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SUMMARY

Glaucoma remains the leading cause of irreversible vision loss globally. The term describes a
group of progressive optic neuropathies with retinal nerve fibre layer thinning and characteristic
visual field changes. This thesis focuses on primary open angle glaucoma (POAG), as the most
common subtype, which is recognised to be highly heritable. Raised intraocular pressure (IOP) is
often, but not always associated with glaucoma. I0P is the only known modifiable risk factor, and
IOP-lowering therapies are very effective in slowing or preventing progression. Disease
progression and severity exists on a spectrum, and early diagnosis often presents a diagnostic
challenge given its asymptomatic nature in the initial stage of disease. The ability to predict those
who are most likely to develop glaucoma, or progress more quickly to severe disease, would

vastly improve timely implementation of treatment and prevent loss of vision.

Glaucoma heritability is both Mendelian and complex. More recently, there has been significant
progress in the understanding of the complex heritability of POAG, mainly through the
identification of associated single-nucleotide polymorphisms from large genome wide association
studies. From this, polygenic risk scores (PRS) have been developed to incorporate this
knowledge into a clinically meaningful individual risk score. This tool will help to provide more
objective guidance to glaucoma risk stratification in the community, especially given there are
currently no established screening guidelines for glaucoma in Australia. However, important
details about clinical implementation are not yet known. These gaps in knowledge include the
perspectives of the community and healthcare professionals, the barriers to the uptake of the test
and reporting of results, and the clinical validity of current PRS’s which have been generated in
research settings. Cross-sectional questionnaire-based studies, multivariate analyses and

prospective cohort studies were utilised to address these gaps.

This thesis provided original contribution to knowledge by demonstrating the first data on positive
attitudes towards polygenic risk testing for POAG from key stakeholders who will be critical in the
success of PRS implementation into clinical practice. This thesis further identified key contributors
and barriers for individuals undertaking the test. Finally, this thesis provided novel insight into the
utility of PRS in addition to family history and its association with early glaucoma treatment. The
delivery of PRS testing will be an evolving journey, however this translational research will bring
glaucoma PRS significantly closer to clinical implementation, and therefore, in reducing global

vision loss by improving timely diagnosis and treatment.
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INTRODUCTION

A: GLAUCOMA

A.1 Definition

Glaucoma refers to a group of progressive optic neuropathies which can result in irreversible
vision loss and blindness. The term refers to a spectrum of disorders with multifactorial aetiology
rather than a single disease entity. Glaucoma is characterised by neuroretinal rim thinning and
retinal nerve fibre degeneration causing characteristic visual field changes, and is associated with,
but not dependent on raised intraocular pressure (IOP).! Disease severity and progression exists
on a clinical spectrum. Glaucoma suspect is a term used to describe individuals where the
appearance of the optic nerve head is suspicious for glaucoma without accompanying visual field
loss.! Similarly, in the early stage of disease, retinal ganglion cell death may not be measurable
in the thickness of the retinal nerve fibre layer (RNFL) or ganglion cell layer.? Later, imaging
techniques such as optical coherence tomography (OCT) allow for the detection of early RNFL
and ganglion cell layer loss, before any visual field loss is demonstrated.® This is sometimes

referred to as preperimetric glaucoma.

While multiple subtypes are encompassed under the umbrella of glaucoma, each are united by a
clinically characteristic optic neuropathy.! Glaucoma subtypes are defined by the morphology of
the anterior chamber angle and the presence or absence of secondary causes of elevated 10P.
Traditionally, the normal range of IOP is 10-21mmHg, defined as the mean IOP within two
standard deviations.* Elevated IOP therefore means an IOP that exceeds the 97.5th percentile
for the population under consideration.* Broadly, glaucoma subtypes are classified as either open-
angle or angle-closure glaucoma. The anterior chamber angle, also known as the iridocorneal
angle, is formed by the position of the lens and iris relative to the trabecular meshwork (Figure 1).
Primary open-angle glaucoma (POAG), the most common form, accounts for about 80% of all
glaucoma in Australia.®> POAG is defined by an open and normal appearing iridocorneal angle,
and where no secondary cause of aqueous humour outflow resistance or elevated IOP is evident.
Normal tension glaucoma (NTG) is a further subtype of POAG, whereby the IOP is never
observed to be elevated, whereas high tension glaucoma (HTG) refers to POAG with elevated
IOP. Meanwhile, ocular hypertension refers to individuals where 0P is elevated in isolation,
without any additional glaucomatous features. Secondary open-angle glaucoma refers to
glaucomas with an open iridocorneal angle and a cause of elevated IOP has been identified.

Pigment dispersion syndrome and pseudoexfoliation syndrome are two of the most common
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causes of secondary open-angle glaucoma. Pigment dispersion syndrome refers to the release
of pigment granules from the iris.® This occurs when the posterior surface of a concave iris rubs
against the anterior lens. The pigment may occlude outflow through the trabecular meshwork,
causing increased IOP and eventually pigmentary glaucoma. The aetiology of pseudoexfoliation
syndrome is unclear, but is characterised by exfoliative material in the anterior chamber.” This
may also obstruct aqueous humour outflow through the trabecular meshwork. Angle-closure
glaucoma occurs when the iridocorneal angle is closed and aqueous humour outflow is obstructed
either with anatomic predisposition (primary angle-closure glaucoma) or without (secondary

angle-closure glaucoma).

- Cornea

w __—Anterior chamber

Trabecular meshwork:

Zonular [ibers

Ciliary processes

Figure 1: The iridocorneal angle®

A.2 Epidemiology and Disease Burden

Glaucoma is the most common cause of irreversible vision loss worldwide, predicted to affect up
to 111.8 million people by 2040.>° The global prevalence has been estimated to be 3.54% in
those over the age of 40 years.® In Australia, prevalence among non-indigenous individuals over
50 years and indigenous Australians over 40 years was estimated to be 3.4% and 1.5%,
respectively.'® POAG is the most common subtype in countries with predominantly European

ancestry, accounting for 74-80% of glaucoma cases.>®°

The prevalence of the disease is strongly positively correlated with age. A meta-analysis and
systematic review of glaucoma prevalence over the last 20 years found prevalence increased
from ~1.1% in those aged 40-49 years to ~9.2% among those over 80 years of age.'* The global

population of individuals aged over 60 years and 80 years is predicted to double and triple by
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2050, respectively.'> This means POAG will pose an increasingly significant burden. Sight is
generally considered to be the most valued sense by the general public, so identifying cost-
effective screening methods to facilitate early diagnosis and timely intervention is important.*® In
Australia, vision impairment results in significant direct and indirect health care costs, ranking as
the seventh most costly health condition.* It is important to consider the impact of vision loss on
an individual, which has been shown to result in poorer wellbeing outcomes through the impact

on quality of life, lost income, and personal healthcare costs.

Without treatment, progression from normal vision to blindness would occur in approximately 25
years.!® Furthermore, 50-68% will experience progression of vision loss despite medical or
surgical intervention although at slower rates, and 9-19% will progress to blindness.'®” The
significant burden on individuals and the health care system may be amplified by the current
standard of care where patients with suspected or established glaucoma are subjected to close

lifelong monitoring, and sometimes prescribed lifelong treatment that may not always be required.

A.3 Pathophysiology

The exact aetiology of POAG is not yet fully understood, however a number of theories have been
proposed to explain the optic nerve degeneration. While elevated IOP is not diagnostic, it remains
an important factor of glaucoma pathogenesis, being the only known modifiable risk factor. IOP
is the internal pressure produced by the agueous humour within the anterior chamber of the eye
and is determined by the balance of aqueous humour secretion by the ciliary body and outflow
through two pathways. Aqueous humour is produced by the non-pigmented epithelial cells of the
ciliary body into the posterior chamber and flows around the lens and through the pupil into the
anterior chamber.'8° Qutflow of aqueous humour from the eye occurs through the trabecular
meshwork and uveoscleral outflow pathway, termed the conventional and unconventional outflow
pathways, respectively.?? Interruption in either of these processes will disturb this homeostasis.
Resistance within the trabecular meshwork contributes to the majority of aqueous humour outflow
resistance, while the uveoscleral pathway is relatively independent of IOP.1°2* Aqueous humour
exits the eye via a pressure-dependent pathway through the trabecular meshwork at the
iridocorneal angle (Figure 1) into Schlemm’s canal and finally into the uveoscleral venous
system.'® The obstruction of the structures responsible for aqueous humour outflow at the

iridocorneal angle ultimately determines the classification of glaucoma.
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The mechanical theory suggests that increased resistance to aqueous outflow through the
trabecular meshwork results in elevated IOP, retinal ganglion cell death and ultimately
corresponding vision loss. The level of IOP elevation correlates to the rate of retinal ganglion cell
death.?® The optic disc is composed of neural, vascular, and connective tissues. The retinal
ganglion cell axons converge at the optic disc to create the neuroretinal rim. This surrounds the
optic disc cup which is a central depression in the disc. Retinal ganglion cell axons then exit the
eye through the lamina cribrosa to form the optic nerve. The lamina cribrosa is a mesh-like
structure at the optic nerve head that surrounds and supports the retinal ganglion cell axons as
they form the optic nerve. In glaucoma, the progressive retinal ganglion cell axonal loss results in
loss of the rim and cup enlargement. IOP-induced stress results in thinning and posterior
displacement of the lamina cribrosa. This causes mechanical axonal damage, leading to further
narrowing of the rim and deepening of the cup. Elevated IOP can cause neuronal axonal injury at

the optic nerve head and accelerated retinal ganglion cell death.*?°

However, the mechanical theory does not explain those who develop glaucoma despite IOP being
within the normal range, those who do not progress to glaucoma despite consistently elevated
IOP, and those who continue to progress despite adequate IOP control. Therefore, vascular,
biomechanical and genetic theories propose alternate mechanisms for progressive retinal
ganglion cell damage and eventual optic neuropathy.?>>* The vascular theory remains
controversial, however suggests alterations in ocular blood flow and vascular dysregulation
contribute to axonal injury and loss.?®?® Ocular perfusion pressure and ocular blood flow remain
unproven, with studies failing to demonstrate consistent results.?¢?” In addition, these vascular
changes are seen in systemic disorders where individuals do not develop glaucoma, such as
multiple sclerosis.?*? Emerging biomechanical theories suggest that excitatory amino acids,
caspases, protein kinases, oxygen free radicals, nitric oxide, TNF-alpha, neurotrophins and
metalloproteins may contribute to glaucomatous optic neurodegeneration.?? Although the
biomechanical theory also remains to be proven, it may offer a new direction and targets for
treatment. It is likely that a combination of these and potentially undiscovered mechanisms

collectively contribute to glaucoma pathogenesis.

A.4 Risk factors

The early asymptomatic nature of glaucoma presents a diagnostic challenge and clinical
presentations can be varied, depending on the extent to which vision has been impacted at the

time of review. Furthermore, the rate of disease progression can be highly variable, although only
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a minority of those with glaucoma will have rapidly progressing disease. Heijl et al. demonstrated
that the average rate of change in the visual field loss through mean deviation was approximately
-0.80 decibels per year and only 5.6% of patients progressed at a rapid rate of more than -2.5
decibels per year.?® An individuals’ disease course may be influenced by the interplay of
demographic and clinical factors. While the understanding of the genetic underpinnings of
glaucoma are gradually deepening, the traditional risk factors discussed below remain an

important part of individual risk assessment and clinical decision making.

Glaucoma, and more precisely POAG, can be considered as a degenerative condition of ageing.
The Early Manifest Glaucoma Trial (EMGT) showed that participants aged 68 years or older were
at 51% increased risk of progression relative to those younger than 68 years.®*® Glaucoma
prevalence and incidence increases with age and POAG is not commonly seen in individuals
below the age of 50 years.>%-3° Therefore, prevalence rates are usually reported for age over 50
years. Individuals aged 70 years or older are at roughly three-times greater risk of developing
glaucoma compared to those aged 40 years.®! Furthermore, ageing per decade is consistently
associated with higher IOP and thinner central corneal thickness (CCT) which likely contributes

to the higher prevalence of glaucoma in older populations.34:36-40

Family history remains one of the most important indicators of glaucoma genetic risk. Recognition
of the high heritability of glaucoma was an important trigger for the ongoing research attempting
to crack the complex genetics of glaucoma. A population-based familial aggregation study found
that first-degree relatives of patients with glaucoma had a 9.2 fold increased risk of developing
glaucoma compared to relatives of controls.*! The population-based Baltimore Eye Survey also
identified family history to be an important risk factor for POAG, with associations strongest
between siblings.*? Later, Wang et al. (2017) found that glaucoma was one of the most heritable
common conditions in an extensive study of insurance claims in the US.*® Of 149 studied
diseases, glaucoma was ranked third, and the genetic heritability of glaucoma was estimated to
be about 70%.* Although family history is a recognised and important risk factor for glaucoma,
its reliability can be variable due to incomplete or erroneous understanding of family health history.
Furthermore, diagnostic bias may exist amongst individuals with a family member with glaucoma,
who may be more likely to undergo regular screening than those in the general population.
Mathematical modelling has previously estimated that 72% of people with glaucoma would have

a family history of glaucoma. However, other studies have reported much lower rates.*?44-48
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Although, even without complete and precise information about family history of glaucoma, it is

still a strong risk factor when assessing an individual’s risk.

Ancestry is another recognised risk factor for glaucoma, with studies consistently reporting the
highest prevalence of POAG in individuals of African ancestry.>#°%° More specifically, the highest
reported prevalence of POAG is in sub-Saharan Africa (Figure 2).5! Thinner average CCT has
also been reported in these populations which may contribute to a higher overall prevalence of
glaucoma.%?°3

Global prevalence of POAG

Figure 2: Global prevalence of primary open-angle glaucoma. *

Although the presence of increased IOP is not required to diagnose glaucoma, it is the only known
modifiable risk factor for glaucoma.! IOP is the internal pressure produced by the aqueous humour
within the anterior chamber of the eye.'® The balance of aqueous humour production and outflow
mediates the IOP. Interruption in either of these processes will disturb this homeostasis. Aqueous
humour is produced by the ciliary process of the ciliary body, a muscular structure located behind
the iris which is also responsible for altering the shape of the lens when the eye focuses.® The
aqueous humour flows through the pupil into the anterior chamber where it is then drained by the
trabecular meshwork at the iridocorneal angle (Figure 1).1° While IOP elevation is an important
risk factor for POAG, up to one-third of POAG patients with optic nerve degeneration have IOP

within the normal range.*? Several landmark trials have investigated progression and treatment
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response across the POAG disease spectrum. These studies have sought to develop an
understanding as to why some will develop POAG despite having a normal I0P, and others do
not progress to POAG even with high IOP. The Ocular Hypertension Treatment Study (OHTS)
determined that some patients were at very low risk of developing glaucoma despite having high
IOP, while others were at much higher risk. Risk of progression to POAG from OHT ranged from
1-35% over 5 years.®® The EMGT was the first randomised controlled trial to evaluate the
outcomes of treatment compared to no treatment in early stage glaucoma.* The study showed
the effectiveness of IOP-reducing therapy in all patient groups, including those with low and high

IOP. Risk of progression was reduced by 10% with each 1 mmHg decrease in IOP.>®

Myopia, or short-sightedness, has long been identified as a risk factor for POAG with population-
based studies indicating that the risk of glaucoma increases with the degree of myopia.>®-°
However the association remains poorly understood and other studies have demonstrated
conflicting association results.6*%3 One theory suggests that the underlying structural weaknesses
of the nerve fibres, lamina cribrosa and choroid in individuals with myopia may contribute to
increased susceptibility of the optic disc to fluctuations in IOP.%* Several studies have supported
moderate-to-high myopia to be a risk factor for POAG. The Blue Mountains Eye Study suggested
a dose response relationship, demonstrating correlation between POAG and low myopia (OR 2.3;
95%CIl 1.3-4.1), and an even stronger correlation between POAG and moderate-to-high myopia
(OR 3.3; 95%CI 1.7-6.4).5° As the prevalence of myopia increases, the understanding of the role
of myopia to POAG may be refined. High myopia, defined by spherical equivalent of -6 diopters
or worse is associated with visual field progression which may occur due to ocular complications
such as myopic macular degeneration.®® Abnormal optic disc appearances which can be seen
with myopia can complicate the diagnosis of glaucoma, which is also characterised by visible
optic disc damage. The variability in optic disc morphology and visual field changes which may
be seen in myopic patients can cause confusion when diagnosing glaucoma, either resulting in

over or under diagnosis.

Optic disc haemorrhages are a recognised risk factor for glaucoma progression.®®" and are
thought to result from an ischaemic microinfarction injury.®® These haemorrhages appear as
linear, splinter-like haemorrhages on the outer margin of and perpendicular to the optic nerve
head.® The presence of an optic disc haemorrhage is not diagnostic of glaucoma, however should
warrant thorough investigation for glaucoma and may signal the need to initiate or escalate IOP-

lowering therapy. The EMGT showed that a higher percentage of disc haemorrhages across
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follow-up reviews was associated with glaucoma progression.®® Later, the United Kingdom
Glaucoma Treatment Study demonstrated that the presence of a disc haemorrhage at the initial
visit was predictive of visual field progression.” These findings may be explained by evidence of
localised RNFL thinning adjacent to disc haemorrhages.’* OCT of the optic disc has allowed the

effects of disc haemorrhages to be examined at a finer level.

CCT is a more controversial clinical risk factor, and the relationship between corneal
biomechanics and glaucoma progression is still under investigation. The OHTS demonstrated
that a lower CCT was associated with an increased likelihood to develop glaucoma in the
future.>*2 However, this may be due to the confounding influence of corneal biomechanics on
IOP measurements. Goldmann applanation tonometry is the gold standard technique for
measuring 10P, however can be significantly influenced by corneal biomechanics including
CCT."” For example, a thin CCT may lead to an overestimation of IOP, and similarly, an increased
CCT may result in underestimation of IOP. The clinical interpretation of measurements in these
circumstances may therefore result in over- or under-diagnosis of glaucoma, respectively.
Because of this, it is unclear whether CCT is a true independent risk factor for glaucoma
progression. Furthermore, corneal stiffness parameters may be an additional parameter
contributing to progression. Qassim et al. showed that stiffer and thinner corneas had a higher
likelihood of progression as evidenced by a faster rate of RNFL thinning and visual field

progression.’

The association between glaucoma progression and cardiovascular disease and its risk factors
has attracted growing interest. Several large population studies have demonstrated
cardiovascular disease to be a risk factor for glaucoma diagnosis and rapid progression.”>® A
prospective, longitudinal study of preperimetric and perimetric glaucoma showed that
hypertension was associated with an increased risk of both OCT and Humphrey visual fields
(HVF) progression.” These studies have presented a number of hypotheses to explain this
association, including microvascular damage, ocular perfusion pressure abnormalities, and

vascular dysfunction mechanisms.

