extracted: i) the frequency shift, related to the elasticity of the material, ii) the linewidth 

(peak width) related to the viscosity of the material and iii) Brillouin intensity, related to 

the intensity of the Brillouin peak. 
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Brillouin microscopy has gained attention in the last decade as a promising optical 

technique to detect micromechanical changes in cardiovascular disease (Antonacci et al., 

2015), ophthalmology (Scarcelli and Yun, 2012, Scarcelli et al., 2012, Scarcelli et al., 

2013, Scarcelli et al., 2011, Scarcelli et al., 2014, Lepert et al., 2016, Reiß et al., 2011) 

and cell mechanics (Scarcelli et al., 2015, Antonacci and Braakman, 2016, Zhang et al., 

2017, Meng et al., 2015). 

6.1.2 Raman scattering 

Raman spectroscopy is a technique used to provide information on molecular vibration 

and crystal structure. Raman scattering can be classified into two types, Stokes and anti-

Stokes. The first involves absorption of energy by the molecules hence Stokes Raman 

scattered light has less energy than the incident light. On the other hand, anti-Stokes 

Raman scattering involves energy transfer to the scattered photon hence the anti-Stokes 

Raman scattered light has more energy than the incident light (figure 6.2).  

 

 

 

 

 

 

 

 

 

Figure 6.2. Raman and Rayleigh scattering. Anti-Stokes Raman scattering involves energy 

transfer to the scattered photon hence the anti-Stokes Raman scattered light has more energy than 

that of the incident laser. Stokes involves absorption of energy by the molecules hence Stokes 

Raman scattered light has less energy than that of the incident laser. Rayleigh scattering occurs 

when there is no energy exchange between molecules and hence the incident and scattered 

photons have the same energy. 

 

The peak associated to Raman spectrum is derived from the vibration of molecular bonds. 

Peak position shows the specific vibrational mode of each molecular group included in 

the material. The same vibrational modes for each group will show a shift in peak position 

due to the surrounding environment, hence it is said the Raman spectrum shows the 

"molecular fingerprint" of the sample of interest. Important to note is that the shape of the 

Raman spectrum changes within different areas of a heterogeneous tissue. Considering 
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the frequency peak position of a given molecule within the material, the intensity of the 

Raman peak is proportional to the concentration of the molecule multiplied by its optical 

activity. Therefore, Raman spectroscopy can probe the changes in the concentration of 

the same molecule within the same material at different points and the differences in 

concentration between different materials (Mattana et al 2018).  

Covalent chemical bonds have different molecular motion which includes rotation and 

vibration. Different types of vibration include symmetric, and asymmetric stretching, 

scissoring, rocking, wagging and twisting (figure 6.3). 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure 6.3. Schematic representation of various types of molecular vibration detected by Raman 

spectroscopy.  

 
 
The thermal energy present in the surrounding environment makes the bonds vibrate and 

the light can interact with this molecular vibration. Raman spectroscopy uses scattered 

light from molecular vibrations to characterise the chemical composition of a sample, 

where the laser interacts with the molecular vibration resulting in the energy to be shifted 

up or down (i.e. Raman shift). This shift provides information about the vibrational modes 

in the systems and can be used to identify the types of bonds in the compound. Each type 

of bond (e.g C-H, C-C) has unique vibrational modes which leads to specific interaction 

with light and therefore produces a different Raman shift. The Raman spectrum is usually 

expressed as the intensity of scattered light versus wavenumber (cm-1) (the reciprocal of 

wavelength) and Raman shift can be calculated using: 
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𝑅𝑎𝑚𝑎𝑛 𝑠ℎ𝑖𝑓𝑡 (𝑛𝑚) =  λ excitation −  λ emission 

 

 

 

Collagen and elastic fibres are altered in the ageing LC (Albon et al., 1995, Albon et al., 

2000a, Hernandez et al., 1989) and the mechanical compliance of the LC decreases in age 

(Albon et al., 2000b) and glaucoma (Zeimer and Ogura, 1989). Therefore, understanding 

the mechanisms of biomechanical change is important. Coupled Raman/Brillouin micro-

spectroscopy enables chemical composition of samples to be allocated to specific 

mechanical properties and has been applied to ex vivo epithelial tissue in the oesophagus 

(Palombo et al., 2016, Palombo et al., 2014).  

 

The hypothesis of this study was that the dual approach of using simultaneous Brillouin 

and Raman microscopy would enable quantitative data of ONH micromechanics to be 

correlated with the ONH connective tissue composition.  

The mechanical behaviour of a tissue depends on the organisation of the macromolecules 

and their interaction (Hukins et al., 1996), which includes hydrogen and carbon bonds 

within proteins. Therefore, understanding the micromechanical behaviour of collagen and 

elastic fibres within the ONH helps in understanding the response of the ONH to elevated 

IOP.   

Thus, this chapter, provides preliminary data on the capability of Brillouin-Raman 

microscopy in determining differences within the porcine preL and LC. The combination 

of Brillouin-Raman was used to correlate elasticity and viscosity to specific molecular 

bonds. To achieve this, the objectives of this chapter were to: 

 

• characterise typical Brillouin and Raman spectra generated from the LC  

• determine if LC material properties (as determined by Brillouin elasticity and 

viscosity parameters) could be assigned to particular regions/components (as 

determined by Raman spectra) within the LC 

6.2 Materials and methods 

6.2.1 Source of tissue 

Twelve fresh porcine globes were received from the local abattoir (W.T. Maddock, 

Wales, UK) and were cleaned as described in 4.2.1.  
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6.2.2 Sample preparation 

All ONHs were mounted onto a sledge microtome (Microm HM 440E, Thermo Fisher, 

UK) and frozen at -35°C and serial 100µm transverse ONHs sections were cut, as 

described previously (2.2.2). Sections were mounted in PBS on 20 mm diameter calcium 

fluoride (CaF) slides (Crystran Ltd, Dorset, UK) under circular 20 mm diameter 

coverslips (0.17 mm thickness, Fisher Scientific, UK), then sealed with nail vanish (figure 

6.4). 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.4. 100 µm thick porcine ONH sections mounted onto circular 20 mm diameter CaF slides 

and covered with 0.17 mm thick glass coverslip. PreL and LC are shown. Scale bar represents 

20mm. 

 

6.2.3 Brillouin/Raman set up 

Brillouin and Raman spectroscopy were simultaneously carried out at the Department of 

Geology and Physics, University of Perugia, (Perugia, Italy). The experimental set up 

(figures 6.5 and 6.6) was coupled with custom-written LabSpec 5 software for Raman 

data acquisition and custom-written Group of High-resolution Optical Spectroscopy and 

related Techniques (JRS GHOST - University of Perugia, Perugia, Italy) software version 

7 (Fioretto and Scarponi, 2009) for Brillouin data acquisition and analysis.   

A single mode diode-pumped-solid state Excelsior laser (Spectra-Physics, Santa Clara, 

CA, USA) at wavelength 532 nm was passed through a temperature-controlled etalon 

filter to reduce laser intensity. The laser was focused onto the sample via a confocal 

microscope (JRS Scientific Instruments, Mettmenstetten, Switzerland). A tunable 

ultrasteep short-pass filter (TEF, Semrock SP01-561RU), with edge close to 532nm, 

transmitted the anti-Stokes inelastic scattered light into a Fabry-Perot interferometer for 
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Brillouin spectra collection and reflected the Stokes inelastic scattered light towards the 

Raman spectrometer. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 
Figure 6.5. Schematic set up of the simultaneous Brillouin-Raman spectroscopy. A single mode 

diode-pumped-solid state Excelsior laser (Spectra-Physics, Santa Clara, CA, USA) at wavelength 

532 nm was passed through a temperature-controlled etalon filter to reduce laser intensity. Then, 

the laser was focused onto the sample by the same objective lens used to collect backscattered 

light. A tunable ultrasteep short-pass filter (TEF, Semrock SP01-561RU), with edge close to 

532nm, transmitted the anti-Stokes inelastic scattered light into a Fabry-Perot interferometer for 

Brillouin spectra collection and reflected the Stokes inelastic scattered light towards the Raman 

spectrometer. Adapted from Mattana et al., (2018) and reprinted with permission of Light: 

Science & Application under a Creative Commons Attribution 4.0 International License 

(https://creativecommons.org/licenses/by/4.0/). 
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Figure 6.6. Brillouin/Raman set up. A single mode diode-pumped-solid state Excelsior laser at 

wavelength 532 nm is the laser source (a) and focused onto the sample by a confocal microscope 

(b). Manual stage controllers (a) allowed the movement in the xyz direction of the motorised stage 

(b) onto which the sample holder (b) was mounted.   

 
 
The microscope was coupled with a light emitting diode (LED) at 470 nm to illuminate 

the sample surface to distinguish the ROI.  A 20x Apochromat objective lens with a 

working distance of 20 mm and numerical aperture of 0.42 was used to collect 

Raman/Brillouin spectra. The same objective was used to focus the beam onto the sample, 

as well as collect backscattered light.  A short pass filter then transmitted the anti-Stokes 

inelastic scattered light into a Fabry-Perot interferometer (to create an interference 

pattern) (HC-TFP -Table Stable Ltd., Mettmenstetten, Switzerland) for Brillouin spectra 

collection and reflected the Stokes inelastic scattered light towards the Raman 

spectrometer (iHR320 Triax, Horiba UK Limited, Northampton, UK). The Fabry-Perot 
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spectrophotometer included a short bandpass filter and a long pass filter to reject residual 

elastic scattering of the Raman line. For measurements, samples were mounted onto a 

piezoelectric stage (PI 611-3S Nanocube) with resolution of 1 nm and a motion range of 

100 μm in the X and Y axes. 

6.2.4 Data collection 

Brillouin and Raman spectra were simultaneously collected from six LC sections and 

three preL sections. One ROI from each preL and LC section was selected and, thus, a 

total of nine regions of interest were analysed from preL (n=3) and LC (n=6). Each ONH 

tissue section was mounted onto the stage and the blue LED shone onto the surface. Each 

area of interest within preL and LC was manually aligned and the area to be raster-

scanned was selected by moving the motorised stage in the XYZ until the preferred region 

was illuminated. The Z position was optimised by checking the intensity of the Raman 

spectrum which showed sharp peaks generated from the tissue and a small peak derived 

from the CaF slide (at ~300 cm-1) (Gee et al., 1966, Russell, 1965).  

 

A raster scan, using a motorised stage, was performed to acquire data from areas between 

45x45 µm2 (10 x 10 points, 5 µm step) and 100x100 µm2 (20 x 20 points, 5 µm step) 

within preL and LC (Table 6.1). Raman and Brillouin spectra were simultaneously 

acquired at each point (90 seconds acquisition time per point) within the ONH regions 

over 2.5 or 10 hours.  

 

 

 

 

 

 

 

 

 

 

 
Table 6.1. Scan parameters for simultaneous acquisition of Brillouin and Raman spectra; number 

of scan points (XY) at 5µm steps, collected over areas between 45x45µm2 and 100x100 µm2. 
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6.2.5 Raman and Brillouin spectroscopy analysis 

The method presented in this chapter has been recently validated using wool fibres 

(Fioretto et al., 2019) and represents a reliable way to extract the intensity and the average 

frequency shift of Brillouin peaks and of the Raman bands based on the calculation of 

spectral moments. Figure 6.7 shows a flow diagram on the method used to analyse Raman 

and Brillouin spectra. All software used in Raman and Brillouin data analysis were 

developed by GHOST (Palombo et al., 2014) and are launched in the command prompt.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.7. Flow diagram of Raman and Brillouin data collection and analysis using LabSpec 5 

(A) and GHOST (B) respectively. Plotraman.exe and plotspettri.exe were used firstly to generate 

a .txt file with all the Raman and Brillouin spectra, respectively, for each scan. Subsequently, 

momapram.exe and momappa_bs.exe generated matrices of the spectra which were imported into 

OriginLab to create colour-coded plots. 
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6.2.5.1 Raman spectrum collection and analysis 

Raman spectra at each point within the preL and LC were collected using LabSpec 5 

software, which gave an output spectrum for each scanned point (between 100-400 

spectra per scan) as a .txt file. These were imported into a GHOST software and the 

function called “Plotraman.exe” generated a single .txt file with all the spectra of a scan. 

The .txt file was imported into MATLAB and plotted using custom made script (see 

appendix II.3 “Raman_Intensity_profile_v1”) to enable the visualisation of peaks 

associated to different vibrational modes and compounds. 

6.2.5.2 Raman spectroscopy from porcine ONHs 

Each Raman dataset derived from preL and LC contained between 100 (10 x 10 points 

area) and 400 (20 x 20 points area) spectra and were plotted as intensity (y-axis) against 

wavenumber (x-axis) (number of waves per cm, cm-1). Each peak in the Raman spectrum 

corresponded to a specific molecular bond vibration, including individual bonds such as 

carbon-carbon (CC, C=C), nitrogen-oxygen (NO), carbon-hydrogen (CH) and nitrogen-

hydrogen (NH). 

Two features were analysed from Raman spectra corresponding to i) 0th spectral moment, 

representing the intensity of the peak, related to a molecular vibration and ii) 1st spectral 

moment, representing the “barycentre”, i.e.  the average of wavenumber weighed by their 

intensity.  

In the case of a single peak, the 1st moment provided its frequency position, while in case 

of a multi-peak spectral feature (even not well spectrally resolved or overlaid), it gives 

the average of peak positions. In this case, the high (low) frequency shift of the 1st moment 

is proportional to the relative intensity of the high (low) frequency vibration, giving an 

estimate of the relative fraction of the corresponding molecules (Fioretto et al., 2019). 

From the Raman spectra, markers of different chemical species were obtained by 

analysing frequency regions between 500 and 3000 cm-1 where the characteristic bands 

of the CH2 and CH3, Amide I, Amide III and collagen stretching vibrations were located 

(figure 6.8).  
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Figure 6.8. Raman set of graphs made by 90 spectra acquired from porcine LC at 10 x 9 points 

scan, covering an area of 45 x 40 μm2. Each peak represents a unique chemical fingerprint of 

vibration mode of a chemical bond. Raman peaks found in the literature corresponding to CaF 

slide, glycosaminoglycans (GAG), collagen (HP), Amide I and III and CH bonds are shown. The 

band at the highest frequency is associated with water (~3390 cm-1). 

 

 

6.2.5.3 Raman colour-coded maps analysis 

Hyperspectral analysis of the Raman datasets produced contour colour-coded maps of 

preL and LC. Colour-coded maps were produced for the intensity (0th momentum) of each 

selected peak in the Raman spectrum by a GHOST software. Maps of frequency shift (1st 

momentum) were also produced for the double well defined peak observed at high 

frequency shift (~2800-2900 cm-1). 

The function “Momapram.exe”, generated two .txt files containing matrices with 

dimensions nX and nY (where n is the number of X rows and Y columns), corresponding 

to the intensity and the frequency of the spectra within the selected peak. Matrices were 

imported into OriginLab and plotted as colour-coded map using the “Contour plot” 

function (see, for example, figure 6.9). Maps were generated for each Raman peak 

associated to a particular molecular bond. 
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Figure 6.9. Contour colour-coded plot of Amide III peak within the LC Raman spectrum over an 

area of 55μm2. Amide III peak centred at 1248 cm-1 showed a shift at higher frequency in the red-

yellow areas. 

 
 

6.2.6 Brillouin spectroscopy from porcine ONHs 

A typical Brillouin spectrum obtained from the LC, acquired with GHOST v7, is shown 

in figure 6.10, Stokes and anti-Stokes peaks are illustrated. In hydrated specimens, such 

as those used in the current study, the Brillouin spectrum is highly affected by the 

presence of water, which appeared as a sharp peak at 7.5 GHz (figure 6.10). The 

contribution of the specimen in hydrated samples appeared as a small shoulder shifted at 

higher frequency (figure 6.10). 

