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Abstract

Purpose: The lamina cribrosa likely plays an important role in the pathogenesis of
glaucoma. The goals of this dissertation were to better understand differences in lamina
cribrosa microarchitecture and optic nerve head (ONH) geometry in normal human eyes
with axial length and aging and determine whether any differences found in older,
normal eyes were similar to changes associated with early glaucoma, but potentially to a

lesser extent.

Methods: (1) Images of the ONH were acquired via spectral domain optical coherence
tomography (SDOCT) and used to quantify Bruch’s Membrane Opening (BMO) area,
mean anterior lamina cribrosa surface depth (ALCSD), mean minimum rim width (MRW)
and scaled MRW in young normal subjects to examine ONH structure in eyes with
different axial lengths. (2) The aforementioned and additional SDOCT parameters
(anterior lamina cribrosa surface [ALCS] radius of curvature [RoC], prelaminar tissue
volume [PTV], neuroretinal rim volume) were quantified in normal young (20-30 years)
and older (> 50 years) eyes. Images of the ALCS microarchitecture were acquired using
adaptive optics and used to quantify mean ALCS pore area, elongation, and nearest
neighbor distance (NND). ALCS pore and ONH parameters were compared between
fellow eyes of normal subjects and between young and older normal eyes. (3) Images of
the ONH and ALCS microarchitecture were also acquired in glaucoma suspects and
primary open angle glaucoma (POAG) patients. Global and local ALCS pore geometries
and ONH parameters were compared between suspect/POAG and age-matched normal

eyes. The relationships between ONH and ALCS pore parameters were also examined.

Results: (1) Mean MRW was significantly thinner in young, normal eyes with more



posteriorly-located laminar surfaces (P<.01) and larger BMO areas (P<.01). However,
scaled MRW and BMO area were not correlated (P=.77), potentially indicating that all
eyes have the same number of axons regardless of the size of the disc. While eyes with
longer axial lengths had larger BMO areas (P<.01), no significant relationships were
found between axial length and mean MRW (P=.09) or mean ALCSD (P=.07). (2) ONH
and mean global ALCS pore parameters were not statistically different between fellow
normal eyes. With the exception of mean MRW (significantly thinner in older eyes), all
ONH and ALCS pore parameters were similar between older and young eyes. (3) PTV,
rim volume, mean MRW and mean RNFL thickness were significant reduced, and ALCS
was more posteriorly located and more steeply curved in suspect/POAG eyes compared
to normal eyes. ALCS pores were more closely spaced (smaller global mean NND) in
suspect/POAG eyes. Local pore analyses revealed that ALCS pores were significantly
smaller in the superior-temporal sector of suspect/POAG eyes compared to normal eyes
(P=.03). In addition, there were no significant relationships between any ALCS pore and

ONH parameter within older normal eyes or suspect/POAG eyes.

Conclusions: This dissertation provides increased understanding of ONH and laminar
structure in normal young and older eyes, as well as differences in these structural
properties between normal and suspect/POAG eyes. The larger BMO areas found in
young eyes with increased axial lengths could result from retinal and scleral stretching
forces that occur during development. As the normal eye ages, there is a reduction in
mean MRW that likely reflects an age-related loss in retinal ganglion cell axons. In
addition to profound differences in ONH structure, we found significant differences in
ALCS pore area in the superior-temporal sector of suspect/POAG eyes (relative to
normal, older eyes), corresponding to a region that is known to be prone to the

development of retinal nerve fiber layer defects in glaucoma.
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11 Introduction

Glaucoma is the leading cause of irreversible blindness worldwide. The number of
individuals with glaucoma in 2010 was estimated to be about 60.5 million (Quigley and
Broman, 2006). This estimate increased to 64.3 million in 2013 (Tham et al., 2014) and
is projected to rise to 76.0 million in 2020 and 111.8 million in 2040. This rapid increase
in the number of individuals with glaucoma is attributed to an increase in the aging
population worldwide, as well as an increased rate of affected individuals in Asia and
Africa (Figure 1-1).

The risk and type of glaucoma varies accross races and continents. The
prevalence of primary open angle glaucoma (POAG) is highest in Africa and people with
African ansestry (Rudnicka et al., 2006) while the prevalence of Primary Angle Closure
Glaucoma (PACG) is highest in Asia (Foster and Johnson, 2001). North America is
estimated to have almost 4 million people affected by glaucoma in 2020 (Tham et al.,
2014). In the United States, more than 130,000 people were estimated to be blind due to
glaucoma in 2000 (Quigley and Vitale, 1997). Glaucoma accounts for over 10 million
visits to Optometrists and Ophthalmologists every year, resulting in an expense to the
United States government of more than $1.5 billion annually (Center for Disease Control
and Prevention/National Center for Health Statistics, 2010 & 1995; NEI, Report of the
Glaucoma Panel, Fall 1998). Given the potential impact of glaucoma on the visual
system, as well as this increasing financial burden, it is important to identify the
mechanisms for this disease, as well as suitable treatments.

The work in this dissertation begins by quantifying relationships in ONH and
lamina cribrosa structure in young, normal eyes of different axial lengths. Next, the
dissertation examines inter-eye differences in anterior lamina cribrosa surface (ALCS)
microarchitecture and ONH structure in vivo in normal human eyes, followed by a

characterization of differences in ALCS microarchitecture and ONH structure between

16



normal, young and older eyes. The dissertation concludes with a comparison of
structural differences in the ONH and ALCS microarchitecture between older, normal

eyes and eyes diagnosed as glaucoma suspects or with POAG.
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Figure 1-1. Projected rate of increase in individuals with glaucoma worldwide based on
geographical region from 2013 through 2040. These projections are based on a meta
analysis performed on data from major population-based studies of glaucoma

prevalence. Reprinted with permission (Tham et al., 2014).
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1.2 Glaucoma as a disease and hypotheses of its pathophysiology

Glaucoma is defined as a group of progressive optic neuropathies that results in the
death of retinal ganglion cells (Quigley et al., 1981). This condition clinically presents as
structural changes in optic nerve head (ONH) cupping, retinal nerve fiber (RNFL)
thinning and functional losses in vision (Quigley and Broman, 2006) (Figure 1-2).
Multiple studies have reported a deepening of the ONH in early glaucoma, as the
connective tissue within the ONH posteriorly deforms and bows backwards (Figure 1-3)
(Burgoyne, 2011; Quigley, 2011). Several reports based on animal models have also
shown that damage to retinal ganglion cell (RGC) axons is central to the
pathophysiology of glaucoma (Johnson et al., 1996; Burgoyne et al., 2004; Downs et al.,
2007; Howell et al., 2007; Yang et al., 2010).

The lamina cribrosa has been suggested as the initial site of damage to RGC
axons in glaucoma (Quigley and Anderson, 1976a). For example, alterations and
disruptions in axoplasmic flow have been reported to occur within the lamina cribrosa
following the elevation of intraocular pressure (IOP) in normal, non-human primate eyes
(Anderson and Hendrickson, 1974; Quigley and Anderson, 1976a; Minckler et al., 1977).
While the mechanisms underlying RGC axonal damage are not well understood, several
factors likely contribute to the onset and progression of glaucomatous neuropathy.
Currently, three main hypotheses have been proposed to describe how axons are
damaged in glaucoma. The mechanical hypothesis suggests that an increase in IOP
imparts stress on the lamina cribrosa, which, in turn, results in a strain and deformation
of the entire laminar structure. These deformations can include alterations in the
biomechanical dynamics (or compliance) of the load-bearing laminar beams, as well as
changes in laminar beam and pore microarchitecture that can subsequently result in
mechanical alterations (e.g., compression, shearing) of the RGC axons passing through

the altered pore structure (Bellezza, 2000; Bellezza et al., 2003; Burgoyne et al., 2005;
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Downs et al., 2008; Roberts et al., 2009b; Sigal and Ethier, 2009). The vascular theory
suggests that increase in IOP and alterations in Cerebrospinal Fluid (CSF) pressure
causes a change in the trans-laminar pressure gradient, which results in perfusion
instabilities within the ONH. This imbalance gives rise to alterations in ocular blood flow
and a reduced blood supply to ONH and laminar capillaries that nourish RGC axons,
ultimately leading to their demise (Fechtner and Weinreb, 1994; Grieshaber et al., 2007;
Jonas et al., 2013). The glial hypothesis suggests that increases in IOP result in an
activation of astrocytes and glial cells that initially serves to protect the neuronal tissue.
However, this activated response could also reduce neurotrophic support to RGC axons
and create a harmful, neurotoxic environment (Neufeld et al., 1997; Hernandez, 2000;
Tezel, 2009). For example, studies in human glaucoma and in a rat model of
experimental glaucoma suggest that reactive astrocytes and other glial cells synthesize
nitric oxide synthase (NOS-2), an enzyme that may be neurotoxic to RGC axons in the
ONH (Neufeld et al., 1997; Neufeld, 1999; Neufeld et al., 1999). However, it is likely that
all of these hypothesized mechanism contribute to the onset and progression of

glaucoma and that none of these hypotheses are mutually exclusive.
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Normal eye Glaucoma eye

(b)

Figure 1-2. Typical changes that occur clinically in eyes with glaucoma (right column)
compared to normal eyes (left column). (a,b) En face image of the ONH in which the
white (or yellow) area represents the cup and the surrounding orange region represents
the rim, or neuroretinal tissue. In glaucoma eyes the neuroretinal (rim) tissue is typically
reduced, yielding a higher percentage of the disk that is occupied by the cup (larger
white region) and a higher cup-to-disk ratio. (c,d) Cross sectional ex vivo images of the
ONH from human eyes (different than those in [a,b]). Glaucomatous eyes have
increased ONH cupped due to axonal loss and subsequent thinning of the neuroretinal

21



rim, as well as posterior bowing of the lamina cribroa. (a,b,c and d) Reprinted with
permission (Quigley, 2011). (e,f) Optical Coherence Tomography (OCT) cross sectional
images of the peripapillary retina surrounding the ONH in which the retinal nerve fiber
layer (RNFL) is segmented as the layer between the red and blue boundaries.
Glaucomatous eyes have a reduced thickness of the RNFL (i.e., thinner RNFL) due to
the loss of axons. (e and f) Reprinted with permission (Mayer et al., 2010). (g,h)
Humphery visual field report in (g) normal and (b) glaucomatous eyes indicating that
glaucomatous eyes typically have increased visual filed loss (denoted by black shaded
regions) compared to normal eyes.
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: ‘te[jor {?mina Cribrosa Su

Figure 1-3. Electron microscope cross-sectional images of the human lamina cribrosa
from (a) a normal eye and (b) a glaucomatous eye. The anterior lamina cribrosa surface
(ALCS) tends to bow backward and become more curved as the ONH becomes more

excavated in glaucoma. Reprinted with permission (Quigley, 2011).
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1.3  Anatomy of the normal human ONH and lamina cribrosa

In normal human eyes, approximately one million RGC axons transmit visual signals
from the eye to the brain (Sanchez et al., 1986; Mikelberg et al., 1989; Jonas et al.,
1992). RGC axons travel from all parts of the retina and dive sharply over the
neuroretinal rim as they make their way through the ONH and lamina cribrosa to the
lateral geniculate nucleus (LGN). Many studies have examined the size of the
physiologically normal ONH. Quigley et al. calculated mean vertical and horizontal optic
disc diameters (from Bruch’s Membrane) of 1.87 + 0.17 mm and 1.76 + 0.19 mm,
respectively, in 60 adult human donor eyes, with a mean aspect ratio of 1.06 (i.e., nearly
circular as the aspect ratio = 1 for a circle) and a mean disc area of 2.58 mm? (Quigley et
al., 1990). However, these values can vary considerably across the population,
particularly with race/ethnicity. For example, in the same study, Quigley et al. found that
African-American eyes had larger vertical disk diameters (1.96 £ 0.16 mm) than
compared to Whites (1.82 = 0.15 mm).

The shape and diameter of the ONH can also vary with depth within the canal. In
most normal eyes, the canal is conically-shaped with more posterior locations being
larger in diameter than more anterior locations (Figure 1-4) (Hayreh, 2011). At the
anterior portion of the ONH, the optic disc margin (a clinical construct used to determine
cup-to-disc ratio) has been identified as coinciding with Bruch’s Membrane Opening
(BMO) and/or the border tissue of Elschnig (Reis et al., 2012). Jiang et al. examined the
diameter of the normal BMO in 112 eyes (from 65 subjects) using spectral domain
optical coherence tomography and measured a mean value of 1,524 + 142 um (Jiang et
al., 2015). Just slightly deeper in the canal, histomorphometric reconstructions of the
ONH in 10 human donor eyes revealed a slightly larger mean diameter for the scleral
canal opening of 1,818 um (range = 1,346 pum to 1,949 pm) with nearly circular openings
(mean aspect ratio = 0.99) (Sigal et al., 2010).
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The ONH is primarily composed of the central retinal artery and vein, retinal
nerve fiber layer, and the prelaminar, laminar, and retrolaminar regions (Figure 1-4). The
prelaminar region consists of glial “columns,” or collections of glial tissue that surround
axon bundles in a columnar fashion before entering the lamina cribrosa. This bed of glial
tissue is attached centrally to the connective tissue of the central retinal vessels and
peripherally attaches to the choroid (Hayreh and Vrabec, 1966). Axons next pass
through the lamina cribrosa, a three dimensional meshwork of densely packed
connective tissue beams that bridges the scleral canal and is predominantly composed
of collagen and elastin (Figure 1-5) (Hernandez et al., 1989; Morrison et al., 1989;
Hernandez et al., 1990). Centrally, the lamina binds to the connective tissue surrounding
the central retinal artery and peripherally anchors to the surrounding sclera. RGC axons
then enter the retrolaminar region where they become and remain myelinated
throughout the ONH (Hayreh, 2011).

The lamina cribrosa provides structural and functional support to the RGC axons
that course through it. The lamina’s largely collagenous beams are surrounded by
astrocytes and contain capillaries that are supplied by the short posterior ciliary arteries
(Figure 1-6). Oxygen, nutrients and neurotrophic factors are supplied to the RGC axons
from these capillaries and from the extracellular matrix and surrounding astrocytes
(Anderson, 1969).

The vast majority of studies that have examined structural properties of the
human lamina cribrosa have been performed ex vivo in donor eyes. The anterior lamina
cribrosa surface is centrally elevated in normal eyes, with a ridge running in the nasal-
temporal axis, and is depressed in the mid-periphery in the superior and inferior
meridians (Quigley and Addicks, 1981; Park et al., 2012b). In separate studies, Jonas et
al. and Kotecha et al. found the central lamina cribrosa to be approximately 450 pm

thick. Jonas et al. measured a mean central lamina cribrosa thickness of 457.7 +
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163.7 um (range: 92 — 1,008 um) in 42 normal, donor eyes, while Kotecha et al.
measured a mean central lamina thickness of 451.3 £ 56.5 pm (range: 345 — 556 pm) in
27 normal, donor eyes (Jonas et al., 2003; Kotecha et al., 2006).

Studies of laminar microarchitecture performed using transmission and scanning
electron microscopy have found approximately 200 to 400 pores on the anterior laminar
surface. The diameter of each pore changes continuously throughout the extent of the
lamina and was reported to range from as small as 10 um to greater than 100 um
(Quigley and Addicks, 1981). Increasing efforts have been placed into imaging the
human lamina cribrosa microarchitecture in vivo (Bhandari et al., 1997; Ivers et al., 2011,
Wang et al., 2013). Typically, it is not possible to image the entire anterior lamina
cribrosa surface (ALCS) due to fact that the neuroretinal rim and overlying vessels can
cast shadows onto the ALCS, making it challenging to visualize all of the ALCS
microarchitecture. Sigal et al. recently estimated that 69% (range 58%-83%) of the
anterior lamina cribrosa surface is visible through the scleral canal opening, on average,
with the residual 31% of anterior lamina cribrosa surface extending beyond the canal
opening (Sigal et al., 2010). Despite these challenges, a small number of published
studies have quantified lamina cribrosa pore geometry in living normal and
glaucomatous human eyes using adaptive optics and swept-source optical coherence
tomography (SSOCT) (lvers et al., 2011; Akagi et al., 2012; Wang et al., 2013; Zwillinger
et al., 2016). For example, Wang et al. measured mean pore area and diameter to be
1970 + 310 pm? and 24.6 + 2.56 pm, respectively, throughout the entire extent of the
lamina cribrosa using SSOCT in 19 healthy, normal eyes (Wang et al., 2013). Using an
adaptive optics scanning laser ophthalmoscope, Akagi et al. calculated the mean area of
ALCS pores to be 2,508 + 826 um? in 20 normal eyes and 3,013 + 857 pm? in 20
glaucomatous eyes (Akagi et al., 2012; Wang et al., 2013; Zwillinger et al., 2016). While

multiple studies have separately examined ONH and laminar microarchitecture in living
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eyes, knowledge of any possible relationships between the laminar microarchitecture
and its surrounding ONH structure have remained elusive in normal and glaucomatous

eyes.
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Figure 1-4. (a) A schematic illustrating the optic nerve head. Dashed lines represent the
anterior and posterior borders of the lamina cribrosa. Bundles of RNFL axons (yellow)
converge at and dive into the ONH. Axons first traverse through glial “columns” (network
of blue circles) in the prelaminar region (region above the anterior laminar surface, or top
dashed line). At the level of lamina cribrosa, axons bundles weave their way through
pores created by laminar beams (pink) before exiting the lamina and emerging into the

retrolaminar space (region below the posterior laminar surface, or bottom dashed line).
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Reprinted with permission (Downs et al., 2008). Histological cross-section of the normal
human ONH acquired using light microscopy. The hyper-reflective horizontal band
represents the lamina cribrosa and the dark columns represent axon bundles. Reprinted

with permission (Sigal et al., 2012).
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Figure 1-5. Representative en face image of normal laminar crobrosa beam and pore
structure acquired using scanning electron microscopy. Collagenous beams forms a
highly complex network through which the RGC axon bundles pass. Reprinted with
permission (Quigley, 2011).
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Figure 1-6. (Left) Cartoon illustrating axon bundles (red) weaving through lamina
cribrosa pores. (Right) Magnified cross-sectional sketch of a single lamina cribrosa
beam. Capillaries (red) course through laminar beams while astrocytes (yellow masses)

surround the beams. Reprinted with permission (Morrison et al., 1989).
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1.4 Risk factors for developing glaucoma

Multiple studies, such as the multicenter Ocular Hypertensive Treatment Study (OHTS),
have determined several factors that increase an individual’s risk for the development
and progression of POAG, including older age, race (e.g., African American), sex (e.g.,
male), large vertical and horizontal cup-to-disc ratio, higher IOP, greater Humphrey
visual field pattern standard deviations, heart disease and thinner central corneal
thicknesses (CCTs) (Gordon et al., 2002). Part of the work described in this dissertation

focuses on 2 potential risk factors, namely high myopia and older age.

1.4.1 High Myopia
There is no universal consensus on whether high levels of myopia inherently predispose
the eye to the onset of glaucomatous neuropathy. The OHTS study (conducted in a
predominantly white, non-Hispanic population) found no significant relationship between
an individual’s myopic error and the likelihood to develop glaucoma (Gordon et al.,
2002). Conversely, the Barbados and Beijing Eye Studies found myopic refractive error
to be a risk factor for open angle glaucoma (Leske et al., 1995; (Xu et al., 2007) while
the Blue Mountain Eye Study found that glaucoma occurred with 2-3x higher frequency
in myopic compared to nhon-myopic participants (Mitchell et al, 1999). In addition, the
Beaver Dam Eye Study (Wong et al., 2003) found that myopic individuals were 60%
more likely to have glaucoma compared to those who were not myopic. These reports
raise the possibility that high myopia is associated with an individual’s likelihood for
developing the disease. Therefore, it is important to understand ONH structure in normal
and glaucomatous eyes with different refractive states (or axial lengths).

A number of studies have examined retinal and ONH structure with axial length
and refractive error in normal and glaucomatous eyes. The ONH in highly myopic,

normal eyes (> -8.00 D) is distinctly different from normal eyes of low myopes,
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emmetropes and hyperopes (Jonas et al., 1988). Multiple studies have shown that optic
disc size (disc area) increases with increasing axial length and refractive error in normal,
myopic eyes (Jonas et al., 1988; Oliveira et al., 2007). Lamina cribrosa thickness and
RNFL thickness have also been shown to decrease with increasing axial length in
myopic eyes (Ren et al., 2009; Lee et al., 2015; Malakar et al., 2015). In addition, ONH
structure can vary dramatically with axial length within glaucomatous eyes, as well as
between highly myopic glaucoma eyes and highly myopic normal eyes. POAG eyes that
are highly myopic have more elongated secondary macrodiscs (defined as discs with an
overall area greater than 2.82 mm?), shallower and more concentric disc cupping, larger
peripapillary atrophy, and a lower frequency of localized RNFL defects compared to
POAG eyes with low to moderate myopia and/or hyperopia (Jonas and Dichtl, 1997).
Despite these results from more traditional clinical measures, there is a lack of
information detailing relationships between more recently defined ONH structural
parameters (based on spectral domain optical coherence tomography imaging) and
ocular biometry. In order to better understand these measured ONH parameters in
glaucomatous eyes (including newly developed parameters that may earlier predict the
onset of disease, such as mean ALCS depth and mean minimum rim width), it is
important to know their variability in normal eyes, as well as their relationships with each
other and with possible risks factors for disease (such as axial length). Chapter 2 of this

dissertation will focus on this topic.