Overall glaucoma risk is currently calculated by evaluating each of these clinical risk factors
together with genetic risk, primarily based on ancestry and family history. The accuracy in
assessment and weighting of these risk factors is likely clinician dependent however, so

consistent and uniform risk assessment is unlikely.
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A.5 Current screening and treatment options

Current screening guidelines for POAG are limited and lack specific guidance. Current screening
methods are clearly inadequate as approximately half of those with glaucoma are undiagnosed. 32
Screening for glaucoma is largely opportunistic, and broad community screening has not been
demonstrated to be cost-effective.®8 For this reason, identifying cost-effective screening
methods to facilitate early diagnosis and timely intervention is important. The National Health and
Medical Research Council (NHMRC) in Australia currently recommends screening with a clinical
examination for first-degree relatives of patients with glaucoma, commencing 5-10 years earlier
than the age of glaucoma onset in their affected relative. Additionally, screening from the age of
40 years is recommended in people of African ancestry, compared to from 50 years of age in

people of European ancestry.&

Globally, glaucoma screening guidelines vary significantly. The variability is likely multifactorial,
in part due to lack of specific evidence, as well as differences in access to resources, population
demographics, and differences in healthcare structures. Some argue that screening cannot be
justified due to the overall low prevalence of glaucoma. In developing countries, limited access to
ophthalmic care is a major barrier to optimising all ophthalmic conditions, including glaucoma. A
‘Toolkit for Glaucoma Management in Sub-Saharan Africa’ was created by a group of
ophthalmologists in conjunction with the International Council of Ophthalmology, recommending
glaucoma screening for the general population over the age of 35 years.®? The American
Academy of Ophthalmology currently recommends glaucoma screening at age 40 years, or earlier
for those with a family history.®® However, the United States Preventative Services Task Force
did not recommend general population glaucoma screening due to the lack of evidence for the
clinical utility of screening strategies.?* Similarly, the United Kingdom’s National Screening
Committee and the European Glaucoma Society have also concluded that no screening
guidelines are currently recommended due to lack of evidence.?>8 The World Glaucoma Society
assessed all current screening methodologies for glaucoma, but concluded there is insufficient
evidence supporting any guideline, and offered no formal consensus on who, when, or how

screening should be performed.?’
IOP lowering therapies are currently the only effective treatment available for glaucoma. These
include topical medications, laser trabeculoplasty, or incisional surgery. Evidence supporting the

efficacy of IOP-lowering treatment was demonstrated by the OHTS and EMGT studies.>°® The
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OHTS randomised 1,636 individuals with ocular hypertension and no glaucomatous damage to
receive topical IOP-lowering medication or observation.>® The study demonstrated that ocular
hypotensive medication was safe and effective in delaying or preventing the onset of POAG in
individuals with ocular hypertension.®* The EMGT randomised 255 individuals with early,
untreated POAG to treatment or no treatment to compare the effect of immediate IOP-lowering
therapy to late or no treatment on disease progression. Treatment involved a combination of laser
trabeculoplasty and topical ocular hypotensive medication.®® The trial demonstrated that the risk
of progression decreased 10% with each ImmHg IOP reduction from baseline, and that a 25%

decrease of IOP from baseline reduced the risk of progression by 50%.%8

A.6 Genetics of POAG

The genetic contribution to glaucoma risk is well recognised, particularly for POAG, and is
underpinned by both Mendelian and complex inheritance patterns. Variants in genes causing
glaucoma with high penetrance such as MYOC, OPTN and TBK1 account for less than 5% of
adult onset glaucoma.?® Variants in these disease-causing genes are inherited in an autosomal-
dominant manner with incomplete age-related penetrance. Although rare, these variants are
highly significant to the patients and their families given variants in these genes have a high

likelihood of resulting in glaucoma.

MYOC was the first gene found to be associated with POAG, identified through linkage studies of
large pedigrees with open-angle glaucoma.®® Myocilin is expressed in the trabecular meshwork,
an anatomical structure which plays an integral role in glaucoma pathogenesis. Despite this
breakthrough in 1997, the function of the myocilin protein is still incompletely understood. Studies
examining the function of normal and mutant myocilin expressed in ocular cells and tissue of
individuals with and without glaucoma suggest that abnormal protein produced by myocilin
variants is retained within the trabecular meshwork and lead to dysfunction of this aqueous
outflow pathway.®**° Pathogenic variants in the MYOC gene contribute to most Mendelian POAG,
and are commonly associated with a younger age of diagnosis, high IOP, more advanced
disease, and a strong family history of glaucoma.® Variants in the MYOC gene are associated
with up to 8-36% of early-onset POAG (before age 40 years).®”~ Souzeau et al. showed that the
prevalence of MYOC mutations in those with advanced POAG compared with those with non-

advanced disease was 4.2% and 1.5%, respectively.%
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The OPTN gene codes for the protein optineurin, which is involved in several cellular functions,
including autophagy, signal transduction and vesicle trafficking.'®® Optineurin is expressed in
trabecular meshwork, nonpigmented ciliary epithelium, retina, and brain.*°? It is speculated that it
plays a neuroprotective role, particularly given its association with other neurodegenerative
conditions including amyotrophic lateral sclerosis, Alzheimer's disease, and Parkinson’s
disease.!®* The association of OPTN and glaucoma was discovered from a study of 54 families
with adult-onset POAG and autosomal dominant inheritance, identifying OPTN sequence variants
in 16.7% of families.'® The variants in OPTN which are associated with glaucoma are known to
result in glaucomatous neurodegeneration in the absence of raised IOP (NTG). Although different
variants were initially reported, the only variant that has been replicated in further studies and is
supported by functional evidence is the E50K variant..1°219 |n a study of 95 control subjects and
315 patients with POAG, including 132 patients with NTG and 183 with HTG, this variant was
seen in 1.5% of those with NTG and none in controls or those with HTG.1%* The exact mechanism
by which OPTN E50K causes glaucoma is still incompletely understood. However, studies

suggest that retinal ganglion cell death associated with E50K involves autophagy.1°t:103

A genetic linkage study found that duplication of the TBK1 gene was associated with familial
cases of NTG.2?® TBK1 has been shown to be expressed in retinal ganglion cells, the retinal nerve
fiore layer and retinal microvasculature.’®® TBK1 encodes for a protein that regulates the
expression of genes in a stress-response signalling pathway. The function and location of
expression of this gene has led to the hypothesis that copy humber variations of TBK1 result in
dysregulation of stress-response pathways, ultimately contributing to retinal ganglion cell
apoptosis and the development of NTG. Previous studies have shown that OPTN interacts with
TBK1 and that the OPTN E50K mutant leads to enhanced binding to TBK1 and insoluble

aggregates.106.107
In summary, disease-causing variants in these genes can lead to early-onset and severe

glaucoma. Discovery of these genes has facilitated genetic screening and early identification of

at-risk family members® who can benefit from closer surveillance and timely intervention.
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B: GLAUCOMA GENETIC TESTING

B.1 Polygenic risk scores

Given Mendelian variants account for only a minority of glaucoma cases, the majority of the
genetic contribution to disease is thought to be complex. Complete understanding of this complex

inheritance has not yet been achieved and is an ongoing area of research.

Genome-wide association studies (GWAS) are an approach that has been particularly successful
in identifying genetic variations associated with a specific disease. This method involves scanning
genomes of large populations of individuals with and without a particular disease or phenotype to
identify genetic variations that are significantly more frequentin people with the disease compared
to people without the disease. These single nucleotide polymorphisms (SNPs) associated with
the trait studied then act in an additive manner.1%-112 Each SNP confers a different effect on
disease risk, with the effect size of each SNP derived from its strength of association with a

disease or trait.

The number of identified SNPs associated with POAG is continuing to increase, derived from
large multi-ethnic meta-analyses of GWAS studies on cases and controls. The earliest glaucoma
risk variant identified in GWAS was a locus near the Caveolin 1 and 2 (CAV1 and CAV2) genes.
This was followed by the identification of loci at or near TMCO1, CDKN2B-AS1, SIX6, ABCA1,
AFAP1, GMDS, TXNRD2, ATXN2, FOXC1, ARHGEF, and CDKN1A genes.1!1113-118 A
multivariate analysis of GWAS by Craig et al identified 114 statistically independent SNPs
associated with glaucoma, confirming all previously identified loci and 49 novel loci.08
Gharahkhani et al. also conducted a large multi-ethnic meta-analysis of GWAS, identifying 44
novel loci and confirming 83 previously known loci.*!® Most recently, Han et al performed a large-
scale multitrait POAG GWAS, identifying 263 loci in a European cohort, and 312 loci in additional

cross-ancestry studies.'?°

Advances in technology, reduced costs and larger datasets have allowed for genetic association
studies of POAG and its endophenotypes to be performed, including IOP and vertical cup-to-disc
ratio (VCDR). These are recognised clinical risk factors, with VCDR being a morphological
indicator of optic nerve damage, often as a result of raised IOP. POAG endophenotypes are also
highly heritable. Several studies have identified a number of novel variants associated with IOP

and optic nerve morphology, including VCDR.109:111.121
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Polygenic risk scores (PRS) summarise the genetic information identified from GWAS into an
accessible tool to quantify the genetic risk for complex diseases. A PRS represents the additive
effect of independent risk alleles an individual carries weighted by the effect size of each
variant.'?2 The PRS is usually presented as a percentile risk relative to the normal population or
study cohort to allow for easy assessment of where an individual lies on the population
distribution. Ultimately, this score is not a diagnostic tool, rather, it is best utilised in addition to

conventional risk factors to estimate overall disease risk.

More recent research utilising improved GWAS, has evaluated the genetic origin of glaucoma
endophenotypes, including VCDR and IOP, and their overlap with POAG. Several studies
reported evidence of genetic overlap between VCDR and POAG,!?*-1%6 and between IOP and
POAG.110112.124.125127 Hawever, the genetic underpinnings of IOP and VCDR appear to be
independent, with little demonstrated evidence of genetic overlap.'?® Participants with both IOP
PRS and VCDR PRS in the top tertile were 7.77 (95% CI, 2.02-19.93, p=2.0x10"®) times more
likely to have POAG compared with those with both in the bottom tertiles.’?* PRS has been used
to enhance understanding of the differences in genetic origins of glaucoma phenotypes, including
HTG or NTG. Mabuchi et al. calculated a genetic risk score based on the number of IOP-related
genetic variants and assessed its association with maximum IOP, mean VCDR and phenotype
(HTG or NTG).1® A higher genetic risk score was associated with a higher maximum IOP
(p=0.012) and larger VCDR (p=0.010).12° A high IOP genetic risk score was associated with HTG
but not NTG, providing evidence of differences in the genetic origins of these POAG
phenotypes.'?® PRS has strengthened the known relationship between IOP and POAG, providing
evidence of genetic association. Gao et al. demonstrated that those in the top quintile of their IOP
PRS were 6.34 (95% CI 4.82-8.33, p=2.1x10°") times more likely to have POAG compared with
those in the bottom quintile.'? Similar results were found in a study by Qassim et al. which derived
a PRS from IOP-associated genetic variants and examined its association with POAG.1° A dose—
response relationship was found between the IOP PRS and the maximum recorded IOP, with the
high genetic risk group having a higher maximum IOP by 1.7 mmHg (standard deviation [SD],
0.62 mmHg) than the low genetic risk group (p=0.006).11° Compared with the low genetic risk
group, the high genetic risk group had a younger age of diagnosis by 3.7 years (SD, 1.0 years;
p<0.001), more family members affected by 0.46 members (SD, 0.11 members; p<0.001), and
higher rates of incisional surgery (odds ratio, 1.5; 95%CI, 1.1-2.0; p=0.007).'° PRS combining
all known glaucoma SNPs has shown positive results in stratifying risk for glaucoma. Craig et al.
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demonstrated the utility of a glaucoma PRS to stratify individuals across the risk spectrum for
developing glaucoma and likelihood of progression. This PRS was associated with higher
glaucoma risk (top 10% PRS compared to remaining 90% glaucoma OR=4.2, 95%Cl 3.43-5.17,
p= 1.4x10%%) as well as more rapid disease progression, and higher treatment intensity.%
Individuals in the top PRS decile were at 15-fold increased risk of developing advanced glaucoma
compared to the bottom decile.’® Furthermore, Siggs et al. found that high polygenic risk
conferred a comparable risk to monogenic variants, while being over 15 times more prevalent in
the general population, as well as influencing the penetrance and age at diagnosis.'?® Siggs et al.
found that individuals in the top 5% of glaucoma PRS risk were at a higher risk of visual field
progression compared with the remaining 95% after 5 years (hazard ratio, 1.5; 95%Cl 1.13-1.97;
p=0.005).12° These studies highlight the predictive ability of PRS for glaucoma and its
endophenotypes for risk stratification of the development, progression and treatment of glaucoma.

In comparing the strength of association for identified genetic variants and disease between
glaucoma and other conditions, there are indications that the PRS for glaucoma performs better
than PRS’s for other conditions. From the recent paper on glaucoma PRS, the OR for the top 1%
versus the remaining cohort was 8.5.1% Comparatively, the OR for the top 1% of distribution for
coronary artery disease , type 2 diabetes mellitus , inflammatory bowel disease and breast cancer
were 4.83, 3.30, 3.87 and 3.83, respectively.*® However, direct comparison cannot be made
given the significant differences in the populations from which these results were derived. For the
glaucoma PRS, a registry comprising participants across a spectrum of glaucoma was used, while
the UK Biobank (UKB) comprised a more genetically diverse population. This was addressed by
a more recent study which benchmarked the performance of different PRSs for the same disease
in the UKB, reporting a lower OR (~2.0).1*!

The ever-expanding understanding of the genetic underpinnings of glaucoma present an exciting
opportunity to tailor glaucoma care based on an individual's personal genetic risk. Personalised
medicine utilises knowledge of disease-contributing genetic variants to predict individual disease
risk, severity, and response to treatment. Theoretically, this allows for screening and management
to be tailored for an individual based on their calculated underlying genetic predisposition. PRSs
are an emerging clinical tool which offer a unique opportunity to improve disease risk prediction

for complex heterogeneous diseases such as glaucoma.
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B.2 Clinical utility - benefits

PRSs have the potential to enhance risk prediction, improve population screening, refine clinical
diagnosis and disease classification, predict severity and prognosis, and allow for more precise
treatment. Given our genetic make-up is largely stable from birth, risk stratification through a PRS
presents an opportunity for early identification of high disease risk for many common conditions
and has the potential for broad-based applications to population health. The potential clinical utility
of PRS has been demonstrated in several common diseases with complex heritability including
cardiovascular disease, diabetes, breast cancer, colorectal cancer, prostate cancer, and

psychiatric disorders.130.132.133

PRS can be utilised and acted upon earlier than can many lifestyle, age and non-genetic factors.
By identifying baseline genetic risk early in life, before many environmental risk factors are
present, appropriate risk-reducing strategies can be put in place. For some conditions, such as
coronary artery disease, increased genetic risk may be mitigated by limiting or reducing the impact
of lifestyle risk factors.'® It can also capture a level of risk that is independent of non-genetic risk
factors, and therefore used in conjunction with traditional risk factors to estimate overall risk. The
early stages of many common diseases, particularly chronic conditions, are often insidious,
meaning PRS has the potential to improve early detection for example by more regular monitoring
of those who are identified to be at high risk. Despite age being a non-modifiable risk factor,
genetic screening for POAG may be useful in those over the age of 50 where heritability is usually
complex. Recent GWAS have shown an area under the receiver operating characteristic curve
score of 0.76.1113% |n this age group, genetic testing may therefore be useful in discriminating
cases from controls. Finally, PRSs provide the opportunity to estimate risk trajectories across a

lifetime, rather than within a particular time frame.

In the future, PRS may be utilised as a screening tool to identify those who are most at risk of
developing a particular condition and facilitate early diagnosis. This will also allow for a more
personalised approach to longer term screening and management. This could reduce the number
needed to have further potentially invasive screening investigations such as colonoscopies, as
well as guide follow-up and timing of treatment. For glaucoma, PRS stratification may help to
triage patients and guide surveillance timeframes for glaucoma suspects. For example, those at
higher risk of progression may benefit from more frequent review, and earlier or more aggressive

intervention.
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B.3 Clinical utility - gaps in knowledge

There are a number of knowledge gaps that must first be addressed before PRS can be integrated
into clinical practice. Several of these have been addressed in this thesis as original contributions
to knowledge.

Firstly, relevant stakeholders must be committed to managing the aims and outcomes of a risk-
based test such as a glaucoma PRS. Consumer engagement is an integral aspect which must be
addressed before this form of testing can be implemented. This is a significant focus of this thesis.
Consumer engagement leads to improved health outcomes and service delivery, and
subsequently, ensures health services are being delivered effectively and are targeted to people’s
needs. We have sought to address this by assessing the attitudes of various groups including
patients, family members of individuals with glaucoma, general members of the community and

healthcare professionals. We have also investigated what factors may influence their attitudes.

Secondly, benefit should be clearly evident before implementation can occur. A glaucoma PRS
has been shown to improve prediction in combination with other risk factors including IOP and
VCDR.11013¢ However, the correlation between a glaucoma PRS and other risk factors has not
been fully explained. In this thesis, we explore the interplay between PRS and risk factors,
including family history and treatment. A model integrating PRS with other risk factors is needed
to accurately assess individual risk. Furthermore, a glaucoma PRS has not yet been tested in a
prospective cohort. This thesis begins to address this need for evidence of clinical validity by

assessing a glaucoma PRS in a general Australian population.

Thirdly, results should lead to actionable and cost-effective measures. Clear guidelines will be
needed to clarify which PRS classifications warrant intervention. Ideally, this requires specialist
consensus, however realistically, it will likely be highly variable between countries and
jurisdictions, driven by cost and differences in funding. Cost-effectiveness analyses are needed

for public health frameworks to be developed.

Fourthly, frameworks will need to be developed to ensure results are communicated in a
transparent and meaningful manner. In particular, to ensure PRS results promote positive
changes in health behaviour, it may be necessary to emphasise that high-risk scores are not
diagnostic for disease, or that low-risk scores do not guarantee being disease-free in the future.

In this thesis, we sought to develop and assess PRS reports for patients. The complexities of
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simplifying PRS results for individuals across a spectrum of numeracy levels was illustrated,
however, provided an early indication of several key elements for clear communication. In
particular, participants felt their risk response and behaviour would be influenced by clear

recommendations guiding the most appropriate action to their risk result.

Finally, a significant concern surrounding the clinical implementation of PRS is that the majority
of PRS are developed from predominantly European populations. Comprehensive inclusion of
other ancestries and validation of single pan-ancestry PRS, or ancestry-specific scores covering
all ancestries, are essential to avoid future health disparities. This thesis will compare risk
prediction outcomes between European and hon-European groups, depending on the distribution

of ancestries within the cohort.