6.2.6.1 Brillouin spectrum collection and analysis: Damped Harmonic Oscillator 

(DHO) fitting 

GHOST v7 automatically output a spectrum for each data point (between 100-400 spectra 

per scan, depending on the number of points) as a .dat file. These were imported into 

GHOST software and the function called “Plotspettri.exe” generated a single .txt file with 

all the spectra of a scan. The .txt file was imported into MATLAB and plotted using 

custom written script (see appendix II.4 “Brillouin_Intensity_profile_v1”) to enable the 

visualisation of Brillouin peaks for each scan.  
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Figure 6.10. Brillouin spectra from porcine LC section. Brillouin graphs of 100 spectra, showing 

the sharp peak at 7.5 GHz associated with water (red arrows) and a little shoulder at higher 

frequency representing the contribution of the specimen to the Brillouin peak (black arrows).  

 

 

Since the experiment involved using hydrated samples to best mimic physiological 

conditions, the decomposition (discrimination of two or more contributing peaks) of the 

Stokes peaks was performed to remove the water contribution, enabling the analysis of 

the sample only. To this aim, the intensity profile was fitted by two Damped Harmonic 

Oscillator (DHO) functions, using GHOST software as previously described (Palombo et 

al., 2014). Brillouin data analysis and the double DHO fitting was performed by a 

researcher (Martina Alunni Cardinali) at University of Perugia, Italy, based on the 

previously described methodology (Fioretto et al., 2019). 

 

Briefly, fixed parameters of the DHO attributed to water, namely frequency shift (7.53 

GHz) (Scarcelli and Yun, 2007b, Koski and Yarger, 2005), and linewidth (0.799 GHz) 

were imported into the GHOST script, together with the frequency range to be fitted, 

selected from the graph generated from “Plotspettri.exe” function.  Since the linewidth 

of water peaks differs amongst materials, its value was left free in a first fitting run and 

fixed to the average of the obtained values (i.e. 0.799 GHz) in the second run. Table 6.3 

summarises an example of parameters imported for peak separation. 
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Table 6.2. Brillouin parameters imported for peaks separation. Stokes, anti-Stokes, frequency and 

linewidth of water were imported into the custom-made GHOST script to automatically 

decompose Brillouin water peak from the Brillouin contribution of the sample. 

 

6.2.6.2 Brillouin colour-coded maps 

Data extracted from the double-DHO fitting was output as .txt files and imported into a 

GHOST software. The function, named “Momappa_bs.exe” generated three .txt files 

organised as matrices of intensity, frequency shift and linewidth with dimension nX and 

nY (with n as the number of X rows and Y columns). The frequency shift measured in 

GHz, was related to the elasticity of the material, linewidth in GHz was related to the 

viscosity of the material and the Brillouin intensity to the intensity of the Brillouin peak. 

Matrices were imported into OriginLab and plotted as a colour-coded map using the 

“Contour plot” function. Maps were used to compare elasticity, viscosity and intensity of 

the spectra between ONH regions (preL and LC). 

6.2.7 Distribution of prelamina and LC spectra 

 

Matrices of frequency shift and linewidth generated from the function 

“Momappa_bs.exe” as described in 6.2.6.2 were opened with Microsoft Excel and values 

organised in ascending orders. Data was then subdivided into eight bins and plotted as 

histograms of spectra distribution for preL and LC. 
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6.2.8 Statistical analysis 

Statistical tests were performed in SPSS version 25. Kolmogorov–Smirnov test was 

performed to compare the frequency shift and linewidth distribution between preL and 

LC and between LC plates and pores. 

6.3 Results 

The spectra peak wavenumber, and those of Raman spectra produced from the preL and 

the LC, together with their attributed molecular vibration/structure are shown in Table 

6.4. 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 6.3. Molecular bonds and vibrational modes of Raman spectra from porcine preL and LC. 
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6.3.1 Brillouin and Raman spectroscopy from the prelamina 

Representative Raman spectra within a preL are shown in figure 6.11. Raman spectra 

from porcine preL showed one well defined peak identified at higher frequency, 

composed of two small shoulder at 2892 and 2947 cm-1 (see Table 6.4, figure. 6.11a-c, 

red boxes). Different undefined peaks were also identified at lower frequency, however, 

intensity and shape appeared negligible, therefore no investigation of those was 

performed. Additionally, the three preL spectra presented a broad peak at 3350 cm-1 

which was attributed to water (Leikin et al., 1997). 

 

Representative Raman color-coded maps from preL are shown in figure 6.12. Intensity 

(figure 6.12a) and frequency shift (figure 6.12a) maps over a 100x100 µm2 area (20 x 20 

points) are shown. Spectral assignment, based on previous studies determined this peak 

to be attributed to CH2-CH3 stretch and CH vibrations in lipids and proteins (Czamara et 

al., 2015).  

 

Raman intensity (figure 6.12a) and weighted average intensity peak position (figure 

6.12b) showed regions of higher intensity. In the latter, the higher frequency shifts 

observed corresponded to areas of higher intensity, suggesting that these regions were 

rich in protein (Caponi et al., 2013, Mattana et al., 2017a, Mattana et al., 2018). The lower 

intensity and frequency regions also corresponded and were indicative of lipid-rich 

regions (Caponi et al., 2013, Mattana et al., 2017a, Mattana et al., 2018).  
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Figure 6.11. Raman spectra from three (a-c) porcine prelamina sections. Representative Raman 

graph of 90 spectra showed wide water-associated peaks at ~2900 cm-1 (red box in a-c). 
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Brillouin spectra of preL are shown in figure 6.13. An intense central peak at 0 GHz due 

to the elastic scattering can be seen in figure 6.13a,c,d, with a Stokes/anti-Stokes peaks 

due to water inelastic scattering at 7.5 GHz. A very small shoulder, almost negligible was 

seen in the Brillouin spectra (figure 6.12b), however, not well defined, suggesting the 

water predominated on the sample contribution to the Brillouin spectra. 

 

 

 

Figure 6.12. Representative colour-coded maps of the CH2-CH3 peak showed the distribution of 

protein and lipid within the prelamina. 0th moment (a) and 1st moment (b) showed shifts at higher 

frequency (orange-red areas) within similar regions. In the latter, the higher frequency shifts 

observed corresponded to areas of higher intensity, suggesting that these regions were rich in 

protein (Caponi et al., 2013, Mattana et al., 2017, Mattana et al., 2018). The lower intensity and 

frequency regions also corresponded and were indicative of lipid-rich regions (Caponi et al., 2013, 

Mattana et al., 2017, Mattana et al., 2018). 

 
 
Representative Brillouin color-coded stiffness maps from preL over a 100x100 µm2 area 

(20 x 20 points) are shown in figure 6.14. The higher the intensity (figure 6.14a) the lower 

is the frequency shift (figure 6.14b) and vice versa, suggesting that regions of higher 

intensity correspond to regions of low elasticity. Frequency shift ranged from 8.2 – 8.36 

GHz and no regions at highest frequency (8.42 GHz) were observed. Linewidth (figure 

6.14c) ranged from 1.1 – 1.9 GHz. Although small, Brillouin maps showed the 

heterogenous nature of the sample due to the contribution of both water and sample. The 

greater contribution of water to the Brillouin spectra suggests that the sample was very 

diluted into a solution of mostly water.  
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Figure 6.13. Brillouin spectra from three prelamina tissue sections. Raw data (a,c,d) showed a 

central peak at 0 GHz due to the elastic scattering and also both Stokes and anti-Stokes are shown. 

Magnification (b) of the Brillouin peak in a, showed a small, almost negligible shoulder at higher 

frequency (b, black arrow). 
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Figure 6.14. Brillouin stiffness maps from the porcine preL. The higher the intensity (a) the lower 

is the frequency shift (b) and vice versa. Linewidth (c) appeared homogenous throughout the map. 

 

6.1.1 Brillouin and Raman spectroscopy from the LC 

Representative Raman spectra within six LC are shown in figure 6.15. Several peaks were 

identified different and attributed to several molecular vibration. Raman spectra from the 

LC appeared more complex than that of the preL, indicating several constituents (figure 

6.15a-e). The six LC sections presented similar spectra, in which peaks were attributed to 

different molecule vibrations, identified in Table 6.4.  Single peaks were observed at 555 

cm-1 (figure 6.16b), 865 cm-1 and 924 cm-1 (figure 6.16c), 1252 cm-1 (figure 6.16c), 1466 

cm-1 (figure 6.16d) and 1671 cm-1 (figure 6.16d). Two broad peaks at 2873 cm-1 and 2934 

cm-1 (figure 6.16e), attributed to CH2-CH3, which appeared more pronounced than those 

in the preL. Additionally, the peak corresponding to water bonds at ~3370 cm-1 (figure 

6.16e) appeared more distinct than that observed in the preL.  
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Figure 6.15. Raman spectra of five porcine LC sections. Representative Raman graphs of 50 

spectra from the porcine are shown (a-e). Raman spectra appeared well defined and several peaks 

were identified. Broad peaks were observed at 555 cm-1, 865 cm-1 and 924 cm-1, 1252 cm-1, 1466 

cm-1, 1671 cm-1, 2873 cm-1 and 2934 cm-1. Peat at ~3370 cm-1 was also identified.  
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Figure 6.16. Representative graph of 70 Raman spectra over a 55x55 µm2 area of porcine LC. 

Raman spectrum (a) appeared more defined of that observed in the preL and peaks attributed to 

different molecule vibrations were observed.  Broad peaks were observed at 555 cm-1 (b, black 

arrow), 865 cm-1 and 924 cm-1 (c, black arrows), 1252 cm-1 (c, blue arrow), 1466 cm-1 (d, blue 

arrow), 1671 cm-1 (d, red arrow), 2873 cm-1  and 2934 cm-1 (e, blue arrow). Peat at ~3370 cm-1 

(e, red arrow) was also identified.  
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Representative Raman colour-coded maps over a 55x55 µm2 area (12 x 12 points) within 

the LC are shown in figure 6.17. Spectral assignment of peaks is shown in Table 6.4. In 

brief, a proline-rich composition (i.e. hydroxyproline) (HP) due to the CC stretching and 

CH bending modes, was determined by peaks at 865 cm-1 and 924 cm-1, (figure 6.17a) 

which likely correspond to fibrillar collagen within the LC plates. The peak at 555 cm-1 

(due to CC aromatic ring stretching) (figure 6.17b) indicated that glycosaminoglycans 

(GAG) within the LC included chondroitin (C) 6 and C 4 sulphate. Peaks 1252 cm-1  

(figure 6.17c) and 1671 cm-1 (figure 6.17e) were assigned to Amide III and Amide I of 

protein, due to the CN symmetrical stretch and NH2 asymmetrical stretch, respectively. 

The spectral assignment of peak at 1466 cm-1 (figure 6.17d) due to CH2/CH3 deformation 

of protein (Hanlon et al., 2000), could be attributed to collagen type I. GAG (figure 6.17b) 

and CH2/CH3 of protein and lipids (figure 6.17f) map did not show similar features, 

however, the averaged intensity map of CH2/CH3 (figure 6.17g) showed a clear 

correlation with the other maps was observed. 
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Figure 6.17. Raman colour-coded maps of the different molecular vibrations within porcine LC. 

Raman maps of HP (a), Amide III (c), CH2/CH3 of protein (d) and Amide I (e) correlated well 

showing shift at higher frequency within similar area. GAG (b) and CH2/CH3 (f) map did not 

show similar features, however, the averaged frequency shift map of CH2/CH3 (g) showed a clear 

correlation with the other maps. The legend represents intensity (a.u.) in all maps except for g) 

where it represents frequency shift (GHz). 
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Brillouin spectra over a 55x55 µm2 area (12 x 12 points) within a porcine LC are shown 

in figure 6.18. The peak at 7.5 GHz, due to the inelastic scattering of water, appeared less 

sharp and wider at the base than that observed in the preL. A small shoulder was observed 

on both Stokes/Anti-Stokes sides of the Brillouin graph (figure 6.18a-e), suggesting the 

sample contributes to the Brillouin spectra. This shoulder was not observed in the preL, 

consistent with the more heterogenous composition of the LC compared to the preL. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 6.18. Brillouin spectra of five porcine LC sections. Representative Brillouin graphs of 50 

spectra from the porcine are shown (a-e). A sharp Stokes and anti-Stokes peak, representing that 

of water bonds vibration is visible in all spectra. A small shoulder, indicating the contribution of 

the sample, appeared in all spectra.   
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Brillouin maps of frequency shift (figure 6.19b) and linewidth (figure 6.19c) showed 

regions with consistent high values that corresponded to Raman-generated regions 

containing HP, CH2/CH3, Amide I and Amide III.  In these regions, Brillouin frequency 

shifts and linewidths appeared inversely correlate to Brillouin intensity values (figure 

6.19a). Frequency shift had a higher range of 8.2 – 9.6 GHz, compared to that of the preL 

(8.2 – 8.42 GHz). Similarly, linewidth, ranged from 1.2 – 2.6 GHz, which is higher than 

the linewidth range of the preL (1.1 – 1.9 GHz). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.19. Brillouin colour-coded maps in the porcine LC. Frequency shift (b) and linewidth (c) 

correlated well, showing higher elasticity and viscosity, respectively, within similar areas. 

Brillouin frequency shifts and linewidths appeared inversely correlate to Brillouin intensity (a) 

values. 

 

6.3.2 Distribution of prelamina and LC spectra 

Raw Brillouin spectra from preL and LC are shown in figure 6.20.  
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Figure 6.20. Prelamina and LC spectra used to output matrices of frequency shift and linewidth 

using the function “Momappa_bs.exe” in the command prompt. Prelamina (a) and LC (c) showed 

different shifts and linewidth. A magnification of the anti-Stokes peak is shown for the prelamina 

(b) and the LC (d).   

 

 

PreL spectra are characterised by a low-frequency mode, which covers values from 3 to 

9 GHz (figure 6.21a). Distribution from the LC showed more spectra at higher frequency 

from 8 to 9.4 GHz (figure 6.21b), and no spectra below 8 GHz were observed, compared 

to those of preL. GHz. Linewidth of preL is characterised by spectra between 0 and 3 

GHz (figure 6.21c), whereas those of the LC between 1.2 and 2.4 GHz and no spectra 

were observed at 1 GHz or above 2.5 GHz (figure 6.21d). Spectra from both frequency 

shift (p=0.001) and linewidth (p=0.031) in the LC were significantly different from the 

preL and did not show a normal distribution. Spectra distribution from LC pores and 

plates showed significant differences in both frequency shift (p=0.001) and linewidth 

(p=0.000). 
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Figure 6.21. Distribution of Brillouin spectra of frequency shift and linewidth in the preL and LC. 

Spectra of frequency shift in the LC (b) showed higher GHz values that those observed in the 

preL (a). Linewidth of LC showed spectra from 1.2 to 2.4 GHz (d), compared to those of preL 

from 1 to 3 GHz (c). Both frequency shift (p=0.001) and linewidth (p=0.031) distribution were 

significant different between preL and LC. 

 

6.4 Discussion 

Spontaneous Brillouin scattering, first reported by Leon Brillouin in 1922 (Brillouin, 

1922) arises when light is scattered by thermal density fluctuations propagating inside the 

media. Since 1922, Brillouin microscopy has been widely used to characterise the 

biomechanical properties of cells (Antonacci and Braakman, 2016), fibroatheroma cup 

stiffness (Antonacci et al., 2015) and ex vivo corneal biomechanics (Scarcelli et al., 2012, 

Scarcelli et al., 2013).  