1.4.2 Age

Several studies have reported age as a major risk factor for the onset and progression of
glaucoma. A meta-analysis performed on data from many prevalence studies found that
the odds ratio of developing POAG is 1.73 for each decade of increasing age. This

prevalence and odds ratio data, however, vary with geographic region and race (Figure
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1-7) (Tham et al., 2014). Individuals from Africa have the highest prevalence of
developing POAG through the 6™ decade of life (Figure 1-7a). After the age of 60 years,
there are dramatic increases in the prevalence rates for individuals from Latin America
and the Caribbean, Oceania and North America to manifest overall prevalence levels
that equal or exceed those seen in individuals in Africa by 80 years of age. Across race
(Figure 1-7b), people of African ancestry have the highest prevalence of POAG for any
decade of life. However, Hispanics have a steep increase in the prevalence of POAG

after the 6™ decade of life (Friedman et al., 2004; Tham et al., 2014).
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Figure 1-7. Prevalence of primary open angle glaucoma (POAG) worldwide broken
down according to (a) geographical region and (b) race. Overall prevalence data were
based on a meta-analysis of major population-based studies of glaucoma prevalence.
Reprinter with permission (Tham et al., 2014).
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Results from multiple reports suggest that age-related changes in the lamina
cribrosa mimic changes also seen during glaucoma but to a lesser extent. For example,
increases in lamina cribrosa thickness have been measured during very early stages of
experimental glaucoma in non-human primates (Roberts et al., 2009a) and during
normal aging in human eyes (at a rate of ~14 um / decade; Figure 1-8) (Kotecha et al.,
2006). In addition, increases in advanced glycation end products (AGEs) have been
reported in the normal, aging lamina (Albon et al., 1995) and in higher concentrations in
the glaucomatous lamina compared to normal, aged-matched eyes (Tezel et al., 2007).
During the normal aging process, sugar crosslinks with a protein or lipid in a
nonenzymatic reaction to produce AGEs that accumulate in every type of cell and tissue
in the body, including the ONH and retina (Albon et al., 1995). AGEs are considered to
exacerbate the degenerative disease process by interfering with the normal function of
the tissue, as well as with protein and axonal transport (Cullum et al., 1991).
Methylglyoxal, a precursor of AGEs, has also been associated with increased stiffness in
the human lamina cribrosa and peripapillary sclera during the normal aging process
(Spoerl et al., 2005; Tezel et al., 2007). When combined with the results from
immunohistochemical studies that have reported increases in elastin and the total
amount of collagen within the lamina with increasing age (Hernandez et al., 1989; Albon
et al., 1995), these observations could result in a nonmalleable, stiffer lamina which may
potentially increase the eye’s susceptibility to glaucomatous damage. Changes in the
constituents of the structural matrix of the lamina cribrosa during normal aging may alter
its ability to provide structural and functional support to the RGC axon bundles passing

through it and result in an increased susceptibility of the axons to damage.
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Figure 1-8. Differences in total lamina cribrosa thickness (LCT) with increasing age from
27 donor eyes (range = 9-90 years) were measured under hydrated conditions using
light microscopy. Lamina cribrosa thickness increased with increasing age. Reprinted

with permission (Kotecha et al., 2006).

37



With the aforementioned similarities between laminar changes seen during the
physiologically normal aging process and glaucomatous progression, we could
hypothesize a continuum of changes in laminar structure and composition that begins
with the young, healthy normal eye, then progresses to a slightly altered state in older
normal eyes, and continues to evolve to a more altered state in suspect/early glaucoma
eyes, ending with dramatic structural changes in severe glaucoma (Figure 1-9). With this
model in mind, glaucoma could potentially be characterized as an accelerated aging
process (Tezel et al., 2007). Chapter 3 will examine whether structural differences in the
ONH and lamina cribrosa microarchitecture exist between normal young and older eyes,
while Chapter 4 will examine ONH and laminar microarchitecture between normal older

eyes and glaucoma suspect/eyes with early-moderate POAG.
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Figure 1-9. A potential continuum of change in ONH and lamina cribrosa
microarchitecture could occur as the young, normal eye naturally ages and becomes an
older, normal eye. These changes could continue in an accelerated fashion as the older
normal eye becomes a glaucoma suspect and slowly progresses to becoming an eye
with early glaucoma, and finally to an eye with a severe stage of glaucoma.

39



15 Simultaneous examination of lamina cribrosa microarchitecture and ONH
geometry

RGC axons are thought to be initially damaged at the level of the lamina cribrosa
(Quigley and Anderson, 1976a). Under this hypothesis, the health of RGC axons will be
dependent on the environment provided by lamina cribrosa within the ONH. Therefore, it
is highly important to study RGC axonal integrity, lamina cribrosa morphology and the
environment of the ONH hand-in-hand in normal and glaucomatous eyes. To our
knowledge, there is a lack of studies that have examined both the neuronal and non
neuronal structural elements of the ONH in vivo in human eyes. The last half of this
dissertation comprehensively examines relationships between the ONH and anterior
lamina cribrosa surface microarchitecture in human eyes in light of aging and early

glaucoma.

1.6 Specific Aims

1.6.1 Characterize ONH and lamina cribrosa geometry and their relationship with
axial length in young, normal eyes

The ONH and lamina cribrosa structurally change during glaucoma. Given the
emergence of newly developed ONH parameters as possible predictors of disease (e.g.,
mean ALCS Depth, mean Minimum Rim Width), it is important to understand their
variability in normal eyes, as well as their relationships with each other and with risk
factors for disease (such as axial length). We quantified retinal, ONH and lamina
cribrosa parameters in a population of normal, young eyes and examined their degree of
correlation with axial length. We also investigated the relationships and interactions
between ONH and lamina cribrosa parameters across subjects. This study provides

increased knowledge on the degree to which spectral domain optical coherence
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tomography (SDOCT) derived ONH parameters depend on axial length, as well as a
normative database that can be compared with future measurements of these

parameters in cross sectional studies of older normal and glaucomatous eyes.

1.6.2 Determine the variability in lamina cribrosa microarchitecture and ONH
geometry between fellow eyes of normal subjects and as a function of aging

Age is a risk factor for glaucoma. Several studies suggest that normal aging could
increase the susceptibility of the ONH to glaucomatous damage. To ensure that any
potential structural differences measured in normal eyes as a function of age are due to
natural aging itself and not to the normal variability inherent in these examined
parameters between fellow eyes, we first assessed differences in ALCS pore and ONH
geometry between fellow eyes of 32 normal subjects in vivo using AOSLO and SDOCT
imaging, respectively. We then determined whether differences existed in ALCS
microarchitecture and ONH structure between young and older normal human eyes.
This study provides improved understanding of the intra- and intersubject variabilities of
ALCS and ONH morphology present within a normal population and the impact of aging

on these structures.

1.6.3 Determine whether differences exist in vivo in lamina cribrosa
microarchitecture and ONH geometry between normal and glaucomatous eyes
Previous studies in living normal and glaucomatous human eyes have separately
examined lamina cribrosa microarchitecture or ONH geometry. However, to better
understand the disease process, it is necessary to examine changes in and relationships
between neural, non-neural and supporting structures within the ONH during glaucoma.
We measured and compared ONH geometry and ALCS microarchitecture between

glaucoma suspects, patients with POAG and age-matched normal subjects. This study
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provides increased knowledge of the relationships between ONH structure and ALCS
microarchitecture within the eyes of early glaucoma patients and suspects, and their

differences when compared to older, normal eyes.
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CHAPTER 2

Optic nerve head and lamina cribrosa geometry in normal young eyes and

their relationship with axial length

Contributing authors:
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Abstract

Purpose: The optic nerve head (ONH) and lamina cribrosa structurally change during
glaucoma. It is important to know the variability of ONH and lamina cribrosa geometry in
normal eyes. We sought to understand relationships between ONH geometry, anterior
lamina cribrosa surface (ALCS) position and axial length in young, normal eyes.
Methods: Spectral domain optical coherence tomography (SDOCT) radial B-scans
centered on the ONH were acquired in one eye of 97 normal subjects (mean age = 26.4
+ 3.9 years). ONH features (Inner Limiting Membrane, Bruch’s Membrane termination,
ALCS) were semi-automatically marked on SDOCT B-scans using a custom program to
calculate Bruch’s Membrane Opening (BMO) area, mean ALCS depth (ALCSD) and
mean minimum rim width (MRW). Scaled MRW (sMRW) was calculated for each eye by
multiplying an eye’s mean MRW by the ratio of its BMO circumference to the mean BMO
circumference of the population. Ocular biometry (including axial length) was measured
and used to laterally scale SDOCT images.

Results: While eyes with longer axial lengths had larger BMO areas (R?*=0.19, P<.01),
no significant relationships were found between axial length and mean MRW (P=.40) or
mean ALCSD (P=.07). Mean MRW was significantly thinner in eyes with more
posteriorly located ALCS’s (R?=0.16, P<.01) and larger BMO areas (R*=0.18, P<.01).
However, there was no relationship between sMRW and BMO area (P=.20).
Conclusions: The larger BMO areas found in longer eyes may be explained by a model
in which the retina and sclera stretch as the eye elongates during development. The
decreased magnitude of mean MRW in eyes with increased ALCSD’s potentially
indicates that axons are pulled toward the BMO in eyes with a deeper lamina. The lack
of relationship between sMRW and BMO area could imply that the total number of axons

in normal young eyes is constant regardless of BMO size (or axial length).
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2.1 Introduction

Glaucoma is a group of optic neuropathies that results in the damage of retinal ganglion
cell axons and the death of retinal ganglion cells (Quigley et al., 1981). The condition is
typically characterized clinically by an increase in optic nerve head (ONH) cupping,
thinning and/or notching of the neuroretinal rim and loss of visual field (Quigley, 1996).
Multiple risk factors exist for the development and progression of primary open angle
glaucoma, including increased age (Gordon et al., 2002; Leske et al., 2003) and,
potentially, high levels of axial myopia (Perkins and Phelps, 1982; Mitchell et al., 1999;
Xu et al., 2007; Quigley, 2011).

Several structural changes have been shown to occur in the retina, ONH and
lamina cribrosa during early stages and the progression of glaucoma. Retinal nerve fiber
layer thickness (RNFLT) in the circumpapillary region has become a primary, objective
clinical measurement used in the diagnosis of glaucoma. However, recent in vivo work in
a non-human primate experimental model of glaucoma has shown that changes in the
position of the anterior surface of the lamina cribrosa (or anterior lamina cribrosa surface
depth, ALCSD) and in minimum rim width (MRW) can precede the earliest changes
measured in RNFLT and potentially be earlier structural biomarkers of disease onset
(Strouthidis et al., 2011; He et al., 2014b; Patel et al., 2014b; Ivers et al., 2015). Given
the emergence of these (and other) parameters as possible predictors of disease, it is
important to understand their variability in normal eyes, as well as their relationships with
each other and with known risk factors for disease (such as axial length).

A number of studies have examined retinal and ONH structure with axial length
and refractive error in both young and older normal eyes. Multiple studies have shown
that optic disc size (disc area) increases with increasing axial length and refractive error
in normal, myopic eyes (Jonas et al., 1988; Oliveira et al., 2007). Moreover, lamina

cribrosa thickness has been shown to decrease with increasing axial length (Ren et al.,

45



2009). Retinal nerve fiber layer (RNFL) thickness was also found to decrease with
increasing axial length and myopia (Lee et al., 2015; Malakar et al., 2015). However,
there is a lack of detailed information that describes the inter-relationships between
retinal, ONH and biometric parameters within young normal eyes, particularly for more
recently developed ONH and lamina cribrosa parameters (e.g., MRW, ALCSD).

The purpose of this study was to better understand relationships in normal ONH
and lamina cribrosa geometry, as well as their variation in eyes of different length. We
guantified retinal, ONH and lamina cribrosa parameters in a population of normal, young
eyes and examined their degree of correlation with axial length. Furthermore, we
investigated the relationships and interactions between ONH and lamina cribrosa
parameters across subjects. This study provides increased knowledge on the degree to
which spectral domain optical coherence tomography (SDOCT) derived ONH

parameters depend on axial length in normal, young human eyes.

2.2 Methods

All human subjects research adhered to the tenets of the Declaration of Helsinki and
was approved by the University of Houston’s Committee for the Protection of Human
Subjects. Informed consent was obtained from all subjects prior to examination. Ninety-
seven normal subjects (38 men, 59 women) over 18 years of age (mean age = 26.4
3.9 years; range = 21 — 41 years) were recruited from the University of Houston College
of Optometry and the University Eye Institute. 48 of the subjects were Caucasian, 43
were Asian, 3 were African-American and 3 were Hispanic. All subjects had best-
corrected visual acuities of at least 20/20 with no visual field defects (24-2 SITA standard
visual field) and no history of ocular surgery or pathology. Subjects with a history of

hypertension and/or diabetes were included only if there was no associated retinal or
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optic nerve pathology. One eye was selected from each subject for the study (45 right

eyes, 52 left eyes) and dilated for imaging using tropicamide (0.5%).

2.2.1 Spectral domain optical coherence tomography (SDOCT) imaging and
analysis

Cross-sectional images of the retina and ONH were acquired using spectral domain
optical coherence tomography (SDOCT; Spectralis HRA-OCT, Heidelberg Engineering,
Heidelberg, Germany). Retinal nerve fiber layer thickness was quantified from 12°
circular scans (Automatic Real Time [ART] averaging of 40 frames) centered on the
ONH. The Inner Limiting Membrane (ILM) was automatically segmented in each of 24
radial B-scans (20° field, ART averaging of 20 frames) centered over the ONH using the
instrument’s segmentation software and any inaccuracies were manually corrected. The
termination points of the retinal pigment epithelium (RPE)/Bruch’s membrane (BM)
interface and anterior lamina cribrosa surface (ALCS) were manually marked in as many

B-scans as possible using a custom Matlab algorithm (Figure 2-1).
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Figure 2-1. Semi-automated delineation of retinal and ONH features from SDOCT
images. (a) Representative en face view of the ONH illustrating the locations of all 24
radial b-scans (green lines) acquired via SDOCT. (b) Single radial b-scan of the ONH
corresponding to the scan location denoted by the bold green line in (a). Automatically
segmented and manually marked features included the ILM (yellow line), termination
points of the RPE/BM interface (green points) and the anterior lamina cribrosa surface

(red points).
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Two ONH parameters were calculated from the delineated landmarks. Bruch’s
Membrane Opening (BMO) area was calculated as the area enclosed by an ellipse best-
fit to the marked RPE/BM termination points that denoted the BMO (Figure 2-2a). Mean
anterior lamina cribrosa surface depth (ALCSD) was also computed as the mean
distance between the BMO plane (a plane best-fit to the BMO ellipse in 3 dimensions)
and a thin-plate spline surface that was fit to the marked ALCS points to model the
ALCS in 3 dimensions (Figure 2-2b) (Sredar et al., 2013).

Two inner retinal parameters were also calculated from the delineated features.
Mean minimum rim width (MRW) was calculated as the mean value of the minimum
(perpendicular) distances between each RPE/BM termination point and the ILM across
all marked B-scans (Figure 2-3). In addition, we also calculated a scaled version of
MRW (sMRW) to account for the differences in disc size across subjects. Previous
studies have shown that the ratio of ONH rim area (RA) to disc area decreases with
increase in disc size and that RA does not vary with disc area (Girkin et al., 2004; Knight
et al., 2012). Therefore, using the method previously described by Patel et al. (Patel et
al., 2014a), we accounted for individual disc size in our mean MRW measurement by

first calculating the circumference of the BMO ellipse for a given eye as

BMO Circumference (um) =« [B(a +b) —/10ab + 3(a? + bz)] (1)

where a and b are the semi-major and semi-minor axes of the BMO ellipse, respectively.
Scaled MRW (sMRW) was then calculated for each eye by multiplying an eye’s mean
MRW by the ratio of its BMO circumference to the mean BMO circumference of a normal
population (4,825 uym) (Patel et al., 2014a):

BMO Circumference (individual eye)
SMRW (um) = MRW (um) =

Mean BMO Circumference (population)

BMO Circumference (individual eye)
4,825 um @)

= MRW (um) *
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Figure 2-2. Method to calculate BMO area and mean ACLSD. (a) An ellipse (bold, green
line) was best-fit in 3-dimensions to the marked RPE/BM termination points and used to
define a BMO plane (gray). BMO area was calculated as the area enclosed by the BMO
ellipse on the BMO plane. (b) After fitting a thin plate spline to the marked ALCS points
(black dots, above and below the thin-plate spline), the mean anterior lamina cribrosa
surface depth (ALCSD) was calculated as the mean of the perpendicular distances from
the BMO plane to the thin plate spline (red arrows) for points within the BMO ellipse. The
depth of the ALCS at each point on the thin-plate spline surface (local ALCSD) is color
coded using the scale on the right side of the image. Regions shaded in blue represent
locations with increased mean ALCSD values (i.e., more posteriorly located ALCS points
within the ONH) while regions shaded in red represent locations with decreased mean

ALCSD values (i.e., more anteriorly located ALCS points).
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Figure 2-3. Method to calculate mean minimum rim width (MRW). Mean MRW was
calculated by averaging the minimum distances measured between the delineated ILM
surface (yellow line) and termination points of the RPE/BM interface (green dots) on

each side of the neural canal opening (white arrows) across all marked B-scans.
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2.2.2 Biometric measurements and image scaling

Measurements of axial length, anterior chamber depth and anterior corneal curvature
were acquired using an optical biometer (LenStar LS 900; Haag-Streit, Koeniz,
Germany). These biometric parameters were incorporated into a 4-surface model eye as
previously described (Li and Roorda, 2007; lvers et al., 2011) to laterally scale all
SDOCT images by converting image dimensions from visual angle (in degrees) to
physical retinal size (in micrometers). All image scaling was performed prior to

calculating any retinal or ONH parameters.

2.2.3 Statistical Analyses

All statistical tests were performed using a commercially available platform (SigmaPlot;
Systat Software Inc., San Jose, CA). Shapiro-Wilk normality tests were performed on all
data, including subject age, axial length, BMO area, mean ALCSD, mean MRW and
mean sMRW. P values < .05 represented distributions that were not normally distributed.
Linear regression analyses were performed between axial length and all retinal and
ONH parameters, as well as between all retinal and ONH parameters. Multivariate
regression analyses were executed using mean ALCSD or mean MRW as the
dependent variable and all other retinal/ONH parameters and axial length as
independent variables. P < .05 represented statically significant correlations for the

parameters analyzed.

2.3 Results
Mean values of axial length and all retinal and ONH parameters measured across all
eyes are presented in Table 2-1. Based on the Shapiro-Wilk normality test, age and

BMO area were the only non-normally distributed parameters.
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Table 2-1: Mean measures of age, axial length, and ONH and retinal parameters across

all normal young eyes.

Range

Mean + Standard Shapiro-Wilk

deviation Minimunm V. normality test
Age (years) 26.4+3.9 21.3 42.5 P <0.01
Axial length (mm) 2453 +£1.22 22.02 27.72 P =0.67
BMO area (mm?) 1.866 + 0.419 1.665 2.912 P <0.01
Mean ALCSD (um) 370.4 + 86.7 209.8 595.4 P=0.15
Mean RNFLT (um) 101.1 £ 10.3 076 129 P=0.74
Mean MRW (um) 337.6 £ 64.6 152.7 476.4 P =0.67
Mean sMRW (um) 334.6 £ 59.9 185.1 476.2 P =0.83
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We examined the degree of relationship between all retinal/lONH measures and axial

length across eyes (Figure 2-4). BMO area was significantly correlated with axial length

(Figure 2-4a), as eyes with increased axial length tended to have larger BMO areas (R
=0.19, P<.01). There were no statistically significant relationships between other
retinal/ONH parameters and axial length, including mean ALCSD (P=.07), mean MRW
(P=.40) and mean sMRW (P=.97). When performing a multivariate regression analysis
with mean ALCSD as the dependent variable and axial length, BMO area and mean
MRW as independent variables, axial length was still not a predictor for mean ALCSD
(P=.16). In this multivariate model, only mean MRW was significantly correlated with
mean ALCSD (P<.01). When performing a multivariate regression analysis with mean

MRW as the dependent variable and axial length, BMO area and mean ALCSD as

2

independent variables, axial length was not a predictor for mean MRW (P = .69). In this

multivariate model, BMO area (P <.01) and mean ALCSD (P <.01) significantly

correlated with mean MRW.
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Figure 2-4. Retinal and ONH parameters plotted as a function of axial length across all
eyes. Red filled circles represent individual eyes. Solid black lines indicate linear
regressions fit to the data points. (a) BMO area significantly increased with increasing
axial length (P<.01). No other retinal or ONH parameters measured in this study,
including (b) mean ALCSD (P=.07), (c) mean MRW (P=.40) or (d) mean sMRW
(P=.97), were significantly correlated with axial length.
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Figure 2-5. Mean MRW, mean sMRW and mean ALCSD plotted as a function of BMO
area across all eyes. Red filled circles represent individual eyes. Solid black lines
indicate linear regressions fit to the data points. (a) Mean MRW was significantly
smaller in eyes with larger BMO areas (P<.01). (b) After scaling each eye’s mean MRW
by the ratio of its specific BMO circumference to an average BMO circumference from a
normal population, there was no significant correlation between mean sMRW and BMO
area (P=.20). (c) There was also no significant relationship between mean ALCSD and
BMO area across eyes (P=.67), indicating that the depth of the anterior laminar surface
was independent of the size of the BMO across eyes.
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In addition to investigating relationships between retinal/ONH parameters and
axial length, we also examined the degree of correlation between retinal and ONH
measurements across eyes. Figure 2-5a illustrates that mean MRW significantly
decreased with increasing BMO area across eyes (R?= 0.18, P < 0.01). However, after
scaling each eye’s mean MRW by the ratio of its own BMO circumference to an average
BMO circumference across the population (Figure 2-5b), no statistically significant
relationship was found between mean SMRW and BMO area across eyes (R*= 0.02,
P=.20). In addition, no significant correlation was measured between mean ALCSD and
BMO area across eyes (Figure 2-5¢) (R?= 0.01, P=.67), indicating that the depth of the
anterior laminar surface was independent of the size of the BMO across eyes. In other
words, normal young eyes with larger BMOs did not necessarily have more posteriorly-
located anterior laminar surfaces.

