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Discovery and clinical translation of novel glaucoma biomarkers
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Abstract

Glaucoma and other optic neuropathies are characterized by progressive dysfunction and loss of
retinal ganglion cells and their axons. Given the high prevalence of glaucoma-related blindness
and the availability of treatment options, improving the diagnosis and precise monitoring of
progression in these conditions is paramount. Here we review recent progress in the development
of novel biomarkers for glaucoma in the context of disease pathophysiology and we propose future
steps for the field, including integration of exploratory biomarker outcomes into prospective
therapeutic trials. We anticipate that, when validated, some of the novel glaucoma biomarkers
discussed here will prove useful for clinical diagnosis and prediction of progression, as well as
monitoring of clinical responses to standard and investigational therapies.
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1. Introduction

Glaucoma, the leading cause of irreversible blindness worldwide, is commonly viewed as a
neurodegenerative disease with multifactorial origin, and is characterized by progressive loss
of retinal ganglion cells (RGCs). Although there are different subtypes of glaucomatous
optic neuropathy, all result in irreversible visual field loss and blindness. Currently,
glaucoma screening and diagnosis, as well as severity classification, progression monitoring,
and response to medical treatment or surgical intervention are based on an experts’
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impression using the combination of clinical exam, intraocular pressure (I0OP)
measurements, visual fields and structural imaging parameters. In the earliest stages of
glaucoma when visual symptoms are absent or mild, diagnosis might be missed or delayed.
Screening techniques based on 10P have poor sensitivity, as for example, over 50% of
primary open angle glaucoma (POAG) patients have an IOP that is within normal range
(Sommer et al., 1991b). Thus, merely using IOP greater than some number (e.g. 21 mm Hg)
is not an adequate tool for glaucoma screening. Similarly, optic disc cupping does not
demonstrate sufficient sensitivity and specificity as a predictor of glaucoma (Harper and
Reeves, 1999). Detecting progression with visual field testing or optic disc imaging as
discussed further below are limited by their retrospective nature and high variability.
Currently, clinical, functional and structural tests suffer from both their need for baseline
examination, as well as the significant lag time required to establish disease progression and
response to treatment. In addition, RGCs may enter a dysfunctional state prior to cell death,
which with therapy may be reversible (see Fig. 1) (Fry et al., 2018). There is thus a
significant unmet need for glaucoma-related biomarkers to improve clinical testing, both for
early diagnosis and also for detection of disease progression. We anticipate that this will
allow for timely intervention in the clinic to assist in predicting prognosis and monitoring
treatment response, as well as for more rapid early phase clinical trial design, for example
for testing candidate neuroprotective therapies.

The United States National Institutes of Health Biomarkers Definitions Working Group
defined a biomarker as “a characteristic that is objectively measured and evaluated as an
indicator of normal biological processes, pathogenic processes, or pharmacologic responses
to a therapeutic intervention” (Biomarkers Definitions Working, Group, 2001). Examples of
biomarkers range from pulse rate and blood pressure through basic chemistries to more
complex laboratory or imaging tests. The identification of biomarkers for clinical utility
requires statistical validation of reproducibility, specificity, and sensitivity (Strimbu and
Tavel, 2010; Drucker and Krapfenbauer, 2013), and the determination of relevance.
Relevance refers to a biomarker’s ability to provide information that will eventually affect
clinical decisions and endpoints. For glaucoma, the currently most used clinical biomarker
outside of IOP screening, i.e., visual field testing, has been extensively reviewed elsewhere
(Wu and Medeiros, 2018; Zhang et al., 2019b) and thus important advances in
instrumentation, testing protocols and analyses will not be covered here.

What else could such biomarkers target for measurement? Certainly molecular biomarkers
are enticing as a target. Recent experimental studies have advanced our understanding of the
pathophysiology of glaucomatous neurodegeneration. However, molecular and cellular
mechanisms initiating and propagating the neuronal injury of RGCs, the cross-talk between
various degenerative pathways, and the contribution of each pathway to structural and
functional loss, remain largely unknown. Imaging biomarkers for glaucoma may exploit
structural or functional image contrast that could be used to evaluate disease at a single time
point or detect changes. Imaging of the optic nerve include classical stereo disc photography,
red-free observation of nerve fiber layer defects (Hoyt et al., 1973), optical coherence
tomography (OCT) visualization of the nerve fiber layers. Additional imaging modalities are
available, such as OCT angiography (OCTA) which enables visualization of perfused retinal
vasculature (Miguel et al., 2019), adaptive optics scanning light ophthalmoscopy (AOSLO)

Prog Retin Eye Res. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beykin et al.

Page 3

for visualization of cellular and subcellular details, and even high-resolution magnetic
resonance imaging (MRI) to examine features of the retro-bulbar optic nerve and visual
pathway (Lagréze et al., 2009). Electrophysiological testing may allow objective evaluation
of function of different locations, pathways and cell types of the visual system.

Where to search for such molecular, electrophysiological and imaging biomarkers? The
primary neurodegeneration of glaucoma takes place in the optic nerve and inner retina, but
to biopsy these tissues would not be clinically plausible. Surveying the vitreous fluid and
serum is less invasive, and the aqueous humor and the tear film have also been proposed as
even more accessible, albeit slightly more distant sites for molecular biomarkers. Optical
imaging with a focus on RGCs’ dendrites in the inner plexiform layer, cell bodies in the
ganglion cell layer (GCL), and axons in the nerve fiber layer and optic nerve head, on the
other hand, is particularly attractive due to its non-invasiveness. Measuring and recording
electrical signals produced during neural transduction along the visual system may reveal
sensitive information about physiological versus pathological neuronal function, potentially
important at early stages. Here we review progress towards uncovering molecular,
electrophysiological and imaging biomarkers, organized by associated pathophysiologic
targets of RGC dendrite degeneration, cell body death, axon loss, and metabolic deficit,
followed by a survey of molecular biomarkers that may be germane to these. We defer
reviewing imaging of the anterior segment of the eye to assess the iris, the anterior chamber
and the trabecular meshwork in glaucoma patients (Zotter et al., 2012). Finally, we discuss
the implications of these data and next steps and argue that the discovery and validation of
structural or functional biomarkers may indeed lead to deeper understanding of the disease
itself.

2. RGC axon degeneration

Although the exact cause of RGC degeneration is still unknown (Marcic et al., 2003; Kuehn
et al., 2005; Davis et al., 2016), observations with fundoscopy indicate that nerve fiber layer
defects might be, currently, the earliest clinical signs of glaucomatous optic nerve atrophy
(Hoyt et al., 1973). This is supported by animal studies showing axon dysfunction and
degeneration preceding neuronal loss (Buckingham et al., 2008; Howell et al., 2013).
Certainly, localized defects and in some cases generalized reduction of RNFL thickness
takes place not only in patients with glaucoma but also in those with ocular hypertension
(OHTN) and other neurodegenerative diseases (Airaksinen et al., 1984; Khanifar et al.,
2010). RNFL thickness monitoring has been shown to be more sensitive than color disc
evaluation in the detection of progressive damage at early stages of glaucoma (Quigley et al.,
1992). In longitudinal studies, the vast majority of glaucoma patients had demonstrable
RNFL abnormalities at least 3—6 years before the onset of field loss (Sommer et al., 1977,
1984, 1991a) with a strong correspondence between anatomical location of RNFL
abnormalities and visual field defects (Quigley et al., 1980b). These data indicates the need
to examine the RGC axon as a locus of pathology in glaucoma (Buckingham et al., 2008).
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2.1. Optical coherence tomography

Although red-free fundus photography can be used for the identification of localized nerve
fiber layer defects in glaucomatous eyes (Jung et al., 2018), it remains qualitative and
subjectively interpreted. How to better image and quantify nerve fiber layer defects? The
earliest and still most widely-used quantitative metric of axon atrophy or loss in glaucoma is
RNFL thickness (Schuman et al., 1995a), segmented in a circumpapillary OCT image
centered on the optic nerve head. RNFL thinning is associated with loss of RGC axons in
glaucoma, which occurs on top of an age-related loss (Schuman et al., 1995b). Although
normative databases are available against which to compare patients and render diagnoses,
circumpapillary RNFL thickness may be most useful to track longitudinal changes over time
(Wollstein et al., 2005) because progressive axon degeneration consistent with glaucoma can
often be detected before visual field dysfunction is detectable (Wollstein et al., 2012).
Additionally, RNFL thickness is most informative about progression in mild to moderate
glaucoma, as in more advanced staged RNFL thickness reaches a floor beyond which it is
not possible to further monitor progression of severe glaucoma (Mwanza et al., 2015). The
application of RNFL and related techniques that assess axons at the neuroretinal rim
(Chauhan et al., 2013) to glaucoma diagnosis and progression has been studied extensively
over the prior decade. Although purely structural, these measures owe their success to their
reproducibility and objectivity, benefitting from advances in technology and algorithms,
which have been reviewed elsewhere (Hood, 2017).

