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1. Abstract (max 200 words)

Glaucoma is the leading cause of irreversible blindness worldwide with increasing prevalence. The
complexity of the disease has been a major challenge in moving the field forward both with regard to
pathophysiological insight and treatment. In this context, discussion of possible outcome measures in

glaucoma trials is of utmost importance and clinical relevance.

A recent meeting of the European Vision Institute (EVI) special interest focus group was held on
“New Technologies for Outcome Measures in Retina and Glaucoma” addressing both functional and
structural outcomes as well as translational hot topics in glaucoma and retina research. In

conjunction with published literature, this review summarizes the meeting focusing on glaucoma.



2. Introduction

Worldwide, glaucoma is the leading cause of irreversible blindness.! The hallmark of disease is
degeneration of retinal ganglion cells and its axons resulting in a progressive optic neuropathy with
typical changes of the optic disc.® Glaucomatous neurodegeneration is related to the level of
intraocular pressure, but also independent thereof, and even seems not confined to the anterior

visual pathway.* Still, lowering the intraocular pressure is the only proven therapeutic option to date.

235,

Given its age-related nature, this global epidemic is still on the rise not only causing significant visual
disability but also further adding to our health-economic burden.® The complexity of the disease has
been a major challenge in moving the field forward both with regard to pathophysiological insight
and treatment. In this context, discussion of possible outcome measures in glaucoma trials is of

utmost importance and clinical relevance.

A recent meeting of the European Vision Institute (EVI) special interest focus group was held on
“New Technologies for Outcome Measures in Retina and Glaucoma” hosted by the Institute of
Molecular and Clinical Ophthalmology Basel (IOB), University of Basel, Switzerland, November 8-9,

2018.

The agenda with presentations of international clinicians and scientists was selected by Hendrik
Scholl and the EVI steering committee. Backed with published literature, the presentations and

discussions are summarized below focusing on glaucoma.

3. Results

Active Learning for Precision Measurement of Visual Function

With the idea of improving the precision of vision testing, Luis Andres Lesmes and co-workers from
Adaptive Sensory Technology introduced the concept of active learning, which improves

the assessment of contrast sensitivity (CS) and visual acuity (VA) through the combination



of digitized displays, novel quantitative Bayesian models of visual function, and intelligent
sampling algorithms that personalize testing to each patient. For each patient, the active
learning algorithm evaluates an expansive space of potential test outcomes, searches a
large library of potential contrast and acuity test items, and converges to a test sequence

comprising optimal queries for each patient based on their previous responses.

The contrast sensitivity function (CSF) is fundamental to vision science, a threshold contour
that represents the boundary between what one can see in the world and what one cannot
see (Figure, left). Rather than estimate contrast sensitivities for individual spatial frequency
conditions, the qCSF directly estimates a Bayesian parameterization of the function’s global
shape. Using the higher pixel and contrast resolution of digital displays, and an intelligent
algorithm for sampling stimulus size and contrast, the qCSF algorithm presents the patient
with the size-contrast combinations that comprise an optimal assessment of the
personalized shape of the patient’s CSF (Figure; Right). The CSF shows disease specific

13 and might

patterns of function loss in various ophthalmic conditions including glaucoma
thus serve as a valuable outcome measure by revealing hidden signals of early vision loss

and by improving the statistical power for detecting visual changes through better signal-

to-noise ratio.'

VA testing has typically implemented two complementary but exclusive strategies: (1) static,
chart-based testing that presents optotypes of fixed sizes in rows (ETDRS,Pelli-Robson), or
(2) computerized testing that applies a staircase to change the size of single optotypes.’®
Lesmes and Dorr (2019) have proposed a quantitative VA (qVA) algorithm, which
combines these approaches to changes the size of multiple optotypes, using a row-based
psychometric function of expected correct optotypes as a function of logMAR optotype

size. With intelligent sampling of optotype size (true .02 logMAR resolution), the algorithm



reduces the noise in VA testing and provides fine-grained information on the threshold and

range of the VA psychometric function.