When examining relationships between retinal/ONH parameters and mean
ALCSD, both mean MRW and scaled MRW were significantly correlated with mean
ALCSD (Figure 2-6). Mean MRW significantly decreased in eyes with more posteriorly
located anterior laminar surfaces (R*= 0.16, P < .01). A slightly stronger relationship was
observed between the mean scaled values of MRW (sMRW) and mean ALCSD across
eyes (Figure 2-6b; R?= 0.23, P < .01). However, mean MRW did not show any

significant correlation with mean RNFL (Figure 2-6¢; R?= 0.03, P = .09).
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Figure 2-6. Mean MRW and mean sMRW plotted as a function of mean ALCSD across
all eyes. Red filled circles represent individual eyes. Solid black lines indicate linear
regressions fit to the data points. (a) Mean MRW and (b) mean sMRW significantly
decreased (P < .01) with increasing mean ALCSD across eyes. (c) Mean MRW plotter

as a function of mean RNFL thickness. Mean MRW do not show significant correlation
with mean RNFL thickness.
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2.4 Discussion

The purposes of this study were to better understand (1) relationships between
retinal/lONH parameters and axial length and (2) the extent of relationships between
retinal and ONH parameters in a population of young, normal eyes. In vivo SDOCT
images of the ONH were acquired and scaled using each subject’s ocular biometry data
to obtain measures of retinal and ONH structure in each examined eye. Across young
subjects, longer eyes had larger BMO areas. While eyes with larger BMO areas had
decreased mean MRWSs, no significant relationship existed between mean sMRW and
BMO area or between mean ALCSD and BMO area. However, mean MRW and mean
SMRW were both smaller (thinner) in eyes with large mean ALCSDs.

We intentionally studied retinal, ONH and axial length properties in a population
of young, normal eyes (mean age = 26.4 + 3.8 years) to minimize any potentially
confounding effects due to normal aging. Age is a well-documented risk factor for the
development and progression of glaucoma (Gordon et al., 2002; Leske et al., 2003) and
age-related changes have been noted in the normal ONH and lamina cribrosa. For
example, increases in total lamina cribrosa thickness and lamina cribrosa beam
thickness have been reported in older, normal human eyes.(Kotecha et al., 2006) To
minimize the potential impact of normal aging on these data, we restricted our subjects
to those with young, healthy eyes.

In vivo measurements of ONH structure made in our population of eyes (Table
2-1) are similar to previously published data from normal eyes. The values of BMO area
calculated across our subjects (mean = 1.866 + 0.42? mm?; range = 1.665 — 2.912 mm?)
substantially overlap with values reported by Chauhan et al. (median = 1.7 mm?;
interquartile range = 1.4 — 1.9 mm?) (Chauhan et al., 2013) and by Thakku et al. (mean =
2.29 + 0.42 mm?; range = 1.29 — 3.72 mm?) (Thakku et al., 2015). The average value of

mean ALCSD measured across eyes in this study (370.4 £ 86.7 pm) is also similar to
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measurements made previously in normal eyes (mean values of 387.7 um and 403 um)
(Wu et al., 2015) (Thakku et al., 2015). However, the average value of mean MRW for
our study population (337.6 £ 64.6 um) is slightly larger than the mean MRW values
reported in normal eyes by Chauhan et al. (median = 316 um) (Chauhan et al., 2013)
and Thakku et al. (280 * 45 um) (Thakku et al., 2015). Our slightly greater mean MRW
value could be due to the fact that our study consisted of young subjects (mean age =
26.4 + 3.8 years), while the two aforementioned studies consisted of older subjects
(median age = 65 years; mean age = 58 + 7 years) (Chauhan et al., 2013) (Thakku et
al., 2015). Based on previously published data, it is known that axon counts tend to
decrease with increasing age.(Harwerth and Wheat, 2008; Patel et al., 2014a) Given
that mean MRW could be a surrogate metric for the number of retinal ganglion cell
axons passing into the ONH, it is plausible that younger eyes could have slightly
elevated values of mean MRW (i.e., larger numbers of axons) compared to older eyes
(with fewer numbers of axons).

Reports from previous studies documenting differences in BMO area and mean
ALCSD for eyes of different axial length potentially support a model in which the shape
of the mature ONH is at least partially driven by retinal/scleral stretching during
development. In such a model (Figure 2-7), one would expect retinal/scleral stretching in
longer eyes to yield (1) larger (more stretched) BMO areas and (2) decreased mean
ALCSDs (i.e., shallower anterior laminar surfaces) as the retina/sclera pull the ALCS to
become increasingly taut. Similar to earlier studies (Seo et al., 2014) (Thakku et al.,
2015), BMO area was significantly correlated with axial length in our subjects (i.e., eyes
that were longer tended to have larger BMO areas). This finding supports a model in
which the size of the ONH is driven by retinal/scleral stretching. However, while there
was a trend for longer eyes to have decreased values of mean ALCSD in our study (i.e.,

anterior laminar surface positions that were closer to the BMO), the relationship was not
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strong (R? = 0.03) or significant in univariate (P=.07) and multivariate (P=.14) regression
analyses. Our finding is in agreement with Seo et al (Seo et al., 2014), who found a
trend but no significant relationship between these parameters in univariate (P=.09) and
multivariate analyses when analyzing only one eye from each subject. Conversely, our
finding opposes the result by Thakku et al. (Thakku et al., 2015) who found decreased
values of mean ALCSD in longer eyes (P=.003). Nevertheless, the finding that longer,
young eyes tend to have shallower ALCS’s and significantly larger BMO areas supports
the idea the retinal/scleral stretching likely plays an important role in driving the
development of the normal adult ONH. It is also worth noting that factors other than
retinal/scleral stretching may contribute to the final shape of the mature ONH. For
example, the proportion of the constituent components comprising the laminar beams
(collagen types, elastin, fibrilin) may vary from eye to eye, resulting in different laminar
stiffnesses and differing degrees to which the lamina can flexibly change its surface

position in the ONH.
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Figure 2-7. Schematic demonstrating the potential impact of scleral and retinal
stretching on BMO area and mean ALCSD in an eye with a long axial length. The
termination points of the BM/RPE complex, or BMO points, are denoted by black
rectangles. BMO area is represented as the horizontal distance between BMO points
(black rectangles) while mean ALCSD is the mean distance between the top of the BMO
points (black rectangles) and the curved anterior lamina cribrosa surface (ALCS). (a) An
eye with a short axial length, a certain BMO area and a certain mean ALCSD is
illustrated. (b) If scleral and retinal stretching were the only factors to determine ONH
shape, one might predict that a stretching force that pulls laterally on the ONH (red
arrows) in an eye with a long axial length would increase the BMO area while decreasing
the mean ALCSD as the ALCS is pulled more tautly toward the BMO plane (red curve)
relative to the eye with a short axial length in (a) (drawn again in (b) with gray rectangles
representing the initial BMO position and the light blue curve representing the initial
position of the ALCS).
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Mean MRW inversely correlated with BMO area in our subjects. In other words,
eyes with larger BMO areas tended to have smaller (thinner) mean MRWSs. Given that
MRW is thought to be a surrogate metric for the number of axons entering the ONH, this
finding might initially suggest that longer eyes with larger BMO areas would have less
axons (smaller mean MRW) than shorter eyes with smaller BMO areas (larger mean
MRW). Such an interpretation, though, would oppose findings in previous studies in
humans and non-human primates that reported an increased number of axons in eyes
with larger optic discs (Quigley et al., 1991; Jonas et al., 1992). However, when mean
MRW is scaled for individual eyes (taking into consideration the size of each eye’s BMO
circumference), we found there was no correlation between mean sMRW and BMO
area. These two findings - (1) a decrease in mean MRW with increasing BMO area, but
(2) no correlation between mean sMRW and BMO area — could imply that the number of
axons in normal eyes is relatively constant regardless of the size of the BMO. This
notion is potentially a more viable interpretation of our data, as ganglion cells and their
axons are formed early in development and much sooner compared to the time course
in which the eye undergoes axial elongation to assume its mature, adult length and size.
Retinal ganglion cells are the first cell to differentiate and are almost completely formed
by birth (Marquardt and Gruss, 2002). However, the eye’s axial length continues to
increase well after birth, often through the late teenage years in most individuals (Joao et
al., 1989). Histology based reports have demonstrated that total retinal ganglion cell
counts vary across species within mammals (e.g., mice, rats, rabbits, non-human
primates, humans) and, in general, larger eyes have greater numbers of RGC
neurons.(Oyster et al., 1981; Perry and Cowey, 1985; Curcio and Allen, 1990; Danias et
al., 2002; Salinas-Navarro et al., 2009) However, within a single species (such as non-
human primates), retinal ganglion cell counts are fairly consistent (Table 2-2) (Perry and

Cowey, 1985; Silveira et al., 1989; Fischer and Kirby, 1991; Herbin et al., 1997).
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The idea that all normal, young human eyes could possess similar numbers of
axons despite differences in the BMO areas is illustrated in Figure 2-8. In this figure,
MRW appears as a “skirt” (shaded blue) that runs along the entire BMO circumference
and is bounded on the top by the ILM (yellow line) and the bottom by the BMO ellipse
(green line). Based on results from Figure 4-2a, eyes with larger BMO areas have
smaller (thinner) mean MRWs (Figure 2-8, bottom row). This result, when coupled with
our finding of no significant correlation between mean scaled MRW (sMRW) and BMO
area, could imply that very similar numbers of axons exist within segments of the MRW
with the same unfolded cross-sectional areas in eyes with different BMO sizes (Figure
2-8, right-most column). In such a scenario, axons would need to stack on top of each
other in eyes with smaller BMO areas in order to enter the ONH (producing a larger
mean MRW) while less stacking would be required in eyes with larger BMO areas.
These results suggest that it is important to examine mean MRW in concert with BMO
area when using mean MRW as a metric to assess axon health, as measuring a small
value of mean MRW in an eye with a large BMO area (representing a potentially
“‘normal” measeurement) may need to be interpreted differently than a comparably small
measured value in an eye with a small BMO area (representing a potentially “abnormal’

measurement).
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Table 2-2:

Total ganglion cell count in various species of mammals, documented in

literature.
_ Number
Total Ganglion Cell count References
of eyes

Swiss 49,493 + 3936 34 Salinas-Navarro et al., 2009

Mice
C57 42,658 + 1540 26

Rat Wistar rats 97,609 + 3,930 10 Danias et al., 2001
New Zealand red rabbit 3 Ovster et al.. 1981

- ster et al.,
Rabbit | 446 375 + 13,646 Y
Macaca mulatta 1,500,000 2 Perry et al., 1985
Papio anubis 1,580,000 6 Fischer et al., 1991
169,927
Primate _ _
Cercopithecus aethiops sabeus _
1,228,646 + 33.773 5 Herbin et al., 1997
Cebus apella 1,400,000 2 Silveira et al., 1989
1,070,000 + 400,000 6 Curcio et al., 1990
Human

2,179,557 + 508,090 12 Harman et al., 2000
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Figure 2-8. Schematic representations of mean MRW in an eye with a small BMO area
(top row) and an eye with a large BMO area (bottom row). Based on results from Figure
2-4(a), mean MRW (blue region), given as the mean distance between the BMO ellipse
(bottom green line) and ILM (top yellow line), was larger (thicker) in eyes with smaller
BMO areas and was smaller (thinner) in eyes with larger BMO areas. However, mean
sMRW was not significantly related to the size of the BMO [Figure 2-4(a)]. As depicted
in the the right-most column, this result could suggest that relatively similar numbers of
axons (white circles) exist within portions of the MRW that contain the same cross-
sectional areas in young normal eyes with different sized BMOSs. In this model, axons
would need to stack on top of each other in an eye with a smaller BMO area in order to
enter the ONH, yielding a larger mean MRW. However, less stacking would be required
in an eye with a larger BMO area, yielding a thinner mean MRW.
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In conclusion, while longer eyes tended to have larger BMO areas, there was no
significant relationship between the length of the eye and the depth of the ALCS or the
thickness of the MRW in our population of young, normal subjects. When examining
relationships between ONH parameters, the fact that mean sMRW showed no
relationship with BMO area could suggest that all normal, young eyes possess the same
number of axons regardless of the size of the BMO. Furthermore, the decreased
magnitude of mean MRW in eyes with more posteriorly-located ALCS’s could result from
an increased pull on the axons toward the BMO in eyes with a deeper lamina. The
results from this study can serve as a normative database which can be compared with
future measurements of these parameters in cross sectional groups of older normal eyes
for studies examining ONH changes with age and in glaucoma patients to study

morphological changes associated with disease.
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Abstract

Purpose: Age is a risk factor for glaucoma. Several studies suggest that normal aging
could increase the susceptibility of the optic nerve head (ONH) to glaucomatous
damage. We examined whether differences existed in anterior lamina cribrosa surface
(ALCS) microarchitecture and ONH structure between (1) fellow eyes of normal human
subjects and (2) younger and older normal eyes.

Methods: Spectral domain optical coherence tomography (SDOCT) images of the ONH
and adaptive optics scanning laser ophthalmoscope (AOSLO) images of ALCS
microarchitecture were acquired in one eye of 28 young (mean age = 25.7 + 2.2 years)
and 25 older (mean age = 57.5 £ 6.1 years) normal human subjects, and bilaterally in 32
of these subjects. ONH parameters were calculated from manually marked SDOCT
radial B-scans. Anterior laminar pores were manually marked in AOSLO images and 3D
transformed to calculate mean global pore area, elongation and nearest neighbor
distance (NND). A Mann-Whitney rank sum test was used to assess statistical
differences when comparing all parameters.

Results: ONH parameters were not statistically different between fellow eyes. Inter-eye
differences in mean ALCS pore parameters were not significant in most eyes. Mean
minimum rim width (MRW) was significantly smaller (thinner) in older vs young subjects
(287.1 £ 35.6 um vs 317.6 + 49.5 um, respectively; P=.02). However, there were no
significant differences in any other ONH parameters between young and older eyes,
including mean ALCS depth (young = 354.3 £ 83.58 um, older = 342.6 = 82.34 um;
P=.70). Mean pore area (young = 1999 + 577 um?, older = 1988 + 559 pm?; P=1.0),
elongation (P=.56) and NND (P=.19) were not significantly different between young and

older eyes.
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Conclusions: Most ONH and all mean global laminar pore parameters were similar
between our young and older normal eyes. The measured decrease in mean MRW with
age is consistent with the fact that retinal ganglion cell axon density decreases with
normal aging. These normative data will serve as a basis for differentiating ONH

structural changes in glaucoma.
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3.1 Introduction

Glaucoma is defined as a group of progressive optic neuropathies that results in damage
to retinal ganglion cell axons and the death of retinal ganglion cells (Quigley et al.,

1981). This condition clinically presents as structural changes in optic nerve head (ONH)
cupping and functional losses in vision (Quigley and Broman, 2006). While the
mechanisms underlying glaucomatous neuropathy are not well understood, there is
evidence that the initial damage to retinal ganglion cell axons occurs at the lamina
cribrosa (Quigley and Anderson, 1976a).

Several studies have compared the structure of the lamina cribrosa and ONH
between normal and glaucomatous eyes in human patients and between control and
experimental glaucoma eyes in non-human primates (Minckler et al., 1977; Quigley and
Anderson, 1977; Burgoyne et al., 2004; Downs et al., 2007; Yang et al., 2010; Quigley
and Anderson, 1976). One implicit assumption in studies that select one eye from each
subject at a single time-point or compare parameters between a diseased eye and its
fellow control eye can be that the parameters under examination are similar between
fellow normal eyes of the same subject. Therefore, it is not only important to have a
better understanding of the variability inherent in these parameters across normal eyes,
but also between fellow normal eyes of the same subjects, particularly when examining
subtle changes or differences that occur in the earliest stages of disease in cross-
sectional studies.

Few studies have reported the variability in lamina cribrosa microarchitecture and
ONH structure between normal, fellow eyes. Using histomorphometric reconstructions,
Yang et al. found the physiologic inter-eye percent difference in optic disc area, ONH
connective tissue parameters (lamina cribrosa position and thickness), and ONH
prelaminar neural tissue parameters (prelaminar tissue thickness and volume) to be

relatively small (i.e., no more than 3% to 21%) in non-human primate eyes (Yang et al.,
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2009). Ivers et al. (lvers et al., 2015) later compared ONH structure and anterior lamina
cribrosa surface (ALCS) microarchitecture between fellow eyes of 6 living normal
monkeys and found ONH and ALCS pore parameters to be similar between right and left
eyes. Given these results in normal, hon-human primate eyes, it is important to better
understand the variability in ONH and laminar pore parameters between fellow eyes of
normal humans.

In addition, while multiple factors likely contribute to glaucoma, older age (a
major risk factor for the onset and progression of the disease) (Gordon et al., 2002;
Leske et al., 2003) could increase the susceptibility of the ONH to glaucomatous
damage. Age-related changes have been noted in the normal lamina cribrosa and
sclera. For example, increases in advanced glycation end products (AGEs) and in
elastin and fibrillar forms of collagen (known to be structurally strong and rigid) have
been reported within the extracellular matrix (ECM) of the normal human lamina cribrosa
with increasing age (Hernandez et al., 1989; Albon et al., 1995; Albon et al., 2000a;
Albon et al., 2000b). The degree of connective tissue fiber alignment within the
peripapillary sclera has also been reported to increase with normal aging (Jones et al.,
2015). Moreover, some reports suggest that changes in the lamina cribrosa during
normal aging may be similar to changes observed during glaucoma. For example,
increases in lamina cribrosa thickness have been reported in older, normal human eyes
(Kotecha et al., 2006) and in early experimental glaucoma in monkeys (Burgoyne et al.,
2004; Roberts et al., 2009a; Yang et al., 2015). Similarly, an accumulation of AGEs has
been reported in the normal, aging lamina (Albon et al., 1995) and in the glaucomatous
lamina compared to the laminas from normal, aged-matched eyes (Tezel et al., 2007).
These normal changes could lead to the increased laminar stiffness reported in the

aging eye (Albon et al. 2000b) and changes in laminar microarchitecture with normal
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aging, potentially contributing to the increased susceptibility of the aged eye to the onset
of glaucoma.

The main purposes of this study were to (1) characterize anterior lamina cribrosa
surface (ALCS) microarchitecture and ONH geometry between fellow eyes of normal
human subjects, and (2) determine whether differences existed in ALCS
microarchitecture and ONH structure between young and older normal human eyes.
This study provides improved understanding of the intra- and intersubject variabilities of
ALCS and ONH morphology present within a normal population and the impact of aging

on these structures.

3.2 Methods

All human subjects research adhered to the tenets of the Declaration of Helsinki. The
study protocol was approved by the University of Houston’s Committee for the Protection
of Human Subjects and informed consent was obtained from each subject prior to the
experiment. Young (20-30 years) and older (= 50 years) normal subjects were recruited
to participate. Twenty-eight young (mean age = 25.7 + 2.2 years; range = 21 - 30 years)
and 25 older (mean age = 57.5 £ 6.1 years; range = 50 - 76 years) normal subjects were
enrolled. 20 of our subjects were White (non-Hispanic), 17 were Asian, 7 were African-
American and 9 were Hispanic, with 27 males and 26 females. All subjects had spherical
equivalent refractive errors between +3.00 D and -6.00 D (with cylinder < £3.00 D), best
corrected visual acuities better than or equal to 20/25, clear ocular media, intraocular
pressures (IOPs) < 21 mmHg with no history of elevated IOP (assessed via Goldmann
Applanation Tonometry), no clinically abnormal disc or retinal nerve fiber layer
appearance (assessed using color strereoscopic optic disk photographs), and reliable
Humphrey visual fields (24—2 Swedish Interactive Threshold Algorithm standard

program; False positive and False negative rates < 33%, Fixation losses < 20%) with no
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visual field defects. One eye was selected from each young and older subject for the
study and dilated for imaging using 1.0% tropicamide and 2.5% phenylephrine. Fellow

eyes were dilated and imaged in 32 of the 53 enrolled subjects.