One major limitation of RNFL thickness as a biomarker for RGC axon loss is that the RNFL
also includes astrocytes, Muller cell end-feet, and vascular structures, all of which contribute
to RNFL thickness independent of RGC axon degeneration. Thus, alternatives have been
explored. The RNFL topography derived from OCT imaging may be an alternative
biomarker to RNFL thickness (Lin et al., 2017). For a given rate of RNFL thinning, the
reduction in the RNFL reflectance intensity compared to that of the retinal pigment
epithelium was associated with more rapid functional deterioration (Gardiner et al., 2016)
and may indicate disease in the pre-perimetric stage (Liu et al., 2014). Reflectance intensity
may decrease prior to losses in thickness, suggesting that a decrease in RNFL reflectance
near the ONH may serve as an early sign of glaucomatous damage (Huang et al., 2011;
Zhang et al., 2011; van der Schoot et al., 2012). This technique displayed good agreement
with and was strongly related to RNFL thickness measures, providing a useful approach for
identifying regions of potential RNFL abnormality for targeted perimetry (Ashimatey et al.,
2018a). Retinal contour variability, a circumpapillary spatial frequency metric tailored to
separate glaucoma from normal subjects, revealed small-scale focal damage, thus providing
different diagnostic information but perhaps synergistic with broader thickness measures
(Tan et al., 2016). In addition, a novel technique for quantifying RNFL bundle abnormality
in the temporal raphe identified reflectance abnormality when perimetric abnormality was
present, mild or even absent. The findings support the potential of raphe imaging in
detecting early glaucomatous damage (Ashimatey et al., 2018b).

The cylindrical structure of RNFL axons contributes to birefringence. While scanning laser
polarimetry (Cense et al., 2004; Gotzinger et al., 2008; Yamanari et al., 2008; Zotter et al.,
2013; de Boer et al., 2017) measures the total birefringence, or more strictly, retardance, of
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the RNFL, polarization sensitive (PS) OCT can assess birefringence and thickness
independently. Cylindrical structures contributing to optical property of birefringence
include axonal membranes, microtubules, neurofilaments and mitochondria. The decrease of
RNFL birefringence in glaucoma may indicate a loss of microtubules (Huang and Knighton,
2005), making PSOCT a potentially useful technique for the early detection (Cense et al.,
2002). While an assessment of subcellular RGC axon health in otherwise intact axons is
appealing, PSOCT must solve issues of instrumentation complexity and calibration to realize
this promise (Liu et al., 2018; Swanson et al., 2019).

2.2. Adaptive optics-enhanced optical coherence tomography

Can higher transverse resolution get us closer to measuring the disease process in RGC
axons? Adaptive optics (AO) ophthalmoscopy has allowed for /n vivo visualization of retinal
structures beyond the lateral resolution of conventional OCT and fundus photography, down
to individual axon fiber fascicles (bundles) (Zawadzki et al., 2008; Cense et al., 2009; Torti
etal., 2009; Kocaoglu et al., 2011, 2014; Takayama et al., 2012; Chen et al., 2015a; Hood et
al., 2015a). Progressive axon fascicle loss in glaucoma was shown on reflectance AO
scanning light ophthalmoscopy to be associated with subsequent development of deep
defects on visual fields at a time that these changes are still below the spatial resolution of
even the perifoveal 10-2 Humphrey visual field (HVF).

2.3. Reflectance confocal adaptive optics scanning ophthalmoscopy

As with conventional OCT, the interpretation of en face AO-enhanced OCT images is
challenging due to the presence of high contrast grains or speckles due to interference of
light within microscopic features. AO-enhanced reflectance confocal scanning light
ophthalmoscopy (AOSLO) is less affected by this problem, albeit at the cost of an order of
magnitude axial resolution. This complementary approach has been used to study the inner
surface of the RNFL in normal (see Fig. 2) and glaucomatous subjects (Chen et al., 2015a;
Hood et al., 2015a, 2015b, 2017) revealing micron-sized hyper-reflective spots along the
axon bundles. These spots, seen as a continuum in conventional OCT due to diffraction blur,
are the source of the characteristic RNFL reflectivity. Interestingly, the reflectivity of
individual spots, which are of dimensions that might be consistent with axonal varicosities,
change dramatically over the span of a few seconds to minutes (see Fig. 2), potentially being
indicative of axonal transport. The reflectivity of these RNFL spots averaged within axons
bundles at single time points has been qualitatively studied by and compared with
conventional OCT imaging in a small glaucoma cohort (Chen et al., 2015a). Reflectance
AOSLO revealed areas of reduced reflectivity and contrast near and within arcuate defects,
both before and after RNFL thinning, leading to the hypothesis that reduction of RNFL
intensity along arcuate defects (whether in conventional OCT or AOSLO) might reveal
glaucomatous damage before RNFL thinning. This lower reflectivity could be clinically
relevant as it might be easily observable in conventional OCT instruments, if the images
were displayed in a linear intensity scale, rather than the usual logarithmic scale. Therefore,
and despite the current data suggesting that RNFL reduction of reflectivity and thinning
might not always occur in the same order, a combination of AOSLO and conventional OCT
might be useful in clinical trials with modest number of subjects, to detect minute transverse
and axial RFNL changes.
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Reflectance AOSLO has also showed that progressive axon fascicle loss in glaucoma is
associated with subsequent development of deep defects on visual fields at a time that these
changes are still below the spatial resolution of even the perifoveal 10-2 HVF. Subtle global
thinning of axon fascicles across the retina, however, cannot be measured with this imaging
modality which best measures focal changes, and thus, diffuse thinning may be better
followed with OCT (see Fig. 3) (Hood et al., 2017).

Although AO imaging is a powerful retinal imaging toll providing high transverse resolution
enabling noninvasive imaging of cellular and subcellular structures, the technology still
poses some limitations withholding this modality from breaking into wide and routine
clinical implementation yet. Among its limitation is the small field of view that can be
imaged while providing high resolution, even when using advances techniques (Laslandes et
al., 2017). In addition, optical media opacities can interfere with optimal imaging due to
decrease in image quality (Pilcher and Zawadzki, 2017).

RNFL speckle pattern observed in conventional OCT, due to the temporal coherence of the
light source, arises from light scattered by axonal cargo and/or structure, and might be
related to the intensity changes observed in reflectance AOSLO mentioned above. The
dynamics of this speckle pattern are likely related to axonal transport (Brown, 2003; Wang et
al., 2003; Huang et al., 2013); a measure of which, though challenging, could be an early
biomarker of stress.

Imaging the visual pathway into the brain

Axon degeneration of RGCs can also be measured in the optic nerve and potentially the
optic tract using MRI. MRI-based protocols such as diffusion tensor imaging can detect
intracranial myelination abnormalities by metrics including fractional anisotropy related to
diffusion of water. These have been investigated in glaucoma and show variable correlations
with RNFL thickness measured by OCT (Lagréze et al., 2009; Engelhorn et al., 2012; Zhou
etal., 2017). A different diffusion tensor imaging study with whole-brain voxel-based
analysis (El-Rafei et al., 2011) displayed altered parameters in the optic chiasm and optic
radiations of glaucoma patients correlating with disease stage, and thus could serve as
potential noninvasive markers of disease severity (Dai et al., 2013a). Thus there are
somewhat conflicting data thus far for glaucoma, and these could be further explored,
particularly in comparison to other optic neuropathies in search of biomarker specificity.

MRI can also reveal degeneration downstream of RGC axons in the visual pathways to the
brain. Downstream of RGC axons, degeneration of the lateral geniculate nucleus (LGN),
geniculo-cortical projections, and cortical areas themselves have been explored in glaucoma
patients. Evidence of LGN atrophy has been detected in some glaucoma patients (Gupta et
al., 2009). Magnetization transfer imaging is a sensitive MRI technique that suggests
geniculocalcarine demyelination and striate area degeneration in primary glaucoma, and in
another study an increase in the number of white matter hyperintensities suggests that
cerebrovascular disease may also play a role in the pathogenesis of POAG (Kitsos et al.,
2009; Zhang et al., 2016). Furthermore, a study combining OCT and multi-modal MRI
found that inner retinal layer thinning, optic nerve cupping and reduced visual cortex activity
occurred before patients showed visual field impairment. Furthermore, choline metabolism
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within the visual cortex was perturbed along with increasing disease severity in the eye,
optic radiation and visual field (Murphy et al., 2016). Similar investigations using MRI and
optokinetic assessments are finding structural and physiological changes in the eye and
anterior and posterior visual pathways in mouse model of chronic glaucoma (Yang et al.,
2018).

Exploring these neurodegenerative effects downstream in the brain has raised the question of
whether such central changes are in any way primary or causative in glaucoma
pathophysiology. Earlier detection may be achieved if such central changes precede retinal
or (ONH) pathologies, or simply if brain measures happen to be more sensitive than retinal
measures. Based on the weight of the data supporting ONH and retinal pathophysiologies,
we suggest that changes in the brain are mainly secondary effects of anterograde axonal and
even trans-synaptic degeneration. Nevertheless, the sensitivity of different structural or,
discussed below, functional assays of the full visual pathway may shed light onto eye-brain
interactions across disease severity, metabolic changes occurring in the brain’s visual system
in glaucoma, and the utility of such measures to detect or stage the disease (see Fig. 4) (Kasi
et al., 2019). Of course, although the eye is the most accessible organ for direct, high-
resolution imaging, we believe that MRI data will continue to contribute to deepening our
understanding in experimental models, even if it will not be frequently used for routine
clinical imaging of glaucoma patients.