Proteins are large and complex molecules containing many amino acids which result in 

complex Raman spectra. However, investigation into protein structure using Raman 

spectroscopy, which started decades ago, is leading to the discovery of several specific 

Raman bands. Raman spectra are qualitative and quantitative; therefore, information can 

be obtained from peak position and peak intensity, which vary based on the concentration 

and the nature of the bond.  
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The combination of Brillouin and Raman spectroscopy has been introduced to 

characterise mechanical and chemical properties of materials (Mattana et al., 2018, 

Palombo et al., 2014). In this chapter preliminary results relating to ONH micromechanics 

are presented. These demonstrated the feasibility of a combined Raman/Brillouin 

spectroscopy to simultaneously map the micromechanical, structural and chemical 

properties of the ONH. 

 

Raman spectra presented differences between preL and LC. In the preL, the spectra of 

three ONH sections appeared similar, and only one peak at 2940 cm-1 was identified. This 

peak has been previously attributed to the CH2-CH3 stretching and vibration of lipid and 

proteins (Czamara et al., 2015). This peak is composed of an overlapping of multiple 

contributions from the CH2 stretching vibration primarily arising from lipids at ~ 2850 

cm-1, and the CH3 stretching vibration primarily arising from proteins at ~ 2935 cm-1. 

The absence of specific collagen and/or amide peaks correlates with the known 

composition of the preL, which is mainly neuronal tissue, cells and RGC axons 

(Anderson, 1969).  

 

Brillouin maps of elasticity and viscosity from the preL appeared to show no specific 

region of higher frequency or linewidth, respectively. In the preL, glial fibrillar acidic 

protein (GFAP) positive astrocytes form glial columns between the axons fascicles and 

they extend thin processes into the axons forming supporting scaffold (Elkington et al., 

1990, Oyama et al., 2006). The only collagen found in the prelamina is associated to blood 

vessels (Elkington et al., 1990). This implies that the preL is mostly neuronal tissue, with 

glial astrocytes supporting the axons.  

 

Raman maps of preL showed a characteristic shape which might resemble an astrocyte 

process or a small vessel. PreL map of 100 µm2  showed a ~13 µm width region where 

the Raman intensity was higher, and the weighted average intensity showed CH2-CH3 of 

both protein and lipid. It might be anticipated that the region observed corresponded to a 

small vessel, as the glial tissue projections in the preL, are delimited by capillaries.  

 

However, in the preL, sometimes bundles of axons are separated by large astrocytes 

processes, which contain many intermediate filaments (Elkington et al., 1990). Hence, it 

might be also possible that the region observed in the preL map corresponded to an 

astrocytes process.  
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A previous study showed that in guinea pig, both neurons and glial cells are very soft 

tissue and glial cells are even softer that the neurons (Lu et al., 2006). These results might 

explain the brillouin maps observed in the preL, where no regions of higher elasticity and 

viscosity were observed.  

 

In the LC, peaks at 555 cm-1 and 1110 cm-1 were also found. The first  GAG spectrum 

was published more than 50 years ago (Orr, 1954). Raman spectra for hyaluronan (HA) 

(Alkrad et al., 2003, Bansil et al., 1978), chondroitin-4-suplhate (C4S), chondroitin-6-

sulphate (C6S) (Alkrad et al., 2003), heparin (Atha et al., 1996), and a small dermatan 

sulphate proteoglycan (Renugopalakrishnan et al., 1989) were reported some time ago 

and more recently by Ellis et al (Ellis et al., 2009). The extracellular matrix of the LC also 

comprises GAG, specifically chondroitin-6-sulphate (Morrison et al., 1994) and 

chondroitin-4-sulphate (Caparas et al., 1991, Morrison et al., 1994). Heparan sulphate has 

also been reported along the margins of the LC plates (Sawaguchi et al., 1992, Sawaguchi 

et al., 1993), extending into the region of insertion. It is likely that peaks observed at 555 

cm-1 and 1110 cm-1 were derived from chondroitin-4 and 6 sulphate contribution to the 

spectrum. 

 

Several peaks identified in the LC sections, at 865-940 cm-1, Amide I at 1252 cm-1, 

Amide III at 1671 cm-1 and CH2-CH3 deformation of protein at 1466 cm-1 have been 

attributed to collagen type I.  

Peaks between 865-940 cm-1 have been associated with different vibrational modes of 

collagen. Peaks at 865 cm-1 have been related to the hydroxypyridinoline (HP) ring 

(Ikoma et al., 2003, Nguyen et al., 2012, Sato and Martinho, 2018, Zhang et al., 2011) 

and at 940 cm-1 have been identified as vibrational modes of the proline ring (Ikoma et 

al., 2003, Nguyen et al., 2012, Sato and Martinho, 2018, Zhang et al., 2011). Finally, 

peaks at 938 cm-1 corresponded to the CC stretching vibration of the collagen backbone 

formed by the Glycine–X–Y sequences  (Zhang et al., 2011). An additional peak at lower 

frequency was identified in one LC section only occurring at 815 cm-1 and it has been 

assigned to the COC stretching, associated with the glucosyl-galactosyl 

hydroxylysinonorleucine cross-link between the tropocollagens (Borel, 1991, Ikoma et 

al., 2003). Glycosylated hydroxylysinonorleucine cross-links have been shown before to 

be involved in rat collagen fibre formation and its concentration significantly increased 

with the age of the animal (Boucek et al., 1979). More recently, Naffa et al. (2019) 

isolated hydroxylysinonorleucine cross-links in collagen type I from bovine skin (Naffa 



      
 

250 
 

et al., 2019). Since fibrillar collagen is present in the LC (Albon et al., 1995, Hernandez 

et al., 1986, Hernandez et al., 1987);  it is likely that these peaks are arising from the 

different vibrational modes of collagen within the cribriform plates.  

 

Peaks at 1252 cm-1, 1466 cm-1 and 1671 cm-1 , identified in the LC, have been attributed, 

by previous studies, to Amide I (Cheng et al., 2005, Frank et al., 1995, Shetty et al., 2006, 

Stone et al., 2002, Stone et al., 2004, Tuma, 2005), CH2-CH3 stretching (Cheng et al., 

2005, Frank et al., 1995, Shetty et al., 2006, Stone et al., 2002, Stone et al., 2004) and 

Amide III (Malini et al., 2006, Notingher et al., 2004, Tuma, 2005), respectively. NH2 

stretching of Amide I is likely to be attributed to collagen type I (de Campos Vidal and 

Mello, 2011),  known to be part of the LC connective tissue (Albon et al., 1995, Albon et 

al., 2000a, Goldbaum et al., 1989, Hernandez et al., 1986, Hernandez et al., 1987, 

Morrison et al., 1989b, Rehnberg et al., 1987). Similarly, the CH bend of Amide III is 

likely attribute to collagen I as previously shown (Gasior-Glogowska et al., 2010).  

The spectral assignment of peak at 1466 cm-1, due to CH2-CH3 deformation of protein 

(Hanlon et al., 2000), could be attributed to collagen type I. This band has been previously 

attributed to collagen or phospholipid scissoring (Huang et al., 2003, Katainen et al., 

2007); the former is likely here, as it followed the HP distribution observed in the Raman 

maps.   

 

Peaks observed at higher frequencies 2950 cm-1 and 3350 cm-1 can attributed to CH2-CH3 

stretching of amino acids and different lipids (Czamara et al., 2015) and water hydrogen-

bond (Leikin et al., 1997), respectively. The peak at 2950 cm-1 appeared sharper than that 

observed in the preL, suggesting that the preL contained more lipid than the LC.  

Previous studies have probed the typical Raman spectrum for elastin and 

desmosine/isodesmosine (Frushour and Koenig, 1975, Haston et al., 2003). Elastin 

Raman spectrum is complex and there are significant variations for peak position of 

different vibrational modes in the literature. However, peak at 529 cm-1 has been 

attributed to the cross-link desmosine (Frushour and Koenig, 1975). Raman spectra from 

LC sections were complex and did not contain any peak at 529 cm-1, suggesting that 

elastin was absent in the porcine LC. TPEF imaging shown in chapter 4, confirmed this.  

 

Brillouin maps of the LC showed a region-dependence variation in elasticity and 

viscosity. According to the area shaped in the maps, it is likely that the region scanned is 

part of a cribriform plates surrounded by a softer area. Brillouin maps showed shift at 
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higher frequency in both elasticity and viscosity within similar regions, correlating well 

with Raman maps. These suggested that all molecular components had an impact on the 

elasticity and viscosity of the tissue.  

 

It is thus possible to associate areas of higher frequency shift (8.8-9.6 GHz, see figure 

6.16b) and linewidth (1.8-2.6 GHz, see figure 6.16c) to a cribriform plate surrounded by 

areas of low elasticity (8.2-8.4 GHz) and viscosity (1.2-1.4 GHz), likely attributed to a 

neuronal pore. These maps suggest that the higher elasticity and viscosity are represented 

within the same region. 

 

The results presented in the Brillouin maps is consistent with previous studies suggesting 

that the LC is capable of resisting tensile, compressive and shear (Grytz et al., 2014, Sigal 

et al., 2011) stresses. Therefore, it is likely that the region observed in both Raman and 

Brillouin maps correspond to a cribriform plate surrounded by a pore. 

 

The LC and its insertion into the sclera is supported by tightly packed collagen and elastin 

containing fibres (Hernandez et al., 1987, Hernandez et al., 1986), which presumably 

dominated the Brillouin measurements reported in this study. However, the presence of 

water bonds, due to the hydrated condition in which the samples were scanned, had a 

significant effect on the Brillouin peak frequency. In this study, the investigation of the 

Brillouin maps was achieved after peak deconvolution which allowed a full description 

of elasticity and viscosity within a porcine LC. A similar approach has been proposed 

before (Mattana et al., 2018), in which the authors successfully separated the Brillouin 

peak of cells from the surrounding buffer.  

 

Analysis of the raw data showed that the Brillouin peak of ONH samples was located at 

higher frequency with respect to the water. This feature was also found by Mattana et al 

(2018). This was a key result, suggesting that asymmetrical peaks highlight the 

contribution of the material to the Brillouin data. The innovative analysis method 

enabledthis study to report for the first time the accurate modification of the position and 

shape of the Brillouin peak applied to the porcine ONH. In turn, the latter enabled the 

comparison of micromechanics between preL and LC. Brillouin maps correlated with 

Raman maps, suggesting that the molecular composition of the LC contributed to 

viscosity and elasticity of the tissue.  
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Brillouin/Raman spectroscopy does not involve contact with chemical agents and 

specimens itself, therefore, it is ideal and suitable for human in vivo application, as it has 

been demonstrated before on in vivo lens (Scarcelli et al., 2011) and cornea (Scarcelli et 

al., 2012). Thus, Brillouin and/or Raman has potential as an important tool for early 

diagnosis of disease (Day et al., 2009, Day and Stone, 2013). 

6.5 Conclusion 

This chapter demonstrated a proof of concept of the capabilities of the simultaneous 

Raman-Brillouin micro spectroscopy approach for application on ex vivo samples of the 

optic nerve head. This approach offers frequency variation of the order of GHz and 

provides access to vibrational properties of the connective tissue as well as its molecular 

modes. Collagen and elastin are the major load bearing components of the ONH and the 

mechanical properties of the LC and therefore the ONH, are due to a balance between 

elastin, responsible of elastic properties of the tissue and collagen, which provides tensile 

strength. The mechanical behaviour of the LC appeared to change with age (Albon et al., 

2000b) and glaucoma (Zeimer and Ogura, 1989) due to changes in the connective tissue 

which make the lamina cribrosa less flexible and stiffer. This concept provided the 

starting point of this investigation, which is the first study to offer information on the 

simultaneous micromechanics and chemical/structural properties of the preL and LC from 

ex vivo samples.  

6.6 Limitation 

This study presented limitations. Firstly, the confocal microscope coupled to the system 

set up requires further optimisation for future investigation, to enable better image 

mapping of the ROI to the scan. This is a preliminary study on porcine ONH which 

allowed proof of concept to enable further investigation into the micromechanics of the 

human optic nerve head, therefore future work will require additional time to increase the 

number of samples, enabling a full investigation into differences between preL and LC 

and regionally (ppsclera and RoIns). 

6.7 Future work 

Future work will include the application of the current set up to human ONH. Brillouin 

frequency shifts will be mapped across ONH tissue and microregions will be probed at a 
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higher resolution to determine the ability of this technique to detect micromechanical 

changes regionally and within young, elderly and glaucomatous ONHs to test the 

hypothesis that collagenous structure changes influence fibril stiffness and tissue 

mechanics. Simultaneous Raman acquisition will enable chemical composition 

comparison in scanned areas. 
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7 Chapter 7 - General discussion 

 

Age is an important risk factor in glaucoma (Anderson, 1989) and both collagen and 

elastin have been shown to increase as a function of age (Albon et al., 1995, Albon et al., 

2000a, Hernandez et al., 1989).  Elevated IOP [(above 21 mmHg (NICE 2017)] is 

considered one of the most important risk factors for the development of primary open 

angle glaucoma (POAG) (Alward et al., 1998). IOP acts as a source of stress, resulting in 

a possible chain of cellular events which culminate in RGC axonal damage. Although the 

IOP-related stress and strain play an important role in the pathophysiologic process of 

glaucoma, it is likely the interaction between connective tissue damage, axonal damage 

and ageing that determine the susceptibility of an ONH to glaucomatous optic neuropathy 

(Burgoyne et al., 2005).  

 

The purpose of this thesis was to further characterise the nanostructure and microstructure 

of the human ONH in ageing and glaucoma, to aid in understanding how age-related 

changes in ONH connective tissue influence LC susceptibility to development of 

glaucomatous optic neuropathy.  

7.1 Anatomical features in ageing and glaucomatous ONHs 

Anatomical changes of the ageing ONH are summarised in figure 7.1, left panel. 

Important factors that are likely to contribute to the mechanical response of the ONH to 

IOP, and therefore influence ONH susceptibility to glaucoma, are the thickness of LC, 

plates and ppsclera. Results presented in this thesis did not show any correlation between 

age and LC/LC plates and ppsclera thickness. Previous studies have investigated the 

morphometry of the LC and found that the LC thickness is not associated with age (Jonas 

and Holbach, 2005, Ren et al., 2010, Ren et al., 2009), which support the result presented 

in this thesis. 

  

It has been previously demonstrated that there is an increase in connective tissue content 

in age (Albon et al., 1995, Albon et al., 2000a, Hernandez et al., 1989), where collagen 

and elastin accumulates throughout life, leading to stiffer and less compliant LC (Albon 

et al., 2000b). As mentioned above, the increase in LC thickness is not associated with 

age (Jonas and Holbach, 2005, Ren et al., 2010, Ren et al., 2009), which might imply that 

the increase in connective tissue content, does not affect the LC thickness. 
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The increase in connective tissue content is however consistent with the proportion of the 

LC that is occupied by pores decreasing with age, causing a subsequent change in the 

ratio of pore : inter pore tissue (Ogden et al. 1988). In more susceptible eyes, the increased 

in connective tissue content, might lead to a decreased pore area and therefore to a stiffer 

and less resilient LC. This might result in a greater response of the ONH to changes of 

the IOP, leading to a permanent deformation of the LC (Albon et al., 2000b) which can 

result in axonal loss. As the LC is known to become stiffer with age (Albon et al., 2000b), 

it might be that changes in IOP would cause more damage within the ppsclera, pulling 

the LC taut but not affecting the LC thickness. Therefore, it might be the extra strain 

experienced by the LC to result in RGC axonal damage.  

 

Anatomical changes of the glaucomatous ONH are summarised in figure 7.1, right panel. 