3.2.1 Spectral domain optical coherence tomography (SDOCT) imaging and
analysis

Wide-field scanning laser ophthalmoscope (SLO) fundus images and cross-sectional
images of the ONH were acquired in each eye using the Heidelberg Spectralis
HRA+OCT (Heidelberg Engineering). The wide-field images (15° or 30° field sizes) are
useful during adaptive optics scanning laser ophthalmoscope (AOSLO) imaging
sessions for navigating throughout the retina and ONH as the AOSLO imaging field is
small (approximately 1.5 degrees). Cross sectional radial scans (48 B-scans, 20° field
size, ART averaging of 16 frames) centered on the ONH were acquired with Enhanced
Depth Imaging in all eyes. The Inner Limiting Membrane (ILM) was automatically
segmented in each B-scan using the SDOCT instrument’s software and any
inaccuracies were manually corrected. The raw ‘.vol’ files of all radial scans were then
exported from the SDOCT instrument and extracted and analyzed via a custom semi-
automated MATLAB program. The termination points of the retinal pigment epithelium
(RPE)/Bruch’s membrane (BM) interface and anterior lamina cribrosa surface were
manually marked in as many B-scans as possible (Figure 3-1), from which a 3-
dimensional point cloud of marked and segmented points could be generated (Figure

3-1c).
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Figure 3-1. (a) Representative en face view of the ONH illustrating the locations of all 48
radial B-scans (green lines) acquired via SDOCT image using the EDI mode (16 frames
averaged). (b) Single radial B-scan of the ONH corresponding to the scan location
denoted by the bold green arrow in (a). Segmented and manually marked features
included the ILM (yellow points), termination points of the RPE/Bruch’s membrane
complex (green points) and the anterior lamina cribrosa surface (red points). (c) 3-
dimensional point cloud generated from landmarks delineated in each SDOCT radial B-
scan from (a). (ILM in yellow, Bruch’s Membrane Opening [BMQO] in green, and anterior

lamina cribrosa surface [ALCS] in red)
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The delineated landmarks were used to quantify multiple ONH parameters. BMO
area was first calculated as the area enclosed by an ellipse best-fit to the marked BMO
points (Figure 3-2a). Mean anterior lamina cribrosa surface depth (ALCSD) was
computed as the mean distance between a plane best-fit to the marked BMO points and
a thin-plate spline surface that was fit to the marked ALCS points and used to model the
ALCS in 3 dimensions (Figure 3-2b) (Sredar et al., 2013). Mean MRW, a potential
surrogate marker of axonal density, was calculated as the mean of the minimum
distances between the marked BMO points and the ILM surface across all B-scans
(Figure 3-2c) (Strouthidis et al., 2011; Chauhan et al., 2013).

Additional ONH structural parameters were also quantified after fitting a 3-
dimensional thin plate spline to the ILM point cloud. Prelaminar tissue volume (PTV) was
computed as the volume between the ILM and anterior laminar surfaces that was
contained within a hollow-cylinder extending from the edge of the BMO to the ALCS
(Figure 3-3a) (Yang et al., 2007b; Strouthidis et al., 2011). Neuroretinal rim volume was
calculated as the tissue volume anterior to BMO plane that was bounded by the ILM
surface and a vertical perpendicular projection from the edge of the BMO (Figure 3-3a).
(Yang et al., 2007b; Strouthidis et al., 2011)

Due to the fact that mean ALCSD does not provide information on the
geometrical shape of the ALCS, we further characterized the ALCS by computing its
mean radius of curvature (RoC) within the projection of the BMO ellipse (Figure 3-3b,c)
(Sredar et al., 2013). Briefly, the RoC at a particular location on the ALCS is calculated
as the ratio of the change in arc length to the change in the angle of the tangent between
two given points juxtaposing the location being measured on the 3D ALCS. Mean RoC is

the average of all the RoCs calculated at each point on the 3D interpolated ALCS.
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Figure 3-2. Method to calculate BMO Area, Mean ALCSD and mean minimum rim width
(MRW). (a) An ellipse (bold, green line) was best-fit in 3-dimensions to the marked
RPE/BM termination points and used to define a BMO plane. BMO area was calculated as
the area enclosed by the BMO ellipse on the BMO plane. (b) After fitting a thin plate spline
to the marked ALCS points (black dots, above and below the thin-plate spline), mean
anterior lamina cribrosa surface depth (ALCSD) was calculated as the mean of the
perpendicular distances from the BMO plane to the thin plate spline (red arrows) for points
within the BMO ellipse. The color scale used in the thin-plate spline surface fit represents
the local ALCSD at each point on the surface. Regions shaded in blue represent locations
with increased values of mean ALCSD (i.e., more posteriorly located ALCS’s within the
ONH) while regions shaded in red represent locations with decreased values of mean
ALCSD (i.e., more anteriorly located ALCS’s). (c) Mean MRW was calculated by averaging
the minimum distances measured between the delineated ILM surface (yellow line) and
termination points of the BM/RPE interface (green dots) on each side of the neural canal

opening (white arrows) across all marked B-scans.
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Figure 3-3. lllustration of Prelaminar Tissue Volume (PTV), Neuroretinal Rim Volume
and ALCS RoC. (a) The ILM (yellow line), RPE/BM termination point (green dots) and
ALCS (red dots) were segmented/marked in each radial B-scan. In a single B-scan,
prelaminar tissue area (brown region) was computed as the area between the ILM and
ALCS that was contained within a hollow-cylinder defined by the BMO ellipse. To
compute prelaminar tissue volume, thin plate spline surfaces were fit to the 3-
dimensional ILM and ALCS point clouds and used to calculate the volume between
these surfaces that was confined within a hollow-cylinder extending from the BMO
ellipse. Neuroretinal rim volume (hatched region) was calculated as the volume
between the ILM surface and BMO plane that was contained within a vertical
perpendicular projection from the BMO ellipse. (b,c) Eyes with similar values for mean
ALCSD can have very different anterior lamina cribrosa surface shapes and curvatures.
While mean ALCSD is similar in (b) (370 um) and (c) (400 um), the ALCS is flatter (i.e.,
larger RoC of 4.4 mm) in (b) and is steeper (i.e., smaller RoC of 1.0 mm) in (c). The

orange arc represents the mean curvature of the ALCS.
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3.2.2 Adaptive optics imaging of ALCS microarchitecture

Adaptive optics was used to correct each subject’s optical aberrations over a dilated
pupil (typically, ~8 mm) (Li et al., 2010). The ALCS microarchitecture was subsequently
imaged in reflectance using an 840 nm wavelength superluminescent diode (S-Series
Broadlighter, Superlum, Carringtwohill, Ireland) (Ivers et al., 2010; Ivers et al., 2011,
Sredar et al., 2013) with a laser power of approximately 250 pW at the pupil plane (less
than 10 times below the ANSI standards for safe light delivery to the eye) (ANSI, 2014).
Videos were captured at 25 Hz over a 1.5° field. Through-focus images of the lamina
were acquired at different depths to determine the plane of best-focus of the ALCS, or
the location where ALCS pore boundaries first became sharpest and the image had
optimal contrast. Videos of the ALCS microarchitecture were then acquired throughout
as much of the ONH as possible. AOSLO videos were subsequently post-processed off-
line using a custom program (MATLAB; The MathWorks, Inc., Natick, MA) to remove
eye motion and create registered images that were then stitched together to create a
montage of the anterior laminar surface (Adobe Photoshop; Adobe Systems, San Jose,
CA) for each eye (Figure 3-4b). The image contrast of each AOSLO montage was
improved using a contrast limiting adaptive histogram equalization (CLAHE) technique
(ImageJ; developed by Wayne Rasband, National Institutes of Health, Bethesda, MD;
available at http://rsb.info.nih.gov/ij/index.html ).

Pores boundaries were manually marked (Adobe Photoshop) in as many
locations as possible using previously described methods found to have excellent
repeatability and reproducibility (Figure 3-4c) (lvers et al. 2011). Because the en face
AOSLO images represent a 2D projection of a 3D laminar surface, we transformed our
2D images into their approximate 3D morphology by registering and projecting the 2D
AOSLO image onto the interpolated thin-plate spline surface that was best-fit to the

ALCS points marked in the SDOCT B-scans (Figure 3-4d,e) (Sredar et al., 2013).
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Following 3D transformation, we quantified the area, elongation (ratio of the major to
minor axis of an ellipse best-fit to each pore boundary), and nearest neighbor distance
(NND, nearest distance from the centroid of a given pore to that of its neighbors) of each
marked pore using a custom MATLAB program (lvers et al., 2011; Ivers et al., 2015).
After computing all pore parameters in right and left eyes of each normal subject, we
determined the mean, standard deviation and coefficient of variation for each parameter

across all right eyes and across all left eyes.
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Figure 3-4. Adaptive optics imaging of the lamina cribrosa in a normal human eye.

(a) Spectralis SLO image of the ONH when best focused on the anterior lamina cribrosa
surface (ALCS). (b) A 2 dimensional AOSLO montage of the ALCS microarchitecture
overlaid on the same Spectralis SLO image as in (a). The resolution and contrast of
laminar beams and pores improved with adaptive optics correction. (c) Same image as
in (b) in which laminar pores were manually marked (white) throughout as much of the
imaged area as possible. Scale bar: 200 um. (d) An interpolated thin plate spline surface
was fit to the ALCS points manually marked in SDOCT radial B-scan images acquired in
the same eye (see Figure 3-1b for an explanation of marking). The depth of the ALCS at
each point on the thin-plate spline surface (local ALCSD) is color-coded using the scale
on the right side of the image, with more posteriorly-located surface points represented
in blue and more anteriorly-located surface points represented in red. (e) 3D AOSLO
montage constructed by registering and projecting the 2D AOSLO image from (c) onto
the thin plate spline surface from (d). All pore values were quantified from the 3D

transformed images.
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3.2.3 Biometric measurements and image scaling

Biometric measurements of axial length, anterior chamber depth and anterior corneal
curvature were acquired using the IOL Master (Carl Zeiss Meditec) or LenStar LS 900
(Haag-Streit). These biometric parameters were used to laterally scale field sizes in
AOSLO and SDOCT images from visual angle (in degrees) to physical retinal size (in
micrometers). Conversions were performed by incorporating these biometry

measurements into a 4-surface model eye (Li et al., 2010; Ivers et al., 2011).

3.2.4 Data and Statistical Analyses

All statistical tests were performed using commercially available software (SigmaPlot;
Systat Software Inc., San Jose, CA). A non-parametric Mann-Whitney Rank sum test
was used to assess whether statistically significant differences existed in mean ONH
and ALCS pore parameters between fellow eyes (as all parameters were not normally

distributed) and whether all ALCS pores quantified in an individual’s left eye were

statistically different from those quantified in the same individual’s right eye. In addition,

the Mann-Whitney test was used to determine whether significant differences existed in

ONH and ALCS pore parameters between young and older normal subjects. Linear

regression analyses were also performed between ONH and ALCS pore parameters to

investigate potential relationships in right eyes, left eyes, young eyes and old eyes. P
values < .05 were taken to represent a statistically significant difference for the

parameters analyzed.
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3.3 Results
3.3.1 Comparison of ONH structure and ALCS microarchitecture between fellow
eyes
ONH structure and laminar microarchitecture were similar between fellow eyes of normal
subjects. Figure 3-5 shows representative images of ALCS pore microarchitecture (with
marked pores) and corresponding ONH structure from right and left eyes of the same
individuals. No statistically significant differences were measured for any ONH or laminar
pore parameters between right and left eyes across 32 subjects (mean age = 37.1 +
15.9 years; range = 21 - 66 years) (P >.05) (Table 3-1). When examining ONH
parameters, the mean percent difference between fellow eyes was highest for mean
RoC (19.2 £ 20.2%), but was less than 10% for all other analyzed parameters. The
coefficients of variation (CV) for all ONH parameters ranged between 11.16% and
26.13%, indicating a large variability in some parameters across this normal population.
Mean global pore parameters were also not statistically different between all right
and left eyes of our study population (P >.05) (Table 3-1). The mean percent difference
between right and left eyes was highest for mean pore area (24.6 = 16.9%) and mean
pore NND (24.8 + 22.8%), and was lowest for mean pore elongation (15.6 + 10.9%).
Large variations in all 3 pore parameters were noted across eyes, as CVs ranged
between 13.67% and 27.67%. The maximum variability was seen in mean pore area

while the minimum variability was measured in mean pore elongation.
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Table 3-1: Comparison of ONH and anterior lamina cribrosa pore parameters

between right and left eyes of 32 normal subjects.
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Figure 3-5. AOSLO montages of the ALCS microarchitecture overlaid on SLO images
(rows 1 and 3) and corresponding SDOCT cross-sectional B-scans of the ONH (rows 2
and 4) acquired in right (OD) and left (OS) eyes of six representative normal subjects.
Laminar pore boundaries are outlined in yellow and pores are filled in white. Manually
marked termination points of the BM/RPE interface are noted in green and the anterior
laminar surface points are noted in red in SDOCT images. The green ellipse overlaid on

each SLO image represents the BMO ellipse.
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While mean global ALCS pore parameters were not statistically different when
comparing all 32 right eyes versus all 32 left eyes, statistically significant differences
were noted in laminar pore parameters between fellow eyes of some individuals when
examined on a subject by subject basis. A statistically significant difference in pore area
was calculated in 9 of 32 subjects when comparing the areas of all pores marked in each
subject’s right eye versus those marked in the corresponding left eye. Significant
differences in pore elongation and pore NND were found between fellow eyes in 7 of 32
and 11 of 32 subjects, respectively.

We also examined the degree of relationship between ONH parameters and
between ONH parameters and axial length for all right and left eyes. BMO area was
significantly larger (P<.05) in eyes with increased axial lengths (Figure 3-6a), indicating
that longer eyes typically had larger BMO areas. Correspondingly, eyes with larger BMO
areas also had increased prelaminar tissue volumes (Figure 3-6b) and neuroretinal rim
volumes (Figure 3-6¢). Mean RoC was not significantly correlated with mean ALCSD
across eyes (Figure 3-6d), indicating that the curvature of the ALCS is not related to its
position within the ONH. (In other words, more posteriorly-located ALCS’s were not more
“‘cupped” with increased curvature in normal eyes). In addition, mean MRW was
significantly larger (thicker) in eyes with larger neuroretinal rim volumes (right eyes: R? =
0.61, P <.001; left eyes: R = 0.44, P < .001). Neuroretinal rim volume was also
significantly higher in eyes with larger prelaminar tissue volumes (right eyes: R* = 0.40,

P < .001; left eyes: R* = 0.36, P < .001).
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Figure 3-6. Comparison of ONH parameters with axial length and other ONH
parameters for right and left eyes of 32 normal subjects. Blue circles represent right eyes
and red circles represent left eyes. Solid lines indicate linear regressions fit to the
corresponding data points. (a) BMO area was significanty larger in eyes with longer axial
lengths. (b) Prelaminar tissue volume and (c) neuroretinal rim volume were significantly
greater in eyes with larger BMO areas. (d) Mean RoC was not significantly correlated
with the depth of the ALCS (or value of mean ALCSD) in right or left eyes, indicating that

the curvature of the ALCS was independent of its position within the ONH.
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When examining the degree of correlation between global ALCS pore
microarchitecture, ONH parameters and axial length, we found no statistically significant
relationship between mean ALCS pore area and axial length (Figure 3-7a). Mean ALCS
pore elongation was significantly related to axial length in right eyes (Figure 3-7b),
indicating that right eyes with longer axial lengths tended to have ALCS pores that were
more elliptically shaped. A similar relationship was not measured, however, in the left
eyes of the same subjects. As with pore elongation, mean ALCS pore area was
significantly correlated with BMO area in right eyes only (Figure 3-7¢). While right eyes
with larger BMO areas tended to have larger mean ALCS pore areas, the same
observation was not found in left eyes. In addition, mean pore area was not related to
mean ALCSD (Figure 3-7d). In other words, pore areas did not tend to be systematically
larger or smaller depending on whether the ALCS was positioned more anteriorly or
posteriorly within the ONH. Also, mean ALCS pore NND was not significantly related to

axial length, BMO area, mean ALCSD, mean RoC, mean MRW or RNFL (P>.05).
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Figure 3-7. Comparison of global ALCS pore parameters with axial length and with
ONH parameters for right and left eyes of 32 normal subjects. Blue circles represent
right eyes and red circles represent left eyes. Solid lines indicate linear regressions
fit to the corresponding data points. (a) No significant relationship was found when
comparing global values of mean pore area with axial length. (b) Mean pore
elongation significantly increased with increasing axial length in right eyes. However,
the same relationship was not observed in left eyes. (c) Similarly, global mean ALCS
pore area significantly, but weakly, increased with an increase in BMO area in right
eyes, indicating that right eyes with larger BMO areas tended to have larger mean
ALCS pore areas. However, no significant relationship was found between mean
ALCS pore area and BMO area in left eyes. (d) Mean pore area was not significantly
related to mean ALCSD in right or left eyes.
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3.3.2 Comparison of ONH structure and ALCS pore microarchitecture between
young and older normal eyes

The majority of ONH and global ALCS pore parameters were not significantly different
between young and older normal eyes. Figure 3-8 shows representative images of
ALCS pore microarchitecture (with marked pores) and corresponding ONH structure
from young and older normal eyes. Out of all ONH parameters that were examined,
mean MRW was the only one to be significantly different between young and older eyes.
Young eyes had significantly larger values of mean MRW (317.6 + 49.5 um) compared
to older eyes (287.1 + 35.6 ym) (Table 3-2, Figure 3-9b). Values of mean ALCSD, a
parameter shown to be significantly larger in glaucomatous eyes compared to normal
eyes, were not statistically different between young and older eyes (Table 3-2, Figure
3-9a). Prelaminar tissue volume, neuroretinal rim volume and mean RNFL thickness
were also not statistically different between the two groups (Table 3-2; Fig 3-9b,d). While
mean ALCS pore area was larger in younger eyes compared to older eyes (1999 + 577
um? vs 1988 + 559 ym?, respectively), the difference between the groups was not
statistically significant (P = 1; Figure 3-9c). Mean ALCS pore elongation and NND were
also not statistically significantly different between young and older eyes (P >.05; Table

3-2).
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Figure 3-8. AOSLO montages of the ALCS microarchitecture overlaid on SLO images

(rows 1, 3) and corresponding SDOCT cross-sectional B-scans of the ONH (rows 2, 4)
from eyes of six representative normal young subjects(rows 1-2) and six representative
normal older subjects (rows 3-4). Laminar pore pores are filled in white. Manually
marked termination points of the BM/RPE interface are noted in green and the anterior
laminar surface points are noted in red in SDOCT images. The green ellipse overlaid on
each SLO image represents the BMO ellipse.
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Table 3-2: Comparison of ONH and ALCS pore parameters between young and older

normal eyes.
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Figure 3-9. ONH and global ALCS pore parameters plotted as a function of age. Green
circles represent young subjects and black circles represent older subjects. Gray dashed
lines indicate the mean value for each age group. (a) No statistically significant
difference in mean ALCSD was found between young and older eyes (P=.70). (b) Mean
MRW was significantly reduced in older eyes compared to young eyes (P=.02),
potentially indicating that older eyes had reduced numbers of retinal ganglion cell axons
compared to young eyes. (c) No statistically significant difference in mean ALCS pore
area was found between young and older eyes (P=.97). (d) Likewise, no statically
significant difference in mean RNFL thickness was found between young and older eyes
(P =.18).
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We examined the relationships between ONH structure, global ALCS pore
parameters and axial length within the young and older age groups. BMO area was
significantly larger in eyes with increased axial lengths for both young (P=.02) and older
(P<.01) subjects. However, no other ONH parameters (including mean ALCSD, mean
RoC or mean MRW) were significantly related to axial length in young or older eyes
(P>.05). Mean ALCSD significantly correlated with mean MRW in young eyes (R*= 0.19,
P =.02), indicating that young eyes with more anteriorly-located ALCS’s (smaller mean
ALCSD’s) tended to have thicker MRWs (Figure 3-10a). However, this relationship was
not present in the older eyes. No statistically significant correlations were found between
mean MRW and prelaminar tissue volume (Figure 3-10b), mean RoC (Figure 3-10c) and
RNFL thickness (Figure 3-10e) for young or older eyes. In addition, there was no
relationship between mean RoC and mean ALCSD for either group (Figure 3-10d),
indicating that the anterior laminar surface was not necessarily more curved (or
“‘cupped”) in eyes with more posteriorly-located ALCS’s (or larger mean ALCSD’s) as
might be expected in glaucomatous eyes. Finally, there were no statistically significant
relationships between any ALCS pore and ONH parameters within young or older
groups of eyes, including comparisons made between mean ALCS pore area and axial

length, mean ALCSD and mean MRW (Figure 3-11).
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Figure 3-10. Comparison of ONH parameters for young, normal eyes (green circles)

and older, normal eyes (black circles). Solid lines indicate linear regressions fit to the

corresponding data points. (a) There was a statistically significant relationship

between mean ALCSD and mean MRW in young eyes, as eyes with larger values of

mean MRW tended to have smaller values of mean ALCSD. However, no

relationship was observed in older eyes between these 2 parameters. (b) No

significant correlation was measured between prelaminar tissue volume and mean

MRW in young and older eyes. In addition, there was no significant correlation
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between the mean RoC of the ALCS and (c) mean MRW or (d) mean ALCSD in
young or older eyes. (e) No significant correlations were measured between mean

MRW and mean RNFL thickness for young or older normal eyes.
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Figure 3-11. Comparison of mean ALCS pore area with axial length and ONH

650

parameters for young, normal eyes (green circles) and older, normal eyes (black circles).