The qCSF and gVA algorithms have exhibited potential to improve the statistical power for
reliably detecting subtle but potentially clinically significant signals in visual function.
Because the definition of a clinically meaningful change is constrained by what is clinically
measurable, there is potential for novel methodology to drive the threshold of what is

accepted both by clinicians and by regulatory authorities as clinically relevant.

Microperimetry as Visual Function Endpoint

Gary Rubin’s talk focused on microperimetry. There are currently three different commercially
available microperimeters. The Nidek MP3 (NIDEK Co. Ltd, Aichi, Japan) and the MAIA
(CenterVue, Padova, Italy) combine microperimetry with non-mydriatic color fundus imaging
and scanning laser ophthalmoscopy (SLO) imaging, respectively. The OptosOCT SLO (Optos
PLC, Dunfermline, United Kingdom) is the first device to superimpose microperimetry data
on OCT images. Eye tracking allows projection of stimuli on different retinal locations with
imaging of the fundus in real time. Microperimetry is thus providing structure-function
correlations and is particularly useful in patients with unstable or eccentric fixation. The
technology has mainly been applied in retinal diseases. Gary Rubin comments on its use in
the EFFECT trial (Eccentric Fixation From Enhanced Clinical Training) in recent onset macular
disease (Rubin G. First results from the EFFECT Trial, an RCT of eccentric viewing training for
patients with AMD, ARVO Annual Meeting Abstract, June 2017, Baltimore, MD, May 7-11,
2017, Investigative Ophthalmology & Visual Science June 2017, Vol.58, 4766.)* and in gene
therapy trials for Leber Congenital Amaurosis.'®!® However, microperimetry has also been

investigated in glaucoma. Published literature highlights aspects of interests including

comparison with standard automated perimetry?®2?, structure-function correlations?272°,



assessment of early glaucoma detection?’, visual field evaluation in advanced glaucoma??°,

and fixation instability in glaucoma.3%3!

Modeling and Analysis of the Hill of Vision of Full-Field Static Perimetry (VFMA)

On behalf of Richard Weleber, Hendrik Scholl explained the concept of Visual Field Modeling and
Analysis (VFMA). The hill of vision (HOV) is a functional measure of the total light sensitivity
across the retina, which VFMA visualizes by a color coded 3D sensitivity surface. A single
volumetric measure in decibel-steradian (dB-sr) units quantitatively estimates the HOV. As
opposed to conventional visual field indices (e.g. mean sensitivity MS, mean defect MD,
square root of loss variance sLV), VFMA not only captures the whole visual field sensitivity
in one single endpoint (dB-sr), but also has a flexible region of interest and is more robust
to grid changes. The latter is explained by the fact that HOV computation is achieved by
interpolated dense VFMA gridding based on sparse gridding of the measured raw data. As a
consequence, the HOV volume is a flexible and robust measure of quantity resulting in a
stronger, more focused endpoint. The methodology has been established in 201532 and
since has been used in several trials including the RPE65 gene therapy trial.>* VFMA mainly
has been adopted in trials on retinal disease, but could without doubt be established in

glaucoma as well.

Behavioral Outcome Measures and Naturalistic Testing

Angelo Arleo presented his group’s research on visual spatial behavioral performance of young
versus elderly subjects. The presented data mainly focused on healthy ageing, and serves
as a scientific basis for future assessment of visual spatial behavior in patients with visual or
cognitive impairment. Age-related decline of visual spatial function is related to optical,
neurosensory and cognitive factors. The experimental setup is designed for cognitive

aspects, and analyses how age interferes with spatial perception, spatial action and spatial



learning, which might serve as a functional marker of mobility and autonomy loss in the

elderly.

