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Purpose: To summarize the main topics discussed during the 28" Annual Glaucoma Foundation
Think Tank Meeting “A Patient-Centric Approach to Glaucoma” held in New York on June 9™
and 10% 2023.
Methods: The highlights of the sessions on BIG DATA, genetics, modifiable lifestyle risk
factors, female sex hormones, and neuroprotection in the field of primary open-angle glaucoma
(POAG) were summarized.
Results: The researchers discussed the importance of BIG DATA repositories available at
national and international levels for POAG research, including the United Kingdom Biobank.
Combining genotyped large cohorts worldwide, facilitated by artificial intelligence (AI) and
machine learning approaches, led to the milestone discovery of 312 genome-wide significant
disease loci for POAG. While these loci could be combined into a polygenic risk score with
clinical utility, Think Tank meeting participants also provided analytical epidemiological
evidence that behavioral risk factors modify POAG polygenetic risk, citing specific examples
related to caffeine and alcohol use. The impact of female sex hormones on POAG
pathophysiology was discussed, as was neuroprotection and the potential use of Al to help
mitigate specific challenges faced in clinical trials and speed approval of neuroprotective agents.
Conclusion: The experts agreed on the importance of genetics in defining individual
POAG risk and highlighted the additional crucial role of lifestyle, gender, blood pressure, and
vascular risk factors. The main takeaways also included that BIG DATA repositories and Al are
important combinatory tools to foster novel strategies to prevent and stabilize glaucoma and, in

the future, recover vision loss from the disease.

Copyright © 2023 Wolters Kluwer Health, Inc. All rights reserved. Unauthorized reproduction of the article is prohibited.



8/ +AWAOANDMM8eAAAAVYO/FOAEIDVIASALLIAIPOOAEIEAHION/ADO AUMYTXOMADYO!

INXFOHISABZIUT0+erNIOITWNOTZTARY HAaSHAQUg Aq [eunolewoone)B/woo°mm| sfeuinoly:dny woly papeojumoq

€202/.2/2T uo

Introduction

The goal of the 28™ Annual Glaucoma Foundation Think Tank Meeting “A Patient-Centric
Approach to Glaucoma” held in New York on June 9™ and 10" 2023, was to present the latest
findings in glaucoma research, to foster the development of novel strategies to prevent and
stabilize vision loss from the disease. Herein, we summarize and discuss some of the main topics
presented by the researchers during the meeting in the field of glaucoma, including BIG
DATA/data science, genetics, modifiable lifestyle risk factors, female sex hormones, and
neuroprotection. The perspective of glaucoma patients, who shared their personal experiences in

the final session of the meeting, will also be briefly presented.

BIG DATA/Data Science

Databases with large sample sizes are typically more representative of a population and
reduce the margin for error in estimating the relationship between an exposure of interest and
glaucoma [1]; furthermore, as pointed out during the Think Tank meeting, a large sample size
allows for an estimate of how age (an important risk factor for glaucoma) may modify the
relationship between a putative exposure and an outcome [2]. The opening session of The
Glaucoma Foundation Think Tank 2023 focused on glaucoma data integration, and experts
described the large databases currently available to glaucoma researchers and recent findings
made possible by mining those repositories. The discussion during the Think Tank centered in
particular on BIG DATA derived from the secondary use of data generated from routine clinical
care, and on the description of multiple national and international databases, including the US

Intelligent Research in Sight (IRIS) registry, National Institutes of Health (NIH) All of Us
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Program, Sight Outcomes Research Collaborative (SOURCE), and the United Kingdom (UK)
Biobank, as summarized in Table 1.

The IRIS registry represents a clinical repository organized by the American Academy of
Ophthalmology, and it is considered the largest medical specialty database in the world, with
483.6 million visits and 78.6 million patients as of January 1, 2023, from sites across the US [3,
4]. Currently, 70% of US ophthalmologists contribute data to IRIS. While the size of this
database is a major asset, it does not include non-ophthalmic data, visual field, optic disc
photographs, or optical coherence tomography (OCT) data. IRIS has been used in many studies
investigating real-world patterns and outcomes for glaucoma care, such as investigation on
Microinvasive Glaucoma Surgery utilization, variation in practice between academic and non-
academic settings, and risk factors for drainage device revision or removal [5-8]. Currently,
access to IRIS is limited to academic medical centers of the IRIS Registry Analytic Center
Consortium; some research awards, for example, through the American Glaucoma Society, also
enable access to the IRIS registry.

The NIH All of Us Research Program is a nationwide prospective cohort emphasizing
diverse enrollment and obtaining data from participants traditionally underrepresented in large-
scale population-based studies. This database includes electronic health records (EHR), survey
data, physical measurements, wearables data, and biospecimens to enable genomic analysis. It
currently includes more than 650,000 participants, with a target enrollment of 1 million
participants in the US. Importantly, over 50% of the participants are from racial and minority
groups, and 80% come from underrepresented groups in medical research when considering a
broader definition of underrepresentation, including income, education level, and disabilities.

Several glaucoma studies have used artificial intelligence (Al) and machine learning (ML)
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models, to evaluate health care disparities, visits, medication adherence, and interaction between
blood pressure (BP) and BP medications with glaucoma [9-12]. This database is readily accessed
based on the “data passport” model, with a publicly available data browser and minimal barriers
to accessing the data and analytic tools.

The SOURCE is a consortium of EHR data from academic ophthalmology departments
using Epic across the US including ~4 million eye care patients and ~20 million office visits for
eye-related problems. This database includes a wide range of data types (both ophthalmic and
systemic data), free-text notes, and imaging data. It represents an important resource to
investigate novel associations and real-world outcomes, and several ophthalmic studies using
SOURCE, include research on patient-reported outcomes after corneal transplantation, prediction
of postoperative intraocular lens position after cataract surgery, glaucoma patients triage in clinic
visits during the COVID-19 pandemic, and an algorithm for identifying ocular conditions in
EHR data [13-16]. Only contributing members of the consortium with a site lead have access to
SOURCE.

The UK Biobank is a biomedical database with a key role in glaucoma research that
contains genetic, metabolomic, proteomic, lifestyle, and health information from participants
throughout the UK [17]. It is a large-scale prospective multisite cohort study that started in 2006
including 500,000 participants recruited across 22 UK centers, funded largely by the UK
taxpayers and charities (UK Department of Health, Medical Research Council, Scottish
Executive, Wellcome Trust medical research charity). One great advantage of the UK Biobank is
that it includes detailed eye measurements recorded for over 100,000 participants, including
intraocular pressure (IOP) determined with the Ocular Response Analyzer and macula region

inner retinal thickness values assessed with OCT. The UK Biobank allowed over the years
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multiple milestone discoveries in the field of glaucoma, including the role of genetics and
behavioral risk factors [18-35], that have been discussed extensively during the Think Tank and
will be summarized in detail later in the manuscript. For example, results from the UK Biobank
provided insights on the determinants of IOP, the major known risk factor for glaucoma onset
and progression: in a cross-sectional study on 110,573 subjects, systolic BP was found to have
the strongest association with IOP (partial R*: Goldmann-correlated IOPg: 2.30%; corneal-
compensated IOPcc: 2.26%) [18]. Importantly, a future goal of the UK Biobank is to link all
available ocular clinical data (including visual field outcomes, treatment outcomes, and genetics
data) for 15,000 glaucoma patients, thus allowing further understanding of exposures
contributing to disease onset and progression. Access to the UK Biobank is made available to
researchers worldwide via an online application process [17, 36]. It is important to highlight that
scientific discoveries made possible by the UK Biobank transcend ophthalmology to encompass
other fields of medicine, from cancer to COVID-19, with over 3,000 publications by the end of
2022 [37].

The future directions of data science worldwide include collection of more data from
existing sources, democratization of database access, creation and funding of new datasets, and
establishment a diverse representation within BIG DATA [38]. In this context, a future goal of
the UK Biobank is to create the world’s largest longitudinal imaging dataset to assess major
chronic disease progression via repeated sets of multi-organ, highly detailed images assessed
from 60,000 UK Biobank participants [39].

Finally, the researchers highlighted the challenges in the field of Data Science. Al, ML,
and mathematical modeling are becoming effective tools widely applied to BIGDATA to further

the understanding of risk factors such as IOP and BP in glaucoma and improve disease
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management [40-44]. Given the concern for dissemination of false information linked to the
latest Al developments (such as ChatGPT), there is therefore a crucial need to ensure trust in
data collection. Data standardization was also stressed as an important requirement for clinical
interoperability and data extraction and sharing. Specifically for glaucoma, the speakers
underlined the critical need for universal standards and internationally recognized codes to create
harmonized data worldwide and allow a standardized representation of the disease and related

data elements (in particular IOP).

Genetics

Before Mendel and his peas, and even before Helmholtz and his ophthalmoscope,
Benedict in 1842, suggested that glaucoma was heritable [45]. Fast forward to the year 2000,
when Dr. Francis Collins, the NIH Director, and President Clinton announced the sequencing of
the human genome, researchers were off to the races in the search of genetic loci for every
imaginable trait from religiosity to lung cancer to, of course, glaucoma. During the Think Tank,
Stuart MacGregor covered genetics discoveries in the field of glaucoma, with important insights
on their current and future applications, such as new drug targets discovery, risk and outcomes
prediction, and identification of modifiable risk factors in subjects at higher genetic risk for
glaucoma. This section covered the recent discoveries in glaucoma genetics, with a specific
focus on the potential impact that such discoveries may have on the daily lives of glaucoma
patients.

Today primary open-angle glaucoma (POAG) is firmly established as a highly heritable,
polygenic common complex condition [46-48]. The resolution of the POAG genetic architecture

was achieved in large part due to studies with large sample sizes with tens of thousands of
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participants, including those assembled by the International Glaucoma Genetics Consortium
(IGGC) and the UK Biobank among others. Genome-wide association studies (GWAS), which
investigate differences in allele frequencies between unrelated cases and control subjects across
the genome, have been used to gain insights into the genetic architecture of primary open-angle
glaucoma. GWAS can also be performed for glaucoma-related quantitative traits that play a role
in disease pathophysiology. Specifically, genome-wide searches for alleles related to IOP and
vertical cup-to-disc ratio (VCDR), which are genetically correlated to glaucoma and can be
easily measured in the general population. In 2014, data from a GWAS meta-analysis conducted
on 35,296 multiethnic subjects of 18 population cohorts from the IGGC identified seven loci
(four novel) associated with IOP and glaucoma [19]. A rapid increase in loci discovery then
followed, thanks to new data available from the UK Biobank, that allowed, with data from large
cohorts of the European Prospective Investigation into Cancer and Nutrition (EPIC)-Norfolk and
IGCC, the identification of 112 IOP unique loci (68 novel) [20-21]. New biological pathways for
glaucoma were correspondingly identified, including developmental processes loci (suggesting
that the anatomical determinants of the aqueous humor and IOP in adulthood were predestined in
the genetic code at birth) and lymphangiogenesis loci (pointing to the Schlemm canal and
collective channels as crucial anatomical structures for the pathogenesis of glaucoma and
challenging the dogma of POAG as a disease of the juxtacanalicular trabecular meshwork).
Interestingly, IOP loci identified in the UK Biobank were also found to be associated with an
increased risk of glaucoma when investigated in independent cohorts of POAG patients [20, 49].
These data were further used to show a very high genetic correlation across the genome between
IOP and POAG [49] a result which was one of the keys to a subsequent work that used multi-

trait models to combine POAG with glaucoma risk factor data [50]. The genetics variants for
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IOP identified in the UK Biobank were able to accurately predict glaucoma risk in the
NEIGHBORHOOD study subjects, with an area under the receiver operating characteristic curve
(AUROC) of 0.764 for high tension glaucoma (HTG) and of 0.708 for normal tension glaucoma
(NTQ), thus confirming the importance of IOP in the pathophysiology not only of HTG but also
of NTG [20]. These findings also suggested the potential clinical utility of such genetic markers
that can be measured at birth for glaucoma prediction with targeted screening. In 2021, a large
glaucoma case-control multi-ethnic GWAS on 34,179 cases versus 249, 321 controls from the
IGGC and UK Biobank identified 127 genome-wide significant risk loci for open-angle
glaucoma (44 novel) [51]. The understanding of glaucoma genetics was advanced further thanks
to the advent of ML and Al applications. A GWAS study of optic nerve parameters performed
using 282,100 Al-graded images for VCDR and vertical disc diameter (VDD) from both the UK
Biobank and a large Canadian cohort (Canadian Longitudinal Study of Aging) doubled the
number of VCDR (adjusted for VDD) loci (230 loci) identified [52]. Remarkably, the latest
GWAS results combining across ancestries and using both IOP and Al-derived VCDR in a
multi-trait model, yielding an unprecedentedly large effective sample size, increased the
genome-wide number of significant POAG loci to 312, with the vast majority replicating in an
independent study sample [53]. Interestingly, the genetic architecture of glaucoma is comprised
mainly of common risk alleles; to some in the field this was surprising given the success of early
gene-mapping studies finding rare, large-effect, variants such as those in the MYOC gene [54].
Recent whole exome sequencing efforts in UK Biobank have cataloged the associations between
rare variants and glaucoma risk but this has yielded very few novel glaucoma loci [55]. Indeed,
considering glaucoma in a general population context, even variants previously thought to confer

large increases in risk (such as the MYOC 368 Stop mutation) may only make modest
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contributions (Odds Ratio (OR) ~4, rather than OR >10 [56]) to the overall genetic burden of
glaucoma, with most of the genetic risk attributable to a large number of genetic variants of
individually small effect [57]. The identification of specific disease risk genes is particularly
important for the discovery and development of new drug targets (“new biology”), as it has been
shown that when a drug target is supported by genetic evidence, the probability of its clinical
approval is more than double, with enormous economic savings in the drug development pipeline
[58-59]. In the field of glaucoma, several potential targets have been identified, either IOP-
driven, or VCDR-driven (neuroprotective agents), summarized in Table 2, and future studies are
needed to translate these discoveries into clinical practice.