Solid lines indicate linear regressions fit to the corresponding data points. For both

young and older eyes, global mean ALCS pore area was not significantly related to (a)

axial length, (b) mean ALCSD or (c) mean MRW.
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3.4 Discussion

The purposes of this study were to (1) characterize anterior lamina cribrosa surface
(ALCS) microarchitecture and ONH geometry between fellow eyes of normal subjects,
and (2) determine whether differences existed in ALCS microarchitecture and ONH
structure between young and older normal human eyes. In vivo AOSLO images of ALCS
microarchitecture and SDOCT images of ONH structure were acquired to quantify ALCS
pore parameters and ONH geometry in groups of young and older normal subjects. To
our knowledge, this study provides the first in vivo comparison of ALCS
microarchitecture and ONH geometry between fellow eyes of normal human subjects. It
is also the first study to quantify and correlate ALCS microarchitecture and ONH
geometry across normal eyes of different ages. While ALCS microarchitecture and ONH
geometry were similar between fellow eyes and between younger and older eyes, we
found that older eyes had significantly thinner MRWs compared to young eyes.

The mean values of the ONH parameters measured in this study (Table 3-1)
were similar to those reported in previous studies. For example, the BMO areas
measured across all right eyes and all left eyes of our normal subjects (1.906 +
0.381 mm? and 1.929 + 0.431 mm?, respectively) are similar to the median BMO area
reported by Chauhan et al. (1.7 mm?) in 48 normal subjects (median age = 65 years)
(Chauhan et al., 2013). Our measured values of mean ALCSD across all right eyes and
all left eyes (355.1 + 77.6 ym and 347.0 £ 78.2 ym, respectively) are also very similar to
that reported by Furlanetto et al. (353 £ 70 um) in 57 normal subjects (mean age = 56 *
17 years) (Furlanetto et al., 2013). In addition, our mean values of MRW (a potential
surrogate metric for the number of retinal ganglion cell axons that pass into the ONH)
measured across all right eyes and all left eyes (307.5 + 46.4 ym and 308.8 £ 42.3 ym,
respectively) are comparable to the median MRW reported by Chauhan et al. in their

healthy control eyes (316.5 ym) (Chauhan et al., 2013).
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The mean values of ALCS pore parameters measured in this study (Table 3-1)
were also similar to previously reported data. Our measured values of mean pore
elongation in all right eyes and all left eyes (2.06 + 0.28 and 2.08 + 0.39, respectively)
were comparable to values reported by Akagi et al. (2.13 £ 0.47) in 20 normal eyes and
Wang et al. (2.06 + 0.14) in 19 normal eyes (Akagi et al., 2012; Wang et al., 2013).
Mean values of ALCS pore area measured across all right eyes and all left eyes in our
normal subjects (2,259 + 604 ym?and 2,222 + 615 ym?, respectively) were in between
mean values measured using swept source OCT (1,970 + 310 ym?) by Wang et al.
(Wang et al., 2013) and using AOSLO imaging (2,507.7 + 825.5 ym?) by Akagi et al.
(Akagi et al., 2012). The values of pore parameters measured by Akagi et al. are likely to
be more directly comparable to those measured in our experiment as both studies used
an AOSLO to directly image and quantify pore areas on the ALCS. The study by Wang
et al. used swept source OCT to visualize laminar pores throughout the thickness of the
lamina. Therefore, the values reported in their study reflect the mean area of pores
located at all depths in the lamina (as opposed to just the anterior surface, as reported in
this study).

There were no statistical differences between the mean values of any examined
ONH parameters between right and left eyes of our normal subjects. The three global
ALCS pore parameters measured in this study (mean pore area, elongation and NND)
were not statistically different between right and left eyes when comparing mean values
in all right eyes versus mean values in all left eyes. However, when ALCS pore
parameters were compared between right and left eyes of each individual subject (i.e.,
the areas of all pores marked in the right eye were compared with the areas of all pores
marked in the fellow eye of the same subject), statistically significant differences were
observed in some parameters within some individuals on a global scale. One potential

reason that could account for these differences is that ALCS pores were sometimes
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imaged and quantified in different regions between fellow eyes (for example, see subject
H112 in Figure 3-5). Typically, it is not possible to image the entire anterior lamina
cribrosa surface (ALCS) due to facts that the neuroretinal rim and overlying vessels can
cast shadows onto the ALCS and different eyes have different prelaminar tissue
thicknesses, making it challenging to visualize all of the ALCS microarchitecture.
Therefore, we attempted to image as much of the ALCS microarchitecture as possible in
each eye, leading to the possibility that slightly different regions were imaged in different
eyes (and even between fellow eyes of the same subject). Performing a local analysis of
pore parameters (e.g., comparisons only within the same region or sector) would shed
more light on whether the statistical differences found in some pore parameters between
fellow eyes of some subjects were potentially due to the quantification of pores in
different regions and could be the topic of a future study.

We examined relationships between ONH structure and ALCS pore
microarchitecture with axial length across eyes of different ages, within young eyes and
within older eyes. Eyes that were axially longer tended to have larger BMO areas (Figure
3-6a). However, there was no relationship between the length of an eye and the position
of its anterior laminar surface (or mean ALCSD). In addition, while there was a
statistically significant relationship between mean ALCS pore elongation and axial length
across right eyes of our normal subjects (Figure 3-7b), we found no significant
relationship between mean global ALCS pore area and axial length across all eyes
(Figure 3-7a) or across all young eyes and across all older eyes (Figure 3-11a). This
latter finding (i.e., mean pore area vs. axial length) is in opposition to a previous result by
Akagi et al. who reported a significant increase in mean pore area with increasing axial
length (P=.008) in 20 normal eyes (Akagi et al., 2012). The reasons for this discrepancy
are unknown, but could potentially be due to differences in the racial make-up of the 2

study populations. The subjects reported by Akagi et al. were of Japanese ethnicity,
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while our study subjects were predominantly White, Asian (Indians and Chinese) and
African-American. Multiple studies have shown that ONH structure can vary
considerably across races and ethnic groups (Dandona et al., 1990; Girkin et al., 2004;
Girkin et al., 2011; Knight et al., 2012; Rhodes et al., 2014). In addition, the Akagi et al.
study reported pore areas quantified in 2D while our study reports 3D transformed pore
areas. Previous work in normal non-human primate eyes has shown a modest average
change in pore area (5.1 + 2.0%) after transforming pores from 2D to 3D, largely due to
the fact that the ALCS is relatively flat in normal non-human primate eyes (Sredar et al.,
2013). While similar data has not been reported in human eyes, we believe that 3D pore
transformation provides a more accurate quantification of pore parameters as it takes
into consideration the anatomical contour of the 3D ALCS.

We also sought to better understand the relationships between ALCS position
(mean ALCSD), shape (mean RoC) and pore microarchitecture in normal eyes. None of
these parameters were significantly correlated with each other across individuals. There
was no statistically significant relationship between mean ALCSD and mean RoC
(Figure 3-6d), indicating that more posteriorly-located ALCSs did not necessarily
possess more curved surfaces. Likewise, the lack of a significant relationship between
mean ALCSD and mean global ALCS pore area (Figure 3-7c, Figure 3-11b) indicates
that the mean area of ALCS pores are independent of the depth of the ALCS within the
ONH (or eyes with deeper ALCSs do not necessarily possess larger ALCS pores).

With the exception of mean MRW, there were no statistically significant
differences in any ONH parameter between our young and older normal populations.
The values of mean MRW measured in our older eyes (287.1 + 35.6 um) were
significantly lower than those measured in young eyes (317.6 £ 49.5 um) (Table 3-2).
This finding is in agreement with a previous study by Patel et al. that reported a

decrease in mean MRW with increasing age (Patel et al., 2014a) and with clinical
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observations that the optic nerve rim thins with normal aging (Dr. George Spaeth,
personal communication). However, despite these differences in mean MRW between
age groups, RNFL thickness measurements were not significantly different between
young and older eyes in our study (P =.18). The reasons for why there was a significant
difference between young and older eyes for mean MRW, but not for RNFL thickness
(which has also been shown to thin with increasing age (Patel et al., 2014a), are not
clear. Changes in mean MRW have been shown to occur earlier than changes in RNFL
thickness in non-human primate models of experimental glaucoma (Fortune et al., 2013;
He et al., 2014b; Patel et al., 2014b; Ivers et al., 2015). If mean MRW is a more sensitive
metric reflecting axon content, it could be possible that mean MRW would become
thinner in older eyes before a decrease is observed in RNFL thickness. Interestingly,
mean MRW was significantly correlated with mean ALCSD in our young eyes, but not in
older eyes (i.e., young eyes with more posteriorly-located ALCSs, or larger mean
ALCSDs, also had thinner mean MRWSs;Figure 3-10a). Given this result, it could also be
possible that changes in prelaminar tissue during normal aging could result in a thinning
of axonal and prelaminar tissue contributions to the MRW near the rim, but not in the
peripapillary retina (located further from the rim) where RNFL thickness is measured.

If the process of normal aging increases the susceptibility of the ONH to
glaucomatous damage, one might expect to see structural changes in the ONH and
laminar microarchitecture in older eyes (relative to young eyes) that mimic changes seen
in early glaucoma, but potentially to a lesser extent. Some of the structural changes that
have been found to occur in early experimental glaucoma include an increase in mean
ALCSD (i.e., posterior movement of the ALCS) (Strouthidis et al., 2011; Ivers et al.,
2015), an increase in laminar thickness (Yang et al., 2007b; Roberts et al., 2009b; Yang
et al., 2015), a decrease in mean MRW (He et al., 2014b; Gardiner et al., 2015; Ivers et

al., 2015) and an increase in ALCS pore area (Yang et al., 2007b; Strouthidis et al.,
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2011; Ivers et al., 2015). If ONH and laminar structure in the older eye mimic that found
in the early glaucomatous eye (but to a lesser degree), one might expect older eyes to
have slightly decreased mean MRWs and slightly increased laminar thicknesses, mean
ALCSDs and ALCS pore areas compared to young eyes. As previously discussed, mean
MRW was significantly thinner in our older normal eyes compared to young normal eyes
(P=.02; Table 3-2). And, while it was not possible to measure lamina cribrosa thickness
in vivo in this study, a previous study performed ex vivo in donor eyes has reported
laminar thickness to be greater in normal, older eyes (Kotecha et al., 2006). However,
mean ALCSD was found to not be significantly different in our older eyes (342.2 + 82.48
pm) compared to young eyes (354.1 + 83.73 um; P = .70). Likewise, mean values of
global ALCS pore area measured in our older eyes (1988 + 559 pm?) were not
significantly different from mean values measured in young eyes (1999 + 577 um?)
(Table 3-2). These findings, coupled with those from other studies, show that some of
the ONH and laminar structural parameters measured in older normal eyes have values
that lie between those measured in young, normal eyes and in early glaucomatous eyes,
potentially lending partial support to the idea that glaucoma contains an accelerated
aging component.

In conclusion, ONH and mean global laminar pore parameters were similar
between fellow eyes of normal subjects. Most parameters were also similar between
young and older normal eyes. Consistent with previous studies, mean MRW was
significantly thinner in older eyes than in young eyes, suggesting an age-related thinning
in MRW. While the findings of this study can serve as normative data for prospective
studies examining ONH structure and ALCS pore microarchitecture in patients with
different forms of glaucoma, future work is needed to better understand the impact of

normal aging and other risk factors for disease (such as race).
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Abstract

Purpose: Previous in vivo studies have separately compared lamina cribrosa
microarchitecture or optic nerve head (ONH) geometry in normal and glaucomatous
eyes. The main purpose of this study is to jointly examine ONH geometry and anterior
lamina cribrosa surface (ALCS) microarchitecture between normal subjects, glaucoma
suspects and patients with primary open-angle glaucoma (POAG).

Methods: Spectral domain optical coherence tomography (SDOCT) images of the ONH
and adaptive optics scanning laser ophthalmoscope (AOSLO) images of ALCS
microarchitecture were acquired in one eye of 28 subjects diagnosed as glaucoma
suspects or with POAG (mean age = 66.1 + 11.1 years) and 25 older normal human
subjects (mean age = 57.5 + 6.1 years). ONH parameters were calculated from manually
marked SDOCT radial B-scans. Anterior laminar pores were manually marked in AOSLO
images and 3D transformed to calculate mean global, central, peripheral and sectoral
pore areas, elongation and nearest neighbor distance (NND). A Mann-Whitney rank sum
test was used to assess statistical differences when comparing all parameters.

Results: Most ONH parameters (including mean ALCS curvature, prelaminar tissue
volume, mean minimum rim width, rim volume and mean RNFL thickness) were
significantly lower in suspect/POAG eyes compared to normal. Mean ALCS depth
(ALCSD) was significantly larger (i.e., deeper) in suspect/POAG patients than in
normals. Among ALCS pore parameters, only mean NND was shorter in suspect/POAG
patients compared to normal. Sectoral pore analyses revealed significantly smaller pores
in superior-temporal sectors of suspect/POAG eyes compared to normal eyes (P =.01).
ALCS pore parameters were not correlated with ONH parameters for both
suspect/POAG and older normal eyes.

Conclusions: Despite having statistically different ONH geometries, suspect/POAG and

age-matched normal subjects had similar global ALCS pore microarchitecture. However,
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when quantified on a local scale, significant differences in ALCS pore parameters were
found between groups, stressing the importance for local analyses when examining and

guantifying laminar microarchitecture.
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4.1 Introduction
Glaucoma is a multifactorial disease that impacts multiple parts of the visual system,
including retinal ganglion cells (Weber et al., 1998; Kerrigan-Baumrind et al., 2000),
photoreceptors (Panda and Jonas, 1992; Choi et al., 2011), the lateral geniculate
nucleus (Yucel et al., 2000; Gupta et al., 2009; Wang et al., 2016) and the visual cortex
(Duncan et al., 2007; Borges et al., 2015). However, strong evidence suggests that
damage to retinal ganglion cell axons at the level of lamina cribrosa within the optic
nerve head (ONH) is central to glaucomatous pathophysiology (Quigley and Anderson,
1976b; Minckler et al., 1977; Quigley and Anderson, 1977). Studies involving animal
models of experimental glaucoma, including monkeys (Burgoyne et al., 2004; Downs et
al., 2007; Yang et al., 2010), rats (Johnson et al., 1996) and mice (Howell et al., 2007),
have demonstrated that retinal ganglion cell axons and ONH structure undergo profound
changes at early stages of the disease.

Several ex vivo studies have compared the structure of the lamina cribrosa and
ONH between normal and glaucomatous eyes in human patients and between control
and experimental glaucoma eyes in non-human primates. Previous work performed
histologically in glaucomatous human eyes have revealed that multiple changes occur to
the lamina cribrosa during disease (including a posterior deformation and eventual
thinning of the entire laminar structure), as well as molecular changes in overlying
astrocytes (Quigley and Green, 1979; Quigley et al., 1982; Hernandez, 2000; Jones et
al., 2003). In addition, recent studies examining laminar microstructure have found
differences in the preferred orientation of lamina cribrosa and peripapillary sclera
collagen fibers between glaucoma and normal eyes (Jones et al., 2015). The collagen
fibers of lamina cribrosa is substantially crimped and increased IOP could induce
stretching and reduction of crimp (Sigal et al., 2013). Many of the aforementioned

differences in ONH and laminar structure reported in human donor eyes have also been

108



observed in animal models of experimental glaucoma. For example, histological
analyses performed in a non-human primate model of experimental glaucoma have
similarly found that the laminar surface undergoes a posterior deformation (i.e., increase
in mean anterior lamina cribrosa surface depth [ALCSD]) in early stages of glaucoma
(Yang et al., 2007b). Additional changes include an overall thickening of the prelaminar
tissue and lamina cribrosa (Yang et al., 2007b), an expansion of the scleral canal, a
posterior “migration” of the entire lamina cribrosa (Yang et al., 2015) and an increase in
connective tissue volume fraction relative to control eyes (Roberts et al., 2009b).

In vivo studies between normal and glaucomatous human eyes and between
control and experimental glaucoma eyes have resulted in the development of optical
coherence tomography (OCT)-derived ONH structural parameters to characterize
changes associated with early glaucoma in humans. RNFL thickness has become a
standard clinical metric used to aid in the diagnosis and assessment of progression of
glaucoma (Bowd et al., 2001). More recently introduced parameters that have been
shown to precede changes in RNFL thickness in vivo in longitudinal studies of non-
human primate eyes with early experimental glaucoma include mean ALCSD and mean
minimum rim width (MRW) (Strouthidis et al., 2011; Park et al., 2012a; He et al., 2014b;
Ivers et al., 2015). In addition to these macroscopic changes in neuronal and laminar
geometry, differences in lamina cribrosa microarchitecture have also been quantified in
vivo between experimental glaucoma and fellow control eyes of non-human primates
and between normal and glaucomatous human eyes. Ivers et al. examined changes in
ALCS microarchitecture and ONH structural parameters in a non-human primate model
of experimental glaucoma and found that ALCS pore areas tended to increase in eyes
with early experimental glaucoma. A small number of published studies have also
examined lamina cribrosa pore shape in living human eyes with glaucoma using swept-

source OCT and adaptive optics (AO) systems (Akagi et al., 2012; Wang et al., 2013;
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Zwillinger et al., 2016). However, despite all of these important studies, there is a lack of
in vivo data that quantitatively describes laminar surface microarchitecture and its
relationship with ONH geometry and retinal ganglion cell (RGC) axon density in human
eyes with glaucoma.

The main purposes of this study were to (1) examine anterior lamina cribrosa
surface (ALCS) microarchitecture and ONH geometry between glaucoma
suspect/primary open angle glaucoma (POAG) patients and age-matched normal
subjects and (2) determine whether relationships exist between ALCS pore and ONH
parameters in suspect/POAG eyes. We cross-sectionally examined ALCS pore
microarchitecture quantified from adaptive optics scanning laser ophthalmoscope
(AOSLO) images and ONH geometry from spectral domain optical coherence
tomography (SDOCT) images across suspect/POAG patients and older normal subjects.
Statistical tests were performed to determine differences in ALCS pores and ONH
parameters between suspect/POAG and normal eyes and investigate relationships
between ONH and ALCS pore parameters. This study will provide a better
understanding of whether differences exist in ALCS microarchitecture and ONH
parameters between suspect/POAG eyes and older normal eyes and the degree to

which these parameters interact with each other in normal and diseased eyes.

4.2 Methods

All human subjects research adhered to the tenets of the Declaration of Helsinki. The
study protocol was approved by the University of Houston’s Committee for the Protection
of Human Subjects. Informed consent was obtained from each subject prior to the
experiment. Twenty-eight patients who were glaucoma suspects or had early/moderate
POAG (mean age = 66.1 + 11.1 years; range = 41 - 85 years) and 25 older normal

subjects (mean age = 57.5 £ 6.1 years; range = 50 - 76 years) were enrolled. 19 of our
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subjects were White (non-Hispanic), 5 were Asian, 19 were African-American and 11
were Hispanic, with 29 males and 24 females. All subjects had spherical equivalent
refractive errors between +3.00 D and -6.00 D (with cylinder < £3.00 D), best corrected
visual acuities better than or equal to 20/40 and clear ocular media. Each subject
underwent a comprehensive ophthalmic examination that included evaluation of the
anterior segment and anterior segment angle (Von Herick test) using slit lamp
biomicroscopy, measurement of intraocular pressure (IOP) (via Goldman Applanation
Tonometry), dilated color stereoscopic optic disk photographs (Nidek AFC-230 Fundus
Camera), reliable Humphrey visual fields (24—2 Swedish Interactive Threshold Algorithm
standard program; False positive and False negative rates < 33%, Fixation losses <
20%) and measurement of central corneal thickness viaultrasound pachymetry
(AccuPach, Accutome). One eye was selected and dilated for imaging using 1.0%
tropicamide and 2.5% phenylephrine for each suspect/POAG patient and age-matched
older subject in the study.