C: CONCLUSION

The ability to identify at-risk individuals will allow for closer monitoring and timely intervention, and
ultimately reduce irreversible vision loss. This thesis aimed to address some of the key issues
including gaps in understanding the attitudes of various groups towards testing, risk
communication and the clinical utility of PRS testing for glaucoma. The outcomes from this thesis
will form the basis for future interventional studies to further enable a shift in the detection,
treatment and prevention of disease with complex inheritance. PRS may provide the opportunity

for individuals to limit the impact of their genetic predisposition for many common conditions.
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PART 1: ATTITUDES TOWARDS GLAUCOMA
GENETIC RISK ASSESSMENT

INTRODUCTION AND AIMS

Clinical implementation of a glaucoma PRS will rely on general acceptance of genetic predictive
testing by the community and healthcare professionals. Studies have assessed the perspective
of patients and potential testing target groups®-14% and clinicians'**-4% in the context of common

diseases, however no studies have investigated this for glaucoma.

This chapter addresses three main aims. Firstly, to investigate understanding of genetic risk and
the attitude of different groups of individuals toward polygenic risk testing for glaucoma, including
individuals with glaucoma, first-degree relatives of individuals with glaucoma, members of the
general community and healthcare professionals. Secondly, to assess what variables may
influence interest in glaucoma PRS testing and how these factors differ between each group.
Finally, to determine whether knowledge about genetic risk would lead to a change in behaviour

or clinical practice.

Together with general acceptance, clinicians must have a sound understanding of polygenic risk
testing and in interpreting the significance of results. Given the potential for broad population
screening, the ordering of PRS testing, interpretation of results, and communication of their
significance to patients will likely extend beyond the healthcare professionals directly involved in
the management of individuals with glaucoma to those involved in any aspect of PRS testing in
the future. Thus, specialist groups including ophthalmologists, general practitioners, clinical
geneticists, genetic counsellors, optometrists, orthoptists, and laboratory scientists, have been

included.

The results from the studies included in this chapter will help to identify potential target testing

populations and guide implementation strategies.
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METHODS

Description of study cohorts

The studies in this chapter have utilised a number of databases. These include the Australian and
New Zealand Registry of Advanced Glaucoma (ANZRAG) and the Targeting at risk Relatives of

Glaucoma patients for Early diagnosis and Treatment (TARRGET) database.

The Australian & New Zealand Reaqistry of Advanced Glaucoma (ANZRAG)

Established in 2007, ANZRAG is a comprehensive registry of clinical and genetic data of
glaucoma cases from Australia and New Zealand to identify genetic risk variants of severe or
familial glaucoma. Aiming to identify glaucoma genetic risk variants, the registry includes
participants across the whole spectrum of glaucoma, ranging from glaucoma suspects to end-
stage glaucoma, and includes both open and closed angle glaucoma, as well as primary and
secondary cases. However, there are a disproportionate number of advanced glaucoma cases
owing to early phase focused recruitment of participants with advanced open-angle glaucoma.
Recruitment methodology and cohort description have been described previously, #* but is
summarised here for its relevance to this thesis, and to provide an update on the methodology

since the previous publication. Recruitment for ANZRAG is currently ongoing at the time of writing.

Referral to ANZRAG is initiated either through the participants’ treating clinicians or via self-
referral with subsequent verification of the clinical details through participants’ ophthalmologist.
Referral was initiated via a paper- or web-based submission, and details verified by registry staff.

Clinical diagnosis of glaucoma was made based on optic nerve head appearance, IOP, and visual

field testing, and was made by the referring ophthalmologist.! Open-angle glaucoma was defined
by a glaucomatous optic neuropathy with a CDR of 20.7, with neuroretinal rim thinning and
corresponding visual field loss in a pattern typical of glaucoma. Glaucoma suspect cases were
defined as ocular hypertension (intraocular pressure >22mmHg) alone, CDR of 0.5-0.65 with
corresponding field loss on 24-2 field test, or CDR of 0.7-0.75 without field loss. Participants with
the following glaucoma risk factors or glaucoma subtypes were recruited irrespective of the

presence of field loss, ocular hypertension or neuroretinal rim thinning: pseudoexfoliation, pigment
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dispersion, primary congenital glaucoma, angle closure, anterior segment dysgenesis, steroid

responders, and nanophthalmos.

Details of clinical assessments were collected at the time of recruitment by the referring clinician.
Family history of glaucoma was recorded as the number of family members affected by glaucoma,
and the relationship to the closest relative with glaucoma. Additionally, the age of glaucoma
diagnosis, self-reported ethnicity, best corrected visual acuity, maximum recorded pre-treatment
IOP, refraction, CCT, vertical cup-to-disc ratio, and previous glaucoma surgeries were recorded.
Blood or saliva samples were collected from the participants at enrollment for genotyping.
Genotyping in ANZRAG patrticipants was performed over several stages through the course of
recruitment and was performed using lllumina OmnilM, OmniExpress or HumanCoreExome
arrays (lllumina, San Diego, CA, USA). Genotyping quality control, imputation, and association
analyses were conducted separately for each phase before being meta-analysed for association
studies. Human research ethics approval was obtained from the relevant committees of the
Southern Adelaide Clinical Human Research Ethics Committee (SAC HREC)/Flinders University,
the University of Tasmania, QIMR Berghofer Institute of Medical Research and the Royal
Victorian Eye and Ear Hospital. Written informed consent was obtained from all participants in

accordance with the Declaration of Helsinki.

Targeting at risk Relatives of Glaucoma patients for Early diagnosis and Treatment (TARRGET)

The TARRGET study is a prospective, randomised study aiming to measure knowledge of familial
glaucoma, perceived risk, self-reported glaucoma status, and prevalence of diagnosed and
undetected glaucoma. The study also aims to evaluate a targeted education and screening
program for first-degree relatives (FDR) of people with advanced POAG, drawn from the ANZRAG
database. Participants were contacted by telephone and a detailed pedigree of FDRs was
constructed. FDR contact details were provided by the index participant who were then contacted
to record self-reported glaucoma status and recruit into the study. FDRs were included if aged
over 40 years or within 10 years of their relatives age of diagnosis if prior to age 40. All participants

were aged 18 years and above, and written consent was obtained.
Clinical examination details were collected from FDRs to confirm glaucoma status. Prior to

undergoing examination, participants completed a questionnaire to assess self-reported

glaucoma status, knowledge of glaucoma family history, perception of personal glaucoma risk,
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understanding of the results of their most recent eye examination, and motivation for participation.
South Australian participants were invited to attend a complimentary, comprehensive glaucoma
assessment performed by a study doctor at Flinders Medical Centre or the Repatriation General
Hospital in Adelaide, or by the participants chosen optometrist or ophthalmologist at an external
clinic. Examination included visual acuity, refraction, automated perimetry (Humphrey Field
Analysis 24-2, SITA Standard), slit lamp microscopy, Goldmann applanation tonometry, central
corneal thickness, dilated fundus examination (including VCDR), OCT, and disc stereo
photography.

Examination data were reviewed by two glaucoma specialists and a study doctor to determine
the glaucoma status of each FDR. Individuals were classified as normal, glaucoma suspect or
glaucoma based on the results from visual field testing, disc appearance and imaging. Following
the OHTS criteria, a reliable visual field was defined as abnormal if the Glaucoma Hemifield Test

was outside of normal limits and/or the Corrected Pattern Standard Deviation was P < 5%.%4°

Optic disc appearances were graded as normal, suspicious or glaucomatous according to the

Glaucoma Inheritance Study in Tasmania protocol.'#® Participants were classified as normal if
they displayed normal optic disc, OCT, visual field and IOP. Glaucoma suspects were defined as
those with normal visual fields, and equivocal glaucomatous optic disc appearance with no
evidence of neural rim thinning or notch. Glaucoma was diagnosed by CDR of 20.7 and evidence
glaucomatous optic neuropathy including focal neuroretinal rim thinning, retinal nerve fibre layer
defects, disc haemorrhages, right/left asymmetry, and bared circumpapillary vessels, with

corresponding field defects.® For further confirmation, any participants who presented with

abnormal glaucoma hemifield test on HVF with corresponding optic nerve head changes were

asked to repeat the visual field test within 1 to 3 months to confirm the reproducibility of the defect.

Participants received standardised feedback regarding their glaucoma status at the visit with a
study doctor or via a mailed feedback letter. Feedback included findings of the screening and
recommendations for future action including; 2-yearly eye checks, ongoing monitoring of
suspicious signs, enrolment in a longitudinal monitoring project (South Australian residents only)

or ongoing ophthalmic care for glaucoma.
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AFFECTED INDIVIDUALS

Study Sample
This was a cross-sectional, questionnaire-based study approved by the SAC HREC

(2020/HRE00680) and it adhered to the Revised Declaration of Helsinki. The study sample
included participants with diagnosed glaucoma, drawn from the ANZRAG.#* A pilot questionnaire
was tested with a sample of ten randomly selected individuals from the community and
modifications were made based on the feedback received. A letter of invitation was sent to eligible
participants providing them information about a new genetic test to predict a person's risk of
developing glaucoma by providing them a genetic risk score. The invitation letter is provided in
Appendix Al. The questionnaire was mailed to 2369 of the living ANZRAG patrticipants who met
the inclusion criteria of adults with a diagnosis of POAG, had not received genetic results that
explain their condition (i.e. not MYCO positive), resided in Australia and had agreed to receive
correspondence. Consent to participation was implied by completion of the survey. The

guestionnaire is provided in Appendix Al.

Independent variables

Sociodemographic, health, perception, and emotional factors were examined to assess
associations with interest in genetic testing. Perception and emotional variables were assessed
in a retrospective sense, with participants asked to consider their possible perspective prior to

being diagnosed with glaucoma.

Sociodemographic

Age, gender, ethnicity, education, and urban/rural residence were collected. Family history was
acquired from the ANZRAG database and was self-reported by respondents at the time of
recruitment. Family history of glaucoma, the number of family members affected, and their degree
of relation was collected. Ethnicity was self-identified by respondents and defined in parallel to
the ANZRAG classification.!* Urban/rural status was based on the Australian Bureau of Statistics
census data using the participants' postcodes. Urban status was classified as postcodes with over
50,000 residents.

Health factors

Eye health factors included history of myopia, time since last eye check (by an optometrist or

ophthalmologist) and frequency of eye examinations. In addition to the information obtained from
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the questionnaires, clinical data related to glaucoma was acquired from the ANZRAG database.
This included classification as advanced or non-advanced glaucoma, age at diagnosis, and
specific indicators of glaucoma severity including best-corrected visual acuity (BCVA) and VCDR.
In the ANZRAG database, advanced glaucoma was defined as central visual field loss related to
glaucoma with at least two of the four central fixation squares having a pattern standard deviation
probability less than 0.5% on a reliable Humphrey 24-2 field analysis (Carl Zeiss Meditec, Dublin,
CA), or a mean deviation (MD) worse than -15dB or, in the absence of visual field testing, BCVA

worse than 20/200 due to glaucoma.'** Additionally, evidence of glaucoma was required to be
presentin the less severely affected eye, demonstrated through glaucomatous visual field defects
with corresponding optic disc rim thinning, including an enlarged cup-to-disc (20.7) or cup-to-disc

asymmetry (20.2) between both eyes.* BCVA was converted to a decimal equivalent for ease

of analysis and interpretation. Legal blindness was defined by a visual acuity of 20/200 or worse.
The poorest recorded result between the right and left eye of the clinical indicators of severity

were used for analysis.

Perception and emotional factors

Perceptive factors were assessed through single-item measures with Likert-like scale response
options. Variables included perceived knowledge regarding glaucoma, perceived severity of
disease, and perceived glaucoma susceptibility prior to diagnosis. To assess the influence of
emotion on interest in testing, participants were asked about their anxiety related to the possibility

of developing glaucoma prior to diagnosis.

Qutcome variable

Interest in genetic testing was evaluated through assessing likelihood to take the test to predict
personal risk of disease and disease severity, and whether the individual would recommend the
test to family or non-family members. A Likert-like scale was used to assess personal interest and
attitude towards testing for others. Participants were given the opportunity to comment on their
selected responses regarding their interest in genetic testing and how they might have changed

their health-seeking intentions toward glaucoma screening and management.

Additional factors

Other factors relating to the test itself and communication of results were assessed. Aspects of
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the test that were considered important to know about prior to undergoing genetic testing and
preferred method of receiving genetic test results were assessed. Participants were given the

opportunity to comment on any additional aspects of concern or interest regarding the test itself.

Statistical analysis

Prior to the distribution, the survey was trialled with 10 volunteers at Flinders Medical Centre and
members of the community to ensure ease of completion and that questions were
comprehensible. In addition, the survey was trialled with clinicians however, was not validated for
its effectiveness by an expert panel. Data were analysed using the Statistics Package for the
Social Sciences (Version 25.0, SPSS Inc., Chicago, USA). Descriptive statistics were used to
characterise the study sample. Responses were combined into bivariate outcomes; ‘highly
unlikely’ and ‘unlikely’ responses were merged into a single ‘uninterested’ group, and ‘likely’ and
‘highly likely’ were merged into a single ‘interested’ group. ‘Unsure’ responses for all questions
were excluded. Univariate logistic regression was performed between level of interest and
covariables (sociodemographic, emotional and perception variables). Variables that had
significance levels of p <0.1 in the univariate analysis were included in the multivariate regression
model. Multivariate logistic regression modelling was used to identify factors independently
associated with interest in testing (p<0.05) using a backward stepwise approach. Where multiple

comparisons were made on the same data, Bonferroni correction was applied.

Non-respondents

Demographic and clinical data were obtained for those who did not complete the survey (obtained
at referral to the ANZRAG) and analysed for comparison. These demographic data included age,
gender, and urban/rural status, and clinical data included family history of glaucoma, age at

diagnosis, classification of severity (advanced/non-advanced), VCDR and BCVA.
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UNAFFECTED INDIVIDUALS

Study Sample
This was a cross-sectional, questionnaire-based study approved by the SSAC HREC

(2020/HRE00680) that adhered to the Revised Declaration of Helsinki. The study sample included
three different groups of individuals who may be target populations for polygenic risk testing for
glaucoma and who were recruited between March 2020 and March 2021. We aimed to recruit
100 participants in each group. Using a one-sided test with multiple test correction (alpha 0.01),
100 participants in each group will yield 100% power to detect a difference in levels of interest of
20% or more. The first group included unaffected first-degree relatives of individuals with a known
glaucoma diagnosis, with participants drawn from the ANZRAG and the TARRGET study. The
second group included people attending an optometrist for an eye assessment for conditions
other than glaucoma, or those with no ocular health history who had undergone an eye
assessment within the last six months. This group is referred to as the ‘optometry’ group. These
participants were recruited from private (Specsavers) and public (Flinders University) optometry
clinics. The third group comprised members of the general community without an ocular health
history, who had not undergone a recent eye examination. Recruitment occurred at Flinders
Medical Centre (including the Flinders Volunteer service) and Noarlunga Hospital in Adelaide,
Australia and included Flinders volunteer members, patients, and their relatives in outpatient
hospital clinics. Individuals for the first two groups were also recruited from these clinics if they
had a first-degree relative with glaucoma or had a recent eye examination. Recruitment from
public hospital settings as well as public and private clinics was opportunistic. Participants were
included if they had capacity to complete the questionnaire without assistance (except if needing
an interpreter). Participants were excluded if they were <18 years old or did not have cognitive
capacity to complete the questionnaire. Similar to the affected cohort, a letter of invitation was
sent to eligible participants providing them information about a new genetic test to predict a
person's risk of developing glaucoma by providing them a genetic risk score. The invitation letter

is provided in Appendix A2.

Data Collection

The questionnaire was adapted from previously published surveys!*” and used Likert-like scale
items. The questionnaire was first tested with ten individuals from Flinders Medical Centre and

modifications were made based on the feedback received. Socio-demographic, health, cognitive,
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emotional and influencing factors were used to assess association with interest in genetic testing.

The questionnaire is provided in Appendix A2.

Socio-demographic

Age, gender, ethnicity, highest level of education, and urban/rural residency were collected.
Ethnicity was self-reported and classified into 10 ethnic groupings, then into categories of
“European” and “non-European” ethnicity. Those recorded as “unknown” were excluded from
analyses involving ethnicity. Residency was based on the Australian Bureau of Statistics census
data using the participants' postcodes. Urban residency was classified as postcodes with
populations greater than 50,000 persons. Rural residency included regional, rural and remote

areas of populations less than 50,000 persons.

Health factors
Family history, including the number of family members affected by any form of glaucoma and
their degree of relation, was self-reported by participants. Eye health factors assessed included

a history of myopia, most recent eye check, and the frequency of eye checks.

Cognitive factors

Cognitive factors were assessed through single-item measures with Likert-like scale response
options. We assessed participants’ understanding of the heritability of glaucoma, perception of

the severity of glaucoma and perceived likelihood of developing glaucoma.

Emotional factors

To assess the influence of emotion on interest in genetic testing for glaucoma, we asked
participants to indicate their level of worry related to the possibility of developing glaucoma in the

future using Likert-like scale response options.

Factors affecting decision to be tested and concerns

We assessed several factors which could affect participants’ decision to be tested related to their
own risk, their family’s risk and advice from others. We assessed factors which would concern
participants about testing, including personal anxiety, cost, future requirements, and issues
relating to confidentiality and implications of results. Participants could also include additional

factors or comments.
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Outcome variable

Interest in genetic testing for glaucoma was evaluated by assessing likelihood to undergo genetic

testing to predict personal glaucoma risk with Likert-like scale response options.

Additional factors

Participants were asked about aspects of the test that would be considered important to know
prior to undergoing genetic testing, the cost participants would be willing to pay, and their
preferred method of receiving results. Participants were asked to indicate how their behaviour
towards their eye health might change based on theoretical results of higher and lower risk of

developing glaucoma, and the frequency of eye checks which they would be willing to undergo.

Statistical analysis

Data were analysed using Statistics Package for the Social Sciences (Version 27.0, SPSS Inc.,
Chicago, USA). Descriptive statistics were used to characterise the study sample. Responses
from the three groups were combined for the statistical analysis. Responses were combined into
bivariate outcomes; for example ‘highly unlikely and unlikely’ were merged into an ‘uninterested’
group, and ‘likely’ and ‘highly likely’ were merged as an ‘interested' group. Unsure or missing
responses for all questions were excluded. Associations of different variables between the three
groups were analysed using one-way ANOVA and Chi-square test for association for continuous
and categorical variables, respectively. The association between level of interest and covariables
(sociodemographic, emotional, and cognitive variables) was performed using a univariate logistic
regression model. Variables that had significance levels of p<0.1 in the univariate analysis were
initially included in the multivariate regression model. Multivariate logistic regression models were
performed to identify factors independently associated with interest in testing (p<0.05) using a

backward stepwise approach.
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HEALTHCARE PROFESSIONALS

Study Sample
The study was approved by the SAC HREC (2020/HRE00680). An anonymous cross-sectional

online questionnaire was developed using the software Qualtrics. The study sample included
seven groups of healthcare professionals who may be involved in interpreting and/or
communicating PRS results for glaucoma to patients in the future: Ophthalmologists,
optometrists, orthoptists, general practitioners (GPs), clinical geneticists, genetic counsellors, and
laboratory scientists were invited to participate. Participants were eligible if they self-identified to
one of these groups and had completed training. Participants were grouped by specialty into
Ophthalmic (ophthalmologists, optometrists and orthoptists), Genetics (geneticists and genetic
counsellors) and GPs. Participants who self-identified as laboratory scientists were not included
in the statistical comparisons due to the small number. Consent was implied by completion of the

guestionnaire.