Our internal representation of space is anchored on different types of visual information
which is referred to as spatial coding. In order to avoid the possible bias induced by
computer screen-based tasks like lack of multisensory integration, coordinate
transformation and limited field of view, Arleo and co-workers established an ecological
experimental setup (Figure 2) to study spatial learning and to find out what type of visual
information different age groups rely on. Assessed in a symmetric Y-shaped maze, vector
field analysis of age groups showed that children and healthy elderly adults mainly navigate
in an egocentric manner which is referred to a loss of allocentric strategies with age in the
literature3* (Lester et al 2017 Neuron). However, they become able to use allocentric
information in an asymmetric Y-shaped maze.3>3® By contrast, young adults rely on
allocentric navigation under both conditions.?>3¢ Arleo and co-workers hypothesize that
this is more likely related to visual and spatial cue processing rather than strategic choices
(egocentric versus allocentric). Exploring a naturalistic maze, children and elderly adults
again behave similarly, and mainly depend on the geometry of the environment while
young adults mainly focus on landmarks. The latter visual behavior is corroborated by
analysis of visual exploration patterns using eye tracking which predicts spatial cue
preference (geometry versus landmarks). Extensive visual function and neuropsychological
testing did not show any correlation that could possibly explain the age-related preference
for geometric cues. However, unpublished data on brain imaging studies revealed impaired
high-spatial frequency coding in brain regions responsible for visuo-spatial processing like

the visual cortex and retrosplenial cortex, and showed grey matter atrophy in brain regions



at the interface between spatial and visual coding (occipital place area, parahippocampal

place area).

The ecological setup mentioned above with both a naturalistic and virtual environment adds
a completely new dimension of possible future outcome measures and seems also
interesting in the context of glaucoma since glaucoma appears not only restricted to retinal
ganglion cell loss with subsequent visual field defects, but might also be associated with

more widespread neurodegeneration.*

New Developments in Optical Coherence Tomography (OCT)

Peter Maloca, MD, presented his group’s hardware and software innovations in optical coherence
tomography (OCT) imaging. Hydra-OCT is a dual co-axial OCT with a second light source of
1060nm in addition to the existing 870nm light source. The system is based on the
Spectralis OCT (Heidelberg Engineering, Heidelberg, Germany) and can be easily integrated
into clinical routine. Maloca claims that the Hydra-OCT allows better visualization of deeper
retinal structures and provides additional information, since the refractive index can also
be calculated due to the two different wavelengths, thus enabling direct tissue
measurements. The portable MIMO OCT device implements a very fast so-called sparse
OCT scanning system and was designed for self-monitoring of patients at home.3”28 The
data is supposed to be analyzed with a cloud-based machine learning platform and data
are then displayed to patients or physicians for continuous monitoring of possible disease

progression. The latter is applicable both to retinopathies and glaucoma.

With regard to software developments, Maloca presented their 3D-speckle denoiser® that
improves the signal to noise ratio not only for OCT imaging but also for 3D-ultrasound,
computer tomography and possibly other imaging modalities.**~* This might allow more
accurate segmentation of retinal and optic nerve structures. Finally, the audience caught a
glimpse of the technological potential of original 3D point cloud data being “injected” and

instantly rendered into an interactive virtual reality environment (VR).* The group has



applied artificial intelligence based segmentation of the data and allows the “VR-pilot” to
interact with it. Ultimately, the virtual environment might allow to share standardized

mobility mazes between centers as outcome measures.

Advancements in Diagnostic Imaging Modalities

Tilman Otto from Heidelberg Engineering gave a comprehensive overview of advancements in
diagnostic imaging modalities, the summary of which is clearly beyond the scope of this
review. A more detailed summary is provided by Della Volpe et al (same issue of the journal
REF). Basically, the imaging technologies either involve single or two photon interactions.
Most imaging technologies are based on single photon interactions which include
backscattering as in conventional fundus photographs, SLO, OCT and OCT angiography

imaging, and detection of fluorescence, both biofluorescence or fluorescent dyes.

OCT- elastography (OCE) is an imaging development that might be relevant for corneal
pathologies or glaucoma. OCE allows OCT based measurements of subtle structural fundus
changes due to mechanical stress (e.g. increased IOP) and derives information on tissue

elasticity.*®

Artificial Intelligence in Retinal Imaging

Today, artificial intelligence (Al) is omnipresent and ophthalmology is at its forefront. Ursula
Schmidt-Erfurth, outlines the tremendous development our field has experienced, starting
out from conventional 2D fundus photography, evolving into 3D OCT imaging of even
subclinical pathologies over the last 25 years?’, and recently moving into the era of deep
learning (DL) since the early 2010s. Rudiments of Al have been available since the 1950ies.
However, only the increase of data volume and server capacity have considerably improved
its level of operation. Vice versa, the exponential rise of available imaging data necessitates
Al to identify and quantify the relevant biomarkers by providing automated segmentation,