Subjects included in the suspect/POAG group included patients diagnosed with
early or moderate stages of POAG and POAG suspects. All patients diagnosed with
POAG had open anterior chamber angles, characteristic glaucomatous ONH and/or
RNFL changes with corresponding visual field defects, no signs of secondary glaucoma
and no additional pathology affecting ocular health. POAG suspects had suspicious
ONH or RNFL appearance, or possessed known risk factors for glaucoma (e.g.,
elevated I0P, family history, age, race), but had received no clinical diagnosis of
glaucoma. These suspects were also free from any other ocular pathologies. The
suspect/POAG group has Humphrey visual field mean deviation (MD) average of -2.6 dB
(range: 1.8dB to -10.8dB). The older normal group of subjects had no history of elevated
IOP, no clinically abnormal disc or nerve fiber layer appearance, no visual field defect

and were free from ocular pathologies.
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4.2.1 Spectral domain optical coherence tomography (SDOCT) imaging and
analysis

Wide-field scanning laser ophthalmoscope (SLO) fundus images and cross-sectional
images of the ONH were acquired in each eye using the Heidelberg Spectralis
HRA+OCT (Heidelberg Engineering). Cross sectional radial scans (48 B-scans, 20° field
size, ART averaging of 16 frames) centered on the ONH were acquired with Enhanced
Depth Imaging in all eyes (Figure 4-1a). The Inner Limiting Membrane (ILM) was
automatically segmented in each B-scan using the SDOCT instrument’s software and
any inaccuracies were manually corrected. The raw ‘.vol’ files of all radial scans were
then exported from the SDOCT instrument and analyzed via a custom semi-automated
program (MATLAB; The MathWorks, Inc., Natick, MA). The termination points of the
retinal pigment epithelium (RPE)/Bruch’s membrane (BM) interface and anterior lamina
cribrosa surface were manually marked in as many B-scans as possible (Figure 4-1b). A
3-dimensional point cloud of marked and segmented points was subsequently generated

(Figure 4-1c).
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Figure 4-1. (a) Representative en face view of the ONH illustrating the locations of all 48
radial B-scans (green lines) acquired via SDOCT image using the EDI mode (16 frames
averaged). (b) Single radial B-scan of the ONH corresponding to the scan location
denoted by the bold green arrow in (a). Segmented and manually marked features
included the ILM (yellow points), termination points of the RPE/Bruch’s membrane (BM)
complex (green points) and the anterior lamina cribrosa surface (red points). (c) 3-
dimensional point cloud generated from landmarks delineated in each SDOCT radial B-
scan from (a). (ILM in yellow, RPE/BM termination points representing Bruch’s

Membrane Opening [BMQ] in green, and anterior lamina cribrosa surface [ALCS] in red).
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The delineated landmarks were used to calculate several ONH parameters. In
brief, BMO area was calculated as the area enclosed by an ellipse best-fit to the marked
BMO points (Figure 4-2a). Mean anterior lamina cribrosa surface depth (ALCSD) was
calculated as the mean distance between a plane best-fit to the marked BMO points and
a thin-plate spline surface that was fit to the marked ALCS points to model the ALCS in 3
dimensions (Figure 4-2b) (Sredar et al., 2013). Because mean ALCSD only provides
information on the mean position (depth) of the ALCS within the disc, we further
characterized the ALCS by computing its mean radius of curvature (RoC) within the
projection of the BMO ellipse (Figure 4-2c,d) (Sredar et al., 2013). The RoC at a
particular location on the ALCS was calculated as the ratio of the change in arc length to
the change in the angle of the tangent between two points immediately juxtaposing the
location being examined on the 3D ALCS. Mean RoC was then computed as the
average of all RoC values calculated at each point on the 3D interpolated ALCS.

Additional ONH structural parameters were also quantified after fitting a 3-
dimensional thin plate spline to the ILM point cloud. Prelaminar tissue volume (PTV) was
calculated as the volume between the ILM and anterior laminar surface that was
contained within a hollow-cylinder extending from the edge of the BMO to the ALCS
(Figure 4-3a) (Yang et al., 2007b; Strouthidis et al., 2011). Neuroretinal rim volume was
calculated as the tissue volume anterior to the BMO plane that was bounded by the ILM
surface and a vertical perpendicular projection from the edge of the BMO (Figure 4-3a)
(Yang et al., 2007b; Strouthidis et al., 2011). Mean MRW, a potential surrogate marker
of axonal density, was calculated as the mean of the minimum distances between the
marked BMO points and the ILM surface across all radial B-scans (Figure 4-3b)

(Strouthidis et al., 2011; Chauhan et al., 2013).
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Figure 4-2. Calculation of BMO Area, Mean ALCSD and mean radius of curvature (RoC) of
the ALCS. (a) An ellipse (bold, green line) was best-fit in 3-dimensions to the marked
RPE/BM termination points and used to define a BMO plane. BMO area was calculated as
the area enclosed by the BMO ellipse on the BMO plane (gray). (b) After fitting a thin plate
spline to the marked ALCS points (black dots, above and below the fitted surface), mean
anterior lamina cribrosa surface depth (ALCSD) was calculated as the mean of the
perpendicular distances from the BMO plane to the thin plate spline (red arrows) for points
within the BMO ellipse. The color scale used in illustrating the thin-plate spline surface
represents the range of ALCSDs calculated across the laminar surface. Regions shaded in
blue represent locations with increased mean ALCSD values (i.e., more posteriorly-located
ALCS'’s within the ONH) while regions shaded in red represent locations with decreased
mean ALCSD values (i.e., more anteriorly-located ALCS’s). (c,d) The mean RoC of the
ALCS (orange curve) was calculated by averaging the RoCs computed at every point on
the ALCS and attempts to quantify the mean curvature of the ALCS. The shape of the
ALCS can vary dramatically, even between eyes with similar values of mean ALCSD. For
example, while the mean position of the ALCS from the BMO plane was similar values
between 2 eyes (mean ALCSD = 370 um in (c) and 400 um in (d)), the ALCS was flatter

(i.e., larger RoC, 4.4 mm) in (c) and steeper (i.e., smaller RoC, 1.0 mm) in (d).
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Figure 4-3. lllustration of prelaminar tissue volume (PTV), neuroretinal rim volume and
mean minimum rim width (MRW). (a) The ILM (yellow line), RPE/BM termination point
(green dots) and ALCS (red dots) were segmented/marked in each radial b-scan. In a
single B-scan, prelaminar tissue area (brown region) was computed as the area between
the ILM and ALCS that was contained within a hollow-cylinder defined by the BMO ellipse.
To compute prelaminar tissue volume, thin plate spline surfaces were fit to the 3-
dimensional ILM and ALCS point clouds and used to calculate the volume between these
surfaces that was confined within a hollow-cylinder extending from the BMO ellipse.
Neuroretinal rim volume (hatched region) was calculated as the volume between the ILM
surface and BMO plane that was contained within a vertical perpendicular projection from
the BMO ellipse. (b) Mean MRW was calculated by averaging the minimum distances
measured between the ILM surface (yellow line) and termination points of the BM/RPE
interface (green dots) on each side of the neural canal opening (white arrows) across all

marked B-scans.
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Additionally, a 10° x 30° volume scan (49 B-scans, ART averaging of 16 frames)
was acquired over an area encompassing both the ONH and fovea and used to
calculate the Fovea-BMO (FoBMO) axis, or axis that connected the center of the foveal
pit with the center of the BMO, in order to divide the ONH into sectors in each eye
(Figure 4-4) (He et al., 2014a). A custom MATLAB program was used to determine the
location of the foveal pit center from the acquired volume scan. After inspection and
correction of any inaccuracies in segmentation of each B-scan in the volume, the ILM
and RPE segmentation were imported from Heidelberg Spectralis HRA+OCT and used
to calculate a total retinal thickness profile for each B-scan (Figure 4-4a) (McAllister et
al., 2010). A 3D retinal thickness map was then generated form the retinal thickness
profiles of all B-scans throughout the macular region. Five ellipses where each
individually fit to points within the foveal pit that contained equal retinal thickness values
that ranged between 5% to 50% of the maximum foveal pit depth (Figure 4-4b). The
center of the foveal pit was calculated as the average location of all centroid positions
from each fitted ellipse. The retinal thickness map and the location of the foveal pit
center were then registered and overlaid on the SLO image obtained during the
acquisition of the SDOCT volume scan (Figure 4-4¢). This SLO image was then
registered with the SLO image obtained during the acquisition of the aforementioned
radial scans of the ONH (which contained the BMO ellipse) using a Dual Bootstrap
algorithm (Yang et al., 2007a) and a custom MATLAB program to generate a single,
combined SLO image that contained the location of the foveal pit center and the BMO
ellipse (Figure 4-4c). The FOBMO axis was constructed as a line connecting the foveal
pit center and the center of the BMO ellipse, and used as a reference to divide the ONH
into sectors. The ONH was divided in half by constructing a line that was perpendicular
to the FoBMO axis and passed through the center of the BMO ellipse. The temporal half

of the ONH was then divided into three equal sectors (of 60°) in the namely superior-
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temporal, temporal and inferior-temporal regions. Furthermore, the BMO was divided
into central and peripheral zones of equal areas. Both sectors and zones were used to

guantify ALCS pore microarchitecture on a local scale.
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Figure 4-4. Description of the method used to calculate the FOBMO axis, or axis
connecting the foveal center to the center of the BMO, for dividing the ONH into sectors
and regions. (a) En face view of a macular retinal thickness map (i.e., thickness between
the ILM and RPE) interpolated from B-scans acquired throughout the foveal region.
Retinal locations that are thicker are denoted in red and locations that are thinner are
denoted in blue. The cross-sectional retinal thickness profile along the black scan line
illustrated in the en face map (top) is plotted immediately below as a function of retinal
position. (b) A 3D representation of the retinal thickness map in (a) in which ellipses
(blue) were best-fit to points of equal retinal thickness. The center of the foveal pit was
calculated as the location corresponding to the average of all centroid positions from
each fitted ellipse. (c) A retinal thickness map covering the foveal region (lower left) and
an adaptive optics image of the ALCS microarchitecture inside the ONH (in which pores
are marked in white) were registered and overlaid on a Spectralis SLO image of the
foveal and ONH regions (background). The red line connecting the foveal center (red

cross) to the center of the BMO ellipse (outermost green ellipse sorrounding the ONH) is
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the FOBMO axis and is used to divide the ONH into 60° sectors (denoted by orange
lines). A line that passes though the center of the BMO and is perpendicular to the
FoBMO axis (long orange line oriented in the superior/inferior direction) divides the BMO
into temporal and nasal halves. The temporal half of the BMO is then divided in 60°
sectors in the superior-temporal, temporal, and inferior-temporal directions. The BMO
was also divided into central and peripheral regions of equal area (shown by the second
green ellipse).
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4.2.2 Adaptive optics imaging of ALCS microarchitecture

Adaptive optics was used to correct each subject’s optical aberrations over a dilated
pupil (~8 mm) (Li et al., 2010). The ALCS microarchitecture was subsequently imaged in
reflectance using an 840 nm wavelength superluminescent diode (S-Series Broadlighter,
Superlum, Carringtwohill, Ireland) (Ivers et al., 2010; Ivers et al., 2011; Sredar et al.,
2013) with a laser power of approximately 250 yW at the pupil plane (less than ~10
times below the ANSI standards for safe light delivery to the eye) (ANSI, 2014). Videos
were captured at 25 Hz over a 1.5° field. Through-focus images of the lamina were
acquired at different depths to determine the plane of best-focus of the ALCS
microarchitecture, or the location where ALCS pore boundaries first became sharpest
and the image had optimal contrast. Videos of the ALCS microarchitecture were then
acquired throughout as much of the ONH as possible. AOSLO videos were
subsequently post-processed off-line using a custom program (MATLAB; The
MathWorks, Inc., Natick, MA) to remove eye motion and create registered images that
were then stitched together to create a montage of the anterior laminar surface beams
and pores (Adobe Photoshop; Adobe Systems, San Jose, CA) for each eye (Figure
4-5b). The image contrast of each AOSLO montage was improved using a contrast
limiting adaptive histogram equalization (CLAHE) technique (ImageJ; developed by
Wayne Rasband, National Institutes of Health, Bethesda, MD; available at
http://rsb.info.nih.gov/ij/index.html ).

Pore boundaries were manually marked (Adobe Photoshop) in as many locations
as possible using previously described methods found to have excellent repeatability
and reproducibility (Figure 4-5c) (Sredar et al., 2013; Ivers et al., 2015). Because the en
face AOSLO images represent a 2-D projection of a 3D laminar surface, we transformed
our 2D images into their approximate 3D morphology by registering and projecting the

2D AOSLO image onto the interpolated thin-plate spline surface that was best-fit to the
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ALCS points marked in the SDOCT radial B-scans (Figure 4-5d,e) (Sredar et al., 2013).
Following 3D transformation, we quantified the area, elongation (ratio of the major to
minor axis of an ellipse best-fit to each pore boundary), and nearest neighbor distance
(NND, nearest distance from the centroid of a given pore to those of its neighbors) of
each marked pore using a custom MATLAB program (Ivers et al., 2011; Ivers et al.,
2015). All marked and quantified pores were then analyzed globally, regionally (centrally
vs. peripherally) and in 60° sectors on the temporal half of the disc for each
suspect/POAG eye and normal eye. Pore parameters were then compared on global

and local spatial scales between suspect/POAG and normal eyes.

4.2.3 Biometric measurements and image scaling

Biometric measurements of axial length, anterior chamber depth and anterior corneal
curvature were acquired using the IOL Master (Carl Zeiss Meditec) or LenStar LS 900
(Haag-Streit). These biometric parameters were used to laterally scale field sizes in
AOSLO and SDOCT images from visual angle (in degrees) to physical retinal size (in
micrometers). Conversions were performed by incorporating these biometry

measurement data into a 4-surface model eye (Li et al., 2010; lvers et al., 2011).
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Figure 4-5. Adaptive optics imaging of the lamina cribrosa in a normal human eye.

(a) Spectralis SLO image of the ONH when best focused on the anterior lamina cribrosa
surface (ALCS). (b) A 2 dimensional AOSLO montage of the ALCS microarchitecture
overlaid on the same Spectralis SLO image as in (a). The resolution and contrast of
laminar beams and pores improved with adaptive optics correction. Scale bar: 200 ym.
(c) Same image as in (b) in which laminar pores were manually marked (white)
throughout as much of the imaged area as possible. Scale bar: 200 ym. (d) An
interpolated thin plate spline surface was fit to the ALCS points manually marked in
SDOCT radial B-scan images acquired in the same eye (see Figure 4-1b for an
explanation of marking). The depth of the ALCS at each point on the thin-plate spline
surface (local ALCSD) is color-coded using the scale on the right side of the image, with
more posteriorly-located surface points represented in blue and more anteriorly-located
surface points represented in red. (e) 3D AOSLO montage constructed by registering
and projecting the 2D AOSLO image from (c) onto the thin plate spline surface from (d).

All pore values were quantified from the 3D transformed images.
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4.2.4 Visual Field and Structure-Function Analyses

We examined whether differences existed between superior and inferior visual field
sensitivities across eyes (e.g., within or between normal and suspect/POAG groups) and
within individual eyes. A mean sensitivity value from all tested points in the superior half
of the visual field and a mean sensitivity value from all tested points in the inferior visual
field of each subject was first calculated. The mean superior visual field sensitivities
were then compared to the mean inferior visual field sensitivities across all older eyes
and across all suspect/POAG eyes. Mean superior and inferior visual field sensitivities
were also compared between older normal eyes and suspect/POAG eyes, as well as
within individual suspect/POAG eyes. In addition, the possible existence of gross
structure-function relationships was investigated to determine whether any measured
local differences in ALCS pores (e.g., superior-temporal sector vs inferior-temporal
sector) corresponded to any measured differences in mean visual field sensitivity (e.qg.,
superior vs. inferior halves of the visual field) between older normal eyes and

suspect/POAG eyes, as well as within and across suspect/POAG eyes.

4.2.5 Data and Statistical Analyses

All statistical tests were performed using commercially available software (SigmaPlot;
Systat Software Inc., San Jose, CA). A non-parametric Mann-Whitney Rank sum test
was used to assess whether statistically significant differences existed in mean ONH
and global ALCS pore parameters between (1) all suspect/POAG eyes and all age-
matched normal subjects, (2) suspect/early POAG eyes with MDs < -3 dB and all normal
eyes and (3) suspect/early POAG eyes with MDs < -3 dB and POAG eyes with MDs > -3
dB. A Mann-Whitney test was also used to (1) compare mean pore areas across sectors
and within central and peripheral zones between suspect/POAG and normal eyes and

(2) determine whether pore areas were statistically different between sectors within older
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normal eyes, or within suspect/POAG eyes. Linear regression analyses were performed
between ONH and global ALCS pore parameters to determine whether relationships
existed between suspect/POAG eyes and age matched normal eyes. Statistically
significant differences between superior and inferior field sensitivities within older normal
eyes or within suspect/POAG eyes were assess using a paired t-test, while differences
in mean superior (or inferior) visual field sensitivities between normal and suspect/POAG
eyes were assessed using a Mann-Whitney test. A paired t-test was used to determine
whether there was a statistically significant difference between field points measured in
the superior visual field of a single subject compared to the sensitivities measured at all
field points with corresponding eccentricity in the inferior visual field within each
individual subject. (For example, [3° superior, 3° temporal] was paired with [3° inferior, 3°
temporal]; [3° superior, 9° temporal] was paired with [3° inferior, 9° temporal]; etc.) P
values < .05 were taken to represent a statistically significant difference for the

parameters analyzed.

4.3 Results

4.3.1 Comparison of ONH structure and ALCS microarchitecture between
suspect/POAG and normal subjects

The majority of ONH and ALCS pore parameters were significantly different between
suspect/POAG eyes and age-matched normal subjects (Table 4-1). Figure 4-6 shows
representative images of ALCS pore microarchitecture (with marked pores ) and
corresponding ONH structure from older, normal eyes and suspect/POAG eyes. The
only examined ONH parameter that was not significantly different between normal and
suspect/POAG eyes was BMO area (older normal eyes = 2.084 + 0.52 vs.
suspect/POAG eyes = 2.208 + 0.54; P=.44) (Table 4-1). Compared to older normal eyes,
suspect/POAG eyes had more posteriorly located ALCSs (larger mean ALCSDSs) that
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were more steeply curved (smaller mean RoCs). Suspect/POAG eyes also had less
prelaminar tissue (smaller prelaminar tissue volumes), smaller neuroretinal rim volumes
and less axonal content (smaller values of mean MRW and RNFL thickness).

When examining ALCS pore geometry on a global scale (Table 4-1), more pores
were consistently imaged and marked in suspect/POAG eyes (56.2 + 23.0) compared to
older normal eyes (32.2 + 19.3, P<.01). While mean global ALCS pore area was lower in
suspect/POAG eyes than in age-matched normal eyes (1704 + 429 ym?vs 1988 + 559
um?, respectively), there was no statistically significant difference in this parameter
between groups (P=.07). Mean global ALCS pore elongation was similar (P = .13)
between suspect/POAG and normal eyes, whereas mean global ALCS pore NND was

significantly smaller (P <.01) in suspect/POAG eyes than in normal eyes.
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Older normal eyes

Figure 4-6. AOSLO montages of the ALCS microarchitecture overlaid on SLO images
(rows 1 and 3) and corresponding SDOCT cross-sectional B-scans of the ONH (rows 2
and 4) acquired in six representative normal older eyes (rows 1 and 2) and six
representative suspect/POAG eyes (rows 3 and 4). (Subjects H156, H176, H188, H195
were glaucoma suspects while subjects H178, H183were diagnosed with POAG.) In
AOSLO images, laminar pores are filled in white. The outermost green ellipse on each
SLO image represents the BMO ellipse, while the innermost ellipse in each image
separates the central and peripheral zones of equal area. Yellow lines show the 3
sectors made on the temporal half of the ONH, namely the superior-temporal, tempopral,
inferior-temporal sectors.The termination points of the BM/RPE interface (green dots)
and the anterior laminar surface points (red dots) are marked on each SDOCT image.

Scale bar (all images): 200 pym.
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Table 4-1: Comparison of ONH and ALCS pore parameters between normal eyes and

suspects/POAG eyes.