Genetic discoveries are also crucial for POAG risk and outcome predictions. Despite
POAG being a chronic disease, which is asymptomatic in the early stages and leads to
irreversible blindness, no systematic population screening is currently recommended in the UK
and the US, mainly due to the lack of accurate test availability [22]. In this context, the concept
of computing a polygenic risk score (PRS) for glaucoma aims to obtain a prediction of an
individualized genetic risk by summing up the effect overall of all the known at-risk variants,
and it is based on the calculation of the effects’ combination over many loci. While a PRS is not
a diagnostic test for disease, it represents a risk-stratifying score able to identify subjects at
higher risk for POAG and associated with clinical outcomes, with a high potential in terms of
clinical applicability [50-60]. As POAG represents one of the most heritable diseases (with first-
degree relatives with a lifetime risk of developing the disease almost 10 times higher than
controls [46-48]), a genetics-based score has excellent potential to identify subjects who will

benefit from targeted screening, early diagnosis, and prompt treatment. Future studies including
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larger sample sizes bringing together all the genetics and clinical data available globally will
allow further discoveries in this field and improve disease predictions.

Finally, genetic discoveries are also essential for the identification of links between
POAG and modifiable risk factors in subjects at higher genetic risk for the disease, which will be

discussed in detail in the next section.

Lifestyle/Modifiable Risk Factors for Glaucoma

As pointed out by Professor Wishart of the University of Alberta who co-authored a
paper examining the ability of GWAS data to predict a myriad of common complex diseases
[61], “Your genes are not your destiny.” Environmental factors can either modify the genetic
risk of disease or independent of genetic makeup, influence the risk of disease directly. A critical
topic discussed during the Think Tank Meeting, in line with the patient-centric mission of The
Glaucoma Foundation, was the role of modifiable risk factors (aside from IOP-lowering therapy)
for POAG. In this context, the Modifiable Risk Factors for Glaucoma Collaboration was created
to elucidate the role of modifiable risk factors for glaucoma, to empower patients toward
behaviors that could have favorable effects on their disease. In a possible future with genetic
testing broadly available to the general population, early identification of subjects at high risk for
glaucoma will be possible, thus the critical need to identify behavioral risk factors that could
allow patients to actively take responsibility for their disease risk reduction. In this section, we
will summarize the findings discussed during the meeting related to the relationship between

caffeine, alcohol, pollution, serum lipids, sleep apnea, sleep patterns, and POAG.

Caffeine
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The relationship between caffeine and glaucoma risk was investigated in several studies,
including the UK Biobank, where participants underwent the Oxford WebQ instrument (repeated
up to 5 times between 2009-2012) covering 24-hour recall with 19 questions on daily intake of
caffeine-containing foods and beverages. The results showed very little association between total
caffeine consumption (calculated using published reports on caffeine content) and IOPcc, with
an interesting slightly lower IOPcc for people consuming the highest amount of daily caffeine
versus lowest (difference in IOP (95% confidence interval, CI) in subjects in the highest quintile
of total caffeine intake (>231.9 mg/day) versus subjects in the lowest quintile (<86.6 mg/day): -
0.10 mmHg (-0.19, -0.01), p-trend=0.01). Furthermore, no association was found between
caffeine intake and the risk of glaucoma (OR, in the highest quintile of total caffeine intake
(>232.4 mg/day) versus subjects in the lowest quintile (<87.0 mg/day): 1.01 (0.90-1.14), p-
trend=0.59) [26]. The gene-caffeine interaction was also investigated in 75,686 participants using
a PRS, combining the effects of 111 IOP-associated genetic variants and stratifying participants
with increasing genetic predisposition (IOP PRS). In the highest IOP PRS quartile, a higher
caffeine intake (> 480 mg/day versus < 80 mg/day) was indeed associated with a 0.35-mmHg
higher IOP, with a significant gene-caffeine intake interaction (p-interaction=0.01). Similarly,
among 105,205 participants, only in those with the highest IOP genetic risk, the prevalence of
glaucoma increased 3.90-fold with the higher level of caffeine intake compared to subjects in the
lowest IOP PRS quartile consuming no caffeine, with a highly significant gene-caffeine intake
interaction (p-interaction=0.0003) (Figure 1) [26]. One hypothesis to explain the [OP PRS —
caffeine intake interaction is that caffeine antagonizes adenosine receptors in the ciliary body,

leading to increased aqueous humor production. Perhaps POAG patients with high IOP PRS
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have impaired outflow capacity and are unable to respond to this volume stress and consequently

undergo IOP increases and glaucoma [27].

Alcohol

Higher levels of alcohol intake are associated with higher IOP, higher prevalence of
glaucoma, and thinner inner retinal thickness values [28]. These adverse associations became
apparent even at consumption levels below recommended allowances set by US and UK
regulatory authorities. The study considered large sample sizes (n=50,455) and accounted for
participants’ multitrait glaucoma PRS. Stronger adverse relations between alcohol intake and
IOP were found in participants at the highest genetic risk for glaucoma, highlighting the
importance of accounting for genetic makeup when studying the relation between lifestyle and

glaucoma, whenever possible (Figure 2) [28].

Pollution

A discussion of pollution and glaucoma was particularly timely as New York experienced
the worst air quality on record in the days leading up to the Think Tank meeting. The influence
of pollution has been investigated in UK Biobank participants, based on local geophysical factors
where participants lived [29, 30]. Findings of 111,370 participants showed that those who lived
in areas with a higher level of small particulate matter PM2.s pollution had a higher prevalence of
glaucoma (OR=1.06 (95% CI: 1.01-1.12), per interquartile range (IQR) increase P=0.02) and a
substantially thinner ganglion cell-inner plexiform layer assessed by spectral-domain optical
coherence tomography (B = -0.56 um (95% CI: -0.63 to -0.49, per IQR increase, P=1.2x107),

while no association was found between PM2.s concentration and IOP. These findings suggest
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pollution may represent a risk factor for glaucoma on a population level via IOP-independent

mechanisms [29].

Serum Lipids

The relationship between serum lipids and POAG is controversial. In a large cross-
sectional study with data derived from the UK Biobank (94,323 participants) and EPIC-Norfolk
cohorts (6,230 participants), a consistent positive association was found between various serum
lipid levels (total cholesterol, high-density lipoprotein cholesterol (HDL-C), low-density
lipoprotein cholesterol (LDL-C)) and IOP. Interestingly, while HDL and LDL have opposing
associations in the case of cardiovascular diseases (CVD), with higher LDL associated with a
higher disease risk, and higher HDL associated with a lower risk, the aforementioned data
showed instead that both HDL and LDL were positively associated with IOP, thus suggesting
that the pathway mediating the relationship between lipids metabolism and IOP is different
compared to the one that mediates cardiovascular risk [31]. Further research investigating
metabolite profiles in multiple cohorts including both the UK Biobank and US cohorts confirmed
these results, indicating the importance of serum lipids in glaucoma pathophysiology with the

potential for future development of drugs targeting lipid metabolism [32].

Sleep Apnea and Sleep Behavior

While in prospective cohort studies a consistent observational association has been found
between sleep apnea and glaucoma risk [33], in Mendelian Randomization analyses using
genetic data on a large cohort to investigate the association between genetically predicted sleep

apnea and glaucoma susceptibility, no causal association was found [34]. The relationship
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between sleep behavior and glaucoma has also been investigated. In a study on 409,053
participants from the UK Biobank, snoring, daytime sleepiness, insomnia, short/long sleep
duration, but not a late chronotype sleep pattern were associated with increased risk of glaucoma
compared to healthy sleep pattern [35], thus suggesting the importance of sleep behavior as a

modifiable risk factor for glaucoma.

Female sex hormones

For women, managing their reproductive health can be a tradeoff between mitigating the
risk of competing diseases. Dr. Thasarsat Vajaranant recounted the rather public disclosure of
actress Angelina Jolie who underwent bilateral mastectomy and salpingo-oophorectomy in her
late thirties to reduce her risk of malignancies related to harboring the BRCA1 gene mutation.
While these surgeries reduced her risk of developing cancer, data on the role of sex hormones
and POAG discussed during the Think Tank suggest that she may be at increased risk of
glaucoma. Women bear a greater burden of glaucoma compared to men, with a higher caseload,
higher rates of visual impairment, and disparity in treatment [62]. In this section, we summarize
the evidence supporting the involvement of estrogens in glaucoma pathophysiology and discuss
the potential protective role of postmenopausal hormone (PMH) use in glaucoma management.

The relationship between female reproductive factors and POAG risk has been
investigated in several studies [63-69], with no clear association found with age at menarche,
parity, years of reproductive duration, and/or oral contraceptive use [69]. However, studies have
shown a consistent association between younger age of menopause and increased risk of POAG
on one hand, and between postmenopausal hormone use and decreased POAG risk on the other,

thus suggesting the importance of female sex hormones [69]. Specifically, the Rotterdam study
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included 3,078 women and was the first to show an increased risk of POAG (OR: 2.6; 95% CI:
1.5-4.8) during early menopause (<45 years) [63]. Similarly, the Nurses’ Health Study, a 22-year
longitudinal cohort study with 66,417 female participants, found a decreased POAG risk in
women older than 65 years of age with late menopause (> 54 years) (multivariable rate ratios
(MVRR): 0.53; 95%CI: 0.32-0.89) [65]. In the Mayo Clinic Cohort Study of Oophorectomy and
Aging, 1,044 women who underwent bilateral oophorectomy before menopause showed no
increased POAG risk compared to 1,070 age-matched referent women (Hazard Ratio (HR): 1.12;
95% CI: 0.89-1.42) [66]. However, when stratified by age of oophorectomy or surgical
menopause, a significantly increased POAG risk was found in women with oophorectomy before
the age of 43 years (HR: 1.60; 95% CI: 1.15-2.23). Taken together, these data support the
paradigm of younger age at menopause as a potentially significant risk factor for POAG.

The relationship between PMH use and POAG risk has also been investigated. Two large
population-based studies, the Rotterdam Study (OR: 0.54; 95% CI: 1.17-1.74) and Blue
Mountain Study (OR: 0.5; 95% CI: 0.2-1.2), found a decreased, but not significant, risk in
women who had used PMHs [63-64]. In the Nurses’ Health Study, PMH users of estrogen and
progestin showed a decreased risk (MVRR: 0.58; 95% CI: 0.36-0.94), but non-significant risk
reduction was found in users of estrogen alone (MVRR: 0.93; 95% CI: 0.63 to 1.35) [65].

Several researchers have investigated the relationship between PMH use and IOP. In one
study of 4,347 participants taking part in the Women's Health Initiative-Sight Exam (WHISE),
two study arms were included: in one trial, 1,668 women with prior hysterectomy were
randomized into treatment with estrogen versus placebo; and in another trial, 2,697 women
without hysterectomy were randomized to receive estrogen-plus-progestin or placebo [67].