3. RGC dendritic changes

The inner plexiform layer (IPL), comprising dense connections between bipolar cell axons,
amacrine cells, and ganglion cell dendrites, is another prime site for investigating both
glaucoma pathophysiology and biomarker development (Agostinone and Di Polo, 2015). A
number of functional and molecular pathways implicated in glaucoma have been localized to
the IPL synapses (Stevens et al., 2007; Howell et al., 2011; Agostinone et al., 2018), and
RGC dendrite degeneration or remodeling is observed early in disease in animal models, and
particularly may be detected earliest in “OFF” RGCs, the dendrites of which are in the
outermost lamina of the IPL (Della Santina et al., 2013; El-Danaf and Huberman, 2015; Ou
et al., 2016; Puyang et al., 2017) (see Fig. 5). However, while somatic (GCL) and axonal
(RNFL) loss in glaucoma have been extensively studied with OCT, comparatively few
studies report IPL changes in human glaucoma. One reason for this is the inherently low
reflectivity contrast between the GCL and IPL. In commercial OCT instruments, the IPL has
historically been grouped with the GCL in a macular ganglion cell-inner plexiform layer
(mGCIPL) thickness measurement. In studies where the IPL has been successfully
segmented (Kim et al., 2016, 2017a; Chien et al., 2017), it is not clear if total IPL thickness
decreases in concert with GCL and NFL thickness in glaucoma. A recent study (Moghimi et
al., 2019) suggested that IPL thickness is not preferentially decreased relative to GCL
thickness in glaucoma. This is not necessarily inconsistent with animal studies that point to
early dendritic rearrangements that may not cause IPL thinning. Interestingly, only one /in
vivo imaging study, to our knowledge, has explicitly attempted to examine the sublaminar
structure of the IPL, qualitatively comparing its reflectivity pattern to sublamination
observed histologically (Tanna et al., 2010). Other studies have occasionally visualized
apparent internal structure within the IPL, but did not explicitly comment on its appearance
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(Szkulmowski et al., 2012). Ultimately, the imaging data on the internal IPL structure in the
literature remain sparse and anecdotal.

Data from a small cohort of glaucoma and control subjects using a near-infrared commercial
OCT suggests that irrespective of the image segmentation method, the IPL reflectivity maps
show poor repeatability (see Fig. 6). IPL thickness, however, shows greater promise as a
glaucoma biomarker. In fact, our initial investigation of IPL structure using commercial
instruments underscored the need for better axial resolution to resolve IPL sub-laminae. As
axial resolution of OCT is inversely proportional to the center wavelength of the imaging
light, we explored the use of visible light OCT (Shu et al., 2017) with a custom instrument.
This visible light OCT imaging enabled the visualization of internal structure of the IPL in
both mice (Kho and Srinivasan, 2019) and humans (Zhang et al., 2019a) (see Fig. 7). The 3
hyper-reflective bands and 2 hypo-reflective bands observed with visible light OCT
correspond well with the standard anatomical division of the IPL into 5 layers (Koontz and
Hendrickson, 1987). Laminar differences in synapse density or in neurite orientation, size, or
density may generate this reflectivity contrast. If the anatomical strata coincide with the
reflective bands as we tentatively suggest, the ON- and OFF-sublaminae can be quantified in
human subjects. Thus, our preliminary data suggest IPL sublaminar thickness, reflectivity,
and/or contrast may be promising biomarkers for early dendritic changes and thereby for
glaucoma diagnosis or progression. Cohort and longitudinal studies as well as ongoing
improvement in imaging hardware, scanning protocols and image processing are our next
steps towards these goals.

4. RGC cell bodies and apoptosis

As part of the disease process in glaucoma and other optic neuropathies, RGCs undergo
apoptosis, or programmed cell death. RGCs and their much broader surrogate the GCL are
already being investigated heavily using OCT as discussed above. Changes in macular
parameters like mGCIPL thickness in eyes with early or advanced glaucoma might be
detected more sensitively than RNFL (Wong et al., 2012). The value of RNFL and mGCIPL
measurements may vary at different stages of disease, with macular measurements being
helpful in assessing damage in the earliest and latest stages, especially when beyond the
floor observed in circumpapillary measurements (Sung et al., 2012; Bowd et al., 2017; Kim
etal., 2017b).

Newer high-speed swept-source OCT (ssOCT) technologies (Lim et al., 2006; Srinivasan et
al., 2007) allow for faster acquisition with reduced motion artifact at the cost of slightly
lower axial resolution due to the use of longer wavelengths. A novel method for estimating
the number of RGCs indirectly from ssOCT-derived RGC layer thickness measurements was
recently demonstrated (Raza and Hood, 2015). Nevertheless, it is important to remember
that just as the thickness of the RNFL is influenced by glial and other cells beyond RGC
axons, similarly the thickness of the GCL is influenced by many other cell types beyond
RGCs, including astrocytes, Muller glia, and displaced amacrine cells. Thus, motivation to
move past OCT imaging of layer thickness remains high.
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Dye-based detection of apoptosing retinal cells

Utilization of dyes to measure RGC apoptosis is an exciting approach with supportive early
data. Detection of apoptosing retinal cells (DARC) takes advantage of translocation of
plasma membranes’ phosphotidylserine from internal to external leaflet at early stages of
apoptosis. Externalized phosphotidylserine can be labeled with a fluorophore-tagged high-
affinity binding protein annexin V, thereby marking RGCs undergoing apoptosis. DARC has
been intensively studied in animal models investigating both neurodegeneration
pathophysiology and possible neuroprotective treatments (Yap et al., 2018a). In humans, a
successful phase I clinical trial (ClinicalTrials.gov Identifier: NCT02394613) was recently
completed and demonstrated that DARC provides minimally invasive in vivo real-time
signals that correlate with disease severity (see Fig. 8) (Cordeiro et al., 2017). Hopefully,
next steps will include longitudinal imaging with this technique, and at some point,
dissection of cell type specificity and distinction between dysfunctional and truly apoptotic
cells.

Label-free RGC imaging

Direct counting of RGCs and/or measuring cellular features that presage cell dysfunction or
death would likely result in a diagnosis and progression monitoring paradigm change and,
therefore, the recent progress towards non-invasive and label free imaging of RGCs in
humans has generated a lot of excitement. Non-confocal AOSLO reflectance imaging (Rossi
et al., 2017) has shown 2-dimensional views of the RGC mosaic with very modest contrast
(Scoles et al., 2013), and more recently, AO-OCT has enabled diffraction-limited resolution
images of the optic nerve head and retina in three-dimensions, increasing resolution down to
a theoretical 3 pm3, enabling visualization of the micro-structure of the lamina cribrosa (LC)
(see Fig. 9) (Dong et al., 2017). This has enabled imaging of RGC somas with much greater
contrast and in 3-dimensions, even in regions when the GCL is multiple cells deep (Liu et
al., 2017). This AO-OCT imaging exploits the motion of cellular organelles over the span of
minutes as both a novel source of image contrast and a means to average out the image
speckle that typically affects OCT images. In its current form, this approach requires the
capture of numerous image volumes (in the order of 100) over a 5- to 10-min period per
retinal location (1-3° per field of view), which limits this imaging to a very small retinal
area per imaging session. Key next steps could include differentiating RGCs from amacrine
cells or identifying RGC subtypes via optical signatures, with the caveat that RGC soma loss
occurs relatively late in the disease process, well after RGCs show initial signs of stress and
dysfunction (Buckingham et al., 2008; Chang and Goldberg, 2012).

INL changes in glaucoma and other diseases

Other non-specific inner retinal findings have been documented with AOSLO multiple-
scattering imaging, including inner nuclear layer (INL) micro cystoid spaces (see Fig. 10,
Fig. 11 and Fig. 12) found to be closely associated with RNFL and GCL thinning and
correlated with worse mean deviation (MD) slope (Scoles et al., 2014; Hasegawa et al.,
2015; Wells-Gray et al., 2018). These INL micro cystoid spaces, sometimes visible in
conventional OCT imaging (Hasegawa et al., 2015) have been reported in various conditions
that affect the optic disc, including multiple sclerosis, neuromyelitis optica and hereditary

Prog Retin Eye Res. Author manuscript; available in PMC 2022 January 01.


http://ClinicalTrials.gov
https://clinicaltrials.gov/ct2/show/NCT02394613

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beykin et al.

Page 10

optic neuropathy (Wolff et al., 2013, 2014; Carbonelli et al., 2015; Chen et al., 2015b). The
non-confocal split-detection AOSLO images below (Razeen et al., 2018) reveal some
important characteristics of these micro cystoid spaces. First, their dimension, spacing and
distribution across the macula being highly variable across eyes, with size alone ranging
from a few microns to tens of microns (see Figs. 10 & 11). Importantly, these micro cystoid
spaces appear in areas of reduced, but not complete, vision loss, suggesting their potential as
a biomarker of progression. In fact, their sensitivity as a biomarker is potentially superior to
RNFL thickness or visual fields, as their development and resolution can be clearly observed
in as little as four weeks.

5. Optic nerve head morphology and deformation

The greater than one million ganglion cell axons pass to the brain from the eye via the ONH,
traversing the LC, a porous connective tissue structure comprised of collagenous beams and
a population of astrocytes. From an imaging biomarker standpoint, the ONH provides the
opportunity to assess all RGC axons at a single location, with sectoral resolution.
Glaucomatous ONHs are classically characterized on examination or fundus photography by
generalized or focal enlargement of the cup (Armaly, 1970), disc hemorrhages, thinning of
neuroretinal rim, inter-eye cup asymmetry (Ong et al., 1999; Hawker et al., 2005;
Ramakrishan et al., 2013) and/or beta zone (parapapillary region defined by the existence of
Bruch’s membrane and absence of retinal pigment epithelium) atrophy (Bourne, 2006; Dai
et al., 2013b). These signs reflect loss of nerve fibers and serve as markers of glaucoma risk.
Since Bruch’s membrane is invisible and the angle of axons exiting the eye may vary
relative to the Bruch’s membrane plane, which is not considered in fundus images (Chauhan
and Burgoyne, 2013), OCT has been used for more quantitative evaluation of these disc
parameters (Mokhtari et al., 2019). Although RNFL thickness is currently the most
commonly clinically used OCT metric, ONH parameters such as rim area (Na et al., 2013;
Lavinsky et al., 2018), minimum rim width (Chauhan et al., 2013; Gardiner et al., 2014), and
other elements of disc evaluation (O’Connor et al., 1993) can reveal structural progression in
some cases as or more sensitively than changes in RNFL thickness.