Older Normal Eyes

Suspect/POAG Eyes

25 eyes 28 eyes Mann-
Mean age: Mean age: Whitney
57.5+ 6.1 years 66.1+11.1 years (P-value)
Mean + SD Mean + SD
BMO Area (mm?) 2.084 £ 0.519 2.208 + 0.537 44
Mean ALCSD (um) 342.2 + 82.5 439.2 +114.6 <.01*
Mean RoC (mm) 3.96 +1.25 2.78£0.75 <.01*
Prelaminar tissue volume 0.977 + 0.184 0.868 + 0.187 03*
(mm°)
Rim volume (mm?) 0.412 +0.119 0.229 + 0.092 <.01*
Mean MRW (um) 287.1 +35.7 203.0+41.8 <.01*
Mean RNFL Thickness (um) 98.28 + 6.00 80.14 +12.6 <.01*
Mean global pore area (um?) 1988 + 559 1704 + 429 .07
Mean global pore elongation 2.03+0.24 2.10+£0.23 A3
Mean global pore NND (um) 749 +18.2 64.2+7.1 <.01*
Number of marked pores 32.2+19.3 56.2 £ 23.0 <.01*

* Statistically significant difference between older normal and suspect/POAG eyes

(P<.05)
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Analyses of ONH geometry and ALCS mircoarchitecture were also carried out
between normal eyes and sub-groups of our suspect/POAG eyes. Table 4-2 shows a
comparison of ONH and ALCS pore parameters between age-matched normal eyes and
only those suspect/POAG eyes that had mean deviations (MDs) upon Humphrey visual
field (HVF) examination of <-3.00 dB (18 of 28 suspect/POAG eyes). The majority of
ONH parameters were statistically different between normal eyes and suspect/POAG
eyes with MDs < -3 dB. Similar to the aforementioned results that included all
suspect/POAG eyes, BMO area was similar between groups while suspect/POAG eyes
with MDs < -3 dB also possessed more posteriorly-located ALCSs (larger mean
ALCSDs) that were more steeply curved (smaller RoCs). Despite the fact that prelaminar
tissue volume was similar between groups, suspect/POAG eyes with MDs < -3 dB still
had smaller rim volumes and thinner MRWs and RNFLs compared to normal eyes. In
addition, more pores were typically marked in suspect/POAG eyes with MDs < -3 dB
than in normal eyes. The mean spacing between ALCS pores (mean global ALCS pore
NND) was smaller in suspect/POAG eyes with MDs < -3 dB than in control eyes (P=.03).
While there was a trend for suspect/POAG eyes with MDs < -3 dB to have smaller pores
(smaller pore areas) that were more elliptical shaped (larger pore elongations) compared
to normal eyes, the differences in mean global pore area (P=.08) and elongation (P=.06)
were not significantly different between groups.

Table 4-3 compares ONH structural and ALCS microarchitecture parameters
between 18 suspect/POAG eyes with MDs < -3 dB and 10 POAG eyes with MDs > -3 dB
(or MDs worse than -3 dB). With the exception of prelaminar tissue volume, all ONH and
mean global ALCS pore parameters were not statistically different between groups.
POAG eyes with MDs > -3 dB had less prelaminar tissue (or smaller prelaminar tissue

volumes) than suspect/POAG eyes with MDs < -3 dB (P=.04).
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Table 4-2: Comparison of ONH and ALCS pore parameters between normal eyes and

suspect/ POAG eyes who had mean deviations < -3 dB from Humphrey visual fields

(HVF).
Older Normal Eyes Suspect/POAG Eyes
(HVF MD <-3 dB)
25 eyes 18 eyes Mann-
Whitney
Mean age: Mean age:
(P-value)
57.5 + 6.1 years 64.3 + 8.8 years
Mean + SD Mean + SD

BMO Area (mm?) 2.084 £ 0.519 2.269 + 0.530 31
Mean ALCSD (pm) 342.2+82.5 449.1 + 107.8 <.01*
Mean RoC (mm) 3.96+1.25 2.82+0.79 <.01*

AT Ve 0.977 +0.184 0.922 + 0.177 27

(mm°)

Rim Volume (mm?) 0.412 +0.119 0.239 +0.101 <.01*
Mean MRW (pm) 287.1 £ 35.6 209.1 £48.1 <.01*
Mean RNFL Thickness (um) 98.3+6.0 82.5+129 <.01*

Mean global pore area (um?) 1988 + 559 1677 £ 391 .08

Mean global pore elongation 2.03+£0.24 2.14+£0.23 .06

Mean global pore NND (um) 749+ 18.2 649+79 .03*
Number of marked pores 32.2+£19.3 54.3+£19.1 <.01*

* Statistically significant difference between older normal and suspect/early POAG eyes

(P<.05)
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Table 4-3: Comparison of ONH and ALCS pore parameters between suspect/ POAG
eyes with MDs < -3 dB and POAG eyes with MDs > -3 dB (worse than -3 dB).

Suspect/POAG Eyes POAG Eyes
(HVF MD <-3 dB) (HVF MD >-3 dB)
18 eyes 10 eyes Mann-
Whitney
Mean age: Mean age:
(P-value)
64.3 + 8.8 years 69.4 + 14.4 years
Mean + SD Mean + SD
BMO Area (mm?) 2.269 + 0.530 2.097 + 0.559 .30
Mean ALCSD (pm) 449.1 + 107.8 421.3+130.1 .52
Mean RoC (mm) 2.82+0.79 2.70+0.70 .87
FTEIETIED EE0E FolLmE 0.922 + 0.177 0.769 + 0.170 04*
(mm”)
Rim Volume (mm?) 0.239 +0.101 0.212 +0.076 43
Mean MRW (pm) 209.1 +48.1 192.1 £ 25.9 .35
Mean RNFL Thickness (pm) 82.5+12.9 75.9+11.2 15
Mean global pore area (um>) 1677 + 391 1752 + 509 91
Mean global pore elongation 2.14+£0.23 2.05+£0.22 .24
Mean global pore NND (um) 64.9+7.9 62.8+5.3 .55
Number of marked pores 54.3+19.1 59.6 £ 29.5 1.0

* Statistically significant difference between suspect/early POAG and moderate POAG

eyes (P<.05)
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ALCS pore parameters were also quantified on a local level. A comparison of
ALCS pore areas between age-matched normal eyes and suspect/POAG eyes within
sectors and central/peripheral zones is show in Table 4-4. No significant differences
were found in mean pore area between any sectors or between central and peripheral
zones within normal eyes (P>.05) or within suspect/POAG eyes (P>.05). Across groups,
mean ALCS pore area was significantly smaller in suspect/POAG eyes (1691+ 623 um?)
compared to normal eyes (2177 + 651 ym®) in the superior-temporal sector (P=.01).
However, there were no statistical differences in mean ALCS pore area between older
normal eyes and suspect/POAG eyes for the temporal and inferior-temporal sectors, as

well as for central and peripheral zones.
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Table 4-4: Comparison of ALCS pore area between normal eyes and suspect/POAG

eyes by sector and central and peripheral zones. (n = number of eyes)

Mean AL((;i%ore area  older Normal Eyes Suspect/POAG Eyes V\%‘?tnnnéy
(P values)
Superior-Temporal 21(57:22)51 16221:22)23 .01*
Temporal 18(28:22)2 3 17(28:22)7 0 48
Inferior-Temporal 19&3:12;3 8 17(29:22? 1 A7
Central zone 1326:22)2 € 17(27:22)5 & A7
Peripheral zone 21(ﬁ1:ilg)l 1 17(ﬁ7:11§§3 < .10

* Statistically significant difference between older normal and suspect/POAG eyes

(P<.05)
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4.3.2 Examining relationships between ONH structure and ALCS
microarchitecture

We investigated the degree of correlation between all examined ONH parameters for our
older normal eyes and our suspect/POAG eyes. No significant relationships were
calculated between the majority of ONH parameters. Figure 4-7 illustrates some of the
comparisons that were examined between ONH parameters. We found no significant
relationships between mean MRW and mean ALCSD (Figure 4-7a) or between mean
RoC and mean ALCSD (Figure 4-7b) in normal or suspect/POAG eyes. Mean MRW was
significantly correlated with mean RNFL thickness for the suspect/POAG eyes (Figure
4-7c), indicating that suspect/POAG eyes with thinner mean MRW:s also tended to have
thinner RNFLs. However, the same relationship was not observed in our older normal
eyes. Mean MRW was also not related to mean RoC for either older normal eyes or
suspect/POAG eyes (Figure 4-7d).

The degree of correlation between all global ALCS pore parameters was also
examined for older normal eyes and suspect/POAG eyes. There was a significant
increase in mean global ALCS pore NND with increasing mean global ALCS pore area
in both groups of eyes (Figure 4-8a), indicating that eyes with larger pore areas also
contained pores that were further separated from each other. However, mean global
ALCS pore elongation was found to be independent of mean global ALCS pore area
(Figure 4-8b), suggesting that the overall shape of the pores in a given eye was not

related to their overall size.
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Figure 4-7. Comparison of ONH parameters for older, normal eyes (green filled circles)
and suspect/POAG eyes (black filled circles). Solid lines indicate linear regressions fit to
the corresponding data points. No statistically significant relationships were found
between (a) mean MRW and mean ALCSD or between (b) mean RoC and mean ALCSD
within our older, normal eyes or suspect/POAG eyes. (c) There was a statistically
significant relationship between mean MRW and RNFL thickness in suspect/POAG eyes,
as eyes with larger values of mean MRW tended to also have larger values of RNFL
thickness. However, no relationship was observed between these parameters in older,

normal eyes. (d) No significant correlation was measured between mean MRW and mean
RoC for either group.
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Figure 4-8. Comparison of global ALCS pore parameters for older, normal eyes (green

filled circles) and suspect/POAG eyes (black filled

circles). Solid lines indicate linear

regressions fit to the corresponding data points. (a) There was a signficant relationship

between mean global pore NND and more global

pore area for both groups, as eyes with

increased pore areas also tended to have increased NND spacing. (b) However, mean

global pore elongation was not significantly correlated with mean global pore area for older,

normal eyes or suspect/POAG eyes.
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We also investigated the degrees of relationships between ONH and ALCS pore
parameters for older normal eyes and suspect/POAG eyes, some of which are illustrated
in Figure 4-9. No significant correlations were found between global or local measures of
mean ALCS pore area and mean ALCSD (Figure 4-9a,b) within normal or
suspect/POAG eyes, indicating that the area of ALCS pores was independent of the
depth of the ALCS regardless of whether pores were considered globally, by sector or by
central/peripheral zones. The mean shape of the ALCS pores (mean global pore
elongation) was also not significantly correlated with the average position of the ACLS
within the ONH (mean ALCSD) for both groups (Figure 4-9c). In addition, mean global
pore area does was not significantly related with mean MRW for older normal and
suspect/POAG eyes (Figure 4-9d).

We were also interested to examine whether any overall trends existed between
ALCS pore and ONH parameters when considering all young normal eyes (reported in
Chapter 3), all older normal eyes and all suspect/POAG eyes in aggregate. No
significant relationships were found between mean global ALCS pore area and mean
MRW or between mean global ALCS pore area and mean ALCSD (Figure 4-10a,b) after
combining all eyes together. However, mean MRW significantly correlated with mean
ALCSD across all eyes (Figure 4-10c), indicating that eyes with more posteriorly-located
ALCSs (larger mean ALCSDs) tended to have thinner MRWs (smaller mean MRWS).
Finally, we found a significant relationship between mean RNFL thickness and mean
MRW (Fig. 4-10d) across all eyes when using an exponential rise to maximum model
(Patel et al., 2014b) to describe the data. In general, eyes with reduced RNFL

thicknesses tended to have smaller (thinner) mean MRWs (P<.01).
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Figure 4-9. Comparison of ALCS pore and ONH parameters for older, normal eyes (green
filled circles) and suspect/POAG eyes (black filled circles). Solid lines indicate linear
regressions fit to the corresponding data points. No statistically significant relationships
were found between (a) mean global pore area and mean ALCsD, (b) mean peripheral
pore area and mean ALCSD, (c) mean global pore elongation and mean ALCSD, (d)
mean global pore area and mean MRW within both older, normal eyes and suspect/POAG

eyes.
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Figure 4-10. Comparison of global ALCS pore and ONH parameters for all young,
normal eyes from Chapter 3 (open circles), older, normal eyes (gray filled circles)
and suspect/POAG eyes (black filled circles). Solid lines indicate linear regressions
fit to all data points within each plot. No statistically significant relationships were
found between (a) mean global pore area and mean MRW or between (b) mean
global pore area and mean ALCSD across all eyes. (c) However, mean MRW was
significantly correlated with mean ALCSD across all eyes, as eyes with larger values
of mean ALCSD tended to have smaller values of mean MRW. (d) Mean RNFL
thickness was significantly thinner in eyes with thinner mean MRWSs. This
relationship was best-fit using an exponential rise to maximum model (Patel et al.,
2014b) and described as RNFL = -31.73 + 142.99*(1-e(0-008"™MRW)y
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4.3.3 Examining visual fields and possible structure-function relationships

Given that a difference in mean ALCS pore area existed between normal older and
suspect/POAG eyes in the superior-temporal sector (Table 4-4), we also sought to better
understand whether corresponding differences in visual field sensitivity existed between
these two groups. Sensitivity values measured at all tested locations in the superior and
inferior visual fields were averaged to yield mean superior and mean inferior visual field
sensitivities for each subject. These mean sensitivities were then averaged across all
older normal eyes and across all suspect/POAG eyes (Table 4-5). There was a
statistically significant difference in mean visual field sensitivity between the superior and
inferior visual fields of ~1 dB across all older normal eyes (P=.03). However, despite a
mean difference of 1.51 dB in the suspect/POAG eyes, there was no significant
difference between the mean superior and inferior visual field sensitivities (P=.16), likely

due to the large variability (standard deviations) of the measurements.
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Table 4-5: Comparison of mean superior and mean inferior visual field sensitivities

within older, normal eyes and within suspect/POAG eyes.

Mean Superior Visual Mean Inferior Visual UELI-
) e ; L Whitney
Field Sensitivity Field Sensitivity
(P values)
Older Normal Eyes N
(n = 24 eyes) 29.76 + 1.58 30.73+1.30 .03
Suspect/POAG Eyes 26.13 + 4.71 27.64 + 3.33 16

(n =28 eyes)

*  Statistically significant difference between mean superior and inferior sensitivities

within older, normal eyes (P<.05)
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When comparing sensitivities between older normal and suspect/POAG eyes
(Table 4-6), the mean superior and inferior visual field sensitivities measured in normal
eyes were significantly different from those values measured in suspect/POAG eyes
(P<.01). We compared these differences in visual field data with aforementioned
differences in local ALCS pore area between the 2 groups. Relative to older normal
eyes, suspect/POAG eyes had significantly smaller ALCS pores in the superior-temporal
sector relative to older normal eyes (Table 4-4, P=.01) with correspondingly decreased
mean sensitivities in the inferior visual field (Table 4-6; P<.01). However, despite having
significantly decreased mean sensitivities in the superior visual field, suspect/POAG
eyes did not show any corresponding differences in ALCS pore area in the inferior-

temporal sector relative to normal eyes (Table 4-4, P=.47).
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Table 4-6: Comparison of mean superior and mean inferior visual field sensitivities

between older, normal eyes and suspect/POAG eyes.

Older Normal Eyes Suspect/POAG Eyes V\%\eiltnnne_y
(n=24) =29 (P values)
Mean Superior Visual "
Field Sensitivity 29.76 + 1.58 26.13+4.71 <.01
M SR VISUEY 30.73 + 1.30 27.64 +3.33 <.01*

Field Sensitivity

*  Statistically significant difference between mean visual field sensitivities between

older normal and suspect/POAG eyes
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In addition to examining differences in ALCS pore structure and visual function
between normal and suspect/POAG eyes, we also investigated whether basic structure-
function relationships existed within the 26 suspect/POAG eyes who had ALCS pores
guantified in both the superior-temporal and inferior-temporal sectors of the lamina. The
sensitivities measured at all points in the superior visual field were first compared with
the sensitivities measured at all points in the inferior visual field for each suspect/POAG
eye. A statistically significant difference between the superior and inferior visual field
sensitivities was calculated for 14 of 26 suspect/POAG eyes (P<.05). However, only 6 of
26 suspect/POAG eyes possessed ALCS pore areas that were significantly different
between the superior-temporal and inferior-temporal sectors (P<.05). In 5 of these 6
suspect/POAG eyes, there was correspondence between the sector that contained the
largest pore areas and the half of the visual field with decreased sensitivity (e.g.,
superior-temporal sector of the ALCS and the inferior visual field).

Finally, we plotted the ratio of the mean superior to inferior visual field sensitivities
versus the ratio of the mean ALCS pore areas in the superior-temporal to inferior
temporal sectors for all 26 suspect/POAG eyes (Fig. 4-11). While the regression line fit
to the data points was not statistically significant (P=.10), there was a general tendency
for suspect/POAG eyes with lower sensitivities in one half of the visual field (e.g.,
superior) to have larger pore areas in a corresponding sector (e.g., inferior-temporal)
from a structure-function standpoint. For example, based on the linear regression, eyes
with decreased superior field sensitivity relative to inferior field sensitivity (field ratios < 1)
also tended to have larger pores in the inferior-temporal sector of the lamina (pore ratios
< 1), corresponding to data points in the bottom left quadrant of Fig. 4-11. Likewise, eyes
with decreased inferior field sensitivity relative to superior field sensitivity (field ratios > 1)
also tended to have larger pores in in the superior-temporal sector of the lamina (pore

ratios > 1), corresponding to data points in the top right quadrant of Fig. 4-11. These
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aforementioned relationships were noted for 15 of 26 suspect/POAG eyes. The
remaining 11 suspect/POAG eyes did not obey these relationships and fell into the top

left or bottom right quadrants of Fig. 4-11.
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Figure 4-11. Comparison of the ratio of mean superior to mean inferior visual field
sensitivities as a function of the ration of mean ALCS pore area in the superior-temporal
to that in the inferior-temporal sector for 26 suspect/POAG eyes (black filled circles). The
mean superior field sensitivity is greater than, equal to or less than the mean inferior field
sensitivity for ratios greater than 1, equal to 1 (horizontal gray line) or less than 1,
respectively. Mean ALCS pore area in the superior-temporal sector is greater than,
equal to or less than the mean ALCS pore area in the inferior-temporal sector for ratios
greater than 1, equal to 1 (vertical gray line) or less than 1, respectively. The solid black
line represents a linear regression fit to all data points while the solid blue lines
represents the 1:1 line. No statistically significant relationships was found between the

ratio of visual fields and the ratio of local ALCS pore areas (P=.10).
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4.4 Discussion
The purposes of this study were to (1) examine anterior lamina cribrosa surface (ALCS)
microarchitecture and ONH geometry between suspect/POAG and age-matched normal
eyes and (2) investigate whether relationships existed between ALCS pore and ONH
parameters in suspect/POAG eyes and normal eyes. To our knowledge, this is the first
study to examine both ALCS microarchitecture and ONH geometry in the same eyes of
suspect/POAG patients and correlate ALCS pore microarchitecture and ONH structure
across suspect/POAG eyes and age-matched normal eyes. While the majority of ONH
parameters were significantly different between suspect/POAG and normal eyes, most
ALCS pore parameters were similar. Significant relationships between ONH and ALCS
pore parameters were sparse across suspect/POAG eyes and across normal eyes.
The ONH parameters measured in our subjects were similar to previously
reported measurements. For example, our calculated values of mean ALCSD across
older normal and suspect/POAG eyes (342.2 + 82.5 ym and 439.2 £ 114.6 ym,
respectively) are very similar to those reported by Furlanetto et al. (normal =
353 + 70 ym; glaucoma = 438 + 102 ym) from 57 normal subjects (mean age =56 + 17
years) and 47 glaucoma patients (mean age = 56 + 16 years) (Furlanetto et al., 2013).
The mean MRW measured across our normal eyes (287.1 + 35.6 um) is slightly lower
than the median value of mean MRW reported by Chauhan et al. for their normal
subjects (316.5 um), despite both studies having comparably aged subjects (mean age
=57.5 + 6.1 years in our study vs. median age = 65 years in Chauhan et al.) (Chauhan
et al., 2013). Conversely, the mean MRW measured across our suspect/POAG eyes
(203.0 + 41.8 um) is slightly larger than the median value of mean MRW reported by
Chauhan et al. for their glaucoma patients (median: 182.7 um) (Chauhan et al., 2013).
However, mean RNFL thickness values measured in our normal and suspect/POAG

eyes (normal = 98.2 pum; suspect/POAG = 80.1 um) are very similar to the median
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values measured by Chauhan et al. (normal = 95.9 um; glaucoma = 70.0 um) (Chauhan
et al., 2013).

The ALCS pore parameters measured in our study were also consistent with
pore measurements in other in vivo reports. Similar numbers of pores were quantified in
our normal and suspect/POAG eyes (32 + 19 and 56 * 23, respectively) as in a study by
Wang et al. (37 + 19 and 57 + 25, respectively) that used swept source OCT to image
the laminar microarchitecture (Wang et al., 2013). Mean values of global ALCS pore
area and elongation measured in our normal eyes (1988 + 559 pm?and 2.03 + 0.24,
respectively) were smaller than ALCS pore values measured in 20 normal eyes using an
AOSLO by Akagi et al. (2507 + 826 pm? and 2.13 * 0.47, respectively), but comparable
to normal pore values measured by Wang et al. (1970 + 310 pm? and 2.06 + 0.14,
respectively) (Akagi et al., 2012; Wang et al., 2013). Similarly, mean values of global
ALCS pore area and elongation measured in our suspect/POAG eyes (1704 + 429 pm?
and 2.10 £ 0.22, respectively) were smaller than ALCS pore values measured in 20
glaucomatous eyes by Akagi et al. (3103 + 857 um? and 2.38 + 0.79, respectively), but
comparable to pore values measured in glaucomatous eyes by Wang et al. (1800 + 330
um?and 2.04 + 0.11, respectively) (Akagi et al., 2012; Wang et al., 2013).