Data Collection

The questionnaire was generated based on the existing literature on healthcare professionals
attitudes and was refined by the authors. A pilot was conducted on a sample of 14 healthcare
professionals and modifications were made based on the feedback received. Participants were
recruited between November 2021 and October 2022. There was no set sample size based on
the exploratory nature of the study. A non-probability sampling approach was used to distribute
the questionnaire to healthcare professionals via relevant professional governing bodies in
Australia. This included the Royal Australian and New Zealand College of Ophthalmologists
(RANZCO), the Royal Australian College of Physicians (RACP), the Royal Australian College of
General Practitioners (RACGP), the Human Genetics Society of Australasia (HGSA), Optometry
Australia, and Orthoptics Australia. The questionnaire was also emailed to an in-house mailing

list of ophthalmologists. The questionnaire is provided in Appendix A3.

Demographic characteristics: Age, gender and ethnicity were collected. Ethnicity was self-
reported, classified into ethnic groupings, then into categories of “European” and “non-European”
ethnicity. Those with more than one self-reported ethnicity were categorised as “Mixed” ethnicity.
Those recorded as “unknown” were excluded from analyses involving ethnicity. Family history of
glaucoma, including the number of family members affected and their degree of relation, was self-
reported by participants. To characterise the professional characteristics of the cohort, we asked

the number of years since completing training and practising in their occupation, the type and
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structure of the workplace, exposure to genetics training, and whether participants held an
academic position. We further assessed ophthalmologists' professional exposure and experience

with glaucoma by asking the percentage of patients seen with glaucoma.

Glaucoma knowledge: Knowledge of glaucoma heritability was measured with 3 items on the
perceived importance of assessing family history of glaucoma (first and second degree) and the
age at glaucoma diagnosis, using a 5-point Likert-style response scale. Self-reported glaucoma
knowledge was assessed with 5 items using scaled responses (1 to 10) to the condition in general,

risk factors, diagnosis, genetics and current screening recommendations.

Experience with genetic testing: Participants were asked whether they had counselled a patient
about a genetic issue, had requests from patients about genetic tests, referred patients for a
genetic test or ordered a genetic test for glaucoma, an eye condition or any genetic condition.

The methods that results were received and communicated were also assessed.

Confidence with genetic testing: Participants were asked to rate their level of knowledge in
genetics using scaled responses (1 to 10). Their level of confidence to assess genetic risk through
family history, counsel patients on genetic testing, order genetic tests, interpret results and refer

to genetic services was assessed with 8 items using a 5-point Likert-style response scale.

Familiarity with polygenic risk: We assessed participants’ familiarity with polygenic risk for any

condition, an eye condition and glaucoma using a 5-point Likert-style response scale.

Attitudes towards polygenic risk testing: Participants were asked about their likelihood to
recommend the test to 6 different groups of individuals using a 5-point Likert-style response scale
based on the known risk factors for glaucoma (positive family history, older age, African ancestry):
individuals with first-degree relatives, second-degree relatives, over the age of 50 years, over the

age of 70 years, Asian ancestry and African ancestry.
Factors affecting the decision to recommend and order genetic tests: The importance of 12

different factors in recommending the test and the importance of 4 different factors in ordering the

test were assessed using a 5-point Likert-style response scale.
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Preferences for ordering and communicating polygenic risk results: We asked participants who
would be the most appropriate healthcare professionals to order the test, to communicate low vs

high PRS risk and what would be their preferred method of communicating results.
Training requirements: Participants reported whether they would benefit from additional training
on genetic testing, interpreting genetic test results and polygenic risk scores, using a 5-point

Likert-style response scale, and their preferred method for education delivery.

Statistical analysis

Data were analysed using Statistics Package for the Social Sciences (Version 27.0, SPSS Inc.,
Chicago, USA). Descriptive statistics were used to characterise the study sample. Due to the
small sample size of some of the groups, Fisher's exact test was used to explore differences
between the 3 different specialty groups. Bonferroni corrections were made for multiple
comparisons, and p<0.017 was considered significant when comparing differences between the

3 specialty groups.
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1.1 RESULTS

1.1.1 Demographic Characteristics

In total, 2369 ANZRAG participants were invited to participate in the study, with 1169 completing
the questionnaire, yielding a response rate of 49.3%. The demographic and personal
characteristics of respondents are shown in Table 1.1. In summary, 53.5% of respondents were
female, 92.9% were European, and 51.7% had an education level above secondary school. The
mean age of the cohort was 75.7 + 10.3 years, with 93.8% being over the age of 60 years. A
positive family history of glaucoma was reported by 63.3% of respondents, with 87.2% of those
with a positive family history having at least one affected first-degree relative. Of the 1200 who
did not respond, limited demographic and clinical data were obtained from the ANZRAG
database. In summary, 55.2% of non-respondents were female and 83.1% were European. The
mean age of non-respondents was 77.7 years = 14.5 years. Respondents and non-respondents
did not differ by gender, age at diagnosis, family history or residency. However, respondents were
more likely to be younger (p <0.001), of European ethnicity (p <0.001), and have less severe
glaucoma reflected by non-advanced disease classification (p <0.001) and rate of legal blindness

(p <0.001) compared to non-respondents (Table 1.1).

Variable Respondents Non-Respondents | p Value
n = 1169 (49.3%) n = 1200 (50.7%)
Age (years) p <0.001*
Range 22.7-101.8 20.4-108.5
Mean (standard deviation) 75.7 (10.3) 77.7 (14.5)
Median 76.1 79.7
Age at diagnosis (years) p = 0.58*
Range 20.0-89.0 17.0-94.0
Mean (standard deviation) 59.1 (12.8) 59.2 (14.4)
Median 60.0 60.0
Unknown (excluded from analysis) n =280 n =93
Gender, n (%) p=0.43"
Female 625 (53.5) 662 (55.2)
Male 544 (46.5) 538 (44.8)
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Ethnicity, n (%)

p <0.001"

European 1086 (92.9) 971 (83.1)

Non-European 76 (6.5) 123 (10.5)

- Asian 46 (3.9) 81 (6.9)

- Mixed Ethnicity 19 (1.6) 19 (1.6)

- Middle Eastern 5(0.4) 8 (0.7)

- African 4(0.3) 10 (0.9)

- Australian Aboriginal 1(0.1) 0 (0.0)

- Hispanic 1(0.1) 5(0.4)

Unknown (excluded from analysis) 7 (0.6) 106 (8.8)

Residency, n (%) p =0.20"
Urban 881 (75.4) 932 (77.7)

Rural 288 (24.6) 268 (22.3)

Highest level of education, n (%) - -
Primary School 73 (6.3)

Secondary School 487 (42.0)

Vocational Training 285 (24.6)

University 314 (27.1)

Unknown (excluded from analysis) 10 (0.9)

Family history of glaucoma p=0.12"
Positive 768 (63.3) 740 (63.2)

Negative 389 (33.6) 431 (36.7)

Unknown (excluded from analysis) 12 (1.0) 29 (2.4)

Positive: p = 0.26**
- First-degree 674 (87.7) 647 (87.4)

- Second-degree 86 (11.2) 74 (10.0)

- Third-degree 7 (0.9) 12 (1.6)

- Fourth-degree 3(0.4) 3(0.4)

Unknown (excluded from analysis) 2 (0.3) 4 (0.5)
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Glaucoma severity, n (%)

p <0.001"

Advanced 534 (45.7) 735 (61.2)
Non-Advanced 635 (54.3) 465 (38.8)
BCVA p <0.001"
>20/200 1063 (90.9) 987 (82.3)
<20/200 72 (6.2) 179 (14.9)
Unknown (excluded from analysis) 34(2.9) 34(28)
p <0.001"

% 0.10-1.0 0.2-1.0
Mean (SD) 823 (0.13) 883 (0.12)
Median ; : -
<0.9 728 (62.3) 570 (47.5) p <0.001

' 409 (35.0) 592 (49.3)
20.9 32 (2.7) 38 (3.2)
Unknown (excluded from analysis)
Last ophthalmic review, n (%) - -
Within 6 months 886 (77.5)
6-12 months 182 (15.9)
1-2 years 60 (5.3)
More than 2 years 15 (1.3)
Unknown (excluded from analysis) 26 (2.2)
Frequency of clinical reviews, n (%) - -
3 monthly 172 (15.1)
6 monthly 678 (59.3)
Annually 229 (20.0)
Every 2 years 47 (4.1)
More than every 2 years 11 (1.0)
Unknown (excluded from analysis) 32 (2.7)

Table 1.1: Characteristics of the study respondents and non-respondents.

BCVA: best-corrected visual acuity, VCDR: vertical cup-to-disc ratio. *denotes values calculated

using paired Mann-Whitney U test for differences in median rank. ™ denotes values calculated

using Chi-square test for Association. Differences in ethnicity were assessed between

Europeans and non-Europeans, family history between positive and negative history and VCDR

between <0.9 and 20.9 groups.

1.1.2 Understanding of glaucoma and perception of severity and risk.

Prior to being diagnosed with glaucoma, only 16.9% of respondents felt they knew a fair amount

or a lot about glaucoma (Supplementary Table 1). This was significantly associated with family
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history, with those having a family history of glaucoma being more likely to have a better
understanding of the condition prior to diagnosis (68.3% vs 50.2%, p <0.001). Furthermore,
having a higher number of affected family members was associated with increased awareness of
glaucoma (OR 1.43, 95%CI (1.29-1.59), p <0.001). The majority of participants (86.3%)
considered glaucoma to be a moderately severe or very severe medical condition. About one third
believed that they were either likely or highly likely to develop glaucoma in their lifetime (29.2%)
and were either slightly, moderately worried, or very worried about developing glaucoma (29.1%)
prior to receiving their diagnosis. A belief of being at risk and being worried about developing
glaucoma were both associated with the presence of a family history (self-reported) (OR 6.01,
95%CI (4.18-8.62), p < 0.001; OR 3.0 95%CIl (2.23-4.10), p < 0.001) and increasing number of
affected family members (OR 1.88, 95%CI (1.65-2.15), p <0.001; OR 1.42, 95%CI (1.30-1.57), p
<0.001).

1.1.3 Interest in genetic risk testing for glaucoma

Responses to survey questions are summarised in Supplementary Table 1. Overall, participants
were in favour of glaucoma PRS testing. Over two-thirds (69.4%) of individuals were likely or
highly likely to have taken a genetic test to predict their risk of developing glaucoma if it had been
offered to them before they were diagnosed (Figure 1.1). Additionally, 96.2% of participants would
possibly, probably, or definitely take a test to predict their risk of rapid progression or developing

severe disease if stronger treatments could prevent blindness.

(A)
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Figure 1.1: Level of interest in polygenic risk testing for glaucoma according to disease
severity (A) and positive versus negative attitude (B). Responses to the question ‘How likely
would you have been to take a genetic test to predict your risk of developing glaucoma if it had
been offered to you before you were diagnosed?’. Responses were grouped by disease severity
(advanced or non-advanced) and by individual response (highly unlikely, unlikely, likely, or
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highly likely) (A), or grouped into a positive (likely or highly likely) or negative (highly unlikely or
unlikely) expressed interest (B). 60 respondents indicated being ‘unsure’ (5.2%).

1.1.4 Factors affecting interest in genetic risk testing for glaucoma

The association between demographic, perception and emotional predictor variables and interest
in genetic risk testing for glaucoma was analysed (Table 1.2). Age, age at glaucoma diagnosis,
gender, ethnicity, level of education, BCVA, VCDR, timing of last eye check, and frequency of eye
checks were not associated with interest in glaucoma genetic risk testing in the univariate logistic
regression. Variables that reached a significance level of p £ 0.1 were included in a multivariate
logistic regression to identify the impact of these variables on a positive interest in genetic risk
testing for glaucoma (either likely or highly likely to have undergone testing if it were available).
After adjusting for other predictor variables, urban residency was associated with increased
interest in testing (OR 1.70, 95%CI (1.15-2.49), p 0.007).

Level of knowledge of glaucoma prior to diagnosis and perceived severity of glaucoma were not
associated with increased interest in testing. Level of pre-diagnosis glaucoma awareness,
perceived risk of glaucoma, and pre-diagnosis concern of developing glaucoma were significantly
associated with interest in genetic risk testing for glaucoma in univariate analysis. Increased
interest in testing was associated with an increased perceived risk of glaucoma (OR 2.05, 95%ClI

(1.28-3.29), p = 0.003) and pre-diagnosis worry about developing glaucoma (OR 2.07, 95%CI
(1.27-3.37), p = 0.004) in the multivariate logistic regression model (Table 1.2).

Variable Univariate logistic regression Multivariate logistic regression
OR (95%Cl) Pvalue | OR (95%CI) P value

Age (per increasing year) 1.00 (0.99-1.01) 0.871

Age at diagnosis (per increasing | 1.00 (0.99-1.02) 0.487

year)
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Gender

- Male 1.00
- Female 1.15 (0.88-1.50) 0.312
European ethnicity
- Yes 1.00
- No 1.05 (0.61-1.83) 0.857
Residency
- Rural 1.00
- Urban 1.44 (1.06-1.83) 0.018 1.70 (1.15-2.49) 0.007
Level of education 0.797
- Primary School 1.00
- Secondary School 0.88 (0.48-1.63) 0.682
- TAFE/Vocational Education 0.80 (0.43-0.78) 0.502
- University 0.78 (0.41-1.46) 0.428
Family history 0.002 0.638
- Unaffected 1.00
- First-degree relative 1.66 (1.25-2.22) <0.001 1.06 (0.67-1.68) 0.802
- Other relative 1.28 (0.77-2.12) 0.338 1.39 (0.70-2.73) 0.348
Number of family members
affected (per extra) 1.16 (1.04-1.29) 0.009 1.06 (0.92-1.13) 0.429
Glaucoma severity
- Advanced 1.00
- Non-advanced 1.14 (0.87-1.49) 0.341
Best-Corrected Visual Acuity
(Per improvement of 0.1 on
decimal scale) 1.09 (0.70-1.71) 0.698
Best-Corrected Visual Acuity
- £20/200 1.00
1.13 (0.65-1.95 0.676
- > 20/200 ( )
_Vertlcal Cup-to-Disc Ratio (Per 0.67 (0.23-1.92) 0.455
increase of 0.1)
Vertical Cup-to-Disc Ratio 1.00
- 209 1.19 (0.90-1.57) 0.236
- <0.9
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Last eye check 0.229

- > 2 years 1.00

- 1to 2 years 0.60 (0.14-2.49) 0.479

- 6 to 12 months 1.12 (0.28-4.40) 0.875
- Within 6 months 1.08 (0.28-4.10) 0.913
Frequency of eye checks 0.754

- > 2 years 1.00

- 1to 2 years 1.38 (0.30-6.38) 0.684

- Annually 1.46 (0.35-6.01) 0.605

- Every 6 months 1.47 (0.36-5.93) 0.592

- Every 3 months 1.14 (0.28-4.76) 0.854
Pre-diagnosis glaucoma

awareness

- Not aware 1.00

- Aware 1.65 (1.26-2.16) <0.001 1.03 (0.67-1.06) 0.883
Knowledge of glaucoma

- No knowledge 1.00

- Good knowledge 1.19 (0.66-2.12) 0.565
Perceived severity

- Severe 1.00

- Not severe 1.33 (0.62-2.87) 0.462
Perceived risk

- Not at risk 1.00

- At risk 3.14 (2.15-4.59) <0.001 2.05 (1.28-3.29) 0.003
Pre-diagnosis worry®

- Not worried 1.00

- Worried 3.24 (2.28-4.62) <0.001 2.07 (1.27-3.37) 0.004
Likeliness to change health-

seeking intentions

- Not interested in PRS 1.00

- Interested in PRS 1.53 (1.11-2.11) 0.009
Interest in test for prognosis

- Not interested in PRS 1.00

- Interested in PRS 4.97 (2.47-10.00) <0.001
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Interest in non-family test

recommendation
- Not interested in PRS 1.00
- Interested in PRS 3.67 (2.66-5.06) <0.001

Interest in family test

recommendation
- Not interested in PRS 1.00
- Interested in PRS 12.83 (6.33-25.99) <0.001

Table 1.2: Univariate and multivariate logistic regression assessing predictors of a
positive interest in genetic risk testing and the impact of interest in testing on health-
seeking intentions. An OR greater than 1 indicates that participants were more likely to be
interested in testing.

1.1.5 Health-seeking intentions

We assessed whether interest in glaucoma genetic risk testing was associated with an individual’s
eye health-seeking intentions or their likelihood to recommend genetic testing to others (Table
1.2). Interest in testing was significantly associated with an intention to change health-seeking
intentions relating to eye health (OR 1.53, 95%CI (1.11-2.11), p=0.009). In addition, interest was
positively associated with increased likelihood of recommending testing to family (OR 12.83,
95%CI (6.33-25.99), p <0.001) and non-family members (OR 3.67, 95%CI (2.66-5.06), p <0.001),
and the likelihood of undergoing testing for the purpose of predicting prognosis and disease
severity (OR 4.97, 95%CI (2.47-10.00), p <0.001) using univariate logistic regression.

1.1.6 Factors about testing and follow-up

We assessed the aspects of glaucoma genetic risk testing and follow-up that respondents would
like to know prior to undergoing analysis, regardless of their indicated interest in testing. All four
options provided were deemed important by more than 70% of respondents (cost, process
involved, meaning of results and follow-up). We assessed the preferred method of receiving
results, identifying that most participants would prefer to receive results in person, in a letter, or
via email, rather than via a telephone call. The factors about testing and follow-up are summarised
in Supplementary Figure 1A and the preferred method of receiving results are summarised in
Supplementary Figure 1B. Several participants commented that their preferred method would
depend on the result; if at high risk, face-to-face would be preferred, and if low risk, other methods

would be sufficient. It was also noted that if results were received non-verbally or via telephone,
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an option to speak with someone in person would be appreciated to discuss implications and
answer questions. Regarding cost, approximately 80% of participants would be willing to pay for
testing, with over half of those willing to pay indicating that a cost of AU$50-AU$100 would be
appropriate (Figure 1.2). Others commented that they would expect that the test be covered by
Medicare (Australia's universal health insurance system), particularly if they themselves were a

senior citizen/pensioner.