What biology at the ONH could shed further light on glaucoma pathophysiology or
biomarker development? The LC may play a role in transducing the intraocular-extraocular
pressure gradient onto axons, and is thought to be a primary site of damage and/or
progression in glaucomatous optic neuropathy. Early experimental studies suggested
mechanical compression and blockage of axonal transport as a primary mechanism of ONH
damage in glaucoma (Quigley et al., 1980a). The notion of changes in ONH connective
tissues as prognostic markers in glaucoma was initially based on ex vivo serial sections in
experimental primate models (Burgoyne et al., 2004). Recent improvements in OCT scan
speed have enabled visualization of the porous structure of the LC /n vivo (Potsaid et al.,
2008; Srinivasan et al., 2008). OCT studies have revealed glaucomatous micro-architecture
changes in the LC, including reduction in pore size and increased pore size variability (Wang
et al., 2013)and LC thickness (Omodaka et al., 2015). In other studies, the rate of posterior
LC displacement correlated with the progression of visual field defects (Wu et al., 2017,
Kim et al., 2018). The addition of AO to ssOCT enabled high resolution, deep penetration,
and further characterization of the LC (Zawadzki et al., 2009; Nadler et al., 2014; Jian et al.,

Prog Retin Eye Res. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beykin et al.

6. Blood

Page 11

2016), including in animal models of experimental glaucoma (Vilupuru et al., 2007; Ivers et
al., 2015). Thus deep ONH imaging can assess connective tissue (and supporting
microvasculature, see below) directly at a putative site of axonal injury, and may provide
meaningful 10P-independent risk stratification of subjects. Still, numerous challenges
including blood vessel shadowing and light scattering in eyes with thick prelaminar tissues
must be addressed through improved OCT or scanning light ophthalmoscopy systems (Sigal
etal., 2014), and structural or biomechanical measurements at the lamina would be even
more powerful with a direct biomarker of cellular stress.

Along these lines, a series of recent studies has lent support to the notion that low
cerebrospinal fluid pressure, or intracranial pressure (ICP), is a risk factor for glaucoma
(Berdahl et al., 2008; Berdahl and Allingham, 2010). This is logical since anteriorly directed
ICP and posteriorly directed IOP create a translaminar pressure gradient which is thought to
cause pathology of the LC and alter axonal transport. However, while low ICP may signify
biomechanical risk that IOP measurement cannot capture, and thus has great potential utility
as a glaucoma biomarker, we currently lack a robust and direct non-invasive measure of ICP
that can be routinely used as a screening tool (Siaudvytyte et al., 2015), though some
techniques have shown potential (Price et al., 2019). At best, such a measure, in concert with
IOP, could predict much of the variability in glaucomatous damage that is not explained by
IOP alone.

flow, oxygen, and metabolic dysregulation

In the normal inner retina, blood flow delivers oxygen and nutrients to meet the metabolic
demands of neuronal activity (Ventura and Porciatti, 2006) and active transport (Bach et al.,
2006). Observations of changes in ocular blood flow and vessel parameters in glaucoma
patients have supported the long-standing model for vascular dysregulation in glaucoma
pathophysiology (Flammer, 1994; Gugleta et al., 2007, 2013b). Oxygen metabolism and
underlying energetic requirements are impaired in early glaucoma (Kong et al., 2009; Crish
et al., 2010; Wong-Riley, 2010), possibly before structural changes occur. Molecular
investigations have suggested increased expression of hypoxia-inducible factor-la (HIF-1a)
in human eyes with glaucoma at retinal locations corresponding to visual field defects (Tezel
and Wax, 2004; Mozaffarieh et al., 2008). Candidate protective or regenerative therapies
such as neurotrophic factors may act in part through affecting oxygen consumption and
blood flow. For example, ciliary neurotrophic factor (CNTF) regulates both maximal oxygen
consumption and associated spare respiratory capacity in neuronal cultures (Orgul, 2007;
Hill et al., 2009), and brain-derived neurotrophic factor (BDNF) regulates cerebral blood
flow (Saleh et al., 2013). Thus blood flow, vascular autoregulation, and oxygenation are
promising biological targets for monitoring retinal and optic disc degeneration and
therapeutic responses.

6.1. Measuring flow

A variety of studies on oxygenation and flow in glaucoma have been performed over the past
few decades, using techniques with varying degrees of depth resolution and quantification.
Early techniques, such as dynamic laser speckle imaging (Sugiyama et al., 2010; Wei et al.,
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2012), were relative rather than absolute, and therefore challenging to compare across eyes.
Doppler ultrasound (Zakharov et al., 2009; Hwang et al., 2012; Sehi et al., 2014) can only
measure flow in major vessels. Laser Doppler flowmetry (Wang et al., 2009a), although
capable of providing quantitative data, lacks depth discrimination and is therefore affected
by morphological changes such as tissue loss in the RNFL (Riva et al., 1972).

More advanced techniques are now being applied to image blood flow dysregulation in
glaucoma. Depth-resolved Doppler OCT can quantify layer-specific blood flow in arteries
and veins (Riva et al., 2010; Doblhoff-Dier et al., 2014; Leitgeb et al., 2014), with auto-
correlation techniques showing promise in quantifying red blood cell velocity in retinal
capillaries (Wang et al., 2009b; Jia et al., 2012b; Srinivasan et al., 2012). Quantification of
blood flow has been aided by robust angle-independent methods (Wang et al., 2008;
Srinivasan et al., 2010; Baumann et al., 2011). Commercial systems” OCTA algorithms for
smaller capillary identification, ONH flow index (Jia et al., 2014), peripapillary flow index
(L et al., 2015), and peripapillary vessel density (Liu et al., 2015) have now allowed
assessment of macular and peripapillary microvasculature with better depth-resolution and
more non-invasively than fluorescein angiography (Jia et al., 2012a). Other progress in using
OCTA as a biomarker for glaucoma diagnosis or detection of progression has accelerated in
recent years and has been reviewed elsewhere (Kashani et al., 2017; Alnawaiseh et al., 2018;
Hollo, 2018). Color Doppler imaging and laser speckle flowgraphy have complemented
OCTA to describe blood flow changes in glaucoma patients (Martinez and Sanchez, 2005;
Zeitz et al., 2006; Mursch-EdImayr et al., 2018), but may have limited utility next to OCTA
(Kiyota et al.,2018; Takeyama et al., 2018). A new study combining line-scanning Doppler
flowmetry and OCT was able to provide ultra-widefield dye--free visualization of retinal and
choroidal vasculature in humans and animals (Mujat et al., 2019), with the potential to also
derive precise and quantitative local flow parameters. Taken together, longitudinal studies
are still needed, and based on data to date, we hypothesize that blood flow may only
decrease secondary to neuronal loss and reduced demand in many cases of glaucoma, thus
providing limited information about future progression. However, such glaucoma-related
secondary blood flow dysregulation may serve as important biomarkers for objective
severity classification of the disease, and therefore comprise an important parameter for
decision upon treatment approach.

6.2. Moving from flow to oxygen metabolism

Beyond examining blood flow to RGCs and their axons in the inner retina and optic nerve
head, studying oxygen saturation and extraction could give further information about RGC
energetic demands in relation to blood flow supply. Vascular oxygen saturation
measurements from spectroscopic reflectance imaging with custom fundus cameras have
been used to detect alterations in glaucoma (Siesky et al., 2010; Olafsdottir et al., 2011,
2014; Yap et al., 2018b), as well as in response to light flicker in glaucoma patients
(Garhofer et al., 2004; Gugleta et al., 2012, 2013a; 2013b; Mroczkowska et al., 2013;
Vandewalle et al., 2014). These studies have highlighted a need for quantitative
measurements, which can be compared across subjects, irrespective of media opacities and
fundus pigmentation. One non-invasive spectrophotometric retinal oximetry technique was
used in the Leuven study, a prospective case-control study to evaluate ocular blood flow in
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glaucoma, finding that the normal tension glaucoma group had similar arterial oxygen
saturation but significantly higher venous oxygen saturation and arteriovenous difference
when compared to POAG and healthy controls (Abegéo Pinto et al., 2016). The technique
for non-invasive ‘two-wave’ spectroscopic retinal saturation calculation, as used in the
Leuven study, is based on an analysis of two simultaneous images of same fundus area taken
at different wavelengths, by a system installed on a conventional fundus camera (Rilvén et
al., 2017). There are some limitations of this technique. For example, results might be
affected by fundus pigmentation, cataracts and vessel diameter (Rilvén et al., 2017). In
addition, visible light OCT (Yi et al., 2015) is a promising technique that avoids these issues
and can now measure saturation in the human retina (Chong et al., 2017). However, in the
absence of simultaneous blood flow measurements, oxygen saturation is challenging to
interpret, as increased venous oxygenation may reflect either increased blood flow or
reduced retinal oxygen metabolism. This ambiguity is relevant for glaucoma, particularly in
cases where supply and demand are uncoupled (Sehi et al., 2014) due to vascular
dysregulation.

One solution to resolve these ambiguities is to measure inner retinal oxygen metabolism
(MO,). The retinal circulation provides a unique opportunity to apply Fick’s principle to
calculate oxygen metabolism, calculated as the product of blood flow, hematocrit and
arteriovenous saturation difference. A number of approaches have been pursued for
measuring flow and oxygenation in rodents (Liu et al., 2011; Song et al., 2014) . To date
quantitative global retinal MO5 has not been studied extensively enough in the human retina.
Retinal oximetry may contribute to better understanding of glaucoma pathophysiology, by
providing data on retinal metabolic oxygen demand, especially valuable when combined
with measurements of retinal blood flow (Shughoury et al., 2020). We suggest that this
should be an area of intense investigation in the future, given recent improvements in the
component technologies to measure flow and oxygenation, and the potential of MO, to
inform our understanding of glaucomatous progression.