Significant differences were measured in many ONH and ALCS pore parameters
between our older normal and suspect/POAG eyes. Many of these differences are
consistent with reports in human and experimental glaucoma eyes, as well as with
clinical observations. The ALCS was more steeply curved (or “cupped”, with a smaller
mean RoC) and located deeper within the optic nerve head (larger mean ALCSD) in
suspect/POAG eyes. These results are similar to those reported in histomorphometric
studies in non-human primates that have demonstrated a posterior deformation (or
bowing) and migration of the ALCS in early experimental glaucoma (Yang et al., 2007b;

Yang et al., 2015). In vivo measurements have also shown that glaucomatous eyes have
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increased values of mean ALCSD compared to normal eyes (Furlanetto et al., 2013;
Park et al., 2015). We also found that our suspect/POAG eyes had a reduced amount
neuronal tissue that entered and was contained within the ONH (i.e., reduced mean
MRWSs, prelaminar tissue volumes and rim volumes), as well as reduced amounts in the
peripapillary region (reduced RNFL thickness), compared to age-matched normal
subjects. These results are in agreement with in vivo studies showing reduced mean
MRWs (Chauhan et al., 2013), prelaminar tissue volumes (Kim et al., 2016) and
neuroretinal rim volumes (Patel et al., 2014b) in glaucomatous eyes. The loss of
prelaminar tissue, coupled with a posterior bowing of the ALCS, likely results in the
increased cup-to-disc ratio classically observed by clinicians in glaucoma (Burgoyne and
Downs, 2008). In addition, mean global ALCS pore area in our suspect/POAG eyes was
not statistically different (P = .07) from our older normal eyes, a result that is similar
those of Wang et al. (Wang et al., 2013). We also found a smaller separation between
pores (lower mean global ALCS pore NND) in suspect/POAG eyes compared to
normals.

Given that increased age is a risk factor for the onset of glaucoma (Friedman et
al., 2004; Tham et al., 2014), a continuum of change in ONH structure and lamina
cribrosa microarchitecture could occur as the older, normal eye progresses to an early
altered state (as a glaucoma suspect or early POAG eye) and then further evolves into
an eye with moderate to severe glaucoma. To better understand whether structural
differences existed in some of the earliest states of disease, we compared ONH and
ALCS pore parameters between normal, older eyes and glaucoma suspect/POAG eyes
with very mild field loss (Humphrey visual field mean deviations (MDs) < -3 dB) (Table
4-2). Nearly all ONH parameters were significantly different in this subgroup of
suspect/POAG eyes (compared to normals), despite the fact that these suspect/POAG

eyes had only minimal losses in visual field sensitivity. Suspect/POAG eyes with MDs < -
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3 dB tended to have ALCSs that were more deeply located in the ONH (larger mean
ALCSD) and more steeply curved (smaller mean RoCs), and had less neuronal tissue
(given by lower values of neuroretinal rim volume, mean MRW and mean RNFL
Thickness). When examining global ALCS pore parameters, only mean global ALCS
pore NND was significantly different between the groups, as suspect/POAG eyes with
MDs < -3 dB tended to have more closely spaced pores (lower values of mean pore
NND) compared to normal eyes.

Dramatically different results were seen when comparing ONH and ALCS pore
parameters between suspect/POAG eyes with mild field losses (MDs < -3 dB) and those
with more moderate field losses (MDs > -3 dB) (Table 4-3). Prelaminar tissue volume
was the only ONH or global ALCS pore parameter to be significantly different between
these 2 groups. Suspect/POAG eyes with mild field loss (MDs < -3 dB) tended to have
thicker prelaminar tissue volumes compared to suspect/POAG eyes with more moderate
field losses (MDs > -3 dB). However, all other ONH and ALCS pore parameters
(including mean ALCSD, mean MRW and mean RNFL thickness) were not different
between the two groups. These results, when coupled with the multiple aforementioned
differences noted between normal older eyes and the suspect/POAG eyes with MDs < -3
dB, could suggest that most ONH parameters (e.g., mean ALCSD, mean MRW, rim
volume) tend to change very early in the disease process before more moderate
abnormalities in visual fields occur. Such a notion may be supported by the time course
of change measured in these parameters in longitudinal studies of experimental
glaucoma. Multiple reports have found that mean ALCSD and mean MRW are often the
first ONH parameters to significantly change in a non-human primate model of
experimental glaucoma and that these changes occur earlier than the first measured
changes in RNFL thickness (He et al., 2014b; lvers et al., 2015; Rajagopalan; et al.,

2015). The significant differences measured in these parameters between older normal
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human eyes and suspect/POAG eyes with MDs < -3 dB (or those with very early signs of
disease), but not between suspect/POAG eyes with MDs < -3 dB and those with MDs > -
3 dB (or more moderate signs of disease), support the observations reported in
experimental glaucoma, namely that dramatic changes in some ONH parameters can
occur at very early states of disease. However, further investigation of this idea is
warranted, particularly given the limited number of subjects that were included in this
study for suspect/POAG eyes with MDs < -3 dB and those with MDs > -3 dB.

In addition to global pore analyses, we examined and compared ALCS pore
parameters on local spatial scales within normal and suspect/POAG eyes. The mean
values of ALCS pore area measured within sectors and zones in our normal eyes
(superior-temporal: 2177 + 651 pm?; temporal: 1868 + 623 pm?; inferior-temporal 2260 +
1457 um?; central: 1966 + 623 um?; peripheral: 2121 + 610 um?) are larger than those
reported from histological and in vivo studies performed in normal human eyes.
Dandona et al. quantified median pore areas within central and peripheral regions of
each major meridian (supero-central: 1691 + 134 um?; supero- peripheral: 1648 + 81
um?; temporo-central: 1260 + 100 pm?; tempo-peripheral: 1311 + 94 um?; infero-central:
1366 + 93 um?; and infero-peripheral: 1797 + 111 um?) (Dandona et al., 1990) in 7 black
(mean age: 67.3 * 3.1 years) and 9 white (mean age: 67.2 + 3.8 years) normal human
donor eyes. Overall median pore area in blacks and whites were 1474 + 100 pm? and
1456 + 102 pm? respectively. Nadler et al. quantified local pore areas based on in vivo
images acquired in 18 healthy normal eyes (mean age: 32.9 + 12.9 years) (superior:
1346 + 163 um?, temporal: 1286 + 316 pum?, inferior: 1319 + 129 um?, central: 1340 +
207 um? and peripheral: 1205 + 144 um? (overall mean pore area: 1302 + 173 pm?)
(Nadler et al., 2014). While the in vivo pore areas presented by Nadler at el. are similar
to the ex vivo pore areas presented by Dandona et al., the pore areas in both of these

studies are smaller than in vivo measurements reported in this study and those by Wang
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et al. and Akagi et al. (Akagi et al., 2012; Wang et al., 2013). The reasons for these
differences are not clear and should be the subject of future investigation.

When analyzing ALCS pore parameters on a local level, we found no significant
differences in mean ALCS pore area between older normal eyes and suspect/POAG
eyes in the temporal, inferior-temporal and central zones. While there was a tendency
for ALCS pores to be smaller in suspect/POAG eyes in the peripheral zone, the
difference was not statistically significant (P=.10). However, ALCS pore areas were
significantly smaller in suspect/POAG eyes in the superior-temporal sector. These
results seem to be in opposition to findings reported by Ivers et al. in a longitudinal study
of non-human primates induced with experimental glaucoma in which mean ACLS pore
area significantly increased in the temporal sector and central and peripheral zones at
the first time-point of change in pore geometry (lvers et al., 2015). Nevertheless, our
results are more consistent with data published by Wang et al. (Wang et al., 2013) that
reported no significant differences in pore area between normal human and
glaucomatous eye, and a tendency for laminar beam thickness to increase and pore
area to decrease with worsening MDs in glaucomatous eyes. We do not have a clear
explanation for why in vivo studies have observed no change or a decrease in laminar
pore area in human glaucomatous eyes. Further work is necessary to understand
potential differences between the results measured in vivo versus those found in
postmortem tissue.

One of the primary goals of this study was to investigate whether relationships
existed between ALCS pore microarchitecture and ONH structural parameters within
groups. Mean MRW and mean RNFL thickness were positively correlated in
suspect/POAG eyes (Figure 4-9c¢), as were mean global ACLS pore area and NND (i.e.,
pores that were larger also tended to be further separated) (Figure 4-10a). The size and

shape of ALCS pores (pore area and elongation) measured globally, by sector, or by
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central/peripheral region were not related to the depth of the ALCS (mean ALCSD) in
normal eyes or in suspect/POAG eyes (Figure 4-9). Similarly, although mean MRW and
mean global ALCS pore area were smaller in suspect/POAG eyes than in older normal
eyes, no correlation was measured between mean global ALCS pore area and mean
MRW within normal or suspect/POAG eyes (Figure 4-9d). However, when examining
parameters across all young, normal eyes (from Chapter 3), older, normal eyes and
suspect/POAG eyes, we found a statistically significant decrease in mean MRW with
increasing values of mean ALCSD (Figure 4-10c). In other words, eyes with more
posteriorly-located ALCSs tended to have thinner MRWSs. It is unclear if the reduction is
mean MRW with increasing depth of the ALCS is due to a normal aging process and/or
represents a disease associated change. Future studies that longitudinally track
changes in mean MRW and ALCSD within the same normal and early glaucomatous
eyes are required to provide deeper insights into the meaning of this relationship.

Our study was limited in a few aspects. While AOSLOs provide high-resolution,
high contrast images of the lamina cribrosa microarchitecture, it remains challenging to
image laminar beams and pores throughout the entire depth of this structure. Therefore,
we limited our quantification to anterior laminar surface pores that could be most reliably
imaged and detected. It will be important to build on this work by examining differences
in pore and beam properties through the entire extent of the lamina to better relate full
thickness laminar microarchitecture parameters with ONH parameter and visual field
data. Additional, our study included a limited number of subjects, particularly for
comparisons of ONH and ALCS pore parameters made between suspect/POAG eyes
with MDs <3 dB and those with MDs > 3dB (Table 4-3). While our current number of
subjects was adequate to provide sufficient statistical power for nearly all of our

comparisons, future studies could examine these structural parameters using an
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increased number of patients and determine whether the relationships found in this
study have the potential to become more robust.

In conclusion, this report provides new detailed measurements of structural
differences in lamina cribrosa pore, laminar surface and ONH geometries in normal eyes
and in suspect/POAG eyes with different levels of visual field damage. ONH parameters
were drastically different between older normal subjects and suspect/POAG patients.
Global ALCS pore microarchitecture was largely similar between normal and
suspect/POAG eyes, while local analyses revealed that suspect/POAG eyes tended to
have smaller pore areas in the superior-temporal sector (compared to normal eyes).
Moreover, the present study did not find a large number of significant relationships
between ONH parameters and global ALCS pore microarchitecture. The findings of this
study can serve as a baseline for future studies that seek to characterize relationships
between ONH parameters and lamina cribrosa pore microarchitecture throughout the
entire depth of the lamina cribrosa to better understand changes in ONH structure and

visual function in early glaucoma.
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CHAPTER 5

General conclusions
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5.1 General conclusion

The ONH and lamina cribrosa provide structural and functional support to retinal
ganglion cell axons that exit the retina and travel to the LGN. A comprehensive body of
literature suggests that the initial damage to retinal ganglion cell axons occurs at the
level of the lamina cribrosa in glaucoma (Quigley and Anderson, 1976a; Minckler et al.,
1977; Bellezza et al., 2003; Burgoyne et al., 2004). Simultaneous examination of the
neural and non-neural supportive tissues in the ONH is necessary to understand the
pathophysiology of the disease. Identifying glaucoma-related structural changes requires
(1) understanding the intra-subject and population variation of the structural parameters
under consideration in normal eyes, (2) accounting for changes in these parameters due
to normal aging and other risk factors (such as axial length), (3) understanding how
these structural parameters differ in glaucomatous eyes (compared to normal age-
matched subjects) and (4) understanding the relationships and interactions between
ONH structural and lamina cribrosa microarchitecture parameters. The experiments
carried out in this body of work were designed to provide a more detailed understanding
of the structural properties of the physiologically normal ONH in young and older human
eyes (Chapters 2 and 3), and how these structural properties differ between normal eyes
and eyes of glaucoma suspects and those with early to moderate stages of glaucoma

(Chapter 4).

5.1.1 Experiment 1 (Chapter 2): Characterize ONH and lamina cribrosa geometry
and their relationship with axial length in young, normal eyes

Newly developed ONH structural parameters, such as mean anterior lamina cribrosa
surface depth (ALCSD) and mean minimum rim width (MRW), are being examined in
human glaucoma patients and animal models of experimental glaucoma as possible

biomarkers of earlier disease onset (compared with other structural measures, such as
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RNFL thickness). This study examined whether relationships existed between normal
ONH and lamina cribrosa geometry, as well as their variation with axial length in eyes of
97 normal young subjects (mean age = 26.4 + 3.8 years). Mean MRW and mean sMRW
were significantly thinner in eyes with more posteriorly located ALCS’s (R?=0.16, P<.01;
R?=0.23, P<.01), potentially indicating that axons are pulled toward the BMO in the eyes
with a deeper lamina. While mean MRW was thinner in eyes with larger BMO areas
(R*=0.18; P<.01), there was no relationship between mean sMRW and BMO area
(P=.20). The fact that mean sMRW was invariant with BMO area could imply that the
total number of axons in normal eyes is constant regardless of the size of the BMO. In
addition, eyes with longer axial lengths had larger BMO areas (R*=0.19; P<.01) and
tended to have shallower mean ALCSDs (P=.07). The larger BMO areas found in axially
longer eyes could potentially result from retinal and scleral stretching that occurs as the
eye undergoes axial elongation during development. The results of this study not only
better defined relationships between ONH parameters in eyes of different axial lengths,
but also serve as normative data for similar measurements acquired in older eyes and

eyes with different severities and forms of glaucoma.

5.1.2 Experiment 2 (Chapter 3): Determine the variability in lamina cribrosa
microarchitecture and ONH geometry between fellow eyes of normal subjects and
as a function of aging

Several studies suggest that normal aging could increase the susceptibility of the ONH
to glaucomatous damage. We sought to measure and examine whether structural
differences exist in ALCS pore and ONH geometries in normal human eyes of different
ages. Prior to examining ONH structure in normal eyes with age, we first assessed
differences in ALCS pore and ONH geometry between fellow eyes of 32 normal subjects

(mean age = 37.1 + 15.9 years; range = 21 - 66 years) in vivo using AOSLO and
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SDOCT imaging, respectively. This analysis was performed to better understand the
variability inherent in these parameters between fellow eyes of normal subjects, as well
as to best ensure that any potential structural differences measured in normal eyes as a
function of age are due to the aging process itself and not to the normal variability
inherent in these examined parameters between fellow eyes.

No statistically significant differences were measured between right and left eyes for any
examined ONH or mean global ALCS pore parameters. The coefficients of variation for
all ONH parameters ranged between 11.16% and 26.13%, and between 13.67% and
27.67% for all mean global ALCS pore parameters. However, when global ALCS pore
parameters were compared between right and left eyes of each individual subject,
statistically significant differences were observed in some parameters within some
individuals. These differences could have been due to the possibility that the area over
which ALCS pores were imaged and guantified in one eye was not the mirror image of
the region that was imaged and examined in the fellow eye of the same subject.

Our analyses of ONH structure and ALCS pore microarchitecture between 28
young (20-30 years) and 25 older (>50 years) eyes revealed that most ONH and global
ALCS pore parameters were similar between young and older eyes. Mean MRW, a
potential surrogate metric for the number of retinal ganglion cell axons passing into the
ONH, was lower (or thinner) in older eyes compared to young eyes. This reduction in
mean MRW in older eyes could reflect an age-related loss of retinal ganglion cell axons
(Patel et al., 2014a). In addition, all global ALCS pore parameters were similar between
the young and older groups of subjects. Our findings, coupled with those from other
studies, show that some of the ONH and laminar structural parameters measured in
older normal eyes have values that lie between those measured in young, normal eyes
and those measured in early glaucomatous eyes, potentially lending partial support to

the idea that glaucoma contains an accelerated aging component. The data from these
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normal subjects will serve as control data for future studies of patients with different
forms of glaucoma and better enable us to distinguish between the effects of aging and

the effects of aging plus glaucoma on laminar and ONH geometries.

5.1.3 Experiment 3 (Chapter 4): Determine whether differences exist in vivo in
lamina cribrosa microarchitecture and ONH geometry between normal and
glaucomatous eyes

Previous in vivo studies have separately compared lamina cribrosa microarchitecture or
optic nerve head (ONH) geometry between normal and glaucomatous eyes. The
purposes of this study were to jointly examine ONH geometry and anterior lamina
cribrosa surface (ALCS) microarchitecture within the same normal older eyes and
suspect/POAG eyes, and compare parameters between groups. Consistent with
previous studies, we found most ONH parameters to be significantly different between
suspect/POAG eyes and normal older eyes. Suspect/POAG eyes tended to have
significantly reduced neuronal parameters (e.g., prelaminar tissue volume, rim volume,
mean MRW and mean RNFL thickness) with anterior lamina cribrosa surfaces that were
located more deeply (larger mean ALCSD) and were more significantly curved (smaller
mean RoC) than our age-matched normal eyes. While mean global ALCS pore area and
elongation were similar between suspect/POAG and older normal eyes, ALCS pores
tended to be more closely spaced in suspect/POAG eyes. However, local pore analyses
found that ALCS pore area was significantly smaller in suspect/POAG eyes (relative to
normal eyes) in the superior-temporal sector of the ONH, a region that is known to be
vulnerable and prone to the development of retinal nerve fiber layer defects in glaucoma
(Hood et al., 2013). Additionally, we subdivided our suspect/POAG eyes to compare
ONH and laminar pore parameters between older normal eyes, suspect/POAG eyes with

mild visual field mean deviations (MDs) < -3 dB and POAG eyes with more moderate
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visual field MDs > -3 dB. Significant differences were found in the vast majority of ONH
and global ALCS pore parameters between older normal eyes and the suspect/POAG
eyes with MDs < -3 dB, but not between suspect/POAG eyes with MDs < -3 dB and
POAG eyes with more moderate MDs (> -3 dB). This result suggests that the most
substantial structural changes in the ONH occur very early in the disease process when
patients have very mild visual field loss.

Significant relationships were found between ONH and ALCS pore parameters
within groups. For example, mean MRW and mean RNFL thickness were positively
correlated in suspect/POAG eyes, as were mean global ACLS pore area and NND (i.e.,
pores that were larger also tended to be further separated). There was also a tendency
for ALCS pores to be more elliptically shaped (increased pore elongation) in
suspect/POAG eyes that had larger pore areas and more posteriorly located ALCSs, but
the relationships were not statistically significant (P=.06 and .11, respectively). Outside
of these aforementioned results, we found no statistically significant relationships
between ALCS pore and ONH parameters within older normal or suspect/POAG eyes. In
conclusion, this study is significant in that it provides new detailed measurements of
structural differences in lamina cribrosa pore, laminar surface and ONH geometries in

normal eyes and in suspect/POAG eyes with different levels of visual field damage.

5.2 Summary and future directions

High resolution in vivo imaging provides the opportunity to better understand the
physiological variability in ONH morphology and lamina cribrosa mircoarchitecture in
living normal eyes, as well as the impact of normal aging and glaucoma on these
structures. While these experiments have focused on ONH structure and pore
microarchitecture on the anterior laminar surface, it will be important to extend these

analyses to better understand lamina cribrosa microarchitecture throughout its entire
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extent across the spectrum of normal young eyes, to normal older eyes, to suspect/early
POAG eyes and to more moderate and severe forms of glaucoma. It is also important to
understand not just how laminar pores changes, but also how laminar beams change
with aging and glaucoma. Automated algorithms recently developed in our lab to
guantify ALCS beams and pores in images from non-human primates are now being
tested on human lamina cribrosa images to provide objective and faster quantification of
lamina microarchitecture. These algorithms can not only be used to automatically
calculate ALCS pore parameters, but will also provide more detailed information on the
surrounding laminar beams, including change in their thickness and orientation, with
disease. Additionally, the forms of structural imaging and analysis discussed in this
dissertation ultimately need to be combined with other types of structural imaging (such
as capillary perfusion maps) and refined methods of functional imaging (including the
electroretinogram to measure the photopic negative response) to better understand how
different mechanisms might work in concert, particularly in glaucoma suspects and
patients in early stages of human glaucoma. Such efforts to better characterize the
earliest time points and markers of structural and/or functional losses could better
facilitate earlier diagnosis and enable more informed clinical decision making regarding

treatment options.
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