50.0%
45.0%
40.0%

£ 35.0%

g
S 30.0%
&
g 25.0%

€ 20.0%
» 15.0%
10.0%
5.0%
0.0% - -

Iwould notbe  $50-$100 $100-$200  $200-$300  $300-$500
willing to pay

Figure 1.2: Cost participants would be willing to pay for a glaucoma genetic risk test.
Responses to the question ‘If a cost were involved, how much would you be willing to pay for
the test?’.

1.1.7 Additional results

Some respondents made comments in addition to answering from provided response options,
with several noting that developing glaucoma was somewhat expected given their family history
of glaucoma, and therefore felt that a genetic test was not necessary given they were already
undergoing regular eye examinations. Participants were given the opportunity to make additional
comments on aspects of the test they would like to know more about, and how such testing would
change their behaviour regarding their eye health. Some noted the accuracy of the test would be
important to know prior to undergoing testing, with respect to false positive and false negative
rates, and the specificity and sensitivity of the test. Privacy was also highlighted as a concern,
given the need to provide genetic material and the implications results may have on employment
or insurance. Some were interested in whether any additional risks (other than glaucoma risk)
could be identified from the test, and whether the test would be recommended to family members
automatically based on their results. Recommended age to undergo the test, treatment options,

adverse effects of the test and available treatments, and short- and long-term prognosis were
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also identified as information of interest.

1.2. DISCUSSION

Recent studies on PRS have shown that implementing of PRS for clinical use in ophthalmology
(and other fields of medicine) is becoming increasingly realistic,8:108-110,122,137.148-153 Eqr conditions
such as glaucoma, PRS testing has strong clinical utility given the complex nature and heritability
of the disease, its treatability, as well as the difficulties associated with diagnosis.!?? Polygenic
risk testing has the potential to improve disease prediction, diagnosis and management of vision
loss - from reactive and responsive to predictive and preventative. For this adaptation to be
successful, thorough understanding of stakeholders’ attitude toward such testing is required first

to develop implementation frameworks and successful uptake.

To our knowledge, no studies have assessed the attitude of individuals with glaucoma toward
PRS testing for the condition, and critical gaps in understanding barriers to implementing such
testing persist. This study provides useful insights into the potential uptake of PRS testing for
glaucoma. Our results supported the hypothesis that individuals with glaucoma have a positive
attitude towards genetic risk testing for glaucoma (69.4% being likely or highly likely to have
undergone testing), as well as testing to predict risk of severe disease or rapid progression. The
reported interest was similar to a previous study investigating attitudes toward single gene testing
for glaucoma reporting 61.8% interest, among a large glaucoma pedigree.'>**° In addition, our
results are comparable to studies on predictive genetic testing in other conditions including
inherited breast and colorectal cancer.137148-151.156-158 |n particular, studies assessing interest in
predictive genetic testing for breast cancer among individuals affected by the disease reported
similar levels of interest, ranging from 57.0%-61.8%.3"1° Further research is needed to validate

the effectiveness of PRS testing in an unaffected population.

Increasing interest in glaucoma genetic risk testing was associated with a positive family history
of glaucoma and a higher number of affected family members. However, it was shown that the
affected relative must be at least a second-degree relative or closer. These results are in line with
other studies that found interest in genetic testing was particularly supported if there was a family
history of the condition.148149.151.156-158 Hawever, while significant in the univariate logistic
regression, these variables were not statistically significant when controlling for other associated
variables. This may be attributable to some respondents recognizing their predisposition from

having an affected family member. Several respondents commented that developing glaucoma
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was somewhat expected given their family history of glaucoma, and therefore felt that a genetic
test was not necessary given they were already undergoing regular eye examinations. These
responses suggest that genetic determinism plays into risk perception. However, it has been
shown that glaucoma risk can vary significantly even in individuals with high penetrant variants,
ranging from very high to average population risk depending on their PRS.1%81%° Thjs indicates a
need for community education regarding genetic risk. Studies in inherited breast and colorectal
cancer reported positive interest particularly in those with a positive family history of the
condition,149:151.156-158,160-165 |t should be recognized however, that screening for these conditions
via colonoscopy or mammogram is generally more invasive than an eye examination, so genetic

testing may be preferable by those at an increased risk to avoid this type of investigation.

Previous studies have shown that individuals who have a higher perceived risk of glaucoma are
the most motivated to reduce their risk of vision loss.#” This is consistent with our results showing
that those who had a higher perceived risk of developing glaucoma were more interested in
genetic risk testing for glaucoma. Similarly, those who had been worried about developing
glaucoma prior to being diagnosed were more interested in testing. Interest in testing was
associated with having an intention to change behaviour towards eye health. This is not in keeping
with other genetic studies that have shown that knowledge of risk has little effect on risk-reducing
behaviours.'®® However, this may be less relevant to glaucoma as, unlike most common
conditions, there are no established environmental risk factors that could be modified through

risk-reducing lifestyle changes.

Positive attitude towards genetic risk testing for glaucoma appears to extend beyond personal
interest. Increasing interest was associated with increased likelihood to recommend testing to
family and non-family members. Interestingly, a positive family history of glaucoma was not
associated with an increased likelihood to recommend testing to family members. However,
although not significant, having an affected first-degree relative was associated with an increased

interest in testing, suggesting that close affected relatives might still influence interest in testing.

Non-respondents were significantly older, more likely to be of non-European ethnicity and more
likely to have advanced disease and legal blindness. Those who are of an older age may feel a
genetic test regarding risk and prognosis is not relevant at their stage of life. These individuals
may also have added difficulty completing a questionnaire that requires reading and

comprehension, and the dexterity to record their responses. However, it is possible that the
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disparity in age seen between groups is due to ANZRAG participants who have died remaining
on the database. While the database is regularly updated, if not notified of a participant's death,
it may not be recorded. Similarly, individuals of non-European ethnicity may not speak English as
their primary language and may have difficulty completing the questionnaire which was delivered
only in English. In addition, it is not yet clear how a glaucoma PRS may perform across non-
European populations and patrticipants of non-European ethnicity may not be aware of this.
Finally, those with advanced disease may have had more difficulty completing the questionnaire
due to their impaired vision. Moreover, they may not have felt that genetic risk testing would be
personally relevant given their severe disease. These individuals may have expected to develop
glaucoma regardless of the potential calculated genetic risk, based on a strong family history of
the disease. However, there was no significant association between advanced glaucoma and the

presence of a family history of glaucoma (p = 0.245).

We asked participants about components of the test which they would like to know about prior to
undergoing the test. The cost of the test, process involved in taking the test, implications of the
results, and likely follow-up were each roughly of equal importance to respondents, with over 70%
indicating this would be important to know. Respondents indicated mail, in person, and email to
be the most preferred methods of receiving results. In addition, the largest proportion of
participants (~45%) indicated a cost of AU$50-AU$100 for the test would be reasonable. Some
who indicated an unwillingness to pay for the test commented on the challenges of affording
additional health care costs whilst on a pension. This is important to consider given the older age

of those most commonly affected by glaucoma.

The findings from this study should be interpreted in light of the following limitations. PRS involves
complex genetic concepts which may not be easily or fully understood by general members of the
community with limited genetics knowledge. While the questionnaires simplified the concept of
PRS to aid understanding, complexities which may influence attitudes may not have been
captured. Questions assessing glaucoma knowledge, risk and interest in genetic testing for the
study population were framed as a retrospective concept given that individuals in this group had
already been diagnosed. This may be difficult for some to interpret and answer without the bias
of hindsight influencing their response. The questionnaires were not easily accessible to those
with advanced glaucoma with poor vision. Although it was possible to verbally discuss the
guestionnaires with those with visual impairment, this was not actively offered and likely, not

identified as a reason for not responding amongst those who received a questionnaire via mail or
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email. Offering audio versions of the questionnaire could help to address this, as well as
contacting all non-respondents to ascertain whether poor vision impaired their ability to complete
the questionnaire and offering to verbally complete it. Our study participants were drawn from an
existing glaucoma research registry which may have introduced a selection bias. By participating
in the ANZRAG (a study in which participants must consent for genetic testing in a research
context), participants may be more interested in genetic research and therefore more likely to be
interested in such testing in a clinical context. Participants were asked to indicate their level of
interest in such testing from a retrospective point of view, which may reduce this bias. Almost
95% of our study sample was of European ethnicity, highlighting the need for further validation
across other ancestral backgrounds prior to implementation, which is also pertinent to the

predominantly European-derived PRS instruments themselves.

Additional challenges to clinical implementation of PRS testing for glaucoma remain. One
challenge of conveying PRS results is to ensure that these results are communicated as absolute
and relative risk values in conjunction with other established and validated clinical risk factors,
and not as predictive or prognostic risk.?®2 Clinical implementation of PRS will require that
clinicians and the public receive education about the significance and limitations of the results.
Furthermore, additional issues will arise in public health infrastructure and policy including
economically balancing the cost of screening with the cost of management, identifying the most
appropriate target screening population, and ensuring adequate access to testing and follow-up
treatment.'®” These findings represent a valuable assessment of interest in glaucoma polygenic
risk testing among potential target populations, which will be integral to the implementation and
uptake of novel PRS-based tests into clinical practice. Further research should assess attitudes

amongst those who are offered testing, once PRS tests are clinically available.
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2.1 RESULTS

2.1.1 Demogdraphic and Personal Characteristics

In total, 418 participants completed the questionnaire; 193 had at least one affected first-degree
relative, 117 had had a recent eye review and 108 were from the community. In total, 243
unaffected family members in ANZRAG and TARRGET were invited to participate in the study,
and 143 completed the questionnaire, yielding a response rate of 58.8%. The other 50 participants
with a first-degree relative were recruited from outpatient clinics and hospital settings. The
demographic and personal characteristics of each group and the whole study sample are shown
in Table 2.1. In summary, 66.5% were female, 95.0% were of European ethncitiy, 75.4% were
from an urban area, and 63.8% had an education level above secondary school. The mean age
of the total cohort was 62.1 years + 13.3 years, with 28 individuals being under the age of 40
years. There was a significant difference in residency, family history, timing of last eye check and
frequency of eye checks between groups (Table 2.1 - significant results in bold). Participants with
affected first-degree relatives, those who had a recent eye check, and members of the general
community did not differ by age, gender, and level of education (Table 2.1). The majority (74.9%)
of participants had undergone an eye check within at least the last year and over half (55.0%)

reported undergoing eye checks at least annually.

Variable First-degree Optometry Community TOTAL p Value
relative n=117 n =108 n=418
n=193
Age (years) p=0.573*
Range 33.0-89.8 21.0-89.3 19.4-94.6 19.4-94.6
Mean (standard deviation) 61.7 (11.2) 63.2 (15.4) 61.5 (14.3) 62.1 (13.3)
Median 62.1 65.4 66.3 63.3
Missing n=1 n=1 n=2
Gender, n (%) p = 0.437t
Female 134 (69.4) 73 (62.4) 71 (65.7) 278 (66.5)
Male 59 (30.6) 44 (37.6) 37 (34.3) 140 (33.5)
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Ethnicity, n (%) p = 0.028t
European ethnicity 185 (95.9) 114 (97.4) 98 (90.7) 397 (95.0)
Non-European ethnicity 6 (3.1) 2@.7) 9(8.3) 17 (4.1)

- African 2(1.0) 0 0 2(0.5)

- Asian 3(1.6) 1(0.8) 3(2.8) 7.7

- Hispanic 0 1(0.8) 1(0.9 2 (0.5)

- Middle Eastern 0 0 2 (1.9 2(0.5)

- Mixed 1(0.5) 0 3(2.8) 4 (1.0)

Unknown 2(1.0) 1(0.9) 1(0.9) 4 (1.0)

Residency, n (%) p =0.019t
Urban 137 (71.0) 90 (76.9) 88 (81.5) 315 (75.4)

Rural 55 (28.5) 21 (17.9) 16 (14.8) 92 (22.0)

Unknown 1(0.5) 6 (5.1) 4 (3.7) 11 (2.6)

Highest level of education, n p = 0.056t
(%)

Primary School 2 (1.0) 4 (3.2) 1(1.0) 7@Q.7)

Secondary School 60 (31.1) 43 (36.8) 39 (36.1) 142 (34.1)

Vocational Training 52 (26.9) 39 (33.3) 40 (37.0) 131 (31.3)

University 77 (39.9) 31 (26.5) 28 (5.9) 136 (32.5)

Unknown 2(1.0) 0 0 2(0.5)

Family History, n (%) p <0.001t
Positive 193 (100.0) 9(7.7) 7(7.4) 209 (50.0)

Negative 0 107 (95.1) 87 (80.6) 209 (50.0)

Unknown 0 1(0.9) 14 (13.0) 0

Positive (closest affected relative):

- First-degree 193 (100.0) 0 0 193 (92.3)

- Second-degree 0 7 (6.0) 5 (4.6) 12 (5.7)

- Third-degree 0 1(0.9) 1(0.9) 2(1.0)

- Unknown 0 1(0.9) 1(0.9) 2(1.0)

Last eye check, n (%) p <0.001t
Within 6 months 63 (32.6) 117 (100.0) | O 180 (43.1)

6-12 months 82 (42.5) 0 51 (47.2) 133 (31.8)

1-2 years 41 (21.2) 0 30 (27.8) 71(17.0)

More than 2 years 4(2.1) 0 25 (23.1) 29 (6.9)

Never 1(0.5) 0 0 1(0.2)

Missing 2 (1.0) 2(1.9) 4 (1.0)
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Frequency of eye checks, n (%) p = 0.003t
3 monthly 2(1.0) 1(0.9) 0 3(0.7)

6 monthly 94.7) 5(4.3) 2(1.9) 16 (3.8)

Annually 107 (55.4) 61 (52.1) 43 (39.8) 211 (50.5)

Every 2 years 61 (31.6) 32 (27.4) 34 (31.5) 127 (30.4)

More than every 2 years 10 (5.2) 13(11.1) 22 (20.4) 45 (10.8)

Never 2(1.0) 3(2.6) 6 (5.6) 11 (2.6)

Missing 2(1.0) 2(1.7) 1(0.9) 5(1.2)

Table 2.1: Characteristics of the study sample (including individuals with a first-degree
relative with glaucoma [First-degree relative], those who had undergone arecent eye
check [Optometry] and general members of the community [Community]).

*denotes p-value calculated using one-way ANOVA. tdenotes p-value calculated using Chi-

square test for Association. Differences in ethnicity were assessed between European and non-
European ethnicity.

2.1.2 Understanding of glaucoma and perception of severity and risk

In the overall cohort, 57.7% believed glaucoma was at least somewhat hereditary, with 57.7% of
those having an affected first-degree relative. A large proportion (39.5%) of the total cohort were
unsure about the hereditary nature of glaucoma. The majority (91.9%) of respondents considered
glaucoma to be a severe medical condition, with an approximately equivalent proportion with
(47.9%) and without (52.1%) an affected first-degree relative. Perception of glaucoma as a severe
condition was associated with being likely to increase the frequency of eye checks if found to be
at high risk (OR 7.36, 95%CI (1.32-40.89), p=0.023). Almost a third (31.8%) of participants
believed they were likely or highly likely to develop glaucoma in their lifetime, and 89.1% of these
expressed worry about this belief. Those with at least one first-degree relative with glaucoma
were more likely to believe they were at risk of developing glaucoma (OR 5.06, 95%CI (2.99-
8.58), p<0.001), and were worried about this (OR 3.75, 95%CI (2.33 - 6.06), p <0.001). Being
worried about the possibility of developing glaucoma was associated with a preference to know
glaucoma risk (OR 2.19, 95%CI (1.40-3.43), p <0.001). Responses to survey questions relating
to understanding of glaucoma and perception of severity and risk are summarised in

Supplementary Table 2.

2.1.3 Interest in genetic risk prediction testing for glaucoma

Overall, the majority of individuals expressed an interest in genetic risk prediction testing for
glaucoma, with 71.3% of respondents indicating they would be either likely or highly likely to take
a test if it were available. The attitudes of each group are shown in Figure 2.1. Over half of those
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who were interested in testing (62.2%) also reported they would probably or definitely like to know
more about glaucoma before being tested. Individuals with at least one affected first-degree
relative were more likely to be interested in genetic testing for glaucoma than those without (OR
2.90, 95% CI 1.65-5.09, p <0.001) (Table 2.2). There was no significant difference between the
level of interest between those aged below and above the age of 40 years (75.0% vs 81.2%

respectively, p = 0.459). Responses to survey questions relating to interest in glaucoma PRS

testing are summarised in Supplementary Table 2.
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Figure 2.1: Level of interest in polygenic risk testing for glaucoma (positive versus
negative) according to group classification. Responses to the question ‘How likely would
you be to take a genetic test which could predict your risk of developing glaucoma?’. Responses
were grouped by group classification (first-degree relatives, recent eye exam [optometry], and
general members of the community [community]), and grouped into interested (likely or highly

likely) or uninterested (highly unlikely or unlikely) expressed interest. Forty-two respondents
indicated being ‘unsure’ (10.0%).

2.1.4 Factors affecting interest in genetic risk prediction testing for glaucoma

We assessed the factors that may affect participants’ decision to be tested (Figure 2.2) and factors
that may concern participants about genetic risk prediction testing (Figure 2.3). After adjusting for

all variables that were significant in univariate regression, interest in glaucoma genetic risk
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prediction testing was more common in those who believed glaucoma to be a severe medical
condition (OR 14.58, 95%Cl (1.15-185.50), p = 0.039), were concerned about developing
glaucoma (OR 4.37, 95%CI (2.32-8.25), p <0.001), had an intention to take appropriate measures
regarding eye health (OR 2.39, 95%CI (1.16-4.95), p=0.019), or who preferred to know if they
were at risk of glaucoma or not (OR 4.52, 95%CI (2.32-8.83), p<0.001) (Table 2.2). The average
number of factors which may affect participants’ decision to be tested was 3.7. Responses to
survey questions relating to factors affecting interest in genetic risk prediction for glaucoma are

summarised in Supplementary Table 2.

The majority (75.8%) of individuals had at least one concern about genetic risk prediction testing
for glaucoma, with cost the most frequent (42.3%), followed by personal anxiety about the
possibility of the test showing increased glaucoma risk (29.7%) (Figure 2.3). The average number
of concerns per individual was 1.4. We assessed the factors concerning individuals about
undergoing genetic risk assessment for glaucoma and why participants may be less likely to take
the test. These are summarised in Supplementary Figure 3. Of those who indicated being
uninterested in testing, 24.6% had no concerns about the test. Having to attend follow-up
appointments was the most concerning factor (37.7%), followed by the cost of the test (23.6%),
potential anxiety caused by results (20.8%), concern about how results would affect employment
(11.1%) and insurance (8.3%), confidentiality concerns (6.9%) and rather not knowing their risk
(4.2%).
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Figure 2.2: Factors affecting participants’ decision to be tested. Responses to the question

‘Which of the following factors would affect your decision to be tested? (Choose as many as
appropriate)’.
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Figure 2.3: Factors concerning participants about having the test. Responses to the
question ‘Which of the following factors would concern you about having the test? (Choose as
many as appropriate)’.