7. Mitochondrial dysfunction

Glaucoma has not been well linked to mutations that result in mitochondrial dysfunction,
however, accumulating evidence indicates that age-related mitochondrial defects play a
central role in the pathogenesis of this and other neurodegenerative diseases (Kong et al.,
2009; Banerjee et al., 2013). Mitochondrial dysfunction produces reactive oxygen species
(ROS) which contribute to RGC apoptosis (Kortuem et al., 2000; Geiger et al., 2002;
Chrysostomou et al., 2013). Additionally, RGC death may result from disturbances in axon
transport (Radius and Anderson, 1981; Chang et al., 1999; Buckingham et al., 2008; Crish et
al., 2010; Fu and Sretavan, 2012), and a major cargo of axon transport is mitochondria.
Novel techniques for visualizing and quantifying mitochondrial dysfunction and axonal flow
may thus result in the discovery of non-invasive biomarkers of glaucoma.

In vivo imaging of axonal transport of mitochondria in animals has now been extended to
RGCs in glaucoma models (Takihara et al., 2015). These data showed axonal transport of
mitochondria is highly dynamic /7 vivo under physiological conditions, and reduced in
RGCs in early glaucoma, when RGC death was not yet dominant. In humans, AOSLO
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imaging of RNFL bundles is currently being investigated for detecting axonal flow and
mitochondrial function. Changes in surface reflectivity of the RNFL might be attributable to
mitochondrial activity and/or axon transport. Other, non-invasive measures of cellular
activity are coming through technical development to enter human testing. For example,
speckle fluctuations in OCT imaging over a time scale of seconds may reflect intracellular
organelle motility in both retinal pigment epithelial cells and RGCs (Liu et al., 2017),
perhaps with a dependence on RGC activity (Kurokawa et al., 2018), and may also be a
useful biomarker. Larger longitudinal studies will be needed to confirm these findings and
quantify axonal flow in healthy controls, OHTN and glaucoma patients.

Another approach to capturing mitochondrial dysfunction and associated production of ROS
takes advantage of the conversion of mitochondrial flavoproteins to their oxidized state,
which produces an increase in their blue light-stimulated fluorescence (Benson et al., 1979;
Shibuki et al., 2003; Kindzelskii and Petty, 2004; Reinert et al., 2004). Recently, a non-
invasive method of detection of flavoprotein autofluorescence (FPF) (Field et al., 2008,
2012) showed significantly increased macular FPF in OHTN and the macular FPF/RGC+
thickness ratio in OHTN and POAG patients when compared to controls (Geyman et al.,
2018). Thus, detection of mitochondrial dysfunction may be possible before structural
changes are evident on current clinical imaging modalities, and such early diagnosis of
dysfunction may allow study of timely intervention with neuroprotective or neuroenhancing
therapies.

8. Synaptic loss and electrophysiologic decline in glaucoma

8.1.

Synaptic degeneration and changes in electrophysiology in the retina at RGC dendrites and
in the brain at RGC axon terminals accompanies and indeed may even be part of the
pathophysiology of RGC death and glaucoma progression. Thus, measuring the processing
of visual stimuli in the retina and along the visual pathways in glaucoma may yield more
reliable biomarkers than subjective visual function tests.

Measuring RGC and retinal activity

Starting in the retina, the most commonly used variant of the pattern electroretinogram
(PERG) records the retinal potential in response to contrast-reversal of patterned visual
stimuli. The reversing stimulus helps average out photoreceptor and outer retinal signals,
emphasizing inner retinal and RGC responses (Bach et al., 2013). Most often, pERGs are
obtained using electrodes embedded in a corneal contact lens according to standards
established by the International Society for Clinical Electrophysiology of Vision (ISCEV)
(McCulloch et al., 2015; Robson et al., 2018). Studies of pERG in glaucoma report
increased latency and reduced amplitude of the second negative wave (N-95) (May et al.,
1982; Ringens et al., 1986; Trick et al., 1988; Weinstein et al., 1988) which is generated
largely by RGCs (Bach et al., 2013). The pERG was reported helpful to discriminate
between OHTN eyes that may develop glaucomatous visual field defects and those that
probably will not in a long-term prospective study (Bach et al., 2006). In addition to
predicting functional visual field defects, reduction in pERG amplitudes was reported to
precede RNFL structural loss on the order of 8 years in glaucoma suspects (Banitt et al.,
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2013). Although pERG may be helpful in detecting OHTN patients with high risk for
glaucoma conversion, its utility in moderate to severe glaucoma is lost as the pERG signal is
quickly lost in the noise as glaucoma progresses.

In contrast, the photopic negative response (PhNR) of the flash electroretinogram can be
reliably detected in mild, moderate and severe glaucoma, showing improved recording
ability in patients with poor cooperation and in eyes with imperfect media clarity without the
need for refractive correction (Preiser et al., 2013). The PhNR is a negative wave elicited
under light adapted conditions in response to brief flash stimuli that occurs after the positive
b-wave. The full-field PhNR provides an objective measure of overall function of RGCs and
their axons (Colotto et al., 2000; Viswanathan et al., 2001), and the ISCEV recently
published an extended protocol for recording and analyzing the PhNR, including
recommending long-wavelength (red) LED flash stimulus on a rod saturating short-
wavelength (blue) background via dilated pupil to yield a large amplitude PhNR (Frishman
et al., 2018). PhNR amplitudes correlate with glaucoma-induced clinical severity, degree of
visual field defect and neural loss as assessed by structure of the ONH and RNFL (Machida
et al., 2008, 2010, 2012). In addition, in glaucoma suspect eyes, a decrease in PANR
amplitude is associated with small changes in peripapillary retinal and macular NFL
thicknesses (Cvenkel et al., 2017). However, a significant limitation of this modality is the
considerable test—retest variability in PANR amplitudes that is higher in glaucomatous eyes
compared to normal eyes (Machida et al., 2008). We recently used PhNR as an exploratory
endpoint in a prospective clinical trial of recombinant human nerve growth factor
(clinicaltrials.gov #NCT02855450) and in preliminary analysis found the test-retest
variability was very high (unpublished data). Because reproducibility declines further in
eyes with low PhNR amplitudes, PANR was not, in our hands, a suitable measure for
observing the progression of the disease in patients with severe glaucoma, and it has not
caught on as an outcome measure in larger long-term studies.

One particularly exciting new approach to imaging neuronal depolarization and action
potentials leverages nanometer scale phase changes detected by OCT that may reflect cell
membrane changes due to water movement associated with ionic shifts. Recent work using
full-field ssOCT with computational aberration correction and clever phase referencing
methods provided compelling measurements of photoreceptor path length changes after light
stimulation with single cell transverse resolution. Recently, the same group has turned their
promising technology to the GCL, with promising initial results, though the physiological
origin of the inner retinal signals remains to be corroborated. These approaches, along with
the possible translation of the use of functional dyes such as calcium or voltage indicators,
commonly used in animal models but not yet transitioning to human testing, could prove to
be very powerful biomarkers of impending glaucoma progression.

8.2. Advances in visual pathway electrophysiology

Beyond measuring RGC electrophysiology in the retina, and given the role of axon
degeneration and dysfunction in the optic nerve and visual pathway, it is also motivating to
study the complete visual pathway from eye to brain. The visual evoked potential (VEP)
measures cortical activity associated with visual stimulus processing using electrodes placed

Prog Retin Eye Res. Author manuscript; available in PMC 2022 January 01.


http://clinicaltrials.gov
https://clinicaltrials.gov/ct2/show/NCT02855450

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beykin et al.

Page 16

on the scalp (Odom et al., 2016). The utility of the VEP as a testing method in glaucoma was
first documented decades ago when it was found that increases in pattern VEP latency were
correlated with both the severity and location of visual field defects and the degree of
cupping and pallor of the optic disc. Since that time, numerous other studies have
documented sensitivity of the VEP to glaucomatous damage (Hood and Greenstein, 2003;
Tai, 2018). The advantages of objective measurement and the correlation with visual filed
test results suggest that the VEP could be a useful screening and follow-up tool in glaucoma.

However, despite promising data on VEP test modalities in the assessment of glaucoma,
multiple aspects of test administration make their use challenging in a routine clinical
setting. Such aspects include long test duration, the need for monitoring, and eliminating
artifacts resulting from inattention or movement, as well as subjective waveform analysis
and related issues with test-retest reliability. New VEP testing modalities such as short-
duration transient VEP (SD-tVEP) and the isolated-check VEP (icVEP) allow VEP
assessments to be performed more quickly and easily (Tai, 2018). SD-tVEP technology
showed good within-session, inter-session repeatability, and good inter-eye correlation and
agreement in normal subjects (Tello et al., 2010). In cases of asymmetric glaucoma, SD-
tVEP was shown to correlate significantly with the level of HVF damage as measured by
MD. In the eyes with more advanced HVF loss, reduced SD-tVEP amplitude was associated
with decreased macular thickness on OCT (Plata et al., 2012). The correlations between MD
and parameters of SD-tVEP were confirmed in a larger recent study (Waisbourd et al.,
2017). icVEP on the other hand tests the function of the central retina using a matrix of
small flickering targets and has a greater than 90% specificity in detecting visual function
abnormalities in eyes with early-stage OAG (Fan et al., 2018), with a diagnostic power close
to that of GCIPL analysis (Chen and Zhao, 2017b). An additional VEP subtype is the blue-
on-yellow pattern stimulation VEP that was reported as a reliable tool to monitor for
glaucoma progression as the peak times were significantly associated with progression of
optic nerve damage (Horn et al., 2002). Lastly, the multifocal VEP (mfVEP) measures visual
field by stimulating and recording signals from multiple discrete locations. The mfVEP is
objective and comparable to HVF (Hood et al., 2004), but takes longer than HVF testing.