LC volume was significantly larger in moderate and advanced glaucoma when compared 

to controls. LC thickness was significantly lower in glaucoma following XMT but not 

within SHG datasets. Thinning of the LC in glaucoma is consistent with previous studies 

which showed a thinner LC in both in vivo (Lee et al., 2012, Park et al., 2012) and ex vivo 

(Jonas et al., 2009, Jonas et al., 2012, Ren et al., 2009). The difference in thickness 

measurements between XMT and SHG datasets, could be due to tissue processing 

techniques used in histological studies, causing tissue shrinkage and/or warping. XMT 

does not require tissue sectioning and the 3D reconstruction is performed without optical 

slices alignment. The latter might have caused inaccuracy within SHG optical stacks 

during tissue section alignment. Additionally, the limited number of moderate (n=2) and 

advanced (n=2) glaucomatous ONHs used in chapter 2 for SHG reconstruction could have 

influenced the statistical confidence.  

 

3D measures, presented in this thesis are, however, proof of principle that the LC 

thickness could be measured within 3D image volume. Therefore, future work will 

require more samples at different stage of disease to further investigate into changes in 

LC thickness in glaucoma.  

 

 

Thinning of the LC in glaucomatous ONH might be due to the continuous stress and strain 

the LC is subjected to, caused by elevated IOP. The IOP produces an expansion of the 

scleral shell which generates tensile forces on the scleral wall. As a result, the scleral 

canal opening expands, which stretches the LC and therefore causing it to thin.  
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In this thesis, the LC volume was shown to be significantly greater in moderate and 

advanced glaucoma compared to controls, which is consistent with the LC thickening and 

remodeling as described in monkey models (Yang et al., 2011).  This has not been shown 

in human glaucoma, however, as shown in monkey experimental glaucoma, one of the 

physiological responses in glaucoma is the expansion of the scleral canal (Bellezza et al., 

2003), which might suggest an increase in LC volume along with an increase in 

connective tissue volume (Reynaud et al., 2016, Roberts et al., 2009).  

 

However, if the LC thins in glaucoma, it is likely that even though the sclera canal 

expands, the LC volume decreases. The latter is not consistent with the findings presented 

in this thesis, which might suggest that discrepancy between techniques occur. 

 

In vivo studies are generally cross sectional in nature and therefore do not address the 

glaucoma related changes in the ONH or LC over time, but instead focus on the 

morphological features in glaucoma eyes versus controls.  LC volumes presented in the 

current thesis were achieved following SHG imaging which arises from fibrillar collagen 

and do not consider EFs and proteoglycans within the LC. This might have been a 

limitation and might explain different volumes calculation.  

 

It is clear from these findings that the LC morphology and structure changes markedly in 

glaucoma, beginning with early stage of disease. Additionally, IOP-related responses 

strongly depend on the eye-specific ONH and LC morphology (Roberts et al., 2010), 

scleral stiffness (Coudrillier et al., 2016), level of cerebrospinal fluid pressure (Feola et 

al., 2017) and it is extremely complex, varying amongst individuals.  Further studies as 

needed to fully understand the best biomechanical markers for LC structural and 

morphological changes and to better elucidate the relationship between LC thickness and 

expansion of the scleral canal opening. 
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Figure 7.1. Anatomical features of the ageing and glaucomatous ONH. LC/LC plates and ppsclera thickness did not show any correlation as a function of age. 

LC thickness appeared significantly lower in glaucoma compared to controls when measured within XMT images, but not within 3D reconstructed SHG images. 

LC volume appeared significantly greater in moderate and advanced glaucoma compared to controls.
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7.1.1 Pore parameters in the glaucomatous ONH 

Pore parameters analysis within glaucomatous ONHs are summarised in figure 7.3. Pore 

circularity and pore count were significantly lower in advanced and all stages of 

glaucoma, respectively. Several investigations have focused on LC and pore shape in vivo 

(Akagi et al., 2012, Fontana et al., 1998, Ivers et al., 2015, Miller and Quigley, 1988, 

Nadler et al., 2014, Omodaka et al., 2018, Shoji et al., 2017, Sredar et al., 2013, Tezel et 

al., 2004, Wang et al., 2013, Zwillinger et al., 2016) and ex vivo (Reynaud et al., 2016, 

Voorhees et al., 2017, Winkler et al., 2010) and changes related to glaucomatous 

neuropathy have been the interest of several studies (Omodaka et al., 2018, Shoji et al., 

2017, Tezel et al., 2004, Wang et al., 2016, Wang et al., 2013, Zwillinger et al., 2016). 

 

 

 

Figure 7.2. Pore parameters within glaucomatous ONHs. Investigation in pore parameters showed 

similar results with both SHG and XMT. Pore circularity, count and area were significantly lower 

in glaucoma compared to controls.  

 
 
These researchers concluded that differences in pore shape in glaucomatous eyes have 

been associated with increasing severity of the disease. The largest pores of a healthy 

ONH are arranged as an hour glass with the greatest in the superior and inferior poles 

(Quigley and Addicks, 1981, Radius and Gonzales, 1981), which are associated with 
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areas conducting fibres of the arcuate bundles (Hoyt, 1962, Quigley and Addicks, 1981). 

If axons passing through larger pores are at greater risk of being damaged because of 

elevated IOP and if pores elongate as a function of glaucoma progression, it is likely that 

axonal resistance to damage decreases as glaucomatous neurography worsen (Miller and 

Quigley, 1988).  

As shown in this thesis, pores appeared elongated in the nasal-temporal direction in 

glaucoma compared to controls, suggesting that the LC stretches in one direction. This 

might be caused by either the IOP pulling the LC taut at the ppsclera or lack of axons 

maintaining the pore shape. If the LC and the pores assume an elongated shape, it is 

possible that this results in the RGC axons damage as subjected to more compression 

within a neuronal pore that no longer present a circular shape. 

 

In glaucoma, eyes with minimal visual field loss present a predominance of small round 

pores on the anterior surface of the LC, however, with the increasing damage the 

proportion of elongated pores increase (Miller and Quigley, 1988, Susanna 1983). It is 

known that the superior and inferior regions of the LC contains larger pores and less 

connective tissue than temporal and nasal (Quigley and Addicks 1981; Miller and Quigley 

1988), and the inferior and infero-nasal have lower collagen density compared to other 

regions (Quigley et al. 1991b). If axons passing through large pores are more susceptible 

to damage and elongated pores increase with the increase in glaucomatous damage and 

IOP, it can be concluded that the LC is more vulnerable within these regions. 

 

Miller and Quigley (1988) suggested that axonal resistance to damage decrease as 

glaucoma progresses, and that RGC axons become less resistant to elevated IOP either as 

a consequence of the decrease in connective tissue density at ONH, or because of changes 

in other parameters, such as reduced nutrition from compromised blood vessels. This in 

turn might lead to axons damage and eventually axons death. 

 

The LC beams thicken in glaucoma and become predominantly horizontally orientated 

(Roberts et al., 2009). It is thought that this organization might influence the orientation 

of pores, therefore analysing pores orientation and shape could be a good indicator of 

glaucoma disease. Recent in vivo studies, have shown reliability of producing repeatable 

results of the LC pores (Akagi et al., 2012, Ivers et al., 2011, Nadler et al., 2013, Wang 
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et al., 2013). From these studies, OCT has been shown to be a reliable way to assess the 

ONH and the LC.  

 

The result presented in the current thesis following SHG and XMT imaging allowed to 

improve the knowledge of the pores parameters. Understanding regional differences and 

difference between healthy and glaucomatous ONHs would help to improve the 

knowledge of the ONH’s biomechanics. This would in turn enable the future development 

of in vivo analysis techniques, for instance using OCT for early diagnosis of glaucoma.  

 

Even though results presented from both techniques correlated well, there are a few 

limitations that could be taken into consideration. As mentioned in chapter 2, SHG arises 

from fibrillar collagen and therefore represent the LC as for collagen only. SHG does not 

consider EFs, therefore pore parameters might not be as accurate as analysed following 

XMT. To improve SHG analysis, few amendments could be required for the accuracy of 

the method. For instance, selecting a presumed pore range would also improve the 

reliability of the results as this will ensure that only specific pores are included in the 

analysis.  

 

Pore analyses presented in this thesis, however, gave accurate results, which are 

comparable to previous studies. This shows that both nonlinear microscopy and XMT are 

beneficial methods for the analysis of pore parameters and would help to create a 

standardised method for pore analysis for future in vivo studies.  

7.2 Fibrillar collagen within the ageing and glaucomatous ONH 

Investigations of fibrillar collagen in the ageing and glaucomatous ONH are summarised 

in figure 7.4.  Age-related analysis of the microstructure of fibrillar collagen showed 

changes in both the LC and ppsclera. Collagen crimp represents the relaxed state of 

collagen when fibres are not under mechanical stress (Weiss and Gardiner, 2001). This 

wavy-like appearance was clearly identified in the young ONH in LC, RoIns and ppsclera, 

whereas in the elderly ONHs, collagen crimp was negligible and values low. The relaxed 

(crimped) state of fibrillar collagen in the young ONH tissue and the negligible 

appearance of crimping in the elderly may contribute to the age-related decrease in LC 

reversibility/compliance and increased stiffness (Albon et al., 2000b).  
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Collagen crimp period (distance between two consecutive peaks) significantly increased 

in the ageing ppsclera, but not in the LC and RoIns.  

 

Microstructural analysis of glaucomatous ONH presented in chapter 2 showed an increase 

in collagen crimp period in the LC and RoIns, but not the in ppsclera in moderate and 

advanced glaucoma compared to healthy controls. As mentioned above, an increase in 

collagen crimp period implies an increase in straight collagen fibrils, therefore less wavy-

like appearance. This result might suggest that in the LC and RoIns, collagen fibrils lose 

their wavy-appearance and become elongated/straight only at late stage of disease. This 

result might correlate with the fact that at late stage of disease, the chronic exposure of 

the LC and RoIns to IOP, leads to the incapability of collagen fibrils to resist strain and 

therefore become straight. 
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Figure 7.3. Fibrillar collagen investigations within the ageing and glaucomatous ONHs. Fibrillar 

collagen crimp period significantly increased in the ageing ppsclera but not in the LC and RoIns. 

In glaucoma, collagen crimp was visible at all stages and crimp period significantly increased 

within the LC and RoIns but not in ppsclera in moderate and advanced glaucoma compared to 

controls. Coherency, as a measure of collagen alignment, was significantly lower within the 

infero-temporal in early glaucoma compared to moderate and advanced glaucoma. Additionally, 

regions of highly aligned collagen were found in glaucoma within the infero-temporal region.  
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However, in the glaucomatous ONH, collagen waviness was observed at all stages of 

disease, which does not correlate with the increase in crimp period. This discrepancy 

could be explained by the extensive remodelling of the extracellular matrix (ECM) 

observed in glaucoma and explained below. 

 

The ONH ECM is very much disturbed in glaucoma, resulting in extensive remodelling 

(Hernandez, 2000, Kirwan et al., 2004, Quigley et al., 1981, Quigley and Broman, 2006, 

Quigley et al., 1983). Additionally, the detachment of collagen and EFs from the 

surrounding ECM (Quigley et al., 1991a) has been observed. This implies there is a loss 

or partial degradation of the straight collagen fibres and suggests they are no longer under 

tension, which normally keeps them in the stretched state such that the collagen fibres 

appear wavy-like in glaucoma.  

 

As described in 2.4.2, the alteration of collagen structure and composition, as shown in 

tendon uncrimping (Connizzo et al., 2013, Dourte et al., 2012), could lead to altered 

mechanical behaviour and function. The absence of collagen crimp in the elderly ONH, 

causes a stiffer LC, which under elevated IOP, might be subjected to remodelling, which 

in turn alters the ECM as previously described (Hernandez et al., 1990, Hernandez and 

Pena, 1997, Hernandez et al., 1994, Hernandez and Ye, 1993, Quigley et al., 1994, 

Quigley et al., 1991a, Quigley et al., 1991b), leading to the reestablishment of the wavy-

like appearance of the collagen fibrils observed in this thesis.  

 

An already uncrimped, and therefore stiff, elderly ppsclera might be more susceptible to 

damage. As a result, the chronic exposure of the elderly ppsclera to IOP, might transfer 

the stress and strain towards the RoIns and LC, which collagen fibrils, in turn, become 

straighter at late stage of disease.  

 

Coherency, as a measure of collagen alignment, was significantly greater in moderate and 

advanced compared to early glaucoma. Orientation and alignment of connective tissue 

strongly depends on the amount and nature of stress it experience (Culav et al., 1999). In 

fact, connective tissues become stiffer as they are extended due to uncrimp, and collagen 

fibres become more aligned in the direction of the stretch. Therefore, regions of higher 

collagen alignment might present greater stiffness due to the uncrimping.  
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This concept might explain the events that occur in glaucoma as a function of IOP. As 

the IOP-related stress increases, the strain applied onto the LC, leads to a more oriented 

collagen fibrils in the direction of the stress. The higher collagen alignment observed in 

the infero-temporal region in this thesis and previously (Jones at al., 2015) might suggest 

that this region becomes more aligned due to either a direct strain applied onto this region, 

pulling the fibrils which become straight, or possible damage to other regions that result 

in changes of infero-temporal alignment.  This might suggest that the infero-temporal 

region is potentially more susceptible to stress, which might explain the predominance of 

focal defects (Kiumehr et al., 2012) and disc haemorrhages (Siegner and Netland, 1996) 

in this region.  

 

In early glaucoma, collagen fibrils were less aligned that moderate and advanced stage of 

disease. This is consistent with a previous SALS study, which found that glaucomatous 

LC with a mean deviation of -1.54 dB had a less aligned collagen than a glaucomatous 

LC with mean deviation of -12.48 dB (Jones et al., 2015). The low collagen fibrils 

alignment in the early glaucoma might be due to the ECM remodelling that occurs only 

at later stages. This could explain the similar alignment of collagen fibrils in early 

glaucoma and controls; as the disease progresses, the IOP acts as a chronic force onto the 

LC, leading to a change in collagen alignment.  

 

As mentioned above, the superior and inferior regions of the LC contain less connective 

tissue and larger pores (Quigley and Addicks 1981; Radius and Gonzales 1981) compared 

to nasal and temporal. This is consistent with the backward moving of the LC as a function 

of glaucoma progression, which is more pronounced in the superior and inferior regions 

(Quigley et al. 1983). Winkler et al. (2010) suggested that collagen density in the infero-

temporal region was lower compared to other regions, consistent with the glaucomatous 

loss of neuroretinal rim being greater in this region (Garway-Heath et al., 1997, Jonas et 

al., 1993). Therefore, the higher collagen alignment presented in this thesis could be 

linked to greater level of glaucomatous damage reported in the infero-temporal region.  

 

To date, however, there seems to be no consensus on the effects of glaucoma on fibrillar 

collagen alignment of human sclera. However, it remains to be determined if these regions 

identified in the infero-temporal of highly aligned collagen, which seems to increase as 

the disease progresses, are a consequence of the altered mechanism within other regions. 
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For instance, the adaption of collagen alignment within the infero-temporal region of the 

LC might be a response to the softening of the infero-temporal region of the ppsclera, as 

previously shown (Fazio et al., 2014). This preferred alignment of the infero-temporal 

region might assist the LC to resist forces that occur in the direction of the fibre alignment, 

limiting the scleral canal expansion. In turn, this might contribute to the regional 

susceptibility of RGC axons to damage (Quigley and Addicks, 1981).  