guantification of lesions, pattern recognition, prediction of recurrence or progression, and



structure-function correlation amongst others. Sequential neuronal networks enable DL to
identify clinical features the system had not been trained with before in a so-called “black
box” manner®, Even though attention maps can highlight the anatomical regions the
algorithm took into consideration e.g. for determining the gender®, the clinician might still
not be able to fully retrace how a neural network came to a particular conclusion with
obvious implications for data interpretation and reliability assessment.*® While Al has
predominantly been used in the retina, it is also increasingly applied to fundus
photographs®®®!, OCT>? and visual fields>® in glaucoma with the ultimate goal of early
diagnosis, progression analysis and overall risk stratification that would allow appropriate

therapeutic interventions.>*

Detection of Apoptosing Retinal Cells (DARC)

M. Francesca Cordeiro presented the evolution of the DARC (Detection of Apoptosing Retinal Cells)
technology from bench to bedside. ATP-dependent ‘flippases’ normally maintain
phosphatidylserine (PS) predominantly in the cytosolic leaflet of cell membranes.>®
However, under stress or during early apoptosis PS flips to the cell surface. The DARC
technology is based on the high affinity of intravenous fluorescently-labelled annexin A5 to
PS, which can be detected in vivo using the ICGA settings of the confocal scanning laser
ophthalmoscopy (Heidelberg Spectralis, Heidelberg Engineering, Dossenheim, Germany).
Individual hyperfluorescent DARC spots (Figure 3) are then quantified as a ‘DARC count’ in
real-time. DARC has been investigated and established in multiple rodent studies. A
recently published phase | clinical trial*® allowed proof of concept in humans. DARC proved
to be a safe method to monitor RGC apoptosis, and showed a significant difference in DARC
count between healthy controls and patients with progressing glaucoma. Late diagnosis
and treatment with subsequent visual loss represent a major challenge in the management
of glaucoma patients, and research is hampered by lack of clinically meaningful endpoints

and by the long duration of clinical trials. In that context, DARC seems a promising early



and objective clinical endpoint, and might provide a new tool for testing clinical efficacy of

therapies in glaucoma and other neurodegenerative diseases.>”

Induced Pluripotent Cell Technology for in-vitro Pre-Clinical Testing

Botond Roska started out from a histological drawing of the retina by Cajal, the 1906 Nobel prize
winner for his milestone work on basic principles of the organization of the nervous system.
Cajal described different cell morphologies concluding that the retina is a neural network of
different cell types. Today we know that these cell types have unique gene expression

patterns®’~>°

and that most retinal diseases are cell-type specific. While the architecture of
the retina is very conserved across vertebrates, the gene expression pattern is different
from species to species.””*® For this reason, it appears to be difficult to develop gene
therapy in mice and translate this to humans. Botond Roska’s group instead focusses on
human retinal cells. On the one hand, the group uses organ donor retinal explants to study
visual processing of the retina with microchips and to build a human gene expression
library of the different cell types. On the other hand, Botond Roska’s group has managed to
grow retinal organoids in a dish from skin biopsies. These retinal organoids are structurally
similar to normal retinas and turned out to show an identical rate of development
compared to published data on fetal retinal development with a gene expression map
convergence around 30 weeks of gestation. Realizing that the retinal ganglion cells would
undergo early apoptosis without the connecting neuron in the brain, the group has been
successful in growing eye-brain-organoids. GFP (green fluorescent protein) virus vector
labelling of ganglion cell axons allows visualization of the organoid optic nerve and its
connections to the organoid brain which represents an ideal in vitro model for glaucoma
research. The organoid optic nerve can be exposed to pressure, hypoxia, neurotrophic or
neurotoxic substances to tackle neurodegeneration mechanisms in glaucoma. In addition,
Botond Roska’s group has not only produced 230 viral vectors targeting many cell types in