2.1.5 Behaviour

In addition to assessing which factors may influence the decision to undergo genetic risk
prediction testing, we assessed whether the potential result would influence attitudes towards the
frequency of future eye checks. If testing were to indicate a low risk of developing glaucoma,
91.6% of individuals indicated they would not change the frequency of their eye checks. However,
if testing were to indicate a high risk of developing glaucoma, 76.6% of individuals indicated they
would have more frequent eye examinations. Those with an affected first-degree relative were
not likely to change the current frequency of their eye examinations, regardless of whether a test
indicated they were at either low risk (p=0.344) or high risk (p=0.092). Individuals indicated that
their decision to undergo testing would be influenced more by medical advice compared to advice
from family or friends (74.6% vs 35.1%, p <0.001).
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Variable (demographic)

Univariate logistic regression

Multivariate logistic regression

OR (95% CI) P value OR (95% CI) P value
Age (years) 0.99 (0.96-1.01) 0.165
Gender 0.045 1.67 (0.85-3.30) 0.138
- Male 1.00
- Female 1.71 (1.01-2.89)
Ethnicity 0.312
- Non-European 1.00
- European 1.86 (0.56-6.23)
Residency
- Urban 1.00
- Rural 1.05 (0.56-1.98) 0.877
Education 1.28 (0.51-3.24) 0.593
- School (primary or 1.00
secondary)
- Tertiary (vocational training 1.67 (0.99-2.84) 0.056
or university
Family History <0.001 0.111
- Negative 1.00
- First-degree relative 2.89 (1.64-5.11) <0.001 2.05 (0.76-2.17) 0.156
- Other relative 0.98 (0.25-3.85) 0.980 0.24 (0.03-2.17) 0.205
Last eye check
- <1 year (0) 1.00
- >1 year (1) 1.15 (0.62-2.12) 0.665
Frequency of eye checks
- At least annually (0) 1.00
- Every 2 years or more (1) 1.02 (0.60-1.71) 0.954
Perceived glaucoma heredity 1.9 (0.02-193.52) 0.779
- Non hereditary 1.00 0.018
- Hereditary 9.14 (1.47-56.86)
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Perceived severity 14.58 (1.15-185.50) 0.039
- Not severe 1.00
- Severe 18.69 (2.05- 0.009
170.14)
Perceived Risk 1.88 (0.81-4.35) 0.139
- Not at risk 1.00
- At risk 2.47 (1.32-4.63) 0.005
Concern of developing glaucoma 4.37 (2.32-8.25) <0.001
- Not worried 1.00
- Worried 5.00 (2.87-8.72) <0.001
Interest in obtaining more information 1.71 (0.71-4.11) 0.233
about the test
- Not interested 1.00
- Interested 2.04 (1.16-3.59) 0.013
Intention to take appropriate 2.39 (1.16-4.95) 0.019
measures
- Would not change behaviour | 1.00 <0.001
- Would change behaviour 5.00 (2.83-8.83)
Advice to children 1.15 (0.25-5.39) 0.860
- No 1.00
- Yes 3.00 (1.77-5.08) <0.001
Advice to family members 0.49 (0.18-1.32) 0.160
- No 1.00
- Yes 2.92 (1.71-4.99) <0.001
Personal advice
- No 1.00
- Yes 1.34 (0.77-2.33) 0.304
Medical advice
- No 1.00
- Yes 1.17 (0.64-2.13) 0.614
Would rather know 4.52 (2.32-8.83) <0.001
- No 1.00
- Yes 6.78 (3.86-11.90) <0.001
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Would rather not know

- No 1.00

- Yes 0.378 (0.09-1.62) 0.190
Anxiety

- No 1.00

- Yes 1.55 (0.83-2.89) 0.170
Cost

- No 1.00

- Yes 1.37 (0.80-2.34) 0.254
Follow-up

- Yes 1.00

- No 1.29 (0.69-2.38) 0.424
Insurance 3.11 (0.99-9.79) 0.052
- No 1.00

- Yes 3.44 (1.43-8.27) 0.006
Employment

- No 1.00

- Yes 1.26 (0.56-2.82) 0.573
Confidentiality

- No 1.00

- Yes 1.89 (0.71-4.98) 0.201
Concerns

- No concerns 1.00

- At least 1 concern 1.23 (0.69-2.20) 0.485

Table 2.2: Univariate and multivariate logistic regression assessing predictors for
interest in polygenic risk testing.

Bold text in the Multivariate Logistic Regression indicates variables which were retained in the
final model. Where a variable was excluded, the listed values given related to the point at which
the variable was removed from the model. Results reflect questionnaire answers provided by
participants, although the authors acknowledge that some responses are not logical.

2.1.6 Factors about testing and follow-up

Finally, we surveyed aspects of genetic risk prediction testing that participants wanted to know
prior to undergoing testing. These are summarised in Supplementary Figure 3. Over 77.0% of
participants deemed cost, the test process, possible implications of results, and follow-up to be

important factors to understand prior to undergoing testing. Email was the most preferred method
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to receive results (56.5%), followed by face to face (38.3%) and letter (35.2%), with telephone call
being the least preferred (21.5%). Several individuals commented that their preference would
depend on the result, with face to face being preferred if results showed high glaucoma risk, and
other methods, particularly email, being preferred if results showed low risk. A majority of
participants (64.6%) indicated they would be willing to pay at least $50 for a glaucoma genetic
test if required, with AUD $50 - $100 (approximately USD $40-$70 at the time of writing) being
the most acceptable range (Figure 2.4). Those who were willing to pay, were more likely to be
interested in testing (OR 1.81, 95% CI (1.07-3.07), p = 0.028) and to have completed tertiary
education (OR 1.95, 95% CI (1.28 - 2.98), p = 0.002). Regarding the possible frequency of eye
checks, 88.8% of all participants indicated they would be willing to have either biannual or annual
eye examinations if required (Figure 2.5).

50%
40%
30%

20%

Percentage of respondents (%)

10%

0%
I would not be $50-$100 $100-$200 $200-$300 $300-$500
willing to pay

Figure 2.4: Cost participants would be willing to pay for a glaucoma genetic risk test.
Responses to the question ‘If a cost were involved, how much would you be willing to pay for
the test?’
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Figure 2.5: Frequency of eye checks participants would be willing to undergo. Responses
to the question ‘How frequently would you be willing to have an eye check?’.

2.2 DISCUSSION

Genetic risk stratification for diseases with complex inheritance will become increasingly
accessible with the development of PRS. Studies have previously assessed interest and attitudes
toward such testing in affected and high-risk individuals for breast and colorectal cancer.'*"%! To
the best of our knowledge, the attitudes of those outside of an already identified at-risk population
have not been investigated for any condition. Given one of the greatest potential advantages of
PRS testing is population-scale risk stratification, it is crucial to understand the attitudes of the
broader population toward this form of testing. Our findings provide useful insights into the attitude
of unaffected individuals toward glaucoma genetic risk testing, and demonstrated a similar level
of interest towards PRS testing for glaucoma among unaffected individuals (71.3%) compared to
individuals with diagnosed glaucoma (69.4%).168

Although glaucoma is the most common cause of irreversible vision loss, current screening
methods are insufficient and not cost-effective at the population level.*®®1"° Evidence of the benefit
of PRS testing was demonstrated by a previous study showing that individuals in the top decile
of a glaucoma PRS distribution reach the same absolute risk of developing the disease 10 years
earlier than those in the bottom decile.'® Glaucoma PRS testing could improve current screening

strategies given the disease’s high and complex heritability, lack of environmental risk factors,
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asymptomatic nature of early disease, and effectiveness of early treatment options to slow
disease progression.?? Risk stratification may help to guide monitoring and treatment of high-risk
individuals, as well as potentially avoiding unnecessarily regular follow-up or over-treatment of
low-risk individuals. While hesitancy for reduced screening for those at low risk has been
reported,}’*1’2 PRS may assist in deciding on monitoring frequency or context, such as by an
ophthalmologist or optometrist, particularly given the difficulty in diagnosing glaucoma in the early

stage of disease and the large number of individuals who are diagnosed as glaucoma suspects.®

Interest in the test was not significantly associated with having a family history in the multivariate
analysis, even though individuals with a family history were more likely to be interested in
polygenic risk testing than those without. Previous studies have reported increased interest in
PRS testing among first-degree relatives of individuals with breast cancer or colorectal
cancer.137.148149.151.161173,174 Thaese discrepancies may be due to an assumed predisposition to
glaucoma and frequent monitoring already in place in this cohort. The majority of those with an
affected first-degree relative (74.1%) were drawn from existing glaucoma research databases. As
part of their participation in these registries, individuals will have received information about the
purpose of the research being to investigate the genetic nature of glaucoma as well as targeted
glaucoma educational material, and may be more aware of the risk associated with having a
family history. This is supported by our results which showed that those with an affected first-
degree relative were more likely to believe they were at risk of developing glaucoma. Previous
studies have shown that risk perception is often influenced by lived experiencel”17 and that
PRS may not alter perceived risk in these cases.'’® Interestingly, in this study individuals with an
affected first-degree relative were not more likely to change the current frequency of eye
examinations, regardless of whether a test indicated they were at either low or high risk. However,
this cohort was also the one reporting the highest frequency of eye examination and may therefore

feel that additional testing is not necessary.

These issues may represent a potential barrier to the uptake of PRS testing for glaucoma in this
high-risk group and will need to be further investigated for successful implementation of the test
and combination with existing screening methods. This is highly relevant in the context of a
prediction model which showed that approximately one quarter of people will have a PRS
counteracting their risk due to their family history.% These individuals may be unaware of any
underlying risk and will not be identified early through current screening guidelines given earlier

age at screening is only recommended for those with a family history.2°
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Individuals who believed glaucoma to be a severe condition were more likely to be interested in
PRS testing for glaucoma, and were more likely to increase the frequency of their eye
examinations if shown to be at high risk. Furthermore, being worried about the possibility of
developing glaucoma in the future appears to be a strong motivating factor to undergo testing.
However, despite 76.7% of participants indicating being likely to have more frequent eye checks
if results showed increased glaucoma risk, increased frequency of eye checks was not associated
with interest in PRS testing for glaucoma. This is in keeping with other studies which have shown
that knowledge of risk does not correspond to a change in risk-reducing behaviours.65166
Previous studies have shown that motivation for undergoing genetic testing commonly stems from
a conviction to altruism and desire to understand more about personal health, rather than to make
preventative lifestyle behaviour changes or change screening behaviours.140:150.180-182 The gption
to choose to know of a genetic susceptibility to disease may seem to be valued more than the
results and their possible implications.*® Future research should examine whether knowledge of

risk from the actual uptake of the test leads to change in glaucoma screening behaviours.

We asked participants which components of the test they would like to know more about prior to
undergoing the test. The cost of the test, process involved in taking the test, implications of the
results, and likely follow-up were each equally important to respondents with over 75% indicating
they would want to know. Respondents indicated email as the preferred method of receiving
results, with face to face, letter and telephone call being approximately equally preferred. The
majority of those who expressed willingness to pay for the test indicated $50 - $100 to be an
appropriate cost for the test. While early indications of the likely cost of PRS testing are above
$100, public preference is relevant in order to consider future cost subsidisation and possible
impact on uptake of the test. Moreover, concerns about insurance were significantly associated
with testing in the univariate regression analysis and close to significance in the multivariate
analysis. Insurance concerns may be particularly important in an older population who are more
likely to be at risk. Our results may reflect the study population, with many being recruited from
public hospitals where the provision of health services, including investigations and treatments
for glaucoma are not associated with any out-of-pocket costs for patients in Australia.
Furthermore, Medicare (Australia’s universal health insurance system) subsidises the cost of
most pathology tests, thus the Australian population are generally not accustomed to paying for
such tests. However, genetic tests are currently not widely subsidised. It will be important to

address concerns associated with costs in the future, especially given some respondents
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commented that they would expect that the test would be subsidised by Medicare and cost was

one of the main reasons for not being interested in testing.

Given the potential for broad population screening, ordering PRS testing, interpreting results and
communication of their significance to patients will extend beyond the clinicians directly involved
in glaucoma diagnosis and management. Clinical implementation of PRS will rely on sound
clinician understanding of the test and its results. It will be important to emphasise that PRS results
represent a probability of individual disease risk and are therefore not diagnostic, and results will
need to be interpreted in conjunction with other established clinical risk factors, in particular
age.'™? Integrated risk models that incorporate established clinical and demographic risk factors
will need to be developed. Genetic counsellors have the skill set to assist individuals in making
informed decisions about their results and the implications for their family members. However,
their role may be most necessary for those who receive high-risk results, as the current workforce
will not be able to carry the entire burden of a population-based screening test. Further research
will need to evaluate the views and the needs of clinicians and healthcare professionals who may
be involved in ordering PRS testing, interpreting results, and communicating their significance to
patients. Adequate resources will need to be available to upskill all clinicians and healthcare

professionals who may be involved in glaucoma PRS testing.

Results should be interpreted in light of the study’s strengths and limitations. Of the total
participants, 34.4% were drawn from existing glaucoma research registries (ANZRAG and
TARRGET). These participants have previously demonstrated interest in glaucoma research,
particularly regarding genetic studies and family history, and may therefore be more likely to report
interest in glaucoma genetic testing. However, the interest toward PRS testing was still strong
among individuals who were not part of existing research projects (65.6%). The majority of our
study sample (95.0%) was of self-reported European ethnicity, highlighting the need for further
validation across other ancestral backgrounds prior to implementation. It will also be pertinent to
ensure the utility of predominantly European-derived PRS instruments themselves in non-
European ancestries. Furthermore, the attitudes of individuals of European ethnicity may vary
depending on cultural and geographic differences, such as between individuals in Australia,
Northern America and Europe. Although we have included unaffected individuals from three
different groups, the study cohort may not be representative of a broader population of unaffected
individuals. Additional studies would be needed to extrapolate these results to the general

population. Opportunistic recruitment may also have introduced a sample bias as the sampled
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population may not equally represent the total population. Finally, the methodology of this study
relates to anticipated behaviours and future intentions and is not a representation of actual
behaviour. Further research should compare the uptake of PRS testing for glaucoma in those with

reported interest.

PRS has the potential to stratify individual risk across a broad population for many common
conditions with complex inheritance, including glaucoma. We found positive interest towards
glaucoma PRS testing among three different groups of unaffected individuals and have identified
possible target populations for initial clinical implementation. We have also identified factors
affecting interest toward the test and potential barriers to address. Acceptability of genetic risk

testing by the general population is crucial for clinical implementation to be successful.
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CHAPTER 3: HEALTHCARE PROFESSIONALS’ KNOWLEDGE AND
ATTITUDES TOWARDS POLYGENIC RISK TESTING FOR GLAUCOMA

3.1 RESULTS

3.1.1 Demographic Characteristics

In total, 105 participants completed the questionnaire. The demographic characteristics of the

study sample are shown in Table 3.1. In summary, 60.0% were female, 72.4% were of European

ethnicity and 73.3% were under the age of 50 years. Ophthalmologists made up the largest group

who completed the questionnaire (34.3%), with on average 43.4% of their patients having

glaucoma. Only one participant had a personal history of glaucoma, however, 27.6% participants

reported having at least one family member with glaucoma. The professional characteristics of

the study sample are shown in Table 3.2. Overall, the average time since completing training was

12.6 years and the average number of years practising was 12.3 years. Two-thirds (68.1%) of the

non-Genetics participants had little or no exposure to genetics during training, and 91.2% had not

undertaken postgraduate genetics training.

Variable

Number (%)

Variable

Number (%)

Primary Occupation

Age (years)

- Ophthalmologist 36 (34.3) <30 17 (16.2)
- Optometrist 22 (21.0) - 30-39 31 (29.5)
- Orthoptist 17 (16.2) - 40-49 29 (27.6)
- GP 16 (15.2) - 50-59 18 (17.1)
- Clinical Geneticist 4 (3.8) - 60-69 7(6.7)
- Genetic Counsellor 6 (5.7) - 270 3(2.9)
- Laboratory scientist 1(1.0)
- Other 3(2.9)
Gender Personal history of glaucoma
- Female 63 (60.0) - No 100 (95.2)
- Male 41 (39.0) - Yes 1(1.0)
- Missing 1(1.0) - Missing 4 (3.8)
Ethnicity Family history of glaucoma
- European 76 (72.4) - No 72 (68.6)
- Non-European 25 (23.8) - Yes 29 (27.6)
- African 1(1.0) - Missing 4 (3.8)
- Asian 20 (19.0) Closest affected relative
- Middle Eastern 4 (3.8) - First-degree 15 (55.6)
- Mixed 4 (3.8) - Second-degree 11 (40.7)
- Third-degree 1(3.7)

Table 3.1: Demographic characteristics of the study sample.
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Variable Number (%) Variable Number (%)
Years since completing training Years practising in profession
- Range 1-45 - Range 0-44
- Mean (SD) 13.8 (11.5) - Mean (standard deviation) 13.3(10.2)
- Median 12 - Median 12
Amount of training completed in Amount of genetics education during Non-genetics™ | Genetics
Australia training
- Al 60 (57.1) - None
- Most 23 (21.9) . Alittle 6 (6.6) 0
56 (61.5) 1 (10.0)
- Some 9 (8.6) - A moderate amount
15 (16.5) 1 (10.0)
- None 7(6.7) - Alot
o 6 (6.6) 0
- Missing 6 (5.7) - Agreat deal 4 (4.4) 6 (60.0)
- Response missing 4 (4'4) > (20'0)
Percentage of patients with Post-graduate training in genetics
glaucoma* - No 83 (91.2) 1(10.0)
- Range 5-99 - Yes 5(5.5) 8 (80.0)
- Mean (SD) 43.4 (32.7) - Missing 3(3.3) 1(10.0)
- Median 35.0
Structure of primary practice Primary workplace
- Solo practice 11 (10.5) - Private hospital 2(1.9)
- Single speciality group | 29 (27.6) - Public hospital 18 (17.1)
- Multi-speciality group 46 (43.8) - Private clinic/practice 53 (50.5)
- Not applicable/other 14 (13.3) - Public clinic/practice 3(2.9)
- Missing 5(4.8) - Corporate practice 6 (5.7)
- Academic institution/University 12 (11.4)
- Laboratory 1(1.0)
- Other 5(4.8)
- Missing 5(4.8)

Table 3.2: Professional characteristics of the study sample.
*Answered only by ophthalmologists, “Non-genetics included Ophthalmic & GPs groups.