Treatment with estrogen alone was associated with an IOP decrease of 0.5 mmHg in the right
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eye (95% CI: -0.8,-0.1, P=.005) and of 0.6 mmHg in the left eye (95% CI: -0.9,-0.3, P<.001),
while no IOP differences were noted between the women treated with estrogen-plus-progestin
compared to placebo (right eye: P=0.30; left eye: P=0.43). A post hoc analysis of the randomized
controlled trial was then conducted among 25,535 WHISE participants to investigate the effect
of PMH use stratified by race on incident POAG risk [68]. In the final analysis on 8,102 women,
no PMH use benefit was found in terms of incident POAG risk overall; however, African
American women treated with estrogen showed a risk reduced by half compared to the placebo
group (HR: 0.49, 95% CI: 0.27-0.88). These data support the association between PMH use and
lower IOP and reduced POAG risk, with an effect depending on the type of PMH used (estrogen
versus estrogen-plus-progestin) and on the race of the individuals, thus highlighting their
potential role as modifiable risk factors for the disease.

One hypothesis for the relationship between female sex hormones and glaucoma is the
suggestion that estrogen deficiency may accelerate optic nerve aging, thus increasing the risk for
glaucoma via multiple mechanisms (Figure 3) [70]. The mechanical theory suggests that
estrogens may regulate IOP by affecting the production and outflow of aqueous humor via
estrogen receptors present in the ciliary epithelium [71], as supported by the evidence of lower
IOP during pregnancy [72] and higher IOP after menopause [73]. Based on the vascular therapy,
the perfusion of the optic nerve and retinal ganglion cells (RGCs) may be affected by estrogens
via smooth muscle tone regulation through endothelial-based nitric oxide synthase, with studies
showing a reduction of blood flow associated with a decline in estrogens with age, and an
enhancement of blood flow with PMH use [70]. Importantly, estrogens have been shown to

prevent RGC loss in animal models of glaucoma with both chronic and acute IOP elevation [74-
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75], and PMH use has been shown to preserve the retinal nerve fiber layer in postmenopausal
women [76], suggesting the potential protective role of PMH use for glaucoma.

In the 2022 Hormone Therapy Position Statement of The North American Menopause
Society, the potential use of PMH to mitigate the risk of glaucoma was discussed and both the
increased risk of POAG in premature or early menopause and the potential role of estrogen
therapy in decreasing IOP and POAG risk in African American women were acknowledged [77].
However, as expressed by the experts during the Think Tank, it is still unclear if PMH use
should be recommended by ophthalmologists in women at risk for POAG, since factors like
time, dosage, duration of use, route of administration, and timing of initiation may affect their
benefit-risk ratio. In this context, the “timing hypothesis” supported by many studies in different
fields consistently shows that PMH use may provide benefits if given early, to women younger
than 60 years or within 10 years of menopause onset and without contraindications, while later,
more than 10 or 20 years from menopause onset or in women aged 60 years or older, their effects
may be harmful with greater absolute risks of cardiovascular disease, stroke, and dementia [77].

In conclusion, during the 2023 Think Tank meeting, it was highlighted how
investigations on the hormone-based pathophysiology of glaucoma are critical to allow for
improved, personalized glaucoma care. In addition, the findings presented represent the
foundation for the development of novel preventive measures and the identification of novel
therapeutic targets. The need for future epidemiologic studies to further elucidate the role of race
as a potential modifier between estrogen-based therapy and POAG, and the association with IOP

was also emphasized.

Neuroprotection
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During the Think Tank meeting the topic of neuroprotection was also discussed.
Neuroprotection in the field of glaucoma encompasses treatments, independent from IOP, able to
prevent or delay glaucomatous neurodegeneration, and to enhance the function and survival of
RGCs and their axons [78]. As the RGCs axons are the initial site of injury in experimental
models of glaucoma, axon injury signaling has been studied as a target to develop
neuroprotective agents. Physiologically, both anterograde and retrograde pro-survival signals
propagate in the axon, and they may be blocked when an injury occurs and leads to axon
degeneration. Similarly, pro-degenerative signals may also be generated in physiologic
conditions to trigger cell death. Neuroprotective strategies that act by either restoring pro-
survival signals or by blocking pro-degeneration signals elicited by axonal injury have been
investigated in several animal models of glaucoma [79-90]. As discussed during the Think Tank
and summarized in Table 3, axonal injury signals represent therefore potential targets for
promising robust RGC intrinsic neuroprotective therapies with high potential to be translatable in
humans.

The Think Tank meeting also highlighted an in-depth analysis of the several specific
challenges that characterize neuroprotection clinical trials in glaucoma research, and the potential
advancements made possible in this field with the advent of Al and ML approaches.

Neuroprotection that could be used with or as an alternative of IOP lowering treatments is
an important target as many glaucomatous patients experience progressive functional loss despite
well-controlled IOP, and often IOP-lowering medications are ineffective or not tolerated.
Historically, 25 years ago the search for neuroprotective agents that could protect the optic nerve
and RGCs independently of IOP was proposed [91], and several mechanisms of

neurodegeneration have been since identified, including environmental factors, metabolic stress,
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genetic contributors, neurovascular uncoupling and neuroinflammation (Figure 4) [92]. Several
experimental models’ systems have been established in vitro, ex vivo, or in vivo [92] and
multiple neuroprotective agents have been identified in animal models of glaucoma, yet none has
been approved in humans.

A placebo-controlled study on neuroprotection in glaucoma, completed in 2006,
investigated the effect of oral memantine on 2,298 subjects with high-risk POAG patients, at 126
clinical sites. The primary efficacy measure was defined in terms of visual field progression, and
the results, published 12 years after its completion, failed to show disease progression prevention
[93]. During the Think Tank meeting the experts discussed how, while with appropriate
intervention, a trial of neuroprotection may now have the potential for achieving clinical
endpoints within a reasonable time and at a reasonable cost; however, there are still several
challenges unique to conducting glaucoma neuroprotection trials. The selection of target patients
for glaucoma neuroprotection is particularly complex, as more strict criteria often lead to smaller
sample sizes with less power to detect moderate treatment effects. The possibility of selecting
patients who are rapidly progressing under standard therapy or who have various risk factors for
progression has the disadvantages of more difficult recruitment and reduced generalizability of
the results and may be particularly challenging.

In a neuroprotective trial, the studied primary endpoint is critical to determine and
demonstrate that a therapeutic intervention is effective. In glaucoma, however, many endpoints
are available, yet the desirable ones are often not practical or readily detectable and often depend
on the stage of the disease. In this context, as the ultimate goal of clinical management of
glaucoma is to preserve visual function and vision-related quality of life, the current regulatory

gold standard clinical endpoint is represented by visual field assessments. However, this
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represents a significant challenge as it has reduced sensitivity in the early stages of the disease,
high variability in the late stages, and multi-year-long costly trials are needed to detect
significant visual field changes. Using trend-based analyses of visual field progression provides
an alternative approach to current event-based endpoints. However, the inclusion of slowly
progressing patients in a clinical trial would likely require very large sample sizes [94].

To mitigate these challenges, efforts have been made to identify new functional
endpoints, such as time to functional progression [95] and rate of functional progression in terms
of mean defect change [96-97] that have been shown to allow faster, less costly trials with a
reduced number of subjects, and thus may be particularly suitable as endpoints of progression in
glaucoma. Structural endpoints of the optic disc, retinal nerve fiber layer, and macula, also
present several advantages compared to the functional ones, with changes that may appear before
detectable changes in visual field measures. The rapid acquisition of structural endpoints via
non-invasive imaging devices with a large number of tests available has also the advantage of a
reduction in sample size requirement compared to functional endpoints, thus allowing for shorter
and less expensive trials. However, no structural outcomes have yet been approved for glaucoma
trials by regulatory agencies [98].

A novel solution for the myriad of challenges facing neuroprotection trials is the use of
Al and deep-learning approaches. First, Al may facilitate patient selection and recruitment,
identify suitable candidates’ trials based on analysis of complex information from the EHR,
and/or use predictive models to identify patients at high risk of progression, as shown in multiple
studies [99-102]. Second, Al may also help with data collection, analysis, and visualization.
Furthermore, Al may automate and improve the quality of clinical data assessment by

supplementing or replacing subjective human reading centers. For example, a deep learning
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model detected retinal nerve fiber layer segmentation errors on OCT images at least as well as
highly qualified reading centers (AUROC: 0.979, 95% CI: 0.974- 0.984; overall accuracy:
92.4%) [103]. Third, AI may help in the development and validation of new endpoints
integrating multiple sources of information. Al may enable more efficient trials using complex
structural and functional information to develop clinically relevant endpoints with a better signal-
to-noise ratio and less variability, and potentially allow for clinical trials with home-based
testing. Evidence showed, for example, that a deep learning model trained to detect glaucoma on
raw OCT B-scan outperformed summary parameters [104]. Deep learning algorithms applied to
OCT en-face optic nerve head images were also able to achieve high diagnostic accuracy for
differentiating between eyes with and without glaucomatous visual field damage and predicting
the severity of visual field damage (mean deviation) [105]. Importantly, Al is also able to detect
progressive OCT-assessed retinal nerve fiber layer thinning based on fundus photographs [106],
thus opening up the possibility to incorporate Al models in some portable devices and allowing
patients to participate in clinical trials with home-based assessments able to provide repetitive
and more reliable measurements. Finally, Al may be able to discover new relationships from the
analysis of complex data leading to therapeutic targets (from genetic data and improvement of
models and discovery of new targets).

In summary, the Think Tank experts agreed that neuroprotective agents have enormous
potential to favorably impact POAG patients. While clinical trials on neuroprotective agents such
as nicotinamide have promise [107-108], several unsolved significant challenges in this field still
exist. While the advent of Al and ML tools can help mitigate obstacles, the experts agreed that
neuroprotective drugs have a potential role in glaucoma and their use in clinical practice is

possible but may still require further study before its implementation.
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Unmet needs — Glaucoma patients’ personal experiences

In the concluding session of the Think Tank, patients with glaucoma had the chance to
share their personal experiences with the audience. The patients profusely thanked the
researchers for their discoveries and highlighted some unmet needs in the field of glaucoma,
such as broader access to easy-to-use, portable devices for IOP measurement at home, and the
hope for novel treatments, such as neuroprotective agents. The patients underlined the emotional
and mental health challenges caused by the disease, suggesting the need, in addition to the
glaucoma specialists, to have dedicated personnel in the glaucoma clinics who could act as
“health coaches” and provide psychological support.
Conclusions

In summary, the Think Tank highlighted several important take-home messages. First,
while genetics are important in defining the risk of glaucoma, patients can change such risk by
adapting lifestyle behaviors that could protect them from disease onset and progression. In this
context, the importance of BIG DATA repositories should be stressed as a solution, combined
with Al approaches, to explore the complex interactions between genetic and environmental
factors that have historically impacted our understanding of glaucoma. The significant role that
sex hormones may play in disease pathogenesis for women was also highlighted. Finally,
particular challenges are faced by researchers in the field of glaucoma for neuroprotective
clinical trials. Experts highlighted the hope that the use of AI methodologies applied to large
datasets may help mitigate such obstacles and allow for the approval of new neuroprotective

agents to improve patient care in the future.

Copyright © 2023 Wolters Kluwer Health, Inc. All rights reserved. Unauthorized reproduction of the article is prohibited.



8/ +AWAOANDMM8eAAAAVYO/FOAEIDVIASALLIAIPOOAEIEAHION/ADO AUMYTXOMADYO!

INXFOHISABZIUT0+erNIOITWNOTZTARY HAaSHAQUg Aq [eunolewoone)B/woo°mm| sfeuinoly:dny woly papeojumoq

€202/.2/2T uo

References

I.

10.

Andrade C. Sample Size and its Importance in Research. Indian J Psychol Med. 2020 Jan
6;42(1):102-103. doi: 10.4103/IJPSYM.IJPSYM_504 19. PMID: 31997873; PMCID:
PMC6970301.

Lewington S, Clarke R, Qizilbash N, Peto R, Collins R; Prospective Studies Collaboration.
Age-specific relevance of usual blood pressure to vascular mortality: a meta-analysis of
individual data for one million adults in 61 prospective studies. Lancet. 2002 Dec
14;360(9349):1903-13. doi: 10.1016/s0140-6736(02)11911-8. Erratum in: Lancet. 2003 Mar
22;361(9362):1060. PMID: 12493255.