the retina®, but has also developed so-called ‘remote controlled viruses’. These are



superinfective viruses packed on the surface of magnetic beads which once injected into
the eye can be guided and massaged onto the retinal surface by an external magnetic field

for future optimized delivery of gene therapy to the target tissue.®*



4. Discussion/Conclusion

Reduction of intraocular pressure (I0OP) is known to slow glaucoma progression in terms of visual
field or functional l0ss.®?%* Thus, IOP and standard visual fields are the endpoints accepted by the
Food and Drug Administration (FDA) in studies evaluating new therapies for glaucoma.®® However,
given the fact that glaucoma is a complex disease, alternative therapeutic targets are being
investigated entailing a need for new surrogate endpoints. Structural parameters in the glaucoma
literature typically include retinal nerve fiber layer, ganglion cell layer and optic disc changes.
However, structural endpoints are still not established for use in clinical trials for new glaucoma
drugs, as long as the structural-functional relationship at different glaucoma stages remains
insufficiently characterized.®® In the meantime, structural endpoints still may have a role in proof-of-
concept-studies. And it is conceivable that a combination of functional and structural endpoints will
accelerate translational approaches, reduce the duration and cost of clinical trials, and thus improve

visual health in the future.

The European Vision Institute (EVI) special interest focus group joined forces to contribute to this
long-term ambition by addressing both functional and structural measures as well as translational
hot topics in glaucoma and retina research. This meeting impressively illustrated the ongoing
scientific and technological progress in our field exploring every magnitude in time and space — from
picoseconds to longterm follow-up, from electrons to eye-brain-organoids, from subclinical to
augmented reality. With this ever increasing amount of information available from a single subject, it
seems natural that more sophisticated, artificial intelligence based analysis and visualization of data
becomes indispensable. This in turn is dependent on big data of collaborative projects which is

clearly the vision of the European Vision Institute.



5. Appendix

Appendices may contain complementary information that was not integrated into the main text
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9. Figure Legends
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(Left) It's long been recognized that optotype size and contrast are critical attributes of clinical vision
testing, with ETDRS and Pelli-Robson charts for acuity and contrast sensitivity following
complementary strategies of fixing one and testing the other. This coarse, piecemeal approach
neglects the broader information conveyed by the contrast sensitivity function, a two-dimensional
threshold contour that describes how size and contrast affect the visibility of spatial patterns. (Right)
The qCSF applies active learning to personalize and directly estimate the global shape of the contrast
sensitivity function, by intelligent sampling of size-contrast test patterns that effectively trace out the
boundary between visible and invisible for each patient. During testing, a technician enters the
responses of patients presented with three special optotypes, with size-contrast combinations
selected to provide an optimal, personalized sequence with sampling from above and below the

threshold contour.
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Figure 2: Ecological, real environment for naturalistic behavioral measures.

The Streetlab platform (Vision Institute, www.streetlab-vision.com) was used to assess the visuo-

spatial behaviour of young and older participants. The Streetlab reproduced a 10x5 portion of a
street-like environment. It ensured visual immersion through realistic relief elements (imitating
doors, windows, and brick walls), and audio immersion through a 3D multi-source sound system. The
floor of was covered by a black linoleum surface and there were no obstacles. Light conditions were
fully controlled by varying both intensity and temperature parameters. The subject’s whole body and
eye movements was monitored through a set of biometric sensors: an optoelectronic Vicon motion
capture system (10 infrared cameras, at a sampling frequency of 120 Hz), and a wearable eye
tracking system (by Mocaplab, at 60 Hz). Data from all sensors were synchronized and recorded in
real time, allowing any kinematic recording to be replayed and analyzed offline. Adapted, with

permission, from Copyright Streetlab.
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Figure 3. Detection of Apoptosing Retinal Cells (DARC)

Scanning laser ophthalmoscopy (SLO) fundus image showing hyperfluorescent DARC spots (arrow) in
a glaucoma patient (??). Fluorescently-labelled ANX776 has a high affinity to phosphatidylserine
which is exposed to the cell surface under stress. Intravenous injection of ANX776 thus allows

imaging of stressed or apoptosing retinal ganglion cells.
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