3.1.2 Glaucoma knowledge

Among those who answered, 79.3% of participants believed it was ‘very’ or ‘extremely’ important
to assess for a family history of glaucoma among first-degree relatives, while only 42.9% indicated
a similar level of importance to assess this in second-degree relatives. Similarly, 75.8% of
participants who answered believed it is ‘very’ or ‘extremely’ important to elicit the age of diagnosis
of an affected family member. Healthcare professionals who indicated that assessing a family
history of glaucoma in first-degree relatives was ‘very’ or ‘extremely’ important were mainly
Ophthalmic and Genetic (82.6% and 80.0%, respectively), followed by GPs (25.1%) (p<0.001 and
p=0.005 compared to Ophthalmic and Genetic groups respectively) (Figure 3.1). Similarly, 90.0%

of Genetic and 69.3% of Ophthalmic professionals indicated that asking about the age at

84




glaucoma diagnosis in the family was ‘very’ or ‘extremely’ important, followed by 50.1% of GPs
(p=0.061) (Figure 3.1).

Self-reported confidence in knowledge of glaucoma in general, its risk factors, diagnosis,
genetics, and current screening recommendations was assessed across all groups. Responses
for each healthcare group are summarised in Table 3.3. Overall, Ophthalmic professionals were
the most confident in their knowledge of glaucoma, risk factors, diagnosis, genetics and
screening. GPs reported the lowest confidence across all 5 questions. The lowest overall self-
reported level of knowledge was in glaucoma genetics with a median of 5.5 out of 10 in the

Genetic group, 5.0 in the Ophthalmic group, and 2.0 among GPs.

TOTAL

Genetic

Age of diagnosis

GP L
Ophthal mic
ToTAL I

Genetic

GP

Affected second-degree

Ophthal mic

TOTAL

Genetic

Affected first-degree

o
0.0% 10.0% 20.0% 30.0% 40.0% 50.0% 60.0% 700% B80.0% 90.0% 100.0%

Percentage (%)

m Extremely important W Very important Moderately important m Slightly important m Not at all i mportant Missing

Figure 3.1: Importance of assessing glaucoma genetic risk. Responses to the question
‘When seeing a new patient, how important do you think it is to assess their family history of
glaucoma in consideration of: affected first-degree relatives? (eg. mother, father, sibling);
affected second-degree relatives? (grandparents, aunt, uncle, cousins)’ and, ‘If a patient
reported a family history of glaucoma, how important do you think it is to ask about the age of
diagnosis of their affected family member(s)?’.

85



Clinician group Ophthalmologists | Optometrists | Orthoptists | Ophthalmic | GP Clinical Genetic Genetics | TOTAL

n=33 n=19 n=16 n=68 n=15 Geneticists | Counsellors | n=10 n=94
n=4 n=4

Glaucoma

Range 5-10 6-10 5-10 5-10 1-6 5-7 3-6 3-7 1-10

Mean (SD) 8.4 (1.1) 7.8 (1.1) 7.3(1.4) 8.0 (1.3) 3.9(1.9) |[6.3(1.0) 4.5 (1.7) 5.4 (1.6) 7.0 (2.1)

Median 9.0 8.0 7.0 8.0 5.0 6.5 4.5 6.0 7

Risk factors

Range 4-10 6-10 0-10 0-10 0-6 5-6 2-6 2-6 0-10

Mean (SD) 8.2 (1.5) 8.1(1.0) 6.3 (2.3) 7.7 (1.8) 3.7(1.8) |[5.8(0.5) 3.5(1.9) 4.6 (1.8) 6.8 (2.4)

Median 8.0 8.0 6.5 8.0 4.0 6.0 3.0 5.5 7

Diagnosis

Range 6-10 6-10 4-10 4-10 0-7 3-6 1-3 1-6 0-10

Mean (SD) 8.6 (1.0) 8.0 (1.0) 7.0 (1.7) 8.1(1.3) 3.3(2.2) [5.0(1.49) 2.3(1.0) 3.6 (1.8) 6.8 (2.6)

Median 9.0 8.0 7.0 8.0 3.0 5.5 25 3.0 8

Genetics

Range 2-9 1-9 1-7 1-9 0-6 5-6 2-6 2-6 0-9

Mean (SD) 5.7 (2.3) 5.2 (1.9) 4.0 (2.2) 5.2 (2.2) 1.6 (1.7) |5.8(0.5) 4.3 (1.7) 5(.4) 4.5 (2.5)

Median 6.0 5.0 4.0 5.0 2.0 6.0 4.5 55 5

Screening

Range 1-10 5-10 3-10 1-10 0-10 3-7 0-4 0-7 0-10

Mean (SD) 7.4 (2.0) 8.0 (1.5) 6.5 (2.0) 7.4 (1.9) 2.7(2.6) |4.5(1.9 2.5(1.7) 3.5(2.0) 6.2 (2.8)

Median 8.0 8.0 7.0 8.0 2.0 4.0 3.0 3.0 7

Table 3.3: Self-reported level of knowledge of glaucoma, risk factors for glaucoma, diagnosis, genetics of glaucoma, and

current glaucoma screening recommendations amongst various healthcare professionals. Responses to the question ‘How
would you rate your knowledge of the following on a scale of 0 to 10? (with O being no knowledge): Glaucoma? Risk factors for open-
angle glaucoma? Diagnosing glaucoma? The genetics of glaucoma? Current screening recommendations for glaucoma?’
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3.1.3 Experience with genetic testing

Recent experience with genetic testing for any condition, an eye condition or glaucoma was
assessed. Results are summarised in Table 3.4. Among those who answered, counselling for a
genetic condition (61.4%) or an eye condition (62.9%) over the last 12 months was overall more
common than counselling for glaucoma (49.5%). Counselling for glaucoma has been performed
by 61.4% of ophthalmic professions and 28.6% of genetics professionals. Although requests from
patients for genetic testing were overall low, they were lower for glaucoma (13.4%) than for eye
conditions (28.7%) or other genetic conditions (39.1%). Ophthalmic professionals were less likely
to refer a patient for a genetic test for glaucoma (25.8%) than for other eye conditions (44.6%).
Few among Ophthalmic professionals (26.0%) and none among Genetics professionals had
ordered a genetic test for glaucoma. None of the GPs had requests for glaucoma genetic testing
from patients or referred a patient for a genetic test for glaucoma, and only one (7.1%) reported

having ordered a genetic test for glaucoma.

Of those who had received genetic results for a patient, a written report (74.5%) was the most
common method the results were received, followed by email (25.5%), electronic results (23.6%),
and electronic medical records (18.2%). When a genetic report had been received, the results
were most commonly reported using words only (76.1%), compared to with words and graphics
(21.7%).
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Clinician group Ophthalmologists | Optometrists | Orthoptists | Ophthalmic | GP Clinical Genetic Genetics | TOTAL

n(%) n=36 n=22 n=17 n=75 n=16 Geneticists | Counsellors | n=10 n=105
n=4 n=6

A: Counselled a patient on a genetic issue during the past 12 months for:

Any genetic condition

Yes 24 (66.7) 7 (31.8) 5(29.4) 36 (48.0) 12 (75.0) | 3(75.0) 3 (50.0) 6 (60.0) 54 (51.4)

No 9 (25.0) 11 (50.0) 11 (64.7) 31 (41.3) 2125 |o 1(16.7) 1(10.0) |34(32.4)

Missing/Not applicable 3(8.3) 4 (18.2) 1(5.9) 8 (10.7) 2 (12.5) 1(25.0) 2 (33.3) 3(30.0) 17(16.2)

Eye condition

Yes 28 (77.8) 14 (63.6) 9 (52.9) 51 (68.0) 0 3 (75.0) 2 (33.3) 5 (50.0) 56 (53.3)

No 5(13.9) 5(22.7) 7 (41.2) 17 (22.7) 14(87.5) |0 2 (33.3) 2 (20.0) 33 (31.4)

Missing/Not applicable 3(8.3) 3(13.6) 1(5.9 7(9.3) 2 (12.5) 1(25.0) 2 (33.3) 3(30.0) 16 (15.2)

Glaucoma

Yes 25 (69.4) 11 (50.0) 7 (41.2) 43 (57.3) 0 1(25.0) 1(16.7) 2 (20.0) 45 (42.9)

No 9 (25.0) 9 (40.9) 9 (52.9) 27 (36.0) 14 (87.5) | 2(50.0) 3 (50.0) 5 (50.0) 46 (43.8)

Missing/Not applicable 2 (5.6) 2(9.1) 1(5.9) 5(6.7) 2 (12.5) 1(25.0) 2 (33.3) 3(30.0) 14 (13.3)

B: Had a patient request a genetic test for:

Any genetic condition

Yes 12 (33.3) 2(9.1) 4 (23.5) 18 (24.0) 10 (62.5) | 3(75.0) 3 (50.0) 6 (60.0) 34 (32.3)

No 18 (50.0) 18 (81.8) 12 (70.6) 48 (64.0) 4 (25.0) 0 1(16.7) 1(10.0) 53 (50.5)

Missing/Not applicable 6 (16.7) 2(9.1) 1(5.9) 9 (12.0) 2 (12.5) 1(25.0) 2 (33.3) 3 (30.0) 18 (17.1)

Eye condition

Yes 14 (38.9) 2(9.1) 4 (23.5) 20 (26.7) 0 3 (75.0) 2(33.3) 5 (50.0) 25 (23.8)

No 18 (50.0) 17 (77.3) 11 (64.7) 46 (61.3) 14(87.5) |0 2 (33.3) 2 (20.0) 62 (59.0)

Missing/not applicable 4(11.1) 3(13.6) 2 (11.8) 9 (12.0) 2 (12.5) 1(25.0) 2 (33.3) 3(30.0) 18 (17.1)

Glaucoma

Yes 8 (22.2) 1(4.5) 1(5.9 10 (13.3) 0 1(25.0) 1(16.7) 2 (20.0) 12 (11.4)

No 25 (69.4) 18 (81.8) 15 (88.2) 58 (77.3) 14 (87.5) | 2(50.0) 3 (50.0) 5 (50.0) 77 (73.3)

Missing/Not applicable 3(8.3) 3(13.6) 1(5.9) 7(9.3) 2 (12.5) 1(25.0) 2 (33.3) 3(30.0) 16 (15.2)
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C: Referred a patient for a genetic test for:

Any genetic condition

Yes 16 (44.4) 2(9.1) 2 (11.8) 20 (26.7) 12 (75.0) | 2 (50.0) 2 (33.3) 4 (40.0) 36 (34.3)
No 14 (38.9) 17 (77.3) 11 (64.7) 42 (56.0) 2 (12.5) 0 1(16.7) 1(10.0) 45 (42.9)
Missing/Not applicable 6 (16.7) 3(13.6) 4 (23.5) 13 (17.3) 2 (12.5) 2 (50.0) 3 (50.0) 5 (50.0) 24 (22.9)
Eye condition

Yes 22 (61.1) 4 (18.2) 3 (17.6) 29 (38.7) 0 2 (50.0) 1(16.7) 3(30.0) 32 (30.5)
No 11 (30.6) 15 (68.2) 10 (58.8) 36 (48.0) 13(81.3) |0 2 (33.3) 2 (20.0) 51 (48.6)
Missing/Not applicable 3(8.3) 3(13.6) 4 (23.5) 10 (13.3) 3(18.8) 2 (50.0) 3 (50.0) 5 (50.0) 12 (21.0)
Glaucoma

Yes 16 (44.4) 0 1(5.9) 17 (22.7) 0 1(25.0) 0 1(10.0) 18 (17.1)
No 18 (50.0) 19 (86.4) 12 (70.6) 49 (65.3) 13(81.3) | 1(25.0) 3 (50.0) 4 (40.0) 66 (62.9)
Missing/Not applicable 2 (5.6) 3(13.6) 4 (23.5) 9 (12.0) 3(18.8) 2 (50.0) 3 (50.0) 5 (50.0) 21 (20.0)
D: Ordered a genetic test for:

Any genetic condition

Yes 8 (22.2) 3(13.6) 2(11.8) 13 (17.3) 10 (62.5) | 3(75.0) 2 (33.3) 5 (50.0) 28 (26.7)
No 22 (61.1) 13 (59.1) 10 (58.8) 45 (60.0) 4 (25.0) 1(25.0) 1(16.7) 2 (20.0) 51 (48.6)
Missing/Not applicable 6 (16.7) 6 (27.3) 5(29.4) 17 (22.7) 2 (12.5) 0 3 (50.0) 3(30.0) 26 (24.8)
Eye condition

Yes 11 (30.6) 3(13.6) 2(11.8) 16 (21.3) 2 (12.5) 3 (75.0) 2 (33.3) 5 (50.0) 23 (21.9)
No 21 (58.3) 12 (54.5) 10 (58.8) 43 (57.3) 12 (75.0) | 1(25.0) 1(16.7) 2 (20.0) 57 (54.3)
Missing/Not applicable 4(11.1) 7 (31.8) 5(29.4) 16 (21.3) 2 (12.5) 0 3 (50.0) 3(30.0) 25 (23.8)
Glaucoma

Yes 8 (22.2) 3(13.6) 2 (11.8) 13 (17.3) 1(6.3) 0 0 0 14 (13.3)
No 25 (69.4) 12 (54.5) 10 (58.8) 47 (62.7) 13(81.3) | 4 (100.0) 3 (50.0) 7 (70.0) 67 (63.8)
Missing/Not applicable 3(8.3) 7 (31.8) 5 (29.4) 15 (20.0) 2 (12.5) 0 3 (50.0) 3 (30.0) 24 (22.9)

Table 3.4: Experience with genetic testing. Responses to the questions A: ‘ During the past 12 months, have you counselled a

patient on a genetic issue for any of the following: for any genetic condition? For an eye condition? For glaucoma?’; B: ‘During the
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past 12 months, have any of your patients asked you if they can get a genetic test: for any genetic condition? For an eye condition?
For glaucoma?’; C: ‘During the past 12 months, have you referred a patient for a genetic test: for any genetic condition? For an eye

condition? For glaucoma?’; D: ‘During the past 12 months, have you ordered a genetic test for a patient: for any genetic condition?
For an eye condition? For glaucoma?’
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3.1.4 Confidence in understanding genetic concepts and interpreting genetic test results

Self-reported confidence in knowledge of genetics and disease susceptibility is summarised in
Table 3.5. When asked to score their confidence on a scale of 0 to 10, not surprisingly the highest
level of knowledge was reported by clinical geneticists and genetic counsellors, with a median
score of 9.0. In comparison, the Ophthalmic group gave a median score of 5.0 followed by GPs
with a median score of 4.0. Approximately two thirds of the cohort (63.8%) felt ‘not at all’ or only
‘slightly’ qualified to order genetic tests. This group comprised non-genetic professionals, with
orthoptists feeling least qualified (93.8%), followed by optometrists (89.5%), ophthalmologists
(87.9%), and GPs (66.7%).

Self-reported understanding of genetics was reflected in assessing healthcare professionals'
confidence to perform various genetic risk assessments. A summary of responses is shown in
Figure 3.2. Overall, a majority of participants felt ‘very’ or ‘extremely’ confident to take a family
history (84.2%), identify genetic services (56.7%), and identify family history of a potentially
inherited condition (56.3%). In contrast, only a minority of participants felt ‘very’ or ‘extremely’
confident in determining the mode of inheritance (38.4%), estimating the risk of a patient having
or developing a genetic condition based on their family or medical history (23.2%), counselling
patients on genetic testing (30.7%) and interpreting the results of a genetic test (29.2%). There
was a significant difference between the three main professional groups in: Confidence to take a
family history (p=0.026), identify a family history (p=0.028), determine the mode of inheritance
from a pedigree (p<0.001), estimate risk based on family and medical history (p<0.001), counsel
patients on genetic testing (p<0.001) and interpret genetic test results (p=0.004) and were

significantly higher amongst Genetics professionals than GPs (p<0.017 for all).
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Clinician group | Ophthalmologists | Optometrists | Orthoptists | Ophthalmic | GP Clinical Genetic Genetics | TOTAL
n=34 n=20 n=16 n=70 n=15 Geneticists | Counsellors | n=9 n=97
n=4 n=5
Range 2-10 2-8 1-8 1-10 2-7 9-10 7-9 7-10 1-10
Mean (SD) 5.4 (2.1) 4.1(1.7) 4.1(2.2) 4.7 (2.1) 4.1(1.7) [ 9.5(0.6) 8.0 (0.7) 8.7 (1.0) 5.0 (2.3)
Median 5.0 4.0 4.5 5.0 4.0 9.5 8.0 9.0 5.0

Table 3.5: Self-reported level of knowledge of genetics and disease susceptibility amongst various healthcare.
professionals. Responses to the question ‘How would you rate your level of knowledge on genetics and disease susceptibility?
(scale from lowest to highest)'.
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Figure 3.2: Reported importance of assessing family history and age of diagnosis.
Responses to the questions A: ‘When seeing a new patient, how important do you think it is to

assess their family history of glaucoma in consideration of affected first-degree relatives?’; B:

‘When seeing a new patient, how important do you think it is to assess their family history of
glaucoma in consideration of affected second-degree relatives?’; C: ‘If a patient reported a
family history of glaucoma, how important do you think it is to ask about the age of diagnosis of

their affected family member(s
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3.1.5 Familiarity with polygenic risk

Familiarity with PRS for any condition, for an eye condition, and for glaucoma was low amongst
the study cohort (Figure 3.3). There was a significant difference between the three profession
groups for the familiarity with PRS for any condition (p=0.002), for an eye condition (p=0.003) and
for glaucoma (p=0.027). Those from a Genetics background were most comfortable with PRS for
any condition with 75.0% reporting being ‘very’ or ‘extremely’ familiar, compared to 9.2% of
Ophthalmic professionals (p<0.001) and 6.7% of GPs (p=0.003). However, this familiarity was not
reflected for PRS for an eye condition or glaucoma, with only 12.5% of Genetic professionals
reporting feeling ‘very’ or ‘extremely’ familiar with both concepts. Over half of Ophthalmic
professionals were ‘not at all’ or ‘slightly’ familiar with PRS for any eye condition (60.0%) or for
glaucoma (63.1%), while the majority of GPs reported being ‘not at all’ or only ‘slightly’ familiar
with PRS for eye conditions (93.3%) and glaucoma (93.3%) (p=0.004 and p=0.063 respectively
with the Ophthalmic group).
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Figure 3.3: Familiarity with polygenic risk. Responses to the question ‘How familiar are you
with the concept of polygenic risk for: A: any condition, B: for eye conditions, and C: for
glaucoma?’.
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3.1.6 Attitudes towards genetic risk prediction testing for glaucoma