7.3 Elastic fibre within the ageing and glaucomatous ONH 

Investigations of EF content in the ageing and glaucomatous ONH are summarised in 

figure 7.5. As mentioned in 2.1, TPEF is a nonlinear imaging technique used to detect 

endogenous fluorophores within tissues, such as NAD(P)H (Zipfel et al., 2003), retinol 

(Zipfel et al., 2003) and EFs (Jiang et al., 2011, Zhuo et al., 2007). The segmentation of 

the EFs within the human ONH has not been possible previously due to the great amount 

of endogenous fluorescence detected through TPEF imaging. In chapter 3, an innovative 

method based on spectral imaging, a combination of imaging and spectroscopy, has been 

developed to separate the EF TPEF signal from other sources of endogenous 

fluorescence.  

 

Spectral imaging is an analytical technique that allowed the unmixing (isolating) of the 

EF fluorescence from these other endogenous fluorophores and consequently 

quantification of EF content. EF content significantly increased in the ageing LC, RoIns 

and ppsclera up to nearly 50%. This result is consistent with previous studies that showed 

an increase in elastin content in the ageing ONH (Albon et al., 2000a, Hernandez et al., 

1989).  In this thesis, no EFs were observed in the LC at young ages, consistent with 

electron microscopy (Quigley et al., 1991a, Hernandez, 1992, Oyama et al., 2006) and 

immunolabelling studies of human elastin (Hernandez, 1992, Morrison et al., 1989, Albon 

et al., 2000a) which showed no labelling in foetal and young LC (less than 18 years old) 

(Hernandez, 1992, Morrison et al., 1989). 

 

Although the elderly LC contained more elastin, it has been shown that the LC become 

stiffer with age (Albon et al., 2000b), and there is no indication of  EF degradation 

(Hernandez, 1992).  Non-enzymatic glycation, a process by which glucose can directly 

condense with free amino acid group on lysine residue, is one the main ageing process of 

long-lived protein, such as collagen and elastin.  
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Figure 7.4. Elastic fibre in the ageing and glaucomatous ONH. EF content significantly increased 

in LC, RoIns and ppsclera as a function of age. In glaucoma, EF appeared more disorganised 

compared to controls and the content significantly increased in advanced glaucoma. Regional 

analysis showed all regions of advanced glaucoma with greater EF content and it was also greater 

in the nasal and superior region compared to inferior within early glaucoma.  

 
 

Non-enzymatic glycation cross-links have been shown to be an ageing related process 

that affects the mechanical properties of collagen and elastin (Bailey, 2001). Elastin 

glycation has been shown before in the rat (Bruel and Oxlund, 1996) and human aortic 

elastin (Baydanoff et al., 1994, Baydanoff et al., 1996, Konova et al., 2004) and it has 

been proposed to have effects on the compliance of elastin (Winlove et al., 1996). 
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Therefore, it is likely that the age-related glycation of elastin contributes towards the LC 

stiffening that occurs with age, which could result in a decreased capability of the EF to 

support the LC from glaucomatous damage. 

 

EF content was significantly increased in the LC in advanced glaucoma compared to 

controls, but not in the RoIns and ppsclera. Regional analyses showed that the content 

was significantly higher in all regions in advanced glaucoma compared to controls. 

Changes in EFs have been previously reported in glaucoma (Hernandez et al., 1990, 

Hernandez, 1992, Quigley et al., 1991a). Quigley et al., (1994) showed a curled 

appearance of the EFs, which was more pronounced with the progression of the disease 

(Quigley et al., 1994). EFs in glaucoma appeared to be elastotic (Hernandez, 1992, 

Hernandez et al., 1990, Netland et al., 1995, Pena et al., 1998) which is defined as the 

aberrant proliferation and degeneration of EFs.  

 

The accumulation of EFs in advanced glaucoma could be a result of earlier upregulation 

as shown previously as an increase in elastin (Hernandez et al., 1994) and tropoelastin 

mRNA expression (Pena et al., 1996). These investigations might explain the increases 

in EF content shown in the current thesis, however, only at late stage of disease. This 

result correlates well with the findings of an increased crimp period in the LC and RoIns 

only at late stage of glaucoma, suggesting that the connective tissue of the LC and RoIns 

might experience damage only at late stage. This also correlates well with the increase in 

fibrillar collagen alignment observed in moderate and advanced glaucoma, which imply 

that the LC at late stage of disease is subjected to greater damage to the ECM.  

 

As mentioned above, advanced glycation end products have been shown to increase with 

age (Albon et al., 1995) and glaucoma (Tezel et al., 2007) and may be involved in the 

stiffening of the ONH (Albon et al., 2000b, Zeimer and Ogura, 1989). Therefore, it can 

be speculated that the increase in non-enzymatic glycation of collagen leads to stiffening 

of the connective tissue, and so contributes to the decreased compliance of the ONH, 

despite the increased EF content. This might result in a more susceptible elderly eye to 

damage due to chronic exposure to IOP. 
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7.4 Fibrillar collagen and elastin nanostructure within the ageing ONH 

Nanostructure investigation of fibrillar collagen and elastin within the ageing ONH are 

summarised in figure 7.6. Fibrillar collagen diameter and interfibrillar spacing in the 

ageing ppsclera significantly increased and decreased, respectively. This result might 

imply that fibrils are closer to each other, leading to a more closely packed tissue due to 

a higher collagen fibril volume fraction, which might increase the mechanical strength 

leading to a stiffer ppsclera. The increased fibril diameter correlates well with the 

increased intermolecular Bragg spacing presented in this thesis, consistent with previous 

work on cornea (Malik and Meek, 1994). The increased space between molecules is likely 

due to increased intermolecular cross-links which are a key in collagen extracellular 

maturation, in fact, they provide the fibrils with mechanical strength essential for 

biological properties of collagen over a life time (Zimmermann et al., 1973). This 

suggests that molecules are further apart, which would also explain the greater fibril 

diameter. If this is the case, it would be consistent with the age-related increase in the 

AGE-product, pentosidine, shown to occur in the ageing ONH (Albon et al., 1995).  

 

PTA-stained ONH sections significantly enhanced collagen signal allowing, for the first 

time, the acquisition of SAXS and WAXS diffraction patterns in the LC. However, the 

limited number of samples did not allow a characterisation as a function of age. This 

requires further experiments, but it holds potential for the future quantification of LC 

collagen parameters.  

 

Despite the alteration of EF as a function of age, its nanostructure seemed unaltered in 

the ageing ONH. WAXS analysis of elastin showed a diffraction pattern derived from the 

lateral spacing of the β-sheets of elastin (Narayanan and Dias, 2013) but no changes in 

the ring distance from beam centre were observed with age. This result suggests that at 

nanoscale level, elastin is not affected by age, however, little is known about elastin 

nanostructure.  

The presence of a diffraction ring associated to elastin might introduce the concept that 

elastin could show a potentially ordered structure within the amorphous core, which may 

not be affected by age. Since the elastin ring appeared more diffuse and wider compared 

to those observed for collagen, and little is known about the ordered structure of elastin, 

it is worth further investigations.  
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Figure 7.5. Nanostructure investigation of fibrillar collagen and elastin within the ageing ONH. 

Fibril diameter and intermolecular Bragg spacing significantly increased in the ageing ppsclera 

whereas the interfibrillar spacing decreased significantly. PTA enhanced collagen signal within 

the LC and it holds potential for future investigation into the nanostructure of fibrillar collagen in 

the LC. The distance of the diffuse ring associated to elastin did not show differences as a function 

of age.  
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7.5 Biomechanics of the ONH 

Micro and nanomechanics of fibrillar collagen within the porcine ONH are summarised 

in figure 7.7.  SAXS and WAXS investigation on human ONHs provided evidence of an 

altered nanostructure of collagen after radial stretch was applied. Results showed an 

increase in collagen D periodicity and in the molecular distance between amino acid 

residues in the stretched ppsclera, without changes in the interfibrillar Bragg spacing 

and/or fibril diameter. These results suggest that the force applied by the radial stretch 

cause collagen to unwind at molecular level and collagen fibrils to elongate as the D 

period becomes greater. If damage occurs, an uncoiled tropocollagen has significant 

effects on the mechanical properties of the whole tissue (Veres and Lee, 2012, Wang et 

al., 2002, Uzel and Buehler, 2009). 

 

The elongation of collagen fibrils due to the increase in D period and crimp period might 

imply a straighten of the fibrils which in turn lead to a stiffer tissue. These results suggest 

that collagen fibrils alter at both micro and nanostructure and it is likely that all together 

these would contribute to the susceptibility of the elderly eye to develop glaucomatous 

damage. 

 

As part of the biomechanical investigation, this thesis also probed a preliminary 

investigation into the porcine ONHs micromechanics using Brillouin microscopy. The 

preliminary results showed differences in elasticity and viscosity between preL and LC. 

Both maps of elasticity and viscosity appeared more heterogenous in the LC than those 

observed in the preL. Even though some studies have shown the potential of Brillouin 

microscopy to assess ex vivo corneal (Scarcelli et al., 2012, Scarcelli et al., 2013) and lens 

(Reiß et al., 2012) micromechanics and in vivo biomechanics of the eye (Scarcelli and 

Yun, 2012, Scarcelli et al., 2011, Besner et al., 2016) to date no studies have attempted 

to investigate the micromechanics of the optic nerve head with Brillouin microscopy. The 

result presented in chapter 6 demonstrates a proof of concept of the capabilities of 

Brillouin micro-spectroscopy approach for application on ex vivo samples of the optic 

nerve head, showing differences in elasticity and viscosity between preL and LC.   
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Figure 7.6. Biomechanical investigation of the human and porcine ONH. Collagen D period and 

distance between amino acid residues was greater in the human ONH after radial stretch was 

applied. Micromechanics investigation using Brillouin microscopy showed changes in elasticity 

and viscosity within the preL and LC. 

 

7.6 Conclusion 

The overall aim of this thesis was to provide further evidence on how the macro, micro 

and nanostructure of the ONH changes in relation to age and glaucoma, likely affecting 

the biomechanical environment and thus influencing the susceptibility of the elderly eye 

to develop glaucoma. Changes in the connective tissue of the ageing ONH included the 

loss of the wavy-like appearance of collagen crimp in the elderly ONH, an increase in 

collagen crimp period in the ppsclera along with an increase in fibril diameter. These 

results all suggest that the ppsclera becomes stiffer with age. A stiffer ppsclera might 

protect the LC from insult and prevent the sclera canal expansion and hence protecting 

the RGC axons from damage.  
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This thesis also provided evidence of an altered connective tissue as a function of 

glaucoma progression, including an increased in collagen crimp in the LC and RoIns and 

changes in elastin content in the LC. These results all together suggest that, as a function 

of glaucoma progression, the damage is transferred from the ppsclera, which can no 

longer withstand pressure, to the LC through the region of insertion.  Results presented 

in this thesis, aided in a better understanding of the micro and nanoarchitecture of the 

ONH in age and glaucoma, which is important as it is known that age-related alteration 

in the connective tissue of the LC and ppsclera are likely to influence ONH biomechanics 

and therefore the response to IOP, thus understanding if the changes are results of elevated 

IOP or are the primary original factor causing glaucoma.   

7.7 Limitation 

This thesis presented few limitations, which are fully discussed separately in each result 

chapter. Briefly, the small number of glaucomatous ONHs for connective tissue analysis 

limited the statistical confidence. Similarly, the lack of ONHs below the age of 22 years 

limited the age-related investigation of collagen and EF as well as anatomical features of 

the LC (i.e. thickness). Future work will require additional specimen to further investigate 

into the connective tissue changes in ageing and disease and to confirm results presented 

in this thesis. Another important limitation is the lack of contrast within ONH stacks 

acquired with XMT, which limited the pores and connective tissue analysis within 3D 

images. However, representative optical slices were used as proof of concept to support 

XMT as a reliable technique to investigate into ONH features.  

7.8 Future work 

• The goal of this research will be to determine structural parameters within the 

ONH that predispose the eye to develop the disease. For instance, regions of high 

collagen alignment in the infero-temporal LC sector previously found (Jones et 

al., 2015) and confirmed in this thesis using Orientation J analysis, might be a 

suitable marker for glaucomatous development. These parameters will be 

investigated using in vivo techniques such as optical coherence tomography in 

order to identify regions within the ONH as an early indicator of ONH at risk of 

developing glaucoma.  
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• Future work will include the increase in sample size in all studies presented in this 

thesis. More donors at young ages below 20s are needed to have an optimal age 

range. This will enable to further characterise age-related changes and increase 

statistical confidence. 

• More glaucomatous ONH are needed to better understand the connective tissue 

changes that occur in glaucoma as a representation of a true population. This will 

enable a 3D reconstruction and analysis of the connective tissue network to better 

understand how it macroscopically changes as a function of glaucoma 

progression.  

• Even though within SAXS and WAXS experiment PTA-stained ONH enabled the 

collection of diffraction patterns from the LC, more samples are needed to 

investigate into the age-related changes in collagen and elastin in the LC. PTA has 

been shown to increase collagen signal before and in the current thesis therefore 

more samples at different ages are needed to further characterise the nanostructure 

changes in the LC. 

• Future work is also required to enable the segmentation of EF within the whole 

ONH. Spectral imaging method developed in the current thesis will be applied to 

a whole ONH to 3D reconstruct the EF network and enable the quantification of 

EF in the ageing ONH. Immunohistochemistry and electron microscopy will be 

also performed to confirm the location of the EF within the LC and RoIns and to 

investigate into the fine structure of EF to confirm the observation within the 3D 

images, respectively.  

• The suitability of XMT as a cutting-free technique has been explored in this thesis 

and it has been proposed as a suitable tool to investigate into the macro and 

microarchitecture of the ONH, avoiding cutting samples and time-consuming 

computational analysis to align tissue sections for 3D reconstruction. Future work 

will include an increased in sample size to investigate into pore changes as a 

function of glaucoma progression and an optimised method to increase the 

contrast of phase-images to segment pores and connective tissue. A long-term 

goal of this research will involve the development of an optimised BROPA 

staining procedure to count and track axons within neuronal pores. The result 

presented in the current thesis showed the potential of BROPA to stain axons, 

however, the magnification was not suitable enough due to sample movement to 
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discriminate axons. Therefore, further studies are needed to optimise the method 

which will enable axons count as a function of disease progression. 

• Future work will also involve the development of mathematical models similar to 

that presented by Grytz and Meschke (2009) to predict stiffness of collagen fibril 

within ppsclera, RoIns and LC (Grytz and Meschke, 2009). This model will 

consider collagen fibril diameter measured with SAXS (see chapter 5) and 

collagen crimp parameters (see chapter 2) to investigate and determine potential 

differences in stiffness between a soft tissue as the LC and a hard tissue as the 

ppsclera. This in turn will confirm the role of the ppscleta to support and prevent 

expansion of the sclera canal to prevent the damage to be transferred to the LC.  
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5 Appendix I: Laboratory stock solutions 

 

I.1 4% Paraformaldehyde (PFA)  

 

To make 100ml of 8% stock solution:  

 

1. Dissolve 8g of paraformaldehyde (Fisher Scientific, UK) into 50ml of double 

PBS 

2. Warming to approximately 60ºC whilst stirring on a magnetic hot plate stirrer  

3. When paraformaldehyde has dissolved, add drops of sodium hydroxide (NaOH) 

(Fisher, UK) until solution clears.  