As discussed above, recent work in animal models of glaucoma has suggested that off-
pathway function and structure are damaged first glaucoma (Della Santina et al., 2013; El-
Danaf and Huberman, 2015; Ou et al., 2016; Puyang et al., 2017; Daniel et al., 2018). VEPs
provide a possible means of measuring the response properties of the two pathways non-
invasively using various types of incremental and decremental luminance modulation based
on evidence that luminance decrements are preferentially processed by the off-pathway and
vice versa. Specific assessment of on-versus off-pathway function with the VEP may thus be
a sensitive indicator of early glaucoma. Several studies have compared VEP responses to
contrast increments and decrements in healthy eyes (Zemon et al., 1988, 1995; Mutlukan et
al., 1992; Roveri et al., 1997; Kremkow et al., 2014). Early studies of icVEPSs used both
sinusoidal increments and decrements (Zemon et al., 1988; Greenstein et al., 1998), but later
work in glaucoma patients has used only incremental stimuli (Chen and Zhao, 2017a, 2017b;
Xu et al., 2017; Fan et al., 2018). We have been studying sawtooth incremental and
decremental luminance modulation, and our preliminary data suggest these produce
differential responses in healthy controls (see Fig. 13). We are now studying whether
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responses to decremental (off-pathway favoring) stimuli are more affected than incremental
(ON pathway-favoring) stimuli in glaucoma patients, consistent with murine glaucoma
models.

To summarize, although various types of VEP testing are available and adding an objective
point of view to glaucoma diagnosis, the absence of larger studies for glaucoma, the
technical aspects of signal recording and interpretation, as well as non-optimal specificity
and sensitivity values, leaves the VEP as a non-mainstream clinical technology for glaucoma
but as a potentially additive tool in questionable cases.

9. Deep learning in glaucoma

Improvements in glaucoma biomarker development are also expected to leverage the
significant advances in the field of artificial intelligence (Al), and specifically in deep
learning (DL). In glaucoma structure and function measures using fundus photographs,
OCTs and HVFs, early data suggest DL algorithms provide high performance results for
screening, diagnosis and progression detection, comparable to experienced human readers.
For example, one DL algorithm trained on fundus images was found to detect referable
glaucomatous optic neuropathy based on optic disc features with higher sensitivity and
specificity, compared to eye care providers (Phene et al., 2019). In another study, a DL
algorithm trained to quantify RNFL damage from fundus photographs performed at least as
well as human graders at detecting eyes with repeatable glaucomatous visual field loss
(Jammal et al., 2020). Similarly, a DL model using OCT measurement of macular RNFL
showed promising results for early glaucoma diagnosis (Asaoka et al., 2019). A complete
survey of this topic is beyond the scope of this paper but has received recent review
elsewhere (Grewal et al., 2018; Ting et al., 2019a: Ting et al., 2019b). Challenges remain,
including gathering adequately large and adequately annotated datasets. It is also interesting
that DL algorithms may require orders of magnitude more data to train than humans to
arrive at similar efficacy. The implications of this observation are as yet unknown.
Nevertheless, the future of Al and DL applications in the field of glaucoma biomarker
development is guaranteed to find utility and likely enter routine clinical use.

10. Molecular biomarkers

Molecular and cellular mechanisms involved in the initiation and propagation of neuronal
injury of RGCs can be detected in body fluids and tissues, such as tear film, aqueous humor,
vitreous body and blood serum. As discussed below, these may also provide better
understanding of glaucoma pathophysiology and potentially identify candidate treatment
targets for drug development.

10.1. Tear film

The tear film that covers the ocular surface can be readily sampled by Schirmer test papers
or glass microcapillaries. It contains a large variety of proteins, some of which are
hypothesized to be glaucoma- or drug-induced inflammatory molecules. For example,
endothelin-1 (ET-1), a potent vasoactive peptide has been found in higher concentrations, in
the tear film of patients with primary open-angle glaucoma (Pavlenko et al., 2013). ET-1
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together with its precursor, big endothelin (bET), have been implicated in the regulation of
IOP through modulation of the trabecular meshwork contractility that, in turn, affects
aqueous humor outflow (Salvatore and Vingolo, 2010; Rosenthal and Fromm, 2011;
Pavlenko et al., 2018), as well as through vasoconstriction that could reduce retinal blood
flow (Salvatore and Vingolo, 2010; Rosenthal and Fromm, 2011).

Neurotrophic factors are a class of regulatory proteins that promote proliferation,
differentiation, survival, and functioning of neurons (Pasquin et al., 2015). Numerous studies
have shown the neuroprotective effect of CNTF) on RGCs (Flachsbarth et al., 2014).
Moreover, the concentration of CNTF in the tear film and aqueous humor of patients with
POAG has been shown to be inverse correlation with visual field loss, especially in those
with severe visual field loss (Shpak et al., 2017). CNTF is a neurotrophic factor that
participates in regulation of oxygen consumption, as discussed above. It is particularly
interesting to consider reduced CNTF as a biomarker for glaucoma, as a phase 2 randomized
clinical trial assessing CNTF as a therapy for glaucoma patients is currently underway
(Clinicaltrials.gov #NCT02862938), highlighting the possible confluence of biomarker
studies and therapeutic trials.

In glaucoma, several studies have emphasized the role of apoptotic factors, such as Fas
ligand (FasL) in retinal neurotoxicity (Krishnan et al., 2019). FasL deficiency protects RGCs
from cell death (Gregory et al., 2011), and there is an association of POAG onset and
progression with interruption of FAS-mediated apoptosis (Slepova et al., 2012). Other
studies have looked at immune signaling pathways as a factor in glaucomatous
pathophysiology. An exploratory study including a number of cytokines and other immune
system-related molecules documented altered tear film levels of lysozyme C, lipocalin-1,
protein S100, immunoglobulins and prolactin-inducible protein in patients with medically
treated POAG. Moreover, a differential pattern of phosphorylated cystatin-S distinguished
POAG from healthy subjects and patients with pseudoexfoliative glaucoma (PEXG)
(Pieragostino et al., 2012). Another study demonstrated significantly lower IL-12p70 levels
in tear film of treatment-naive glaucoma patients versus controls (Gupta et al., 2017).

Other biomarkers in the tear film may relate to IOP, RGC degeneration or the treatment of
eye pressure. In one human subjects research study there was a higher level of kalikrein and
angiotensin converting enzyme (ACE) activity measured in aqueous flow and tears, when
comparing POAG to normal controls (Borovic et al., 2009). In animal studies, renin
inhibitors, ACE inhibitors and angiotensin (1-7) lower IOP when locally administered
(Holappa et al., 2015). These biomarkers may thus also be relevant to potentially therapeutic
pathways.

Other tear-film biomarker studies have compared treated versus untreated patients. One
well-designed longitudinal study found that a subgroup of 12 upregulated proteins in
treatment-naive POAG patients were downregulated in patients whose IOP was controlled
with prostaglandin analog (PGA) topical therapy (Pieragostino et al., 2013). These data raise
the important question of whether biomarkers are disease- or treatment-emergent,
particularly when studying surface inflammation known to be induced by topical glaucoma
mediations. A number of studies have documented that the topical use of PGAs or other
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topical medications result in changes to various inflammatory markers in the tear film,
including metalloproteinases (MMP) and tissue metalloproteinases inhibitor, which may be
triggered by inflammatory cytokines, resulting in an increase of matrix degradation and
decrease of stromal collagens in the cornea (Lopilly Park et al., 2012); increased tear levels
of S100-A8, S100-A9, mammaglobin B, and 14-3-3 (/& (Wong et al., 2011); levels of IL-2,
IL-5, IL-10, IL-12 (p70), IL-13, IL-15, IL-17, fibroblast growth factor basic, platelet-derived
growth factor —BB, and tumor necrosis factor-a in patients receiving preserved latanoprost
compared to normal controls (Martinez-de-la-Casa et al., 2017); and pro-inflammatory
(IL1B, IL6, IL12, TNFa), T helper (Th)1 (INFvy, IL2) and Th2 (IL5, IL10, IL4) cytokines
(Malvitte et al., 2007). These cytokines may carry signaling relevance to ocular surface
pathology, as for example chemokine receptors in the conjunctival epithelium of glaucoma
patients treated over the long term with various preserved topical anti-glaucoma drugs show
increased expression, suggesting that the chronic use of topical treatments may stimulate
both the Thl and Th2 immune response systems simultaneously (Baudouin et al., 2008).

Relatively fewer groups have investigated specific topical formulations directly, but a few
studies have begun to address whether there are differences in drug or preservative effects.
For example, comparing two PGAs directly, MMP-9 expression and tear cytokines involved
in tissue remodeling were higher in eyes receiving latanoprost, whereas MMP-2 expression
and cytokines regulating allergic pathways were higher in eyes receiving bimatoprost
(Reddy et al., 2018). Interestingly, interleukin-1f expression was lower in glaucoma patients
who received 10P-lowering eye drops without preservatives compared with those who
received eye drops with preservatives (Benitez-Del-Castillo et al., 2019). Together these data
suggest that while topical anti-glaucoma therapy may induce ocular surface inflammation,
untangling effects of disease stabilization versus therapy side effects remains a challenge in
interpreting such experiments. Broadly, tear film molecular expression in glaucoma patients
may reveal promising pathogenesis-related, treatment-related or even pharmacogenetic-
related biomarkers.