Likelihood to recommend testing depending on risk factors is summarised in Table 6 and Figure
3.4. Overall, participants who answered were more likely to recommend PRS testing for first-
degree relatives (90.9%) compared to second-degree relatives (54.5%), and individuals aged
over 50 years (56.6%) compared to over 70 years of age (44.7%). Likelihood to recommend
testing for individuals of Asian (58.1%) and African (64.0%) ethnicity was similar. The likelihood
to recommend testing for first-degree relatives was significantly different among the whole cohort
(p=0.032). Although not significantly different with Bonferroni correction, GPs were less likely to
recommend testing to those with first-degree relatives than Ophthalmic professionals (p=0.019).
This is consistent with the results in Figure 3.2A, showing the GPs place less emphasis on first-

degree relatives during history taking for glaucoma.
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Clinician group Ophthalmologists | Optometrists | Orthoptists | Ophthalmic GP Clinical Genetic Genetics | TOTAL
n=36 n=22 n=17 n=75 n=16 Geneticists | Counsellors | n=10 n=105
n=4 n=6
First-degree relatives
- Unlikely 2 (5.6) 1(4.5) 0 3(4.0) 4 (25.0) 0 0 0 7(6.7)
- Likely 26 (72.2) 17 (77.3) 11 (64.7) 54 (72.0) 9 (56.3) 3(75.0) 4 (66.7) 7 (70.0) 70 (66.7)
- N/A/missing 8 (22.2) 4 (18.2) 6 (35.3) 18 (24.0) 3(18.8) 1 (25.0) 2 (33.3) 3(30.0) 28 (26.7)
Second-degree relatives
- Unlikely 10 (27.8) 11 (50.0) 4 (23.5) 25 (33.3) 7 (43.8) 2 (50.0) 1(16.7) 3(30.0) 35 (33.3)
- Likely 18 (50.0) 7(31.8) 7(41.2) 32 (42.7) 6 (37.5) 1 (25.0) 3(50.0) 4 (40.0) 42 (40.0)
- N/A/missing 8(22.2) 4(18.2) 6 (35.3) 18 (24.0) 3(18.8) 1 (25.0) 2 (33.3) 3(30.0) 28 (26.7)
Age >50 years
- Unlikely 13 (36.1) 11 (50.0) 2(11.8) 26 (34.7) 4 (25.0) 2 (50.0) 1(16.7) 3(30.0) 33(31.4)
- Likely 14 (38.9) 7 (31.8) 9 (52.9) 30 (40.0) 9 (56.3) 1 (25.0) 3(50.0) 4 (40.0) 43 (41.0)
- N/A/missing 9 (25.0) 4(18.2) 6 (35.3) 19 (25.3) 3(18.8) 1 (25.0) 2 (33.3) 3(30.0) 29 27.6)
Age >70 years
- Unlikely 17 (47.2) 12 (54.5) 4 (23.5) 33 (44.0) 5(31.3) 3(75.0) 1(16.7) 4 (40.0) 42 (40.0)
- Likely 10 (27.8) 6 (27.3) 7(41.2) 23 (30.7) 8 (50.0) 0 3(50.0) 3(30.0) 34 (32.4)
- N/A/missing 9 (25.0) 4(18.2) 6 (35.3) 19 (25.3) 3(18.8) 1 (25.0) 2 (33.3) 3(30.0) 29 (27.6)
Asian ancestry
- Unlikely 11 (30.6) 10 (45.5) 3(17.6) 24 (32.0) 5(31.3) 1 (25.0) 1(16.7) 2 (20.0) 31 (29.5)
- Likely 15 (41.7) 8 (36.4) 8(47.1) 31 (41.3) 8 (50.0) 2 (50.0) 2 (33.3) 4 (40.0) 43 (41.0)
- N/A/missing 10 (27.8) 4 (18.2) 6 (35.3) 20 (26.7) 3(18.8) 1 (25.0) 3(50.0) 4 (40.0) 31 (29.5)
African ancestry
- Unlikely 8(22.2) 10 (45.5) 2(11.8) 20 (26.7) 5(31.3) 1 (25.0) 1(16.7) 2 (20.0) 27 (25.7)
- Likely 19 (52.8) 8 (36.4) 9 (52.9) 36 (48.0) 8 (50.0) 2 (50.0) 2 (33.3) 4 (40.0) 48 (45.7)
- N/A/missing 9 (25.0) 4 (18.2) 6 (35.3) 19 (25.3) 3(18.8) 1 (25.0) 3(50.0) 4 (40.0) 30 (28.6)
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Table 3.6: Likelihood to recommend PRS testing for different groups. Responses to the question ‘If polygenic risk testing were
to become available, how likely would you be to recommend a polygenic risk test for glaucoma in: first degree relatives of patients
with glaucoma? People aged >50 years? Individuals of Asian ancestry? Individuals of African ancestry? Second degree relatives of
patients with glaucoma? Individuals aged >70 years?’. ‘Highly unlikely’ and ‘unlikely’ responses, and ‘highly likely’ and ‘likely’ were
grouped as ‘unlikely’ and ‘likely’, respectively.
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Figure 3.4: Likelihood to recommend PRS testing for different groups. Responses to the
question ‘If polygenic risk testing were to become available, how likely would you be to
recommend a polygenic risk test for glaucoma in: A: first degree relatives of patients with
glaucoma? B: Second degree relatives of patients with glaucoma? C: People aged >50 years?
D: Individuals aged >70 years? E: Individuals of Asian ancestry?F: Individuals of African
ancestry?’.

3.1.7 Factors affecting decision to recommend and order genetic tests

Important test characteristics when ordering a test are summarised in Figure 3.5. Among
participants who answered, the performance characteristics of the test, including the
positive/negative predictive value and sensitivity/specificity was the most important recorded

factor with 93.2% who scored it ‘very’ or ‘extremely’ important. This was followed by the ability of
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the test to provide prognostic information (86.4%), the ability of the test to predict clinical benefit
from specific treatments or need for surgery (75.0%), and the ability to provide information about

family members’ risk (72.7%).

A summary of the importance of various factors in healthcare professionals’ decision to
recommend PRS testing for glaucoma is summarised in Figure 3.6. Recommendations or
guidelines from medical societies, published clinical data and the availability of genetic testing
services were the most important factors which would affect healthcare professionals’ decision to
recommend polygenic risk testing for glaucoma with 87.8%, 81.4% and 80.3% of respondents
who thought these were ‘very’ or ‘extremely’ important factors respectively. Similarly, confidence
to interpret test results (76.8%), information obtained through continuing medical education
(76.9%), the individual's attitude towards genetic testing (74.4%) and recommendations from their

institution or practice (74.4%) were each of approximately equal importance.

Important test characteristics

N - - - -

75.0%
50.0%

25.0%

0.0%
Performance characteristics  Prognostic factors Predict clinical benefit Provide info to family

[ Missing [ Not at all important [ Slightly important Moderately important [ Very important
B Extremely important

Figure 3.5: Important test characteristics to consider when ordering a test. Responses to
the questions: ‘When ordering a test, how important are the following factors? A: Performance
characteristics of the test (positive/negative predictive value, sensitivity/specificity)? B: Ability of
the test to provide prognostic information? C: Ability of the test to predict clinical benefit of
specific treatments or need for surgery? D: Ability to provide information about family members'
risk?’
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Figure 3.6: Factors affecting decision to recommend polygenic risk testing for glaucoma.
Responses to the question ‘How important are each of the following in your decision whether or
not to recommend polygenic risk testing for glaucoma?’. Responses of ‘extremely’ and ‘very’
were grouped and presented as ‘very/extremely’, responses of ‘slightly’ and ‘moderately’ were
grouped as ‘slightly/moderately’.

3.1.8 Preferences for ordering and communicating polygenic risk results

Preferences for most appropriate healthcare professionals to deliver PRS testing are summarised
in Table 3.7. Overall, the majority of participants (96.6%) indicated that ophthalmologists would
be the most appropriate group to order PRS testing and communicate low (93.0%) or high (91.9%)
risk results. This was followed by medical geneticists, genetic counsellors, optometrists, general
practitioners, and orthoptists. Despite over half of ophthalmologists being ‘not at all’ or only
‘slightly’ familiar with the concept of PRS for glaucoma, 96.8% felt they were the most appropriate
group to order glaucoma PRS testing. Similarly, although the majority of GPs reported being ‘not
at all’ or only ‘slightly’ familiar with the concept of PRS for glaucoma, 92.3% felt they would be

appropriate to deliver low risk PRS results.

The most preferred method of communicating PRS results to patients differed depending on the
result, however direct verbal communication was most preferred overall (Figure 3.7).
Communicating high risk results in-person was felt to be most appropriate, followed by via
telephone conversation, and mail or email. For delivering low risk results, telephone was the most

preferred method, followed by in-person, email and mail.
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Healthcare
professional

Most appropriate healthcare professional to ORDER PRS testing n(%)

Ophthalmologist Optometrist Orthoptist | GP Clinical Genetic
Geneticist Counsellor

Ophthalmologist 30 (96.8) 5 (16.1) 0 4 (12.9) 24 (77.4) 19 (61.3)
Optometrist 19 (86.4) 13 (65.0) 4 (20.0) 11 (55.0) | 18 (90.0) 16 (80.0)
Orthoptist 14 (100.0) 7 (50.0) 8 (57.1) 4(28.6) |11(78.6) 10 (71.4)
GP 14 (100.0) 6 (42.9) 1(7.1) 7 (50.0) 13 (92.9) 9 (64.3)
Clinical Geneticist 3 (100.0) 2 (66.7) 0 1(33.3) 3 (100.0) 3 (100.0)
Genetic Counsellor 3 (75.0) 1(25.0) 0 1(25.0) 4 (100.0) 3 (75.0)
Total 85 (96.6) 35 (39.8) 13 (14.8) 29 (33.0) | 75(85.2) 62 (70.5)

Most appropriate healthcare professional to communicate LOW risk results n(%)
Healthcare

professional

Ophthalmologist Optometrist Orthoptist | GP Clinical Genetic
Geneticist Counsellor

Ophthalmologist 30 (96.8) 9 (29.0) 1(3.2) 8 (25.8) 23 (74.2) 24 (77.4)
Optometrist 17 (89.5) 14 (73.7) 6 (31.6) 11 (57.9) |17 (89.5) 16 (84.2)
Orthoptist 14 (100.0) 9 (64.3) 10 (71.4) 8 (57.1) 10 (71.4) 10 (71.4)
GP 12 (92.3) 7 (53.8) 1(7.7) 12 (92.3) |11 (84.6) 10 (76.9)
Clinical Geneticist 3 (100.0) 3(100.0) 0 2 (66.7) 3 (100.0) 3(100.0)
Genetic Counsellor | 3 (75.0) 2 (50.0) 1 (25.0) 3 (75.0) 4 (100.0) 4 (100.0)
Total 80 (93.0) 45 (52.3) 19 (22.1) 44 (51.2) | 70(81.4) 69 (80.2)

Most appropriate healthcare professional to communicate HIGH risk results n(%)
Healthcare

professional

Ophthalmologist Optometrist Orthoptist | GP Clinical Genetic
Geneticist Counsellor
Ophthalmologist 29 (93.5) 5 (16.1) 0 4(12.9) |22 (71.0) 18 (58.1)
Optometrist 18 (94.7) 14 (73.7) 6 (31.6) 8(42.1) |16(84.2 15 (78.9)
Orthoptist 12 (85.7) 7 (50.0) 6 (42.9) 5(35.7) |11 (78.6) 8 (57.1)
GP 13 (100.0) 4 (30.8) 0 6 (46.2) 12 (92.3) 7 (53.8)
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Clinical Geneticist 3(100.0) 1(33.3) 0 0 3(100.0) 3(100.0)
Genetic Counsellor 3 (75.0) 1(25.0) 0 1(25.0) 4 (100.0) 4 (100.0)
Total 79 (91.9) 32 (37.2) 12 (14.0) 25(29.1) | 70(81.4) 57 (66.3)

Table 3.7: Most appropriate healthcare professional to deliver PRS testing. Responses to
the questions: Which of the following healthcare provider(s) would you consider are appropriate
to do the following? (tick as many as appropriate): a) Order polygenic risk testing for glaucoma?

b) Communicate polygenic risk test results showing LOW individual risk? ¢) Communicate

polygenic risk test results showing HIGH individual risk?’ Missing values have been excluded.
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Figure 3.7: Preferred method of communicating results to patients. Responses to the

question ‘What is your preferred method of communicating results to patients’ for the following?
(Number as many as appropriate in order from 1 to 4, with 1 being most preferred) A: if results

were shown to be high risk. B: if results were shown to be low risk.’

3.1.9 Training needs

The maijority of the Ophthalmic professionals and GPs who answered felt they would ‘probably’

or ‘definitely’ benefit from more training in genetic testing (92.6% and 100% respectively),
interpretation of genetic test results (92.6% and 100% respectively) and PRS (92.8% and 100%
respectively) (Table 3.8). Comparatively, 33.3% and 44.4% of the Genetic professionals who

answered felt they would ‘probably’ or ‘definitely’ benefit from more training in genetic testing and

interpretation of results, however, 77.8% felt more training on PRS was needed. The most

preferred methods to undergo further training was either an online course or a day-long

conference or workshop (Figure 3.8). Training through a department meeting, grand round,

accessing online information, or receiving mailed information were less preferred options.
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Figure 3.8: Preferred method of undergoing further genetics training. Responses to the
question ‘What would your preferred method of training be? (Please rank in order of preference
- with 1 being most preferred)'.
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Clinician group Ophthalmologists | Optometrists | Orthoptists | Ophthalmic | GP Clinical Genetic Genetics TOTAL

n=36 n=22 n=17 n=75 n=16 Geneticists | Counsellors | n=10 n=105
n=4 n=6

Genetic testing

No 4(11.1) 1(4.5) 0 5(6.7) 0 4 (100.0) 2 (33.3) 6 (60.0) 11 (10.5)

Yes 29 (80.6) 18 (81.8) 16 (94.1) 63 (84.0) 15(93.8) |0 3(50.0) 3(30.0) 83 (79.0)

Missing/Not applicable | 3 (8.3) 3(13.6) 1(5.9 7(9.3) 1(6.3) 0 1(16.7) 1(10.0) 11 (10.5)

Interpreting results

No 3(8.3) 2(9.1) 0 5(6.7) 0 4 (100.0) 1(16.7) 5 (50.0) 11 (10.5)

Yes 30 (83.3) 17 (77.3) 16 (94.1) 63 (84.0) 15(93.8) |0 4 (66.7) 4 (40.0) 83 (79.0)

Missing/Not applicable | 3 (8.3) 3 (13.6) 1(5.9) 7 (9.3) 1(6.3) 0 1(16.7) 1(10.0) 11 (10.5)

PRS

No 5(13.9) 0 0 5(6.7) 0 1(25.0) 1(16.7) 2 (20.0) 8 (7.6)

Yes 29 (80.6) 19 (86.4) 16 (94.1) 64 (85.3) 14 (87.5) | 3(75.0) 4 (66.7) 7 (70.0) 86 (81.9)

Missing/Not applicable | 2 (5.6) 3(13.6) 1(5.9 6 (8.0) 2 (12.5) 0 1(16.7) 1(10.0) 11 (10.5)

Table 3.8: Preferences for further training in genetic testing, interpreting results of genetic tests, and polygenic risk scores.
Responses of ‘Definitely not’ and ‘Not really’, and ‘Probably’ and ‘Definitely’ were grouped
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3.2 DISCUSSION

Despite being the most common cause of irreversible vision loss worldwide, current screening
methods for glaucoma are insufficient and not cost-effective at the population level.1%%17° Genetic
factors play a significant role in an individual's risk of developing glaucoma, and glaucoma PRS
has shown predictability of glaucoma status, severity and progression.®® We have previously
demonstrated strong interest in polygenic risk testing for glaucoma amongst affected and
unaffected individuals,'®82 however less is known about the attitudes of healthcare professionals
towards PRS testing. Acceptance and understanding of such testing from all key stakeholders is
crucial for the implementation into clinical practice to be successful. To our knowledge, this is the
first study to assess the attitudes of various healthcare professionals towards PRS testing for

glaucoma.

Genetic testing has traditionally been directed by specialist medical practitioners in the context of
monogenic disease. In our cohort, ordering genetic tests for eye conditions has mainly been done
by geneticists and ophthalmologists. Referring for or ordering genetic testing for glaucoma was
overall low and may be explained by the lower monogenic contribution compared to other eye
conditions such as inherited retinal diseases. The delivery of genetic testing will likely change as
polygenic risk testing for glaucoma will capture a broader population, and will necessitate a range
of healthcare professionals to show competence in PRS concepts. We therefore aimed to explore
the knowledge, confidence and attitude of all healthcare professionals who may be involved in
order, interpreting and/or communicating results from polygenic risk testing for glaucoma. These
included professionals from genetics (geneticists, genetic counsellors), ophthalmology

(ophthalmologists, optometrists and orthoptists) and general practitioners.

Current evidence indicates that healthcare professionals lack knowledge and confidence in
dealing with genetic risk and genetic testing.?®*18 Qur findings showed that non-genetics
professionals felt less confident in their knowledge of genetic concepts, and performing tasks
such as estimating risk based on family and/or medical history and interpreting genetic results.
However, all healthcare professionals reported an overall low knowledge of glaucoma genetics.
Recent studies have also shown low knowledge and confidence levels with the concept of
polygenic testing.143186.187 Similarly, in our study familiarity with polygenic risk in general was lower
in non-genetic compared to genetics professionals. However, none of the healthcare

professionals felt familiar with polygenic risk in the context of glaucoma, highlighting the need to
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improve healthcare professionals’ knowledge of genetic concepts including polygenic risk testing

for glaucoma.

Knowledge and experience with glaucoma diagnosis and management was relatively low
amongst non-ophthalmic professionals. Having a family history of glaucoma is currently the
strongest risk predictor, however only a quarter of GPs felt it was important to assess for a family
history of glaucoma in first-degree relatives of patients with glaucoma, compared to the majority
of Ophthalmic and Genetic professionals. This may be explained by the fact that glaucoma is an
ophthalmic condition almost exclusively diagnosed and managed by ophthalmic professionals,
particularly ophthalmologists and optometrists. Exposure and experience in managing patients
with glaucoma is unlikely to become a regular part of clinical practice in primary care, however
GPs may still be required to refer patients for glaucoma PRS testing and interpret the results.
These results highlight an urgent need to provide education and support to all healthcare
professionals on the use and interpretation of PRS in the context of glaucoma risk assessment.
Our results were consistent with other studies,'#*'88 indicating healthcare professionals are
interested and motivated to improve their knowledge with additional training, preferably through

online resources.

Healthcare professionals reported a generally positive attitude toward recommending polygenic
testing for glaucoma based on known risk factors, with the majority of the cohort indicating that
they would recommend polygenic testing for those with first-degree relatives and in age groups
at higher risk. A number of key factors were reported as significant in the decision to recommend
the test, including the performance characteristics of the tests and its clinical utility. This is in