4. Add 50 ml of double PBS 

5. Allow to cool and store in aliquots in the freezer.  

 

 

I.2 Phosphate Buffered Saline (PBS)  

 

10X PBS stock:  

 

To make 1000 ml of 10X stock solution:  

 

1) To 800 ml of double distilled water, add:  

 

i. 80 g sodium chloride (NaCl; Sigma, UK)  

ii. 2 g potassium chloride (KCl; Sigma, UK)  

iii. 4.4 g sodium phosphate dibasic (Na2HPO4; Sigma, UK)  

iv. 2.5 g potassium phosphate (KH2PO4; Sigma, UK)  

 

2) pH solution to 7.4, and top up to 1000 ml with double distilled water  

 

 

I.3 Phosphotungstic acid (PTA) 

To prepare 2% PTA in distilled water 

• Weight 2 g of PTA powder in 100 ml of distilled water 

To prepare 2% PTA in 70% ethanol 

• Weight 2 g of PTA powder in 100 ml of ethanol at 70% 
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I.4 Lugol’s iodine 

To prepare 10% Lugol’s iodine solution in distilled water 

• Dilute 10 ml of Lugol’s into 100 ml of distilled water 

 

I.5 Tannic acid (TA) 

To prepare 2% of Tannic acid in distilled water 

• Weight 2 g of TA powder in 100 ml of distilled water 

 

I.6 Osmium Tetroxide 

Stock solution: 2% osmium at 80 mM 

To prepare 100 ml of solution at 40 mM: 

- Dilute the stock solution 1:2  

Molecular weight of osmium tetroxide = 254.2g/mol 

 

I.7 Potassium Hexaferrocyanate 

To prepare 300 ml of 35 mM of potassium hexaferrocyanate solution 

- Weight 4.43 g of powder in 300 ml of distilled water 

Molecular weight = 422.41g/mol 

 

I.8 Sodium Cacodylate Buffer 

To prepare 100ml of 0.2M (or 200mM) of buffer (to be prepared under fume cupboard) 

• Dissolve 4.28g of cacodylate powder in 50ml distilled water 

• Dissolve 0.044g of calcium chloride in distilled water 

• Correct pH with HCl to 7.4 

• Make up to 100ml of distilled water (add the remaining water up to 100ml) 

To prepare 100ml of 100mM of buffer 

• Dilute the 200mM in distilled water 1:2 (100ml of 200mM buffer + 100ml of 

distilled water) 

 

I.9 Formamide 99.5% 

Stock solution at 99.5% 

To prepare 200 ml of 2.5 M solution 

- Dilute 22.6 ml of stock solution into distilled water up to 200 ml 

Molecular weight of formamide = 45.04g/mol 

 

 

I.10 Pyrogallol 

To prepare 300 ml of pyrogallol at 320 mM, pH 4.1 

- Weight 12.10 g of pyrogallol (Sigma, UK) into 300ml of distilled water 

Molecular weight of pyrogallol = 126.11g/ 
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II Appendix II: MATLAB codes 

 

II.1 EF_Intensity_Profile_v1 

close all 

clear all 

clc 

  

%% file with calibration data 

calfile = '..\LSM_CalData.txt'; 

  

%% file with intensity 

filename = 'Em_spectra.xlsx'; 

  

%% excel sheet name 

sheetname = 'code'; 

  

%% excitation wavelenght 

waveexcitation = [740,760,780,800]; 

markers = ['s';'o';'d';'v']; 

colors = ['b';'r';'m';'g']; 

  

  

%% Load files 

CALDATA = load(calfile); 

[NUM,TXT,RAW] = xlsread(filename,sheetname); 

  

  

  

wavelength = NUM(2:end,1);  

%% columns with intensity values 

INTENSITY = NUM(2:end,3:6); 

  

%% check wavelengths  

if length(waveexcitation) ~= size(INTENSITY,2) 

    disp('wavelengths-error') 

    return 

end 

  

  

hf = figure; 

ha = axes; 

hold on 

grid on 

  

%% Loop  

for ww = 1:length(waveexcitation) 

    lambda = waveexcitation(ww); 
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    II = find(CALDATA(:,1)== lambda); 

    calcoeff =(CALDATA(II,2)/100)^2;       

    INTCORR(:,ww) = INTENSITY(:,ww)/calcoeff; 

end 

  

%% normalisation to the maximum 

INTNORM = INTCORR/max(max(INTCORR)); 

  

for ww = 1:length(waveexcitation) 

plot(wavelength,INTNORM(:,ww),'Linewidth',2,'Marker',markers(ww,:),'Color',colors(

ww,:)) 

end 

set(ha,'XLim',[min(wavelength) 

max(wavelength)],'XTick',[min(wavelength):20:max(wavelength)],'YLim',[0 1]) 

  

legend(num2str(waveexcitation.')) 

  

xlabel('Emission Wavelength (nm)') 

ylabel('Normalized Pixel Value') 

 

 

II.2 Polar_plots_SAXS_ONH 

 

close all; clear all; 

path_name = {'F:\Techniques\SAXS\polar_plots'};                                     % Files are all 

in folder 

%scan_file_name = {'B33119B_tare.xlsx'};        % Enter scan file name in '' 

% Sample_name = {'LC_'};              % Enter image file base name in '' 

  

extension1 = {'LC_'}; 

extension2 = {'ONH_'}; 

extension3 = {'0_pc_strainM22509A_postprecondition_1_'}; 

extension4 = {'1.4_pc_strainM22509A_1_'}; 

extension5 = {'2.8_pc_strainM22509A_1_'}; 

  

file_ext = {'.tif'};                                    % Enter file name ext 

leading_zeros = 1;                                      % Enter '1' for leading zeroes in file names 

output_filename = {'G:\Diamond Aug2017\M22543B\all_outputs.mat'};                    % 

Enter output file name 

  

  

% Autmoatically generates scan file 

automate_scan_file = 1;            % Enter 1 to automate scan file generation 

    % This is based on Diamond Light Source, top-down followed by left-right 

    % Otherwise, manually generate scan file 

  

x_spacing = 200;                   % X-grid spacing in mm 

y_spacing = 200;                   % Y-grid spacing in mm 



      
 

280 
 

all_hits = 1;                      % Enter 1 to set all spaces to 'hits' 

  

  

% Data parameters from visit 

same_visit_params = 1;             % Enter 1 if the visit parameters are the same for each 

image 

                                   % Otherwise, will use scan file tab 4 'I' 

P = 300;                           % WAXS power in mA 

A = 15000;                             % Area of the WAXS beam in um^2 

t = 3;                             % WAXS beam exposure in seconds 

K = 1/(P*A*t);                     % Scaling factor between WAXS visits 

  

  

% Limits to remove outliers 

scatter_upper = 1e2;               % Upper limit of scatter noise 

scatter_lower = 1e-180;               % Lower limit of scatter noise 

  

  

xc = 652;% +1050;%1.2371e+03; 

yc = 703;% +1050;%1.2441e+03; 

  

% Limits of radial intergration for collagen peak 

R_lower = 5;                   % Log(R) lower limit for collagen peak, if not automatically 

found (Fig 2) 

R_upper = 6.1;                    % Log(R) upper limit for collagen peak, if not automatically 

found (Fig 2) 

  

  

automate_limits = 0;               % Enter 1 to automate limits, 2 is manual, otherwise is set 

to R_lower and R_upper 

  

  

% Low-pass filter frequency (normalized to 1) 

w2 = 0.05;                          % Cut-off-frequency for anisotropic collagen vs theta (Fig 4) 

  

  

% Polar plot scaling factor, suggested 45% of spacing 

plot_scale = 135;                % Polar plot scaling (Fig 5) 

  

plot_figures = 0;                  % 1 = yes, anything else is no 

polar_plot_figures = 1;  

  

  

% Variable to pause code after processing 1 image 

pause_on = 0 ;                      % 1 is on, anything is off 

  

  

%% Original calculation - verify meaning 

D0 = 3.04 ;                        % Calcite peak in angstroms (3.05 = bright one, second in 

from middle) 
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Calcite_R = 679.29;                   % R value in angstroms after fitting the 3.05 peak using 

centering.m 

n = 1;                             % Order of mode (keep as 1) 

lumda = 0.9795;                         % Wavelength in angstroms of X-ray beam 

Calcite_THETA = asind(n*lumda/(2*D0)); 

  

  

%% Processing 

% Calculate rows and columns 

D = dir([char(path_name),char(strcat(extension1,'*'))]);%,file_ext))]); 

N_r1 = length(D);%(not([D.isdir])));                   % Number of files for first stretch 

D = dir([char(path_name),char(strcat(extension2,'*'))]);%,file_ext))]); 

N_r2 = length(D);%(not([D.isdir])));                   % Number of files for second stretch 

D = dir([char(path_name),char(strcat(extension3,'*'))]);%,file_ext))]); 

N_r3 = length(D);%(not([D.isdir])));                   % Number of files for third stretch 

D = dir([char(path_name),char(strcat(extension4,'*'))]);%,file_ext))]); 

N_r4 = length(D);%(not([D.isdir])));                   % Number of files for fourth stretch 

D = dir([char(path_name),char(strcat(extension5,'*'))]);%,file_ext))]); 

N_r5 = length(D);%(not([D.isdir])));                   % Number of files for fifth stretch 

clear D 

  

a = [N_r1 N_r2 N_r3 N_r4 N_r5 0]; 

N_c = find(a==0, 1, 'first')-1; 

N_r = max(a,[],2); 

  

% Modify Ks if you will be scanning multiple samples 

for Ks = 1%1:length(scan_file_name) 

  

     

    % Tabs of the scan file, make sure that the tabs correspond to the 

    % index following the file name 

     

    if automate_scan_file ~= 1 

        NN          = xlsread(scan_file_name{Ks},1);    % File number 

        XXg         = xlsread(scan_file_name{Ks},2);    % X coordinate 

        YYg         = xlsread(scan_file_name{Ks},3);    % Y coordinate                    

    else  

        NN = zeros(N_r,N_c); k = 1; 

        for kc = 1:N_c 

            for kr = 1:N_r; NN(kr,kc) = k; k = k+1; end 

        end; clear k; 

  

        XXg = zeros(N_r,N_c); k = 0; 

        for kc = 1:N_c 

            for kr = 1:N_r; XXg(kr,kc) = k;end 

            k = k+x_spacing; 

        end; clear k; 

  

        YYg = zeros(N_r,N_c); k = (N_r-1)*y_spacing; 

        for kc = 1:N_c 

            for kr = 1:N_r; YYg(kr,kc) = k; 
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            k = k-y_spacing;end 

        k = (N_r-1)*y_spacing; 

        end; clear k; 

    end 

  

    if same_visit_params ~= 1; 

        intensity = xlsread(scan_file_name{Ks},4);    % Intensity 

        clear K; K = 1./intensity;  

    end 

     

    if all_hits == 1 

        NI = ones(size(NN,1),size(NN,2)); 

    else 

        NI  = xlsread(scan_file_name{Ks},5);             

        % 0 = do not process, 1 = process, 2 = select range for scatter density vs R plot 

%         NI = load('NI_matrix.mat'); 

%         NI = NI.I; 

    end 

     

    % Creating empty matrices for index purposes 

    Anisotropy                      = zeros(size(NN)); 

    total_collagen_per_point        = zeros(size(NN,1),size(NN,2)); 

    aligned_collagen_per_point      = zeros(size(NN,1),size(NN,2)); 

    ccomp                           = zeros(size(NN,1)*size(NN,2),721); 

    Width                           = zeros(size(NN,1),size(NN,2)); 

    theta_Pmax_all                  = zeros(size(NN,1),size(NN,2)); 

    intermolecular_spacing          = zeros(size(NN,1),size(NN,2)); 

    peak_subtration_scatter         = zeros(size(NN,1),size(NN,2)); 

    peak_subtraction_R              = zeros(size(NN,1),size(NN,2)); 

    Q_limits_lower                  = zeros(size(NN,1),size(NN,2)); 

    Q_limits_upper                  = zeros(size(NN,1),size(NN,2)); 

    Q_limits_lower_horiz            = zeros(size(NN,1),size(NN,2)); 

    Q_limits_upper_horiz            = zeros(size(NN,1),size(NN,2)); 

    Q_limits_lower_vert             = zeros(size(NN,1),size(NN,2)); 

    Q_limits_upper_vert             = zeros(size(NN,1),size(NN,2)); 

    peakangle = zeros(N_r,N_c); 

    spreadvstot = zeros(N_r,N_c); 

    spreadvsorthog = zeros(N_r,N_c); 

     

    for counter = 1:sum(a) % sum(a) is total number of image files 

        if counter <= N_r1 

            Kc = 1; 

            Kr = counter; 

            Dtemp = dir([char(path_name),char(strcat(extension1,'*'))]); 

            Image_file_base_name = Dtemp(counter).name; 

        elseif counter <= N_r1+N_r2 

            Kc = 2; 

            Kr = counter - N_r1; 

            Dtemp = dir([char(path_name),char(strcat(extension2,'*'))]); 

            Image_file_base_name = Dtemp(counter-N_r1).name; 

        elseif counter <= N_r1+N_r2+N_r3 
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            Kc = 3; 

            Kr = counter - N_r1 - N_r2; 

            Dtemp = dir([char(path_name),char(strcat(extension3,'*'))]); 

            Image_file_base_name = Dtemp(counter-N_r1-N_r2).name; 

        elseif counter <= N_r1+N_r2+N_r3+N_r4 

            Kc = 4; 

            Kr = counter - N_r1 - N_r2 - N_r3; 

            Dtemp = dir([char(path_name),char(strcat(extension4,'*'))]); 

            Image_file_base_name = Dtemp(counter-N_r1-N_r2-N_r3).name; 

        elseif counter <= N_r1+N_r2+N_r3+N_r4+N_r5 

            Kc = 5; 

            Kr = counter - N_r1 - N_r2 - N_r3 - N_r4; 

            Dtemp = dir([char(path_name),char(strcat(extension5,'*'))]); 

            Image_file_base_name = Dtemp(counter-N_r1-N_r2-N_r3-N_r4).name; 

        end 

         

       if isnan(NN(Kr,Kc))~=1 

        % File counter 

        disp(strcat(['Reading file number ' num2str(counter) ' of ' num2str(sum(a))])) 

         

        % NI of 0 means do not process, 1 means process, 2 means select range for scatter 

density vs R plot 

        if NI(Kr,Kc) == 1 || NI(Kr,Kc) == 2; 

             

            % Reading in the files 

           %temppwd = pwd; 

           %cd([char(path_name),char(Image_file_base_name)]) 

           cd 'G:\James Matlab\Laura\data\' 

           oi = dir; 

           Z = imread(oi(2+counter).name); 

            Z = double(Z)*K; 

            Z(Z>scatter_upper) = NaN; 

            Z(Z<scatter_lower) = NaN; 

             

            % Centering the image 

            [M,N] = size(Z); 

            [X,Y] = meshgrid(0:1:N-1, 0:1:M-1); 

            Y = flipud(Y); 

            X = X-xc; 

            Y = Y-yc; 

Xcheck=X; 

Ycheck=Y; 

Zcheck=Z; 

            cropsize = 600; 

            X = X(round(size(X,1)/2)-

cropsize:round(size(X,1)/2)+cropsize,round(size(X,2)/2)-

cropsize:round(size(X,2)/2)+cropsize); 

            Y = Y(round(size(Y,1)/2)-

cropsize:round(size(Y,1)/2)+cropsize,round(size(Y,2)/2)-

cropsize:round(size(Y,2)/2)+cropsize); 
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            Z = Z(round(size(Z,1)/2)-

cropsize:round(size(Z,1)/2)+cropsize,round(size(Z,2)/2)-

cropsize:round(size(Z,2)/2)+cropsize); 

  

             

            R0 = sqrt(X.^2+Y.^2); 

            RI = meshgrid(linspace(0,max(X(:)),2*360+1),linspace(0,max(X(:)),2*360+1)); 

            th = meshgrid(0:0.5:360,0:0.5:360); 

            th = th'.*pi./180; 

            [XI,YI] = pol2cart(th,RI); 

            %digits(5); 

            %Z(isnan(Z)) = 0; 

            %ZI = interp2(X,Y,Z,XI,YI); 

             

            XR = reshape(X,(2*cropsize+1)^2,1); 