10.2. Aqueous humor biomarkers

Agqueous humor is the transparent fluid in the anterior and posterior chambers of the eye and
is formed by the ciliary epithelium. Aqueous fluid and its circulation serves many functions,
including distributing protein and non-protein nutrients and signaling molecules throughout
the anterior segment, and in disease or infection, distributing immune cells and cytokines. It
contains proteins secreted from anterior segment tissues (To et al., 2002), and total protein
levels in agueous humor are modified in many diseases affecting the anterior segment of the
eye, including in POAG (Duan et al., 2008, 2010). Aqueous humor may contain markers
directly related to or even derived from RGC neuro-degeneration, inflammation, immune
response, and oxidative stress.

Multiple studies have reported differences between the aqueous humor proteome of POAG
patients and controls. For example, aqueous humor levels of superoxide dismutase (SOD) as
well as of glutathione transferase (GT) were significantly lower in glaucoma patients than
controls, and both nitric oxide synthase and glutamine synthase (GS) expression were
significantly higher among patients than controls. These data suggest the hypothesis that GS
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overexpression might be related to neuronal injury and point to the potential role of
glutamate as a modulator of ciliary body signaling, whereas the reduced expression of the
antioxidant enzymes SOD and GT could aggravate an imbalance between oxygen- and
nitrogen-derived free radical production and detoxification (Bagnis et al., 2012). In contrast
with the above, in another study a significant increase in SOD and glutathione peroxidase
(GPX) activities was found in aqueous humor of glaucoma patients in comparison to
controls, suggesting that a significant increase in oxidative stress may play a role in the
pathogenesis of glaucoma (Goyal et al., 2014). In parallel, low expression of SOD1 was
found in the serum of glaucoma patients (Canizales et al., 2016), consistent with the reported
proteomic levels in agueous humor. Serum studies are discussed further below.

As the extracellular matrix (ECM) of the trabecular meshwork (TM) is important in
regulating IOP in both normal and glaucomatous eyes, aqueous humor biomarkers that can
regulate the TM’s ECM proteins could link a marker to pathophysiology. For example, ECM
composition and the TM actin cytoskeleton can be regulated by transforming growth factor
TGF-B2, which was found in higher amounts in the aqueous humor of patients with POAG
(Junglas et al., 2012). Furthermore, TGF-B2 concentrations are directly linked to the
decreased ability of the TM to pass aqueous humor effectively, leading to elevation of IOP
(Fuchshofer and Tamm, 2012). Besides the resulting in rise of IOP, TGF-B2 is also
implicated in TM alteration by epithelial-to-mesenchymal transition and in ONH damage by
tissue remodeling (Fuchshofer, 2011).

A number of studies have identified differential expression of cytokines and chemokines in
the aqueous humor and the anterior chamber tissues of patients with POAG. For example,
significantly increased levels of IL-8, TGF-B1, TNF-a and serum amyloid A were detected
in aqueous humor of POAG and pseudoexfoliation glaucoma patients compared to senile
cataract patient controls. These findings were consistent with similar findings of higher
levels of IL-8 (Ten Beige et al., 2019) and other previous results (Kuchtey et al., 2010; Takai
et al., 2012) including elevation of cytokines proportional to increasing IOP in POAG
(Freedman and Iserovich, 2013) and in angle-closure patients (Huang et al., 2014) to a
higher degree than chronic angle closure (Du et al., 2016). Disease staging may make a
difference in the degree of biomarker or cytokine detection, as for example granulocyte
colony-stimulating factor and monocyte chemotactic protein-1 levels were significantly
different among different PACG disease stages (Wang et al., 2018). Together these data
support the hypothesis that immune activation occurs in glaucoma.

Other molecular pathways have also been implicated by aqueous humor studies in glaucoma
patients. In a recent study on the aqueous humor proteome, of 87 proteins found to be
significantly different between glaucomatous and control aqueous humor (34 upregulated,
and 53 downregulated), differentially expressed proteins were found to be involved in
cholesterol- and proteolysis related pathways, in addition to inflammatory, metabolic, and
antioxidant processes (Kaeslin et al., 2016). Overall, the significance and potential role as
clinical biomarkers of different cytokines and other molecular alterations in aqueous humor
of POAG patients as well as the relationship between cytokines, disease mechanism, IOP,
medications and surgical intervention requires further investigation. However, because
sampling the aqueous humor is invasive and is generally limited to patients undergoing an
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intraocular surgery, its utility outside of research as a clinical diagnostic tool may require
alternative non-invasive approaches such as imaging in the future.

10.3. Vitreous biomarkers

Although more invasive to sample and considerably less commonly approached surgically in
glaucoma patients, the proximity of the vitreous to the RGCs makes it a more attractive
target than the tear film or aqueous fluids. For example, one study demonstrated a twofold
elevation in the level of glutamate in the vitreous body of the group of patients with
glaucoma when compared with that in a control population (Dreyer et al., 1996). However,
further study did not confirm these results (Honkanen et al., 2003). Looking at cytokine
levels in the vitreous of glaucoma patients, vitreous levels of IL-2, IL-5, MCP-1, TNF-a and
IP-10 were significantly higher in an acute angle closure glaucoma (AACG) group,
indicating that inflammation and immune reaction have a strong link with the pathology of
glaucoma, especially of AACG (Tong et al., 2017). In another study, about 5000 proteins
were quantified from retinal tissue and vitreous fluid of glaucoma and control eyes (Mirzaei
et al., 2017). Pathway analyses of differentially regulated proteins indicated defects in
mitochondrial oxidative phosphorylation machinery and activation of classical complement
pathway-associated proteins indicative of innate inflammatory response, consistent with
biological pathways previously linked to glaucoma in animal models, for example (Howell
et al., 2011; Takihara et al., 2015). Interestingly, of the differentially regulated proteins, 122
were found linked with pathophysiology of Alzheimer’s disease (AD) (Mirzaei et al., 2017).
Identification of previously reported and novel pathways in glaucoma that overlap with other
CNS neurodegenerative disorders promises to provide renewed understanding of the
etiology and pathogenesis of age-related neurodegenerative diseases.

Inadequate access to vitreous samples has and likely will continue to limit such studies in
human glaucoma patients, although discoveries of vitreous biomarkers in animal models
could focus subsequent human subject research on specific hypotheses, e.g. to search for
specific molecules in the vitreous, aqueous, tear film or serum. For example, elevated 10OP
resulted in a 25-fold increase of catalase and 9-fold increase of X-linked inhibitor of
apoptosis protein content in the vitreous compared to control eye in an experimental mouse
model of glaucoma (Walsh et al., 2009). Studies integrating across animal models and
human patients are likely to be a fruitful direction for future work.

10.4. Serum biomarkers

There are multiple avenues by which serum might reflect underlying RGC degeneration and
thus serve as a biomarker or even reveal underlying pathophysiology of glaucoma. For
example, RGC degeneration may lead to release of neuronal-specific proteins detectable in
the bloodstream, or lead to changes in immune cell activation, which could also play a role
in the pathophysiology of degeneration itself (Chen et al., 2018). Studies are beginning to
explore such serum biomarkers, and their potential links to pathophysiology are indeed
encouraging. For example, serum oxidative stress-related molecules were shown to be
altered in glaucoma patients. Examining serum oxidation degradation products demonstrated
that total antioxidant capacity and advanced oxidation protein products SOD and GPX were
all found to be decreased, and malonyl dialdehyde, serine, transferrin, and vitamins A and E
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increased in glaucoma patients (Engin et al., 2010). Given the potential role of vascular
autoregulation in glaucoma, studies on serum levels of vascular tone-regulating molecules
have aroused scientific curiosity as well. For instance, one study demonstrated that
asymmetric dimethylarginine and symmetric dimethylarginine, isomeric derivatives of 1-
arginine which act as endogenous NOS inhibitors, were found to be elevated in patients with
advanced glaucoma (Javadiyan et al., 2012). Another study showed that endothelin-1 levels
in glaucoma patients are on average 5 times higher than the corresponding median
physiological concentration (Malishevskaia and Dolgova, 2014). In addition, plasma N-
terminal proatrial natriuretic peptide (NT-proANP) concentration was increased in glaucoma
patients compared to controls, and plasma and aqueous humor NT-proANP levels were
correlated in glaucoma patients (Baumane et al., 2017), supporting the hypothesis that serum
testing may reflect ocular pathophysiology.

As with intraocular fluid data, inflammatory pathway alterations have been uncovered in the
peripheral serum of glaucoma patients. For example, significant alterations of serum TH1
and TH2 cytokines IL-4 and IL-6 were correlated to severity of glaucomatous optic
neuropathy, along with a significant increase of serum 1L-12p70 and a significant decrease
in serum TNF-alpha levels compared to controls (Huang et al., 2010).

Another potentially related molecular network is the neurotrophin family, whose members
could play an important role in neurodegener-ative diseases such as glaucoma and
Alzheimer’s. For example BDNF, a neurotrophic factor that participates in regulation of
cerebral blood flow as discussed in ‘Blood flow, oxygen, and metabolic dysregulation’
section, is decreased in the aqueous humor, tear film, and peripheral blood serum of patients
with early POAG and relatively increased in more advanced stages of the disease (Shpak et
al., 2018). Neurotrophic factors have been studied extensively for therapeutic effect in
glaucoma models in animals and are moving into clinical trials, as noted above, and thus
carry potential for combined diagnostic and therapeutic investigation. Numerous
metabolism- and cell cycle-related proteins such as citrate, connective tissue metabolism
related molecules such as P I CP and P 111 NP, soluble fas (sFas)/Apo-1 and sFas ligand, and
others are in various stages of investigation as well (Nath et al., 2017). As collection of
blood samples is safe and minimally invasive procedure, serum glaucoma biomarkers, once
established, may gain access into routine clinical use.