American Academy of Ophthalmology. IRIS Registry. https://www.aao.org/iris-
registry/data-analysis/requirements. Accessed June 2023.

Lee CS, Blazes M, Lorch A, Pershing S, Hyman L, Ho AC, Haller J, Miller JW, Chew EY,
Lum F, Lee AY. American Academy of Ophthalmology Intelligent Research in Sight (IRIS
®) Registry and the IRIS Registry Analytic Center Consortium. Ophthalmol Sci. 2022 Jan
8;2(1):100112. doi: 10.1016/j.x0ps.2022.100112. PMID: 36246182; PMCID: PMC9560568.
Olivier MMG, Smith OU, Croteau-Chonka CC, VanderBeek BL, Maguire MG, Lum F,
Fujino D, Kelly SP, Rich WL, Miller-Ellis EG. Demographic and Clinical Characteristics
Associated with Minimally Invasive Glaucoma Surgery Use: An Intelligent Research in
Sight (IRIS®) Registry Retrospective Cohort Analysis. Ophthalmology. 2021
Sep;128(9):1292-1299. doi: 10.1016/j.0phtha.2021.02.012. Epub 2021 Feb 15. PMID:
33600867.

Skuta GL, Ding K, Lum F, Coleman AL. An IRIS Registry-Based Assessment of Primary
Open-Angle Glaucoma Practice Patterns in Academic Versus Nonacademic Settings. Am J
Ophthalmol. 2022 Oct;242:228-242. doi: 10.1016/j.2j0.2022.04.006. Epub 2022 Apr 22.
PMID: 35469787.

Yang SA, Ciociola EC, Mitchell W, Hall N, Lorch AC, Miller JW, Friedman DS, Boland
MV, Elze T, Zebardast N; IRIS® Registry Analytic Center Consortium. Effectiveness of
Microinvasive Glaucoma Surgery in the United States: Intelligent Research in Sight Registry
Analysis 2013-2019. Ophthalmology. 2023 Mar;130(3):242-255. doi:
10.1016/j.0phtha.2022.10.021. Epub 2022 Oct 29. PMID: 36522820.

Hall NE, Chang EK, Samuel S, Gupta S, Klug E, Elze T, Lorch AC, Miller JW, Sola-Del
Valle D. Risk Factors for Glaucoma Drainage Device Revision or Removal Using the IRIS
Registry. Am J Ophthalmol. 2022 Aug;240:302-320. doi: 10.1016/j.2j0.2022.03.029. Epub
2022 Apr 2. PMID: 35381206.

Baxter SL, Saseendrakumar BR, Paul P, Kim J, Bonomi L, Kuo TT, Loperena R,
Ratsimbazafy F, Boerwinkle E, Cicek M, Clark CR, Cohn E, Gebo K, Mayo K, Mockrin S,
Schully SD, Ramirez A, Ohno-Machado L; All of Us Research Program Investigators.
Predictive Analytics for Glaucoma Using Data From the All of Us Research Program. Am J
Ophthalmol. 2021 Jul;227:74-86. doi: 10.1016/j.2j0.2021.01.008. Epub 2021 Jan 23. PMID:
33497675; PMCID: PMC8184631.

Delavar A, Radha Saseendrakumar B, Weinreb RN, Baxter SL. Racial and Ethnic Disparities
in Cost-Related Barriers to Medication Adherence Among Patients With Glaucoma Enrolled
in the National Institutes of Health All of Us Research Program. JAMA Ophthalmol. 2022

Copyright © 2023 Wolters Kluwer Health, Inc. All rights reserved. Unauthorized reproduction of the article is prohibited.



8/ +AWAOANDMM8eAAAAVYO/FOAEIDVIASALLIAIPOOAEIEAHION/ADO AUMYTXOMADYO!

INXFOHISABZIUT0+erNIOITWNOTZTARY HAaSHAQUg Aq [eunolewoone)B/woo°mm| sfeuinoly:dny woly papeojumoq

€202/.2/2T uo

11.

12.

13.

14.

15.

16.

17.

18.

19.

Apr 1;140(4):354-361. doi: 10.1001/jamaophthalmol.2022.0055. PMID: 35238904; PMCID:
PMC8895312.

Lee EB, Hu W, Singh K, Wang SY. The Association among Blood Pressure, Blood Pressure
Medications, and Glaucoma in a Nationwide Electronic Health Records Database.
Ophthalmology. 2022 Mar;129(3):276-284. doi: 10.1016/j.0phtha.2021.10.018. Epub 2021
Oct 22. PMID: 34688700; PMCID: PMC8863625

Delavar A, Saseendrakumar BR, Weinreb RN, Baxter SL. Healthcare Access and Utilization
Among Glaucoma Patients in a Nationwide Cohort. J Glaucoma. 2023 Jan 1;32(1):40-47.
doi: 10.1097/1JG.0000000000002123. Epub 2022 Sep 6. PMID: 36223287; PMCID:
PM(C9805488.

Dunbar GE, Titus M, Stein JD, Meijome TE, Mian SI, Woodward MA. Patient-Reported
Outcomes After Corneal Transplantation. Cornea. 2021 Oct 1;40(10):1316-1321. doi:
10.1097/1C0O.0000000000002690. PMID: 33758138; PMCID: PMC8418993.

Li T, Yang K, Stein JD, Nallasamy N. Gradient Boosting Decision Tree Algorithm for the
Prediction of Postoperative Intraocular Lens Position in Cataract Surgery. Transl Vis Sci
Technol. 2020 Dec 21;9(13):38. doi: 10.1167/tvst.9.13.38. PMID: 33384892; PMCID:
PMC7757635.

Bommakanti NK, Zhou Y, Ehrlich JR, Elam AR, John D, Kamat SS, Kelstrom J, Newman-
Casey PA, Shah MM, Weizer JS, Wood SD, Zhang AD, Zhang J, Lee PP, Stein JD;
SOURCE Consortium. Application of the Sight Outcomes Research Collaborative
Ophthalmology Data Repository for Triaging Patients With Glaucoma and Clinic
Appointments During Pandemics Such as COVID-19. JAMA Ophthalmol. 2020 Sep
1;138(9):974-980. doi: 10.1001/jamaophthalmol.2020.2974. PMID: 32678424; PMCID:
PMC7368237.

Stein JD, Rahman M, Andrews C, Ehrlich JR, Kamat S, Shah M, Boese EA, Woodward MA,
Cowall J, Trager EH, Narayanaswamy P, Hanauer DA. Evaluation of an Algorithm for
Identifying Ocular Conditions in Electronic Health Record Data. JAMA Ophthalmol. 2019
May 1;137(5):491-497. doi: 10.1001/jamaophthalmol.2018.7051. PMID: 30789656; PMCID:
PMC6512255.

Biobank. Enable your research. https://www.ukbiobank.ac.uk/enable-your-research.
Accessed July 2023.

Chan MP, Grossi CM, Khawaja AP, Yip JL, Khaw KT, Patel PJ, Khaw PT, Morgan JE,
Vernon SA, Foster PJ; UK Biobank Eye and Vision Consortium. Associations with
Intraocular Pressure in a Large Cohort: Results from the UK Biobank. Ophthalmology. 2016
Apr;123(4):771-82. doi: 10.1016/j.0phtha.2015.11.031. Epub 2016 Jan 13. PMID: 26795295;
PMCID: PMC4819446.

Hysi PG, Cheng CY, Springelkamp H, Macgregor S, Bailey JNC, Wojciechowski R, Vitart
V, Nag A, Hewitt AW, Hohn R, Venturini C, Mirshahi A, Ramdas WD, Thorleifsson G,
Vithana E, Khor CC, Stefansson AB, Liao J, Haines JL, Amin N, Wang Y X, Wild PS, Ozel
AB, LiJZ, Fleck BW, Zeller T, Staffieri SE, Teo YY, Cuellar-Partida G, Luo X, Allingham
RR, Richards JE, Senft A, Karssen LC, Zheng Y, Bellenguez C, Xu L, Iglesias Al, Wilson
JF, Kang JH, van Leeuwen EM, Jonsson V, Thorsteinsdottir U, Despriet DDG, Ennis S,
Moroi SE, Martin NG, Jansonius NM, Yazar S, Tai ES, Amouyel P, Kirwan J, van Koolwijk
LME, Hauser MA, Jonasson F, Leo P, Loomis SJ, Fogarty R, Rivadeneira F, Kearns L,
Lackner KJ, de Jong PTVM, Simpson CL, Pennell CE, Oostra BA, Uitterlinden AG, Saw
SM, Lotery AJ, Bailey-Wilson JE, Hofman A, Vingerling JR, Maubaret C, Pfeiffer N, Wolfs

Copyright © 2023 Wolters Kluwer Health, Inc. All rights reserved. Unauthorized reproduction of the article is prohibited.



8/ +AWAOANDMM8eAAAAVYO/FOAEIDVIASALLIAIPOOAEIEAHION/ADO AUMYTXOMADYO!

INXFOHISABZIUT0+erNIOITWNOTZTARY HAaSHAQUg Aq [eunolewoone)B/woo°mm| sfeuinoly:dny woly papeojumoq

€202/.2/2T uo

20.

21.

22.

23.

24.

25.

26.

27.

28.

RCW, Lemij HG, Young TL, Pasquale LR, Delcourt C, Spector TD, Klaver CCW, Small
KS, Burdon KP, Stefansson K, Wong TY; BMES GWAS Group; NEIGHBORHOOD
Consortium; Wellcome Trust Case Control Consortium 2; Viswanathan A, Mackey DA,
Craig JE, Wiggs JL, van Duijn CM, Hammond CJ, Aung T. Genome-wide analysis of multi-
ancestry cohorts identifies new loci influencing intraocular pressure and susceptibility to
glaucoma. Nat Genet. 2014 Oct;46(10):1126-1130. doi: 10.1038/ng.3087. Epub 2014 Aug
31. PMID: 25173106; PMCID: PMC4177225.

Khawaja AP, Cooke Bailey JN, Warecham NJ, Scott RA, Simcoe M, Igo RP Jr, Song YE,
Wojciechowski R, Cheng CY, Khaw PT, Pasquale LR, Haines JL, Foster PJ, Wiggs JL,
Hammond CJ, Hysi PG; UK Biobank Eye and Vision Consortium; NEIGHBORHOOD
Consortium. Genome-wide analyses identify 68 new loci associated with intraocular pressure
and improve risk prediction for primary open-angle glaucoma. Nat Genet. 2018
Jun;50(6):778-782. doi: 10.1038/s41588-018-0126-8. Epub 2018 May 21. PMID: 29785010;
PMCID: PMC5985943.

Xu Z, Hysi P, Khawaja AP. Genetic Determinants of Intraocular Pressure. Annu Rev Vis Sci.
2021 Sep 15;7:727-746. doi: 10.1146/annurev-vision-031021-095225. Epub 2021 Jun 1.
PMID: 34061569.

Hamid S, Desai P, Hysi P, Burr JM, Khawaja AP. Population screening for glaucoma in UK:
current recommendations and future directions. Eye (Lond). 2022 Mar;36(3):504-509. doi:
10.1038/s41433-021-01687-8. Epub 2021 Aug 3. PMID: 34345031; PMCID: PMC8873198.
Keane PA, Grossi CM, Foster PJ, Yang Q, Reisman CA, Chan K, Peto T, Thomas D, Patel
PJ; UK Biobank Eye Vision Consortium. Optical Coherence Tomography in the UK Biobank
Study - Rapid Automated Analysis of Retinal Thickness for Large Population-Based Studies.
PLoS One. 2016 Oct 7;11(10):e0164095. doi: 10.1371/journal.pone.0164095. PMID:
27716837; PMCID: PMC5055325.

Patel PJ, Foster PJ, Grossi CM, Keane PA, Ko F, Lotery A, Peto T, Reisman CA, Strouthidis
NG, Yang Q; UK Biobank Eyes and Vision Consortium. Spectral-Domain Optical
Coherence Tomography Imaging in 67 321 Adults: Associations with Macular Thickness in
the UK Biobank Study. Ophthalmology. 2016 Apr;123(4):829-40. doi:
10.1016/j.0phtha.2015.11.009. Epub 2015 Dec 30. PMID: 26746598.