            YR = reshape(Y,(2*cropsize+1)^2,1); 

            ZR = reshape(Z,(2*cropsize+1)^2,1); 

            FSI = scatteredInterpolant(XR,YR,ZR); 

            ZI = zeros(721,721); 

            for j = 1:721 

                for i = 1:721 

                    ZI(i,j) = FSI({[XI(i+(j-1)*721)],[YI(i+(j-1)*721)]}); 

                end 

            end 

             

 

  

            % Filling in the gaps in the data from sensors - reflection 

            ZI_1 = ZI(1:360,:); 

            ZI_2 = ZI(361:720,:); 

            II1 = isnan(ZI_1); 

            II2 = isnan(ZI_2); 

  

            ZI_1(II1)=ZI_2(II1); 

            ZI_2(II2)=ZI_1(II2); 

            ZI_3 = ZI_1(1,:); 

            ZII = [ZI_1;ZI_2;ZI_3]; 

             

            

            % Interpolating remaining gaps or NaNs 

            for k = 1:360*2+1 

                DATA = ZII(k,:); 

                T = reshape(1:length(DATA),size(DATA)); 

                inan = isnan(DATA); 

                if nansum(DATA) ~= 0 

                DATA(inan) = interp1(T(~inan),DATA(~inan),T(inan)); 

                ZII(k,:) = DATA; 

                end 

            end 

             

            for k = 1:360*2+1 
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                DATA = ZII(:,k); 

                T = reshape(1:length(DATA),size(DATA)); 

                inan = isnan(DATA); 

                if nansum(DATA) ~= 0 

                DATA(inan) = interp1(T(~inan),DATA(~inan),T(inan)); 

                ZII(:,k) = DATA; 

                end 

            end 

             

            % Plotting the reflected image with gaps filled in 

            if plot_figures == 1  

                figure(1) 

                surf(XI,YI,ZII,'EdgeColor','none') 

                grid off; view(2) 

                xlabel('x [pixel]'); ylabel('y [pixel]') 

                zlabel('x-ray scatter [arbitrary unit]') 

                title('Scatter image'); colorbar; colormap jet 

                xlim([1.1*min(min(XI)) 1.1*max(max(XI))]); 

                ylim([1.1*min(min(YI)) 1.1*max(max(YI))]); 

                caxis([0.000015 0.00004]) 

                hold on 

            end 

             

            Z  = ZII; 

            ZI = ZII; 

             

            

             

            R = linspace(0,max(X(:)),2*360+1); 

            S = nansum(ZI); 

            Svert = nansum(ZI([91:270 451:630],:)); 

            Shoriz = nansum(ZI([1:90 271:450 631:720],:)); 

            scatter_theta = atand((R/Calcite_R)*tand(Calcite_THETA)); 

             

            Q = 4*pi*sind(scatter_theta)/lumda; 

             

            total_S = S; 

  

%            if plot_figures == 1 

                figure(2) 

                plot(log(Q),log(S),'LineWidth',2,'color','k'); hold on 

                plot(log(Q),log(Shoriz),'LineWidth',2,'color','b'); hold on 

                plot(log(Q),log(Svert),'LineWidth',2,'color','r'); hold on 

                legend('S_{total}','S_{horiz}','S_{vert}'); 

                xlabel('log(Q)') 

                ylabel('log x-ray scatter density [arbitrary unit]') 

                title('Circumferentially integrated scatter') 

                xlim([-2.5 1]);ylim([-5 0]); 

                ffs = strcat(path_name,'precon',num2str(counter),'.fig'); 

      %          saveas(2,ffs{1}) 

            linepoint1 = 17; 
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                for linepoint2 = 29:49 

%                     [PF1,~] = polyfit(log(Q([linepoint1 linepoint2])),log(S([linepoint1 

linepoint2])),1); 

%                     f1(:,linepoint1,linepoint2) = polyval(PF1,log(Q)); 

                    BG=linspace(log(S(linepoint1)),log(S(linepoint2)),linepoint2-

linepoint1+1); 

BGhoriz=linspace(log(Shoriz(linepoint1)),log(Shoriz(linepoint2)),linepoint2-

linepoint1+1); 

  

                    BGvert=linspace(log(Svert(linepoint1)),log(Svert(linepoint2)),linepoint2-

linepoint1+1); 

  

%                     peakarea(linepoint1,linepoint2) = sum(log(S(linepoint1:linepoint2))'-

f1(linepoint1:linepoint2,linepoint1,linepoint2)); 

                    peakarea(linepoint1,linepoint2) = sum(log(S(linepoint1:linepoint2))-BG); 

%                     peakareahoriz(linepoint1,linepoint2) = 

sum(log(Shoriz(linepoint1:linepoint2))'-

fhoriz1(linepoint1:linepoint2,linepoint1,linepoint2)); 

                    peakareahoriz(linepoint1,linepoint2) = 

sum(log(Shoriz(linepoint1:linepoint2))-BGhoriz); 

%                     peakareavert(linepoint1,linepoint2) = 

sum(log(Svert(linepoint1:linepoint2))'-

fvert1(linepoint1:linepoint2,linepoint1,linepoint2)); 

                    peakareavert(linepoint1,linepoint2) = 

sum(log(Svert(linepoint1:linepoint2))-BGvert); 

                end 

             

             

            [Xfind1,Xfind2] = find(peakarea==max(max((peakarea)))); 

            [Xfindhoriz1,Xfindhoriz2] = find(peakareahoriz==max(max((peakareahoriz)))); 

            [Xfindvert1,Xfindvert2] = find(peakareavert==max(max((peakareavert)))); 

%            if plot_figures==1 

            BG=linspace(log(S(Xfind1)),log(S(Xfind2)),Xfind2-Xfind1+1); 

            

BGhoriz=linspace(log(Shoriz(Xfindhoriz1)),log(Shoriz(Xfindhoriz2)),Xfindhoriz2-

Xfindhoriz1+1); 

            BGvert=linspace(log(Svert(Xfindvert1)),log(Svert(Xfindvert2)),Xfindvert2-

Xfindvert1+1); 

  

            figure(2);plot(log(Q([Xfind1 Xfind2])),BG([1 end]),'bo') 

            figure(2);plot(log(Q([Xfind1 Xfind2])),BG([1 end]),'g') 

             

            figure(2);plot(log(Q([Xfindhoriz1 Xfindhoriz2])),BGhoriz([1 end]),'bo') 

            figure(2);plot(log(Q([Xfindhoriz1 Xfindhoriz2])),BGhoriz([1 end]),'g') 

             

            figure(2);plot(log(Q([Xfindvert1 Xfindvert2])),BGvert([1 end]),'bo') 

            figure(2);plot(log(Q([Xfindvert1 Xfindvert2])),BGvert([1 end]),'g') 

             

%             export_fig(strcat('image_',num2str(counter))) 

            hold off 

            clear peakarea peakareahoriz peakareavert 
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 %           end 

 

            I1 = Xfind1;%find(log(R)<=x1); I1=I1(end); 

            I2 = Xfind2;%find(log(R)>=x2); I2=I2(1); 

  

            Q_limits_lower(Kr,Kc) = R(I1); 

            Q_limits_upper(Kr,Kc) = R(I2); 

            Q_limits_lower_horiz(Kr,Kc) = R(I1); 

            Q_limits_upper_horiz(Kr,Kc) = R(I2); 

            Q_limits_lower_vert(Kr,Kc) = R(I1); 

            Q_limits_upper_vert(Kr,Kc) = R(I2); 

            % limits 

            xx1 = R(I1).*cosd(0:360); 

            yy1 = R(I1).*sind(0:360); 

            xx2 = R(I2).*cosd(0:360); 

            yy2 = R(I2).*sind(0:360); 

  

            % Plots circles on original scatter map 

            if plot_figures == 1 

                figure(1) 

                hold on 

                plot3(xx1,yy1,10000*ones(1,length(xx1)),'k') 

                plot3(xx2,yy2,10000*ones(1,length(xx2)),'k') 

                hold off 

            end 

             

            % Creates 2 plots: linear scale of total scattering vs R and 

            % total scattering vs R 

            if plot_figures == 1 

                figure(3); subplot(121) 

                % plot(R,S,'k','LineWidth',2,'color','r') 

                plot(R(I1:I2),S(I1:I2),'r','LineWidth',2); hold on 

                plot(R',exp(f1(:,Xfind1,Xfind2)),'g','LineWidth',2) 

                ylim([min(S(I1:I2)) max(S(I1:I2))]); xlim([min(R(I1:I2)) max(R(I1:I2))]) 

                xlabel('R [pixel]'); ylabel('x-ray scatter density [arbitrary unit]') 

                title('Collagen peak before') 

                hold off 

            end 

             

            R12 = R(I1:I2); 

            S12 = S(I1:I2); 

            Net_Colagen = S12'-exp(BG'); % total_net_collagen_scatter 

            Net_Colagen(Net_Colagen<0) = 0; 

            Net_Colagenh = Shoriz(Xfindhoriz1:Xfindhoriz2)'-exp(BGhoriz'); 

            Net_Colagenh(Net_Colagenh<0) = 0; 

            Net_Colagenv = Svert(Xfindvert1:Xfindvert2)'-exp(BGvert'); 

            Net_Colagenv(Net_Colagenv<0) = 0; 

    

            %II1 = (Net_Colagen==max(Net_Colagen)); 

            [num,II1] = max(Net_Colagen); 

            II1 = II1(1); 
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            if length(R12(II1)) > 1 

                R(I1) = R(I2)-1; 

            end 

             

            peak_subtration_scatter(Kr,Kc) = Net_Colagen(II1); 

            peak_subtraction_R(Kr,Kc) = R12(II1); 

             

            RHR = linspace(R(I1),R(I2),10000); 

            Gfit = fit(R(I1:I2)',Net_Colagen,'gauss2','StartPoint',[-5.363e-05 117.9 25.6 

0.001995 103.4 23.85],'TolX',1e-12,'TolFun',1e-12); 

            Gfitcurve = feval(Gfit,RHR); 

            Gpeak = RHR((Gfitcurve==max(Gfitcurve))); 

             

            RHRhoriz = linspace(R(Xfindhoriz1),R(Xfindhoriz2),10000); 

            Ghfit = fit(R(Xfindhoriz1:Xfindhoriz2)',Net_Colagenh,'gauss2','StartPoint',[-

5.363e-05 117.9 25.6 0.001995 103.4 23.85],'TolX',1e-12,'TolFun',1e-12); 

            Ghfitcurve = feval(Ghfit,RHRhoriz); 

            Ghpeak = RHR((Ghfitcurve==max(Ghfitcurve))); 

             

            RHRvert = linspace(R(Xfindvert1),R(Xfindvert2),10000); 

            Gvfit = fit(R(Xfindvert1:Xfindvert2)',Net_Colagenv,'gauss2','StartPoint',[-

5.363e-05 117.9 25.6 0.001995 103.4 23.85],'TolX',1e-12,'TolFun',1e-12); 

            Gvfitcurve = feval(Gvfit,RHRhoriz); 

            Gvpeak = RHR((Gvfitcurve==max(Gvfitcurve))); 

             

            if plot_figures == 1 

                figure(3); subplot(122) 

                plot(R(I1:I2),Net_Colagen,'k','LineWidth',2); hold on 

                plot(R(Xfindhoriz1:Xfindhoriz2),Net_Colagenh,'b','LineWidth',2); 

                plot(R(Xfindvert1:Xfindvert2),Net_Colagenv,'r','LineWidth',2); 

                plot(R12(II1),Net_Colagen(II1),'b+','LineWidth',4); 

                plot(RHR,Gfitcurve,'g'); 

                plot(RHRhoriz,Ghfitcurve,'g'); 

                plot(RHRvert,Gvfitcurve,'g'); 

                xlabel('R [pixel]'); ylabel('Collagen x-ray scatter density [arbitrary unit]') 

                title('Collagen peak after') 

                hold off 

                %saveas(3,strcat(Image_file_base_name{1},num2str(counter),'_fig3'),'fig'); 

            end 

       

              

            IIp = find(R == R12(II1)); 

            Ipeak = IIp; 

             

            Calcite_THETA = asind(n*lumda/(2*D0)); 

            THETA_Col = atand((Gpeak/Calcite_R)*tand(Calcite_THETA)); 

            D1 = D0*sind(Calcite_THETA)/sind(THETA_Col); 

            intermolecular_spacing(Kr,Kc) = D1; 

            if counter<=N_r1 

                intermolecular_spacing(Kr,Kc) = D1*735.4185/335.4185; 

            end 
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            THETA_Col = atand((Ghpeak/Calcite_R)*tand(Calcite_THETA)); 

            D1 = D0*sind(Calcite_THETA)/sind(THETA_Col); 

            intermolecular_spacing_horiz(Kr,Kc) = D1; 

            if counter<=N_r1 

                intermolecular_spacing_horiz(Kr,Kc) = D1*735.4185/335.4185; 

            end 

             

            THETA_Col = atand((Gvpeak/Calcite_R)*tand(Calcite_THETA)); 

            D1 = D0*sind(Calcite_THETA)/sind(THETA_Col); 

            intermolecular_spacing_vert(Kr,Kc) = D1; 

            if counter<=N_r1 

                intermolecular_spacing_vert(Kr,Kc) = D1*735.4185/335.4185; 

            end 

                 

             

             

            %% End 

             

     % Filtering data 

            ZI(RI<R(I1))=NaN; 

            ZI(RI>R(I2))=NaN; 

            Col_per_sigment = zeros(1,2*360+1); 

             

            % Determining collagen per segment of theta 

            for k = 1:2*360+1 

                ZZ = ZI(k,:); 

                [P,~] = polyfit(log(R([I1 I2])),log(ZZ([I1 I2])),1); 

                Bf = polyval(P,log(R(I1:I2))); 

                Col_sigment = ZZ(I1:I2)-exp(Bf); 

                Col_sigment(Col_sigment<0) = 0; 

                Col_per_sigment(k) = nansum(Col_sigment); 

            end 

           

 %% Averages over the center 

            collagen = 0.5*(Col_per_sigment(1:361) + Col_per_sigment(361:721)); 

            total_collagen = [collagen collagen(2:end)];    

             

1)); 

collagen_f = total_collagen; % No filtering 

 

             

            %% Calculates collagen types 

             

            % Isotropic collagen 

            isotropic_collagen = min(collagen_f); 

            p_data = collagen_f-isotropic_collagen; 

  

            % Total collagen 

            total_collagen_per_point(Kr,Kc) = sum(collagen_f); 

             



      
 

290 
 

            % Aligned collagen 

            aligned_collagen_per_point(Kr,Kc) = sum(p_data); 

             

    

            %% Highlights value above 50% of max 

            Ia = find(p_data>0.5*max(p_data)); 

            Ip = ones(1,length(p_data)); 

            Width(Kr,Kc) = 0.5*0.5*length(Ia 

     

            %% Plots anisotropic collagen vs theta 

             

     

            theta = 0:0.5:360; 

            collagen_f2 = zeros(size(collagen_f,1),size(collagen_f,2)); 

            collagen_f2(:,1:541) = collagen_f(:,181:721); 

            collagen_f2(:,542:721) = collagen_f(:,1:180); 

            collagen_f = collagen_f2; 

            % 90 degree shift         

  

oi = [collagen_f collagen_f collagen_f]; % Three repeats of curve, in case peak is within 

first or last 15 degrees 

             

            if plot_figures == 1 

                figure(4) 

                plot(theta,collagen_f); hold on 

                plot([min(theta) max(theta)],[isotropic_collagen isotropic_collagen],'r'); hold 

off 

                title('Collagen vs theta'); 

                xlabel('Angle (\o)'); ylabel('x-ray scatter (a.u.)'); 

                legend('anisotropic','isotropic') 

                xlim([min(theta) max(theta)]) 

                if max(collagen_f) > 0; ylim([0 1.1*max(collagen_f)]); end                               

            end 

             