10.5. Molecular crossover with other optic neuropathies

Glaucoma likely shares cellular and molecular changes with other optic neuropathies such as
ischemic or traumatic optic neuropathy and optic neuritis. Although the underlying
pathophysiology of disease causation may differ in each optic neuropathy, in all of these,
acute or progressive degeneration and death of RGCs may lead to shared or overlapping
molecular changes detectable in the eye or serum. For example, a study evaluating
prognostic biomarkers in optic neuritis, revealed that oligoclonal immunoglobulin G (IgG)
bands predicted conversion to clinically definite MS after an optic neuritis episode (Tejeda-
Velarde et al., 2018). Another study searched for vascular changes in Leber’s hereditary
optic neuropathy, finding significant peripapillary miscrovascular changes over the different
stages of LHON, as a new imaging biomarker (Balducci et al., 2018). Thus, although shared
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pathophysiology may confer some advantages in discovery of biomarkers, specificity across
optic neuropathies may be limited in simple or single biomarkers, and the use of panels or
more multiplexed molecular probes may ultimately be required for broad clinical value. It is
important to note that this same issue will hold true for imaging- and electrophysiology-
based candidate biomarkers discussed above.

Conclusions and future directions

Despite the existence of clinically adopted biomarkers for the diagnosis and treatment of
glaucoma, the need for new biomarkers with higher sensitivity and specificity remains. This
is particularly important for glaucoma as disease impact could be dramatically reduced
through early diagnosis and improved management. Sensitive biomarkers of glaucoma
progression could also reduce the duration of clinical trials, as well as improve the
evaluation of efficacy through improved patient selection. In fact, clinical trials are already
drawing exploratory imaging biomarkers into exploratory endpoints, and using molecular
biomarkers to identify therapeutic candidates, such as NGF (Clinical Trials.gov identifier:
NCT02855450), CNTF (ClinicalTrials.gov identifier: NCT01949324), and anti-C1q
(ClinicalTrials.gov identifier: NCT03010046). We anticipate that to serve these different
unmet needs, different biomarkers will prove useful. Although formal validation of novel
biomarkers for these purposes is expected to take years of longitudinal clinical testing in
properly designed trials, we propose that merging biomarker testing as exploratory endpoints
in therapeutic trials may accelerate their path to utility.
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Fig. 1.
Schematic model of RGC injury and recovery. RGCs may enter a ‘comatose’ state, where

functional impairment occurs following cellular insults in glaucoma. Relief of RGC stress
may allow for RGC functional recovery, however injuries of a sufficient magnitude, duration
or quantity may trigger irreversible cell death. Figure and legend reproduced with
permission from Elsevier (Fry et al., 2018).
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Fig. 2.

Punctate backscattering/reflectivity changes in the innermost surface of the RNFL in a
healthy control as seen in confocal reflectance adaptive optics ophthalmoscopy images
captured a few seconds apart. Scale bar, 50 pm.
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Fig. 3.
The sdOCT results for an eye with widespread cpRNFL damage. (A) An image from a

circumpapillary scan. (B) The cpRNFL thickness plot (black, magenta, and light blue
curve). The SVZ is shown as the green line. (C) An en-face slab image of the 9 * 12 mm
scan. (D) An en-face slab image of a 3 * 3 mm scan of disc. (E) AO-SLO image. The yellow
and white arrows are approximately the same locations in panels (C), (D), and (E). Figure
and legend reproduced with permission and modified from Elsevier (Hood et al., 2017).
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(A) Intraorbital Optic Nerve

(B) Optic Chiasm

Page 44

Anatomical MRI of Optic Nerve and Optic Chiasm
(C) Early Glaucoma

Fig. 4.
Structural brain MRI in early and advanced glaucoma. (A, B) Anatomical MRI of the

intraorbital optic nerve (A) and optic chiasm (B) in sagittal view (left) and coronal view
(right) at the level of the green or red slab. (C—F) Zoomed images of the intraorbital optic
nerve (green arrows) (C, D) and optic chiasm (red arrows) (E, F) from the blue boxes in A,
B in early E) and advanced glaucoma (D, F). Note the reduction in size in both structures as
the disease progresses. Figure and legend reproduced with permission and modified from
Wolters Kluwer - Medknow Publications (Kasi et al., 2019).

Prog Retin Eye Res. Author manuscript; available in PMC 2022 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Beykin et al. Page 45

A) elevated 10P
o=
IPLION \ \ . . " - .
> ;OFF e 7 __—___;___,_\_-,._______ _
(A) U7 J 2\
;-l" § “v- ¢ \
G: Ganglion cell $ R \
B: Bipolar cell
A: Amacrine cell

Fig. 5.

(A?) RGC-type specific lamination patterns in the ON- and OFF- sublaminae. (B) Dendritic
rearrangements of OFF-transient RGCs have been implicated as among the earliest
responses to elevated IOP in mice. Figure and legend reproduced with permission and
modified from Society for Neuroscience (El-Danaf and Huberman, 2015).
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Fig. 6.

IP?_ reflectivity maps captured using near infrared OCT in a normal control, a few minutes
apart. The changes in intensity near the foveal pit and the top left quadrant suggest that poor
repeatability might limit the potential for using IPL intensity in OCT images as a glaucoma
biomarker. Scale bar, 1 mm.
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Fig. 7.
Visible light OCT cross-sectional images reveal a reflectivity pattern corresponding to inner

plexiform layer (IPL) lamination in humans (A) and mice (B). Cell-type specific lamination
patterns previously described for ON- and OFF-RGC sublaminae correspond well with the
reflectivity pattern (C).
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Fig. 8.

DARC counts are increased in affected glaucoma patients compared to healthy controls.
ANXT76 injections revealed single neuronal cell apoptosis in the retina of study subjects.
Representative retinal images are shown from glaucoma patients following intravenous
injections of 0.4 (A and B), 0.2 (C and D) and 0.5 (E and F) mg ANX776 at 240 min. Panels
show unmarked (A, C and E) and marked (B, D and F) ANX776-positive spots with yellow
rings highlighting individual spots. DARC counts were defined as new, unique individual
ANX776-labeled spots, at their first appearance in the retina. Analysis of DARC counts in
glaucoma and healthy controls for each ANX776 dosing cohort showed that at each dose,
the number of DARC spot counts was consistently higher in glaucoma patients compared to
healthy controls, and this reached significance at the 0.4 mg (P < 0.005) dose (G). The
spread of the individual data points is shown in Tukey’s box plots (G). Horizontal lines
indicate medians and interquartile ranges with the continuous line across doses showing the
means. Asterisks indicate the level of significance by Bonferroni multiple comparison test
between groups (P < 0.01) with two-way ANOVA across the doses showing a significant
effect of glaucoma status (P = 0.0033) and time point (P = 0.0011). Multivariable analysis
indicated that the total DARC count across 6 h was 2.37-fold higher in patients with
glaucoma (95% CI: 1.4-4.03, P = 0.003) at any dose. Different fluorescent intensity profiles
were seen for individual labeled spots (H-P). Low (I, K, M and O) and high (J, L, N and P)
magnification (scale bars indicated) retinal images at different time points are shown from
the same patient as in A at baseline (I and J, 0 min), 60 (K and L), 120 (M and N) and 240
(O and P) min. Marked, colour-coded spots are shown in adjacent panels (J, L, N and P)
with fluorescent intensity profiles illustrated in H, identified by corresponding coloured
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lines. Figure and legend reproduced with permission from Oxford University Press
(Cordeiro et al., 2017).
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AO-SDOCT Automated Segmentation En-face Rotated

Fig. 9.

(A?) Original C-mode of adaptive optics OCT taken from a 56-year-old Caucasian woman
with glaucoma. (B) Automated segmentation of the corresponding slice, with the beams
labeled in green and pores in red. (C) 3D view en-face of the LC beams. (D) rotated 3D view
of the same LC beams. Figure and legend reproduced with permission from Elsevier (Dong
etal., 2017).
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Fig. 10.
Densely packed macular INL micro cystoid spaces (red arrows) in a primary open-angle

glaucoma patient as seen with non-confocal split-detection AO ophthalmoscopy. The scale
bar is 100 pm across. This retinal area, highlighted as a red square in the wider field of view
image (top right), shows early signs of vision loss as illustrated by the superimposed visual
field test results. The stimulus locations and size are shown by the black circles (24-2 visual
field test points, Goldmann I1), with the color denoting deviation from normal on the total
deviation map (green <4 points, yellow 4-12 points and red =12 points).
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Page 52
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Sparse INL micro cystoid spaces in a primary open-angle glaucoma patient as seen with
non-confocal split-detection adaptive optics ophthalmoscopy, with its location highlighted in
red in the wider field of view image (bottom left). The scale bar is 100 pm across. These
micro cystoid spaces have irregular shapes and sizes as large as 40 um, which is

substantially larger than the bodies of cells in this layer (see legend box).
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Baseline

Fig. 12.
INL microcystoid spaces progression (black circle) and regression (yellow ellipse) in a

glaucoma patient over a four-week period, as seen with non-confocal split-detection adaptive
optics ophthalmoscopy. Scale bar, 100 pm.
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(A) Schematic illustration of stimulus array used to measure increment responses (left panel)
and decrement responses (right panel). Array elements are scaled to account for cortical
magnification. (B) Scalp topography of the most reliable response component is similar for
increments (left panel) and decrements (right panel). Components measured using Reliable
Components Analysis (Dmochowski et al., 2015). (C) Waveform of the most reliable
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component evoked by 2.7 Hz incremental (left) or decremental (right) sawtooth waveforms.
Response to decrements is larger than for increments (n = 14; healthy 18-22 age observers).
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