Khawaja AP, Chua S, Hysi PG, Georgoulas S, Currant H, Fitzgerald TW, Birney E, Ko F,
Yang Q, Reisman C, Garway-Heath DF, Hammond CJ, Khaw PT, Foster PJ, Patel PJ,
Strouthidis N; UK Biobank Eye and Vision Consortium. Comparison of Associations with
Different Macular Inner Retinal Thickness Parameters in a Large Cohort: The UK Biobank.
Ophthalmology. 2020 Jan;127(1):62-71. doi: 10.1016/j.0phtha.2019.08.015. Epub 2019 Aug
21. PMID: 31585827.

Kim J, Aschard H, Kang JH, Lentjes MAH, Do R, Wiggs JL, Khawaja AP, Pasquale LR;
Modifiable Risk Factors for Glaucoma Collaboration. Intraocular Pressure, Glaucoma, and
Dietary Caffeine Consumption: A Gene-Diet Interaction Study from the UK Biobank.
Ophthalmology. 2021 Jun;128(6):866-876. doi: 10.1016/j.0ophtha.2020.12.009. Epub 2020
Dec 14. PMID: 33333105; PMCID: PMC8154631.

Yoon JJ, Danesh-Meyer HV. Caffeine and the eye. Surv Ophthalmol. 2019 May-
Jun;64(3):334-344. doi: 10.1016/j.survophthal.2018.10.005. Epub 2018 Oct 24. PMID:
30365973.

Stuart KV, Luben RN, Warwick AN, Madjedi KM, Patel PJ, Biradar MI, Sun Z, Chia MA,
Pasquale LR, Wiggs JL, Kang JH, Kim J, Aschard H, Tran JH, Lentjes MAH, Foster PJ,

Copyright © 2023 Wolters Kluwer Health, Inc. All rights reserved. Unauthorized reproduction of the article is prohibited.



8/ +AWAOANDMM8eAAAAVYO/FOAEIDVIASALLIAIPOOAEIEAHION/ADO AUMYTXOMADYO!

INXFOHISABZIUT0+erNIOITWNOTZTARY HAaSHAQUg Aq [eunolewoone)B/woo°mm| sfeuinoly:dny woly papeojumoq

€202/.2/2T uo

29.

30.

31.

32.

33.

34.

35.

36.

37.

Khawaja AP; Modifiable Risk Factors for Glaucoma Collaboration, the UK Biobank Eye and
Vision Consortium, and the International Glaucoma Genetics Consortium; Members of the
Modifiable Risk Factors for Glaucoma Collaboration; Members of the UK Biobank Eye and
Vision Consortium; Members of the International Glaucoma Genetics Consortium. The
Association of Alcohol Consumption with Glaucoma and Related Traits: Findings from the
UK Biobank. Ophthalmol Glaucoma. 2022 Dec 5:S2589-4196(22)00235-6. doi:
10.1016/j.0gla.2022.11.008. Epub ahead of print. PMID: 36481453; PMCID:
PMC10239785.

Chua SYL, Khawaja AP, Morgan J, Strouthidis N, Reisman C, Dick AD, Khaw PT, Patel PJ,
Foster PJ; UK Biobank Eye and Vision Consortium. The Relationship Between Ambient
Atmospheric Fine Particulate Matter (PM2.5) and Glaucoma in a Large Community Cohort.
Invest Ophthalmol Vis Sci. 2019 Nov 1;60(14):4915-4923. doi: 10.1167/iovs.19-28346.
PMID: 31764948.

Chua SYL, Warwick A, Peto T, Balaskas K, Moore AT, Reisman C, Desai P, Lotery AJ,
Dhillon B, Khaw PT, Owen CG, Khawaja AP, Foster PJ, Patel PJ; UK Biobank Eye and
Vision Consortium. Association of ambient air pollution with age-related macular
degeneration and retinal thickness in UK Biobank. Br J Ophthalmol. 2022 May;106(5):705-
711. doi: 10.1136/bjophthalmol-2020-316218. Epub 2021 Jan 25. PMID: 33495162.
Madjedi KM, Stuart KV, Chua SYL, Luben RN, Warwick A, Pasquale LR, Kang JH, Wiggs
JL, Lentjes MAH, Aschard H, Sattar N, Foster PJ, Khawaja AP; Modifiable Risk Factors for
Glaucoma Collaboration and the UK Biobank Eye and Vision Consortium. The Association
between Serum Lipids and Intraocular Pressure in 2 Large United Kingdom Cohorts.
Ophthalmology. 2022 Sep;129(9):986-996. doi: 10.1016/j.ophtha.2022.04.023. Epub 2022
Apr 30. PMID: 35500606.

Zeleznik OA, Kang JH, Lasky-Su J, Eliassen AH, Frueh L, Clish CB, Rosner BA, Elze T,
Hysi P, Khawaja A, Wiggs JL, Pasquale LR; UK Biobank Eye and Vision Consortium.
Plasma metabolite profile for primary open-angle glaucoma in three US cohorts and the UK
Biobank. Nat Commun. 2023 May 19;14(1):2860. doi: 10.1038/s41467-023-38466-w.
PMID: 37208353; PMCID: PMC10199010.

Han X, Lee SS, Ingold N, McArdle N, Khawaja AP, MacGregor S, Mackey DA.
Associations of sleep apnoea with glaucoma and age-related macular degeneration: an
analysis in the United Kingdom Biobank and the Canadian Longitudinal Study on Aging.
BMC Med. 2021 May 11;19(1):104. doi: 10.1186/s12916-021-01973-y. PMID: 33971878;
PMCID: PMC8111909.

Ingold N, Campos Al, Han X, Ong JS, Gharahkhani P, Mackey DA, Renteria ME, Law MH,
MacGregor S. Is Genetic Risk for Sleep Apnea Causally Linked With Glaucoma
Susceptibility? Invest Ophthalmol Vis Sci. 2022 Jan 3;63(1):25. doi: 10.1167/i0vs.63.1.25.
PMID: 35050305; PMCID: PMC8787584.

Sun C, Yang H, Hu Y, Qu Y, Hu Y, Sun Y, Ying Z, Song H. Association of sleep behaviour
and pattern with the risk of glaucoma: a prospective cohort study in the UK Biobank. BMJ
Open. 2022 Nov 1;12(11):¢063676. doi: 10.1136/bmjopen-2022-063676. PMID: 36319053;
PMCID: PM(C9644340.

Biobank. Register to enable your vision. https://www.ukbiobank.ac.uk/enable-your-
research/register. Accessed July 2023.

Biobank. Publications. https://www.ukbiobank.ac.uk/enable-your-research/publications.
Accessed July 2023.

Copyright © 2023 Wolters Kluwer Health, Inc. All rights reserved. Unauthorized reproduction of the article is prohibited.



8/ +AWAOANDMM8eAAAAVYO/FOAEIDVIASALLIAIPOOAEIEAHION/ADO AUMYTXOMADYO!

INXFOHISABZIUT0+erNIOITWNOTZTARY HAaSHAQUg Aq [eunolewoone)B/woo°mm| sfeuinoly:dny woly papeojumoq

€202/.2/2T uo

38.

39.

40.

41.

42.

43

44,

45.

46.

47.

48.

49.

Baxter SL, Nwanyanwu K, Legault G, Lee AY. Data Sources for Evaluating Health
Disparities in Ophthalmology: Where We Are and Where We Need to Go. Ophthalmology.
2022 Oct;129(10):e146-e149. doi: 10.1016/j.0phtha.2022.06.035. Epub 2022 Sep 1. PMID:
36058733; PMCID: PMC9509471.

Biobank. Ambitious project announced to create the world’s largest longitudinal imaging
dataset. September 21%, 2022. Accessed July 2023.

Arciero J, Harris A, Siesky B, Amireskandari A, Gershuny V, Pickrell A, Guidoboni G.
Theoretical analysis of vascular regulatory mechanisms contributing to retinal blood flow
autoregulation. Invest Ophthalmol Vis Sci. 2013 Aug 19;54(8):5584-93. doi:
10.1167/iovs.12-11543. PMID: 23847315; PMCID: PMC3747715.

Guidoboni G, Harris A, Cassani S, Arciero J, Siesky B, Amireskandari A, Tobe L, Egan P,
Januleviciene I, Park J. Intraocular pressure, blood pressure, and retinal blood flow
autoregulation: a mathematical model to clarify their relationship and clinical relevance.
Invest Ophthalmol Vis Sci. 2014 May 29;55(7):4105-18. doi: 10.1167/iovs.13-13611.
Erratum in: Invest Ophthalmol Vis Sci. 2015 Oct;56(11):6247. PMID: 24876284; PMCID:
PMC4083771.

Harris A, Guidoboni G, Siesky B, Mathew S, Verticchio Vercellin AC, Rowe L, Arciero J.
Ocular blood flow as a clinical observation: Value, limitations and data analysis. Prog Retin
Eye Res. 2020 Jan 24:100841. doi: 10.1016/j.preteyeres.2020.100841. Epub ahead of print.
PMID: 31987983; PMCID: PMC8908549.

. Guidoboni G, Nunez R, Keller J, Wikle C, Robinson EL, Verticchio Vercellin AC, Siesky B,

Oddone F, Quaranta L, Wirostko B, Topouzis F, Cheng CY, Januleviciene I, Wegner A,
Antman G, Jones C, Harris A. Precision medicine and glaucoma management: how
mathematical modeling and artificial intelligence help in clinical practice. Expert Rev
Ophthalmol. 2022;17(5):299-301. doi: 10.1080/17469899.2022.2130249. Epub 2022 Oct 6.
PMID: 36545014; PMCID: PMC9762696.

Nunez R, Harris A, Ibrahim O, Keller J, Wikle CK, Robinson E, Zukerman R, Siesky B,
Verticchio A, Rowe L, Guidoboni G. Artificial Intelligence to Aid Glaucoma Diagnosis and
Monitoring: State of the Art and New Directions. Photonics. 2022 Nov;9(11):810. doi:
10.3390/photonics9110810. Epub 2022 Oct 28. PMID: 36816462; PMCID: PM(C9934292.
Benedict, TW. Abhandlungen aus dem Gebiete der Augenheilkunde. Freunde: Breslau; 1842.
p. 123-132 (Ger).

Wang K, Gaitsch H, Poon H, Cox NJ, Rzhetsky A. Classification of common human diseases
derived from shared genetic and environmental determinants. Nat Genet. 2017
Sep;49(9):1319-1325. doi: 10.1038/ng.3931. Epub 2017 Aug 7. PMID: 28783162; PMCID:
PMC5577363.

Sanfilippo PG, Hewitt AW, Hammond CJ, Mackey DA. The heritability of ocular traits. Surv
Ophthalmol. 2010 Nov-Dec;55(6):561-83. doi: 10.1016/j.survophthal.2010.07.003. Epub
2010 Sep 19. PMID: 20851442.

Wolfs RC, Klaver CC, Ramrattan RS, van Duijn CM, Hofman A, de Jong PT. Genetic risk of
primary open-angle glaucoma. Population-based familial aggregation study. Arch
Ophthalmol. 1998 Dec;116(12):1640-5. doi: 10.1001/archopht.116.12.1640. PMID:
9869795.

MacGregor S, Ong JS, An J, Han X, Zhou T, Siggs OM, Law MH, Souzeau E, Sharma S,
Lynn DJ, Beesley J, Sheldrick B, Mills RA, Landers J, Ruddle JB, Graham SL, Healey PR,
White AJR, Casson RJ, Best S, Grigg JR, Goldberg I, Powell JE, Whiteman DC, Radford-

Copyright © 2023 Wolters Kluwer Health, Inc. All rights reserved. Unauthorized reproduction of the article is prohibited.



8/ +AWAOANDMM8eAAAAVYO/FOAEIDVIASALLIAIPOOAEIEAHION/ADO AUMYTXOMADYO!

INXFOHISABZIUT0+erNIOITWNOTZTARY HAaSHAQUg Aq [eunolewoone)B/woo°mm| sfeuinoly:dny woly papeojumoq

€202/.2/2T uo

50.

51.

52.

53.

Smith GL, Martin NG, Montgomery GW, Burdon KP, Mackey DA, Gharahkhani P, Craig
JE, Hewitt AW. Genome-wide association study of intraocular pressure uncovers new
pathways to glaucoma. Nat Genet. 2018 Aug;50(8):1067-1071. doi: 10.1038/s41588-018-
0176-y. Epub 2018 Jul 27. PMID: 30054594.

Craig JE, Han X, Qassim A, Hassall M, Cooke Bailey JN, Kinzy TG, Khawaja AP, An J,
Marshall H, Gharahkhani P, Igo RP Jr, Graham SL, Healey PR, Ong JS, Zhou T, Siggs O,
Law MH, Souzeau E, Ridge B, Hysi PG, Burdon KP, Mills RA, Landers J, Ruddle JB, Agar
A, Galanopoulos A, White AJR, Willoughby CE, Andrew NH, Best S, Vincent AL,
Goldberg I, Radford-Smith G, Martin NG, Montgomery GW, Vitart V, Hoehn R,
Wojciechowski R, Jonas JB, Aung T, Pasquale LR, Cree AJ, Sivaprasad S, Vallabh NA;
NEIGHBORHOOD consortium; UK Biobank Eye and Vision Consortium; Viswanathan AC,
Pasutto F, Haines JL, Klaver CCW, van Duijn CM, Casson RJ, Foster PJ, Khaw PT,
Hammond CJ, Mackey DA, Mitchell P, Lotery AJ, Wiggs JL, Hewitt AW, MacGregor S.
Multitrait analysis of glaucoma identifies new risk loci and enables polygenic prediction of
disease susceptibility and progression. Nat Genet. 2020 Feb;52(2):160-166. doi:
10.1038/s41588-019-0556-y. Epub 2020 Jan 20. PMID: 31959993; PMCID: PMC8056672.
Gharahkhani P, Jorgenson E, Hysi P, Khawaja AP, Pendergrass S, Han X, Ong JS, Hewitt
AW, Segré AV, Rouhana JM, Hamel AR, Igo RP Jr, Choquet H, Qassim A, Josyula NS,
Cooke Bailey JN, Bonnemaijer PWM, Iglesias A, Siggs OM, Young TL, Vitart V, Thiadens
AAH]J, Karjalainen J, Uebe S, Melles RB, Nair KS, Luben R, Simcoe M, Amersinghe N,
Cree AJ, Hohn R, Poplawski A, Chen LJ, Rong SS, Aung T, Vithana EN;
NEIGHBORHOOD consortium; ANZRAG consortium; Biobank Japan project; FinnGen
study; UK Biobank Eye and Vision Consortium; GIGA study group; 23 and Me Research
Team; Tamiya G, Shiga Y, Yamamoto M, Nakazawa T, Currant H, Birney E, Wang X,
Auton A, Lupton MK, Martin NG, Ashaye A, Olawoye O, Williams SE, Akafo S, Ramsay
M, Hashimoto K, Kamatani Y, Akiyama M, Momozawa Y, Foster PJ, Khaw PT, Morgan JE,
Strouthidis NG, Kraft P, Kang JH, Pang CP, Pasutto F, Mitchell P, Lotery AJ, Palotie A, van
Duijn C, Haines JL, Hammond C, Pasquale LR, Klaver CCW, Hauser M, Khor CC, Mackey
DA, Kubo M, Cheng CY, Craig JE, MacGregor S, Wiggs JL. Genome-wide meta-analysis
identifies 127 open-angle glaucoma loci with consistent effect across ancestries. Nat
Commun. 2021 Feb 24;12(1):1258. Doi: 10.1038/s41467-020-20851-4. PMID: 33627673;
PMCID: PMC7904932.

Han X, Steven K, Qassim A, Marshall HN, Bean C, Tremeer M, An J, Siggs OM,
Gharahkhani P, Craig JE, Hewitt AW, Trzaskowski M, MacGregor S. Automated Al labeling
of optic nerve head enables insights into cross-ancestry glaucoma risk and genetic discovery
in >280,000 images from UKB and CLSA. Am J Hum Genet. 2021 Jul 1;108(7):1204-1216.
doi: 10.1016/j.ajhg.2021.05.005. Epub 2021 Jun 1. PMID: 34077762; PMCID:
PM(C8322932.

Han X, Gharahkhani P, Hamel AR, Ong JS, Renteria ME, Mehta P, Dong X, Pasutto F,
Hammond C, Young TL, Hysi P, Lotery AJ, Jorgenson E, Choquet H, Hauser M, Cooke
Bailey JN, Nakazawa T, Akiyama M, Shiga Y, Fuller ZL, Wang X, Hewitt AW, Craig JE,
Pasquale LR, Mackey DA, Wiggs JL, Khawaja AP, Segré AV; 23andMe Research Team;
International Glaucoma Genetics Consortium; MacGregor S. Large-scale multitrait genome-
wide association analyses identify hundreds of glaucoma risk loci. Nat Genet. 2023
Jul;55(7):1116-1125. doi: 10.1038/s41588-023-01428-5. Epub 2023 Jun 29. PMID:
37386247; PMCID: PMC10335935.

Copyright © 2023 Wolters Kluwer Health, Inc. All rights reserved. Unauthorized reproduction of the article is prohibited.



8/ +AWAOANDMM8eAAAAVYO/FOAEIDVIASALLIAIPOOAEIEAHION/ADO AUMYTXOMADYO!

INXFOHISABZIUT0+erNIOITWNOTZTARY HAaSHAQUg Aq [eunolewoone)B/woo°mm| sfeuinoly:dny woly papeojumoq

€202/.2/2T uo

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Copyright © 2023 Wolters Kluwer Health, Inc. All rights reserved. Unauthorized reproduction of the article is prohibited.

Stone EM, Fingert JH, Alward WL, Nguyen TD, Polansky JR, Sunden SL, Nishimura D,
Clark AF, Nystuen A, Nichols BE, Mackey DA, Ritch R, Kalenak JW, Craven ER, Sheffield
VC. Identification of a gene that causes primary open angle glaucoma. Science. 1997 Jan
31;275(5300):668-70. doi: 10.1126/science.275.5300.668. PMID: 9005853.

Wang Q, Dhindsa RS, Carss K, Harper AR, Nag A, Tachmazidou I, Vitsios D, Deevi SVV,
Mackay A, Muthas D, Hithn M, Monkley S, Olsson H; AstraZeneca Genomics Initiative;
Wasilewski S, Smith KR, March R, Platt A, Haefliger C, Petrovski S. Rare variant
contribution to human disease in 281,104 UK Biobank exomes. Nature. 2021
Sep;597(7877):527-532. doi: 10.1038/s41586-021-03855-y. Epub 2021 Aug 10. PMID:
34375979; PMCID: PMC8458098.

Han X, Souzeau E, Ong JS, An J, Siggs OM, Burdon KP, Best S, Goldberg I, Healey PR,
Graham SL, Ruddle JB, Mills RA, Landers J, Galanopoulos A, White AJR, Casson R,
Mackey DA, Hewitt AW, Gharahkhani P, Craig JE, MacGregor S. Myocilin Gene
GIn368Ter Variant Penetrance and Association With Glaucoma in Population-Based and
Registry-Based Studies. JAMA Ophthalmol. 2019 Jan 1;137(1):28-35. doi:
10.1001/jamaophthalmol.2018.4477. PMID: 30267046; PMCID: PMC6439786.

Han X, Hewitt AW, MacGregor S. Predicting the Future of Genetic Risk Profiling of
Glaucoma: A Narrative Review. JAMA Ophthalmol. 2021 Feb 1;139(2):224-231. doi:
10.1001/jamaophthalmol.2020.5404. PMID: 33331888.

Nelson MR, Tipney H, Painter JL, Shen J, Nicoletti P, Shen Y, Floratos A, Sham PC, Li MJ,
Wang J, Cardon LR, Whittaker JC, Sanseau P. The support of human genetic evidence for
approved drug indications. Nat Genet. 2015 Aug;47(8):856-60. doi: 10.1038/ng.3314. Epub
2015 Jun 29. PMID: 26121088.

King EA, Davis JW, Degner JF. Are drug targets with genetic support twice as likely to be
approved? Revised estimates of the impact of genetic support for drug mechanisms on the
probability of drug approval. PLoS Genet. 2019 Dec 12;15(12):¢1008489. doi:
10.1371/journal.pgen.1008489. PMID: 31830040; PMCID: PMC6907751.

Siggs OM, Qassim A, Han X, Marshall HN, Mullany S, He W, Souzeau E, Galanopoulos A,
Agar A, Landers J, Casson RJ, Hewitt AW, Healey PR, Graham SL, MacGregor S, Craig JE.
Association of High Polygenic Risk With Visual Field Worsening Despite Treatment in
Early Primary Open-Angle Glaucoma. JAMA Ophthalmol. 2022 Nov 10;141(1):73-7. doi:
10.1001/jamaophthalmol.2022.4688. Epub ahead of print. PMID: 36355370; PMCID:
PMC9650622.

Patron J, Serra-Cayuela A, Han B, Li C, Wishart DS. Assessing the performance of genome-
wide association studies for predicting disease risk. PLoS One. 2019 Dec 5;14(12):¢0220215.
doi: 10.1371/journal.pone.0220215. PMID: 31805043; PMCID: PMC6894795.

Vajaranant TS, Wu S, Torres M, Varma R. The changing face of primary open-angle
glaucoma in the United States: demographic and geographic changes from 2011 to 2050. Am
J Ophthalmol. 2012 Aug;154(2):303-314.e3. doi: 10.1016/j.2j0.2012.02.024. Epub 2012 Apr
27. PMID: 22541661; PMCID: PMC3401269.

Hulsman CA, Westendorp IC, Ramrattan RS, Wolfs RC, Witteman JC, Vingerling JR,
Hofman A, de Jong PT. Is open-angle glaucoma associated with early menopause? The
Rotterdam Study. Am J Epidemiol. 2001 Jul 15;154(2):138-44. doi: 10.1093/aje/154.2.138.
PMID: 11447046.

Lee AJ, Mitchell P, Rochtchina E, Healey PR; Blue Mountains Eye Study. Female
reproductive factors and open angle glaucoma: the Blue Mountains Eye Study. Br J



8/ +AWAOANDMM8eAAAAVYO/FOAEIDVIASALLIAIPOOAEIEAHION/ADO AUMYTXOMADYO!

INXFOHISABZIUT0+erNIOITWNOTZTARY HAaSHAQUg Aq [eunolewoone)B/woo°mm| sfeuinoly:dny woly papeojumoq

€202/.2/2T uo

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Copyright © 2023 Wolters Kluwer Health, Inc. All rights reserved. Unauthorized reproduction of the article is prohibited.

Ophthalmol. 2003 Nov;87(11):1324-8. doi: 10.1136/bjo.87.11.1324. PMID: 14609824,
PMCID: PMC1771896.

Pasquale LR, Rosner BA, Hankinson SE, Kang JH. Attributes of female reproductive aging
and their relation to primary open-angle glaucoma: a prospective study. J Glaucoma. 2007
Oct-Nov;16(7):598-605. doi: 10.1097/1JG.0b013e318064c82d. PMID: 18091177.
Vajaranant TS, Grossardt BR, Maki PM, Pasquale LR, Sit AJ, Shuster LT, Rocca WA. Risk
of glaucoma after early bilateral oophorectomy. Menopause. 2014 Apr;21(4):391-8. doi:
10.1097/GME.0b013e31829fd081. PMID: 24061049; PMCID: PMC3880394.

Vajaranant TS, Maki PM, Pasquale LR, Lee A, Kim H, Haan MN. Effects of Hormone
Therapy on Intraocular Pressure: The Women's Health Initiative-Sight Exam Study. Am J
Ophthalmol. 2016 May;165:115-24. doi: 10.1016/j.2j0.2016.02.025. Epub 2016 Mar 3.
PMID: 26940165; PMCID: PMC4870123.

Vajaranant TS, Ray RM, Pasquale LR, Mares JA, Ritch R, Gower EW, Haan MN, Jackson
RD, Maki PM. Racial Differences in the Effects of Hormone Therapy on Incident Open-
Angle Glaucoma in a Randomized Trial. Am J Ophthalmol. 2018 Nov;195:110-120. doi:
10.1016/5.2j0.2018.07.035. Epub 2018 Aug 4. PMID: 30081016; PMCID: PMC7775037.
Madjedi KM, Stuart KV, Chua SYL, Foster PJ, Strouthidis NG, Luben RN, Warwick AN,
Kang JH, Wiggs JL, Pasquale LR, Khawaja AP. The Association of Female Reproductive
Factors with Glaucoma and Related Traits: A Systematic Review. Ophthalmol Glaucoma.
2022 Nov-Dec;5(6):628-647. doi: 10.1016/j.0gla.2022.06.003. Epub 2022 Jun 9. PMID:
35691565; PMCID: PMC10051419.

Vajaranant TS, Pasquale LR. Estrogen deficiency accelerates aging of the optic nerve.
Menopause. 2012 Aug;19(8):942-7. doi: 10.1097/gme.0b013e3182443137. PMID:
22415565; PMCID: PMC3376696.

Ogueta SB, Schwartz SD, Yamashita CK, Farber DB. Estrogen receptor in the human eye:
influence of gender and age on gene expression. Invest Ophthalmol Vis Sci. 1999
Aug;40(9):1906-11. PMID: 10440242.

Phillips CI, Gore SM. Ocular hypotensive effect of late pregnancy with and without high
blood pressure. Br J Ophthalmol. 1985 Feb;69(2):117-9. doi: 10.1136/bj0.69.2.117. PMID:
3966998; PMCID: PMC1040536.

Altintas O, Caglar Y, Yiiksel N, Demirci A, Karabas L. The effects of menopause and
hormone replacement therapy on quality and quantity of tear, intraocular pressure and ocular
blood flow. Ophthalmologica. 2004 Mar-Apr;218(2):120-9. doi: 10.1159/000076148. PMID:
15004502.

Zhou X, Li F, Ge J, Sarkisian SR Jr, Tomita H, Zaharia A, Chodosh J, Cao W. Retinal
ganglion cell protection by 17-beta-estradiol in a mouse model of inherited glaucoma. Dev
Neurobiol. 2007 Apr;67(5):603-16. doi: 10.1002/dneu.20373. PMID: 17443811.

Russo R, Cavaliere F, Watanabe C, Nucci C, Bagetta G, Corasaniti MT, Sakurada S,
Morrone LA. 17Beta-estradiol prevents retinal ganglion cell loss induced by acute rise of
intraocular pressure in rat. Prog Brain Res. 2008;173:583-90. doi: 10.1016/S0079-
6123(08)01144-8. PMID: 18929136.

Deschénes MC, Descovich D, Moreau M, Granger L, Kuchel GA, Mikkola TS, Fick GH,
Chemtob S, Vaucher E, Lesk MR. Postmenopausal hormone therapy increases retinal blood
flow and protects the retinal nerve fiber layer. Invest Ophthalmol Vis Sci. 2010
May;51(5):2587-600. doi: 10.1167/i0vs.09-3710. Epub 2009 Dec 17. PMID: 20019375.



8/ +AWAOANDMM8eAAAAVYO/FOAEIDVIASALLIAIPOOAEIEAHION/ADO AUMYTXOMADYO!

INXFOHISABZIUT0+erNIOITWNOTZTARY HAaSHAQUg Aq [eunolewoone)B/woo°mm| sfeuinoly:dny woly papeojumoq

€202/.2/2T uo

77.

78.

79.

80.

81.

82.

83

84.

85.

86.

87.

“The 2022 Hormone Therapy Position Statement of The North American Menopause
Society” Advisory Panel. The 2022 hormone therapy position statement of The North
American Menopause Society. Menopause. 2022 Jul 1;29(7):767-794. doi:
10.1097/GME.0000000000002028. PMID: 35797481.

Guymer C, Wood JP, Chidlow G, Casson RJ. Neuroprotection in glaucoma: recent advances
and clinical translation. Clin Exp Ophthalmol. 2019 Jan;47(1):88-105. doi:
10.1111/ce0.13336. Epub 2018 Jul 1. PMID: 29900639.

Howell GR, Libby RT, Jakobs TC, Smith RS, Phalan FC, Barter JW, Barbay JM, Marchant
JK, Mahesh N, Porciatti V, Whitmore AV, Masland RH, John SW. Axons of retinal ganglion
cells are insulted in the optic nerve early in DBA/2J glaucoma. J Cell Biol. 2007 Dec
31;179(7):1523-37. doi: 10.1083/jcb.200706181. Epub 2007 Dec 24. PMID: 18158332;
PMCID: PM(C2373494.

Williams PA, Harder JM, Foxworth NE, Cochran KE, Philip VM, Porciatti V, Smithies O,
John SW. Vitamin B3 modulates mitochondrial vulnerability and prevents glaucoma in aged
mice. Science. 2017 Feb 17;355(6326):756-760. doi: 10.1126/science.aal0092. PMID:
28209901; PMCID: PMC5408298.

Fang F, Zhuang P, Feng X, Liu P, Liu D, Huang H, Li L, Chen W, Liu L, Sun Y, Jiang H, Ye
J, Hu Y. NMNAT?2 is downregulated in glaucomatous RGCs, and RGC-specific gene therapy
rescues neurodegeneration and visual function. Mol Ther. 2022 Apr 6;30(4):1421-1431. doi:
10.1016/j.ymthe.2022.01.035. Epub 2022 Jan 31. PMID: 35114390; PMCID: PMC9077370.
Osterloh JM, Yang J, Rooney TM, Fox AN, Adalbert R, Powell EH, Sheehan AE, Avery
MA, Hackett R, Logan MA, MacDonald JM, Ziegenfuss JS, Milde S, Hou YJ, Nathan C,
Ding A, Brown RH Jr, Conforti L, Coleman M, Tessier-Lavigne M, Ziichner S, Freeman
MR. dSarm/Sarm1 is required for activation of an injury-induced axon death pathway.
Science. 2012 Jul 27;337(6093):481-4. doi: 10.1126/science.1223899. Epub 2012 Jun 7.
PMID: 22678360; PMCID: PMC5225956.

. Liu P, Chen W, Jiang H, Huang H, Liu L, Fang F, Li L, Feng X, Liu D, Dalal R, Sun Y,

Jafar-Nejad P, Ling K, Rigo F, Ye J, Hu Y. Differential effects of SARMI inhibition in
traumatic glaucoma and EAE optic neuropathies. Mol Ther Nucleic Acids. 2023 Feb
27;32:13-27. doi: 10.1016/j.omtn.2023.02.029. PMID: 36950280; PMCID: PMC10025007.
Notaras M, van den Buuse M. Brain-Derived Neurotrophic Factor (BDNF): Novel Insights
into Regulation and Genetic Variation. Neuroscientist. 2019 Oct;25(5):434-454. doi:
10.1177/1073858418810142. Epub 2018 Nov 2. PMID: 30387693.

Pease ME, McKinnon SJ, Quigley HA, Kerrigan-Baumrind LA, Zack DJ. Obstructed axonal
transport of BDNF and its receptor TrkB in experimental glaucoma. Invest Ophthalmol Vis
Sci. 2000 Mar;41(3):764-74. PMID: 10711692.

Osborne A, Khatib TZ, Songra L, Barber AC, Hall K, Kong GYX, Widdowson PS, Martin
KR. Neuroprotection of retinal ganglion cells by a novel gene therapy construct that achieves
sustained enhancement of brain-derived neurotrophic factor/tropomyosin-related kinase
receptor-B signaling. Cell Death Dis. 2018 Sep 26;9(10):1007. doi: 10.1038/s41419-018-
1041-8. PMID: 30258047; PMCID: PMC6158290.

Welsbie DS, Yang Z, Ge Y, Mitchell KL, Zhou X, Martin SE, Berlinicke CA, Hackler L Jr,
Fuller J, Fu J, Cao LH, Han B, Auld D, Xue T, Hirai S, Germain L, Simard-Bisson C, Blouin
R, Nguyen JV, Davis CH, Enke RA, Boye SL, Merbs SL, Marsh-Armstrong N, Hauswirth
WW, DiAntonio A, Nickells RW, Inglese J, Hanes J, Yau KW, Quigley HA, Zack DJ.
Functional genomic screening identifies dual leucine zipper kinase as a key mediator of

Copyright © 2023 Wolters Kluwer Health, Inc. All rights reserved. Unauthorized reproduction of the article is prohibited.



8/ +AWAOANDMM8eAAAAVYO/FOAEIDVIASALLIAIPOOAEIEAHION/ADO AUMYTXOMADYO!

INXFOHISABZIUT0+erNIOITWNOTZTARY HAaSHAQUg Aq [eunolewoone)B/woo°mm| sfeuinoly:dny woly papeojumoq

€202/.2/2T uo

88.

89.

90.

91.

92.

93.

94.

95.

96.

retinal ganglion cell death. Proc Natl Acad Sci U S A. 2013 Mar 5;110(10):4045-50. doi:
10.1073/pnas.1211284110. Epub 2013 Feb 19. PMID: 23431148; PMCID: PM(C3593842.
Welsbie DS, Mitchell KL, Jaskula-Ranga V, Sluch VM, Yang Z, Kim J, Buehler E, Patel A,
Martin SE, Zhang PW, Ge Y, Duan Y, Fuller J, Kim BJ, Hamed E, Chamling X, Lei L,
Fraser IDC, Ronai ZA, Berlinicke CA, Zack DJ. Enhanced Functional Genomic Screening
Identifies Novel Mediators of Dual Leucine Zipper Kinase-Dependent Injury Signaling in
Neurons. Neuron. 2017 Jun 21;94(6):1142-1154.e6. doi: 10.1016/j.neuron.2017.06.008.
PMID: 28641113; PMCID: PMC5553555.

Watkins TA, Wang B, Huntwork-Rodriguez S, Yang J, Jiang Z, Eastham-Anderson J,
Modrusan Z, Kaminker JS, Tessier-Lavigne M, Lewcock JW. DLK initiates a transcriptional
program that couples apoptotic and regenerative responses to axonal injury. Proc Natl Acad
Sci U S A. 2013 Mar 5;110(10):4039-44. doi: 10.1073/pnas.1211074110. Epub 2013 Feb 19.
PMID: 23431164; PMCID: PMC3593899.

Fernandes KA, Harder JM, John SW, Shrager P, Libby RT. DLK-dependent signaling is
important for somal but not axonal degeneration of retinal ganglion cells following axonal
injury. Neurobiol Dis. 2014 Sep;69:108-16. doi: 10.1016/j.nbd.2014.05.015. Epub 2014 May
27. PMID: 24878510; PMCID: PM(C4099422.

Weinreb RN, Levin LA. Is neuroprotection a viable therapy for glaucoma? Arch Ophthalmol.
1999 Nov;117(11):1540-4. doi: 10.1001/archopht.117.11.1540. PMID: 10565524.

Wareham LK, Liddelow SA, Temple S, Benowitz LI, Di Polo A, Wellington C, Goldberg JL,
He Z, Duan X, Bu G, Davis AA, Shekhar K, Torre A, Chan DC, Canto-Soler MV, Flanagan
JG, Subramanian P, Rossi S, Brunner T, Bovenkamp DE, Calkins DJ. Solving
neurodegeneration: common mechanisms and strategies for new treatments. Mol
Neurodegener. 2022 Mar 21;17(1):23. doi: 10.1186/s13024-022-00524-0. PMID: 35313950;
PMCID: PMC8935795.

Weinreb RN, Liebmann JM, Cioffi GA, Goldberg I, Brandt JD, Johnson CA, Zangwill LM,
Schneider S, Badger H, Bejanian M. Oral Memantine for the Treatment of Glaucoma: Design
and Results of 2 Randomized, Placebo-Controlled, Phase 3 Studies. Ophthalmology. 2018
Dec;125(12):1874-1885. doi: 10.1016/j.0phtha.2018.06.017. Epub 2018 Aug 3. PMID:
30082073.

Wu Z, Medeiros FA. Impact of Different Visual Field Testing Paradigms on Sample Size
Requirements for Glaucoma Clinical Trials. Sci Rep. 2018 Mar 20;8(1):4889. doi:
10.1038/s41598-018-23220-w. PMID: 29559700, PMCID: PMC5861110.

Garway-Heath DF, Crabb DP, Bunce C, Lascaratos G, Amalfitano F, Anand N, Azuara-
Blanco A, Bourne RR, Broadway DC, Cunliffe IA, Diamond JP, Fraser SG, Ho TA, Martin
KR, McNaught AL Negi A, Patel K, Russell RA, Shah A, Spry PG, Suzuki K, White ET,
Wormald RP, Xing W, Zeyen TG. Latanoprost for open-angle glaucoma (UKGTS): a
randomised, multicentre, placebo-controlled trial. Lancet. 2015 Apr 4;385(9975):1295-304.
doi: 10.1016/S0140-6736(14)62111-5. Epub 2014 Dec 19. Erratum in: Lancet. 2015 Jul
11;386(9989):136. PMID: 25533656.

Proudfoot JA, Zangwill LM, Moghimi S, Bowd C, Saunders LJ, Hou H, Belghith A,
Medeiros FA, Williams-Steppe E, Acera T, Dirkes K, Weinreb R. Estimated Utility of the
Short-term Assessment of Glaucoma Progression Model in Clinical Practice. JAMA
Ophthalmol. 2021 Aug 1;139(8):839-846. doi: 10.1001/jamaophthalmol.2021.1812. PMID:
34110362; PMCID: PMC8193543.

Copyright © 2023 Wolters Kluwer Health, Inc. All rights reserved. Unauthorized reproduction of the article is prohibited.



8/ +AWAOANDMM8eAAAAVYO/FOAEIDVIASALLIAIPOOAEIEAHION/ADO AUMYTXOMADYO!

INXFOHISABZIUT0+erNIOITWNOTZTARY HAaSHAQUg Aq [eunolewoone)B/woo°mm| sfeuinoly:dny woly papeojumoq

€202/.2/2T uo

97. Medeiros FA, Jammal AA. Validation of Rates of Mean Deviation Change as Clinically
Relevant End Points for Glaucoma Progression. Ophthalmology. 2023 May;130(5):469-477.
doi: 10.1016/j.0phtha.2022.12.025. Epub 2022 Dec 24. PMID: 36574847; PMCID:
PMC10278199.

98. Weinreb RN, Kaufman PL. The glaucoma research community and FDA look to the future: a
report from the NEI/FDA CDER Glaucoma Clinical Trial Design and Endpoints Symposium.
Invest Ophthalmol Vis Sci. 2009 Apr;50(4):1497-505. doi: 10.1167/i0vs.08-2843. PMID:
19321793.

99. Stein JD, Rahman M, Andrews C, Ehrlich JR, Kamat S, Shah M, Boese EA, Woodward MA,
Cowall J, Trager EH, Narayanaswamy P, Hanauer DA. Evaluation of an Algorithm for
Identifying Ocular Conditions in Electronic Health Record Data. JAMA Ophthalmol. 2019
May 1;137(5):491-497. doi: 10.1001/jamaophthalmol.2018.7051. PMID: 30789656; PMCID:
PMC6512255.

100. Baxter SL, Marks C, Kuo TT, Ohno-Machado L, Weinreb RN. Machine Learning-Based
Predictive Modeling of Surgical Intervention in Glaucoma Using Systemic Data From
Electronic Health Records. Am J Ophthalmol. 2019 Dec;208:30-40. doi:
10.1016/5.2j0.2019.07.005. Epub 2019 Jul 16. PMID: 31323204; PMCID: PMC6888922.

101.  Berchuck SI, Jammal AA, Page D, Somers TJ, Medeiros FA. A Framework for
Automating Psychiatric Distress Screening in Ophthalmology Clinics Using an EHR-Derived
Al Algorithm. Transl Vis Sci Technol. 2022 Oct 3;11(10):6. doi: 10.1167/tvst.11.10.6.
PMID: 36180026; PMCID: PMC9547354.

102.  Yousefi S, Pasquale LR, Boland MV, Johnson CA. Machine-Identified Patterns of Visual
Field Loss and an Association with Rapid Progression in the Ocular Hypertension Treatment
Study. Ophthalmology. 2022 Dec;129(12):1402-1411. doi: 10.1016/j.0phtha.2022.07.001.
Epub 2022 Jul 8. PMID: 35817199; PMCID: PMC9691587.

103. Jammal AA, Thompson AC, Ogata NG, Mariottoni EB, Urata CN, Costa VP, Medeiros
FA. Detecting Retinal Nerve Fibre Layer Segmentation Errors on Spectral Domain-Optical
Coherence Tomography with a Deep Learning Algorithm. Sci Rep. 2019 Jul 8;9(1):9836.
doi: 10.1038/s41598-019-46294-6. PMID: 31285505; PMCID: PMC6614403.

104. Thompson AC, Jammal AA, Berchuck SI, Mariottoni EB, Medeiros FA. Assessment of a
Segmentation-Free Deep Learning Algorithm for Diagnosing Glaucoma From Optical
Coherence Tomography Scans. JAMA Ophthalmol. 2020 Apr 1;138(4):333-339. doi:
10.1001/jamaophthalmol.2019.5983. PMID: 32053142; PMCID: PMC7042899.

105.  Christopher M, Bowd C, Belghith A, Goldbaum MH, Weinreb RN, Fazio MA, Girkin
CA, Liebmann JM, Zangwill LM. Deep Learning Approaches Predict Glaucomatous Visual
Field Damage from OCT Optic Nerve Head En Face Images and Retinal Nerve Fiber Layer
Thickness Maps. Ophthalmology. 2020 Mar;127(3):346-356. doi:
10.1016/j.0phtha.2019.09.036. Epub 2019 Sep 30. PMID: 31718841; PMCID:
PMC8063221.

106. Medeiros FA, Jammal AA, Mariottoni EB. Detection of Progressive Glaucomatous Optic
Nerve Damage on Fundus Photographs with Deep Learning. Ophthalmology. 2021
Mar;128(3):383-392. doi: 10.1016/j.0phtha.2020.07.045. Epub 2020 Jul 28. PMID:
32735906; PMCID: PMC7386268.

107. De Moraes CG, John SWM, Williams PA, Blumberg DM, Cioffi GA, Liebmann JM.
Nicotinamide and Pyruvate for Neuroenhancement in Open-Angle Glaucoma: A Phase 2

Copyright © 2023 Wolters Kluwer Health, Inc. All rights reserved. Unauthorized reproduction of the article is prohibited.



8/ +AWAOANDMMSAAAAVYO/FIAEIDYIHSALLIAIPOOAEIEAHION/AD AUMY TXOMADYQ!

INXFOHISABZIUT0+erNIOITWNOTZTARY HAaSHAQUg Aq [eunolewoone)B/woo°mm| sfeuinoly:dny woly papeojumoq

€202/.2/2T uo

Randomized Clinical Trial. JAMA Ophthalmol. 2022 Jan 1;140(1):11-18. doi:
10.1001/jamaophthalmol.2021.4576. PMID: 34792559; PMCID: PMC8603231.

108. De Moraes CG, John SWM, Williams PA, Blumberg DM, Cioffi GA, Liebmann JM.
Nicotinamide and Pyruvate for Neuroenhancement in Open-Angle Glaucoma: A Phase 2
Randomized Clinical Trial. JAMA Ophthalmol. 2022 Jan 1;140(1):11-18. doi:
10.1001/jamaophthalmol.2021.4576. PMID: 34792559; PMCID: PMC8603231.

Copyright © 2023 Wolters Kluwer Health, Inc. All rights reserved. Unauthorized reproduction of the article is prohibited.



8. +AWAOANOMNBRAAUAYO/FIAEIDYIASALLIAIPOOAEIEAHION/AO AUMY TXOMADYO!

INXYOHISABZIUTO+ErNIOITWNOIZTABN HJASHNAUE Aq [eusnofewoone|B/wod mm| sfeulnoly/:dny woiy papeojumoq

€202/.2/2T uo

Figure 1. Graphs showing interactions between intraocular pressure (IOP) polygenic risk score
(PRS) and caffeine intake in the relationship to IOP and glaucoma prevalence. The top row
summarizes how the IOP PRS modifies the relationship between caffeine consumption and 1OP.
The bottom row summarizes how the IOP PRS modifies the relationship between caffeine
consumption and glaucoma risk. Each color represents quartiles of IOP PRS (orange = first
quartile; green = second quartile; light blue = third quartile; and purple = fourth quartile). The
asterisk indicates that the odds ratio (OR) is significantly different from the OR =1 (P < 0.05).
Note that the dietary data in the lower panel are shown as ordinal data to depict the nature of the
interactions, whereas they were analyzed as continuous variables. Reproduced with permission
from [26]: Kim J, Aschard H, Kang JH, Lentjes MAH, Do R, Wiggs JL, Khawaja AP,
Pasquale LR; Modifiable Risk Factors for Glaucoma Collaboration. Intraocular Pressure,
Glaucoma, and Dietary Caffeine Consumption: A Gene-Diet Interaction Study from the
UK Biobank. Ophthalmology. 2021 Jun;128(6):866-876. doi: 10.1016/j.o0phtha.2020.12.009.
Epub 2020 Dec 14. PMID: 33333105; PMCID: PMC8154631. This is an open-access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 2. Gene—environment interaction analysis for the effect of the glaucoma MTAG PRS on
the association between alcohol intake and intraocular pressure in regular drinkers of European
ancestry. MTAG = multitrait analysis of genome-wide association studies; PRS = polygenic risk
score; Q = quintile. Reproduced from [28]: Stuart KV, Luben RN, Warwick AN, Madjedi
KM, Patel PJ, Biradar MI, Sun Z, Chia MA, Pasquale LR, Wiggs JL, Kang JH, Kim J,
Aschard H, Tran JH, Lentjes MAH, Foster PJ, Khawaja AP; Modifiable Risk Factors for
Glaucoma Collaboration, the UK Biobank Eye and Vision Consortium, and the
International Glaucoma Genetics Consortium; Members of the Modifiable Risk Factors for
Glaucoma Collaboration; Members of the UK Biobank Eye and Vision Consortium;
Members of the International Glaucoma Genetics Consortium. The Association of Alcohol
Consumption with Glaucoma and Related Traits: Findings from the UK Biobank.
Ophthalmol Glaucoma. 2022 Dec 5:52589-4196(22)00235-6. doi: 10.1016/j.0gla.2022.11.008.
Epub ahead of print. PMID: 36481453; PMCID: PMC10239785. This is an open-access
article distributed under the terms of the Creative Commons CC-BY license, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.
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Figure 3. Top: the relationship between aging and glaucoma pathophysiology. Bottom: The
potential protective effects of female sex hormones on glaucoma pathophysiology.
Abbreviations: IOP, intraocular pressure; PMH, postmenopausal hormone, RGC, retinal
ganglion cells; RNFL, retinal nerve fiber layer. Reproduced with permission from [70]:
Vajaranant TS, Pasquale LR. Estrogen deficiency accelerates aging of the optic nerve.
Menopause. 2012 Aug;19(8):942-7. doi: 10.1097/gme.0b013e3182443137. PMID: 22415565;
PMCID: PMC3376696.
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Figure 4. Common mechanisms of neurodegeneration. Across neurodegenerative diseases, five
main areas of mechanistic overlap exist, these include: (1) environmental factors such as diet,
age, and, exercise; (2) metabolic stress, e.g., mitochondrial dysfunction, increased reactive
oxygen species (ROS); (3) genetic contributions, e.g., genome-wide association study-linked risk
alleles (GWAS), sex-linked genetic contributions; (4) neurovascular coupling, e.g., breakdown
of the blood-brain-barrier and dysfunctional neurovascular coupling and; (5) neuroinflammation,
e.g., infiltration of peripheral immune cells, and increased glial reactivity. Environmental factors
contribute to all mechanistic areas of degeneration. Reproduced without changes from [92]:
Wareham LK, Liddelow SA, Temple S, Benowitz LI, Di Polo A, Wellington C, Goldberg
JL, He Z, Duan X, Bu G, Davis AA, Shekhar K, Torre A, Chan DC, Canto-Soler MV,
Flanagan JG, Subramanian P, Rossi S, Brunner T, Bovenkamp DE, Calkins DJ. Solving
neurodegeneration: common mechanisms and strategies for new treatments. Mol
Neurodegener. 2022 Mar 21;17(1):23. doi: 10.1186/s13024-022-00524-0. PMID: 35313950,
PMCID: PMC8935795. This article is licensed under a Creative Commons Attribution 4.0
International License, which permits use, sharing, adaptation, distribution, and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons license, and indicate if changes were
made. The images or other third-party material in this article are included in the article's
Creative Commons license unless indicated otherwise in a credit line to the material. If
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Table 1. Summary of Big Data repertoires currently available for clinical research.
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Table 2. Selected genetic drug targets for glaucoma based on interrogation of the genome

for intraocular pressure (IOP) and Vertical Cup-to-Disc Ratio (VCDR) loci.
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Table 3. Summary of axonal injury signals representing potential targets for retinal

ganglion cells neuroprotective therapies.

Axonal Injury signals L?St/.G ‘funed "l:ype of Neuroprotective Studies
with injury signal treatment
Nicotinamide .
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