                            % Anisotropy calculations 

                peakangle(Kr,Kc) = find(collagen_f == max(collagen_f),1,'first'); 

                spread15 = sum(oi((peakangle(Kr,Kc)+706):(peakangle(Kr,Kc)+736))) + 

sum(oi((peakangle(Kr,Kc)+346):(peakangle(Kr,Kc)+376))); 

                spreadorthog15 = sum(oi((peakangle(Kr,Kc)+526):(peakangle(Kr,Kc)+556))) 

+ sum(oi((peakangle(Kr,Kc)+166):(peakangle(Kr,Kc)+196))); 

                spreadvstot15(Kr,Kc) = spread15/sum(collagen_f); 

                spreadvsorthog15(Kr,Kc) = spread15/spreadorthog15; 

                 

                spread5 = sum(oi((peakangle(Kr,Kc)+716):(peakangle(Kr,Kc)+726))) + 

sum(oi((peakangle(Kr,Kc)+356):(peakangle(Kr,Kc)+366))); 

                spreadorthog5 = sum(oi((peakangle(Kr,Kc)+536):(peakangle(Kr,Kc)+546))) 

+ sum(oi((peakangle(Kr,Kc)+176):(peakangle(Kr,Kc)+186))); 

                spreadvstot5(Kr,Kc) = spread5/sum(collagen_f); 

                spreadvsorthog5(Kr,Kc) = spread5/spreadorthog5; 

             

                            % Creating segmented figures 
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                for i = 1:12 

                pmean(i) = mean(oi((346+(i-1)*60):(375+(i-

1)*60)))/total_collagen_per_point(Kr,Kc); 

                end 

                 

            % Checkpoint to check quality of filter 

%             return 

            

            ccomp(counter,:) = collagen_f; 

            p_data = collagen_f-isotropic_collagen; 

            theta_Pmax = theta(p_data==max(p_data(1:721))); 

            theta_Pmax_all(Kr,Kc) = theta_Pmax(1); 

            Anisotropy(Kr,Kc) = sum(p_data)/sum(collagen_f); 

         

             

            %% Creates and plots polar vectors 

  

            collagen_f = 0.5*(collagen_f(1:361) + collagen_f(361:721)); 

            total_collagen_f = [collagen_f collagen_f(2:end)]; 

            %p_data = total_collagen_f-isotropic_collagen; 

            p_data = total_collagen_f; 

            %P_colore = p_data; 

            P_colore = 1-(isotropic_collagen./total_collagen_f); 

            p_data = plot_scale*p_data./max(p_data); 

             

            if polar_plot_figures == 1 

                figH = figure(5); 

                Xp = p_data.*cosd(0:0.5:360)+XXg(Kr,Kc); 

                Yp = p_data.*sind(0:0.5:360)+YYg(Kr,Kc); 

                patch(Xp,Yp,max(P_colore),'edgecolor','none') 

  

  

                  % PATCH METHOD 

%                 for i = 1:12 

%                     Xp=pmean(i)*cosd(-7.5:352.5)*3e4+XXg(Kr,Kc); 

%                     Yp=pmean(i)*sind(-7.5:352.5)*3e4+YYg(Kr,Kc); 

%                     patch([XXg(Kr,Kc) Xp(30*i-29:30*i-15)],[YYg(Kr,Kc) Yp(30*i-

29:30*i-15)],pmean(i),'edgecolor','none') 

%                 end 

  

                xlabel('Strain'); ylabel('y (\mum)') 

                axis equal 

                set(gcf,'Color','w') 

                title('Polar maps of collagen orientation at varying strain') 

            end 

  

             

            %% Check quality of figures 1-5 

             

%             return 
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            % Pausing to view Figures 1-5 

            if pause_on == 1 && plot_figures == 1 

                pause 

            end 

             

  

        end 

       end 

    end 

    

%     return 

end 

figure(5) 

axis([-70 650 5300 7500]); 

ax = gca; 

set(ax,'XTick',[0:x_spacing:(N_c-1)*x_spacing]) 

set(ax,'XTickLabel',{'tare','1.4%','2.8%','5%','8%','100%','OVER 9000%!!'}) 

cb=colorbar;%set(cb,'yticklabel',num2str(str2num(get(cb,'yticklabel')),'%0.1f')) 

ylabel(cb,'Relative amount of collagen (a.u.)') 

  

 

time = clock; 

  

n = 1; 

 

 

II.3 Raman_Intensity_Profile_v1 

clear all 

clc 

close all 

  

filename = 'totspettri_Abis.txt'; 

A = load(filename); 

  

intensity = A(:,2); 

freq_shift = A(:,1); 

  

  

plot(freq_shift,intensity) 

xlabel('Wavenumber (cm^{-1})') 

ylabel('Raman Intensity (a.u.)') 

 

II.4 Brillouin_Intensity_Profile_v1 

clear all 

clc 

close all 
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filename = 'totspettri_Abis.txt'; 

A = load(filename); 

  

intensity = A(:,2); 

freq_shift = A(:,1); 

  

  

plot(freq_shift,intensity) 

xlabel('Frequency shift (GHz)') 

ylabel('Brillouin Intensity (a.u.)') 
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III Appendix III: X ray microtomography Savu commands 

III.1 Tomo centre 
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III.2 Tomo recon 
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III.3 NxtomoLoader  

 

>>> disp -avv 

  

------------------------------------------------------------------------------------- 

 1) NxtomoLoader 

  A class for loading standard tomography data in Nexus format.                      

    1)                preview : [] 

    A slice list of required frames. 

    2)         image_key_path : entry1/tomo_entry/instrument/detector/image_key 

    Path to the image key entry inside the nxs file. 

    3)                   name : tomo 

    The name assigned to the dataset. 

    4)               3d_to_4d : False 

    Set to true if this reshape is required. 

    5)                   flat : [None, None, 1] 

    Optional Path to the flat field data file, nxs path and scale value. 

    6)              data_path : entry1/tomo_entry/data/data 

    Path to the data inside the file. 

    7)                   dark : [None, None, 1] 

    Optional path to the dark field data file, nxs path and scale value. 

    8)                 angles : None 

    A python statement to be evaluated or a file. 

    9)           ignore_flats : None 

    List of batch numbers of flats (start at 1) to ignore. 

------------------------------------------------------------------------------------- 

  

>>> 

 

 

III.4 Distortion correction 

>>> disp -avv 

------------------------------------------------------------------------------------- 

 1) DistortionCorrection  

  A plugin to apply a distortion correction.                                          

    1)             crop_edges : 0 

    When applied to previewed/cropped data, the result may contain zeros around the 

    edges, which can be removed by cropping the edges by a specified number of 

    pixels. 

    2)            in_datasets : [] 

    Create a list of the dataset(s) to process. 

    3)        centre_from_top : 995.24 

    The centre of distortion in pixels from the top of the image. 

    4)           out_datasets : [] 

    Create a list of the dataset(s) to create. 

    5)      polynomial_coeffs : (1.00015076, 1.9289e-06, -2.4325e-08, 1.00439e-11, -

3.99352e-15) 
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    Parameters of the radial distortion function. 

    6)       centre_from_left : 1283.25 

    The centre of distortion in pixels from the left of the image. 

------------------------------------------------------------------------------------- 

>>> 

 

 

III.5 Dark-Flat-Field-Correction 

 

Savu Configurator command: add DarkFlatFieldCorrection 

 

>>> disp -avv 

  

------------------------------------------------------------------------------------- 

 3) DarkFlatFieldCorrection 

  A Plugin to apply a simple dark and flatfield correction to raw timeseries data.   

    1)            in_datasets : [] 

    Create a list of the dataset(s) to process. 

    2)            upper_bound : None 

    Set all values above the upper bound to this value. 

    3)           out_datasets : [] 

    Create a list of the dataset(s) to create. 

    4)            lower_bound : None 

    Set all values below the lower_bound to this value. 

    5)                pattern : PROJECTION 

    Data processing pattern is 'PROJECTION' or 'SINOGRAM'. 

    6)        warn_proportion : 0.05 

    Output a warning if this proportion of values, or greater, are below and/or above 

    the lower/upper bounds, e.g enter 0.05 for 5%. 

------------------------------------------------------------------------------------- 

  

III.6 Ring Artefact Filter 

 

>>> disp -avv 

  

------------------------------------------------------------------------------------- 

 1) CcpiRingArtefactFilter 

  A plugin to perform ring artefact removal                                          

    1)             num_series : 1 

    High aspect ration compensation (for plate-like objects only) . 

    2)                param_r : 0.005 

    The correction strength - decrease (typically in order of magnitude steps) to 

    increase ring supression, or increase to reduce ring supression. 

    3)            in_datasets : [] 

    Create a list of the dataset(s) to process. 

    4)           out_datasets : [] 

https://confluence.diamond.ac.uk/display/TOMTE/0.05
https://confluence.diamond.ac.uk/display/TOMTE/0.05
https://confluence.diamond.ac.uk/display/TOMTE/0.005
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    Create a list of the dataset(s) to create. 

    5)                param_n : 0 

    Unknown description (for plate-like objects only). 

 

III.7 AstraReconGpu  

 

>>> disp -avv 

  

------------------------------------------------------------------------------------- 

 8) AstraReconGpu 

  Wrapper around the Astra toolbox for gpu reconstruction.                           

    1)               init_vol : None 

    Dataset to use as volume initialiser (doesn't currently work with preview). 

    2)                preview : [] 

    A slice list of required frames. 

    3)                    log : True 

    Take the log of the data before reconstruction (True or False). 

    4)              algorithm : FBP_CUDA 

    Reconstruction type (FBP_CUDA|SIRT_CUDA| SART_CUDA (not currently 

    working)|CGLS_CUDA|FP_CUDA|BP_CUDA| SIRT3D_CUDA|CGLS3D_CUDA). 

    5)           n_iterations : 1 

    Number of Iterations - only valid for iterative algorithms. 

    6)               res_norm : False 

    Output the residual norm at each iteration (Error in the solution - iterative 

    solvers only). 

    7)     centre_of_rotation : 0.0 

    Centre of rotation to use for the reconstruction. 

    8)             FBP_filter : ram-lak 

    The FBP reconstruction filter type (none|ram-lak| shepp- 

    logan|cosine|hamming|hann|tukey|lanczos|triangular|gaussian| barlett- 

    hann|blackman|nuttall|blackman-harris|blackman-nuttall| flat-top|kaiser|parzen). 

    9)            in_datasets : [] 

    Create a list of the dataset(s) to process. 

   10)                  ratio : 0.95 

    Ratio of the masks diameter in pixels to the smallest edge size along given axis. 

   11)           out_datasets : [] 

    Create a list of the dataset(s) to create. 

   12)             centre_pad : False 

    Pad the sinogram to centre it in order to fill the reconstructed volume ROI for 

    asthetic purposes. NB: Only available for selected algorithms and will be ignored 

    otherwise. WARNING: This will significantly increase the size of the data and the 

    time to compute the reconstruction). 

   13)              outer_pad : False 

    Pad the sinogram width to fill the reconstructed volume for asthetic purposes. 

    Choose from True (defaults to sqrt(2)), False or float <= 2.1. NB: Only available 

    for selected algorithms and will be ignored otherwise. WARNING: This will 

    increase the size of the data and the time to compute the reconstruction). 

   14)               log_func : np.nan_to_num(-np.log(sino)) 

https://confluence.diamond.ac.uk/display/TOMTE/0.95
https://confluence.diamond.ac.uk/display/TOMTE/np.nan_to_num(-np.log(sino))


      
 

299 
 

    Override the default log function. 

   15)             force_zero : [None, None] 

    Set any values in the reconstructed image outside of this range to zero. 

------------------------------------------------------------------------------------- 

  

 

III.8 Tiff saver 

>>> disp 1 -avv 

  

------------------------------------------------------------------------------------- 

 5) TiffSaver 

  A class to save data to a tiff output file                                         

    1)            in_datasets : [] 

    The name of the dataset to save. 

    2)                pattern : optimum 

    Optimise data storage to this access pattern: 'optimum' will automate this 

    process by choosing the output pattern from the previous plugin, if it exists, 

    else the first pattern. 

------------------------------------------------------------------------------------- 

 

III.9 Paganin filter 

>>> disp -avv 

  

------------------------------------------------------------------------------------- 

 1) PaganinFilter 

  A plugin to apply the Paganin filter                                               

    1)                  Ratio : 250.0 

    ratio of delta/beta. 

    2)            in_datasets : [] 

    Create a list of the dataset(s) to process. 

    3)               Distance : 1.0 

    Distance from sample to detection - Unit is metre. 

    4)           Padtopbottom : 10 

    Pad to the top and bottom of projection. 

    5)           out_datasets : [] 

    Create a list of the dataset(s) to create. 

    6)              Padmethod : edge 

    Numpy pad method. 

    7)                 Energy : 53.0 

    Given X-ray energy in keV. 

    8)              increment : 1.0 

    Increment all values by this amount before taking the log. 

    9)             Resolution : 1.28 

    Pixel size - Unit is micron. 

   10)           Padleftright : 10 

    Pad to the left and right of projection. 

https://confluence.diamond.ac.uk/display/TOMTE/1.28
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IV Appendix IV: Copyright Licence Agreement 

 

IV.1 Copyright Licence Agreement for figure 1.1 
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IV.2 Copyright Licence Agreement for figure 1.2 

 
Dear Laura Paletto, 

thank you for your email. As to your request, I am pleased to inform you that 

permission is granted hereby to use Figure 1 from the article  

Thale A, Tillmann B, Rochels R: SEM Studies of the Collagen Architecture of the 

Human Lamina cribrosa: Normal and Pathological Findings. Ophthalmologica 

1996;210:142-147. doi: 10.1159/00031069 

in the printed and electronic version of your doctoral dissertation, provided that 

proper credit will be given to the original source and that S. Karger AG, Basel will be 

mentioned. 

Please note that this is a non-exclusive permission, hence any further use, edition, 

translation or distribution, either in print or electronically, requires written permission 

again as this permission is valid for the above mentioned purpose only. 

This permission applies only to copyrighted content that S. Karger AG owns, and not to 

copyrighted content from other sources. If any material in our work appears with credit 

to another source, you must also obtain permission from the original source cited in our 

work. All content reproduced from copyrighted material owned by S. Karger AG 

remains the sole and exclusive property of S. Karger AG. The right to grant permission 

to a third party is reserved solely by S. Karger AG. 

Thank you for your understanding and cooperation. 

Hopefully, I have been of assistance to you with the above.  

Best regards,  

Samuel Lei 

Manager ePartners, Rights & Permissions 

s.lei@karger.com 

 
S.KARGER AG, Medical and Scientific Publishers, Allschwilerstrasse 10, 4009 Basel 

Switzerland 

T+41 61 306 11 11, f +41 61 306 1234, www.karger.com 

mailto:s.lei@karger.com
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IV.3 Copyright Licence Agreement for figure 1.3 
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IV.4 Copyright Licence Agreement for figure 1.4 
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IV.5 Copyright Licence Agreement for figure 1.6 
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IV.6 Copyright Licence Agreement for figure 1.7 
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IV.7 Copyright Licence Agreement for figure 1.8 
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IV.8 Copyright Licence Agreement for figure 1.9 
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IV.9 Copyright Licence Agreement for figure 1.10 
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IV.10  Copyright Licence Agreement for figure 2.1 
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IV.11  Copyright Licence Agreement for figure 5.1 
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IV.12  Copyright Licence Agreement for figure 5.2 
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IV.13  Copyright Licence Agreement for figure 5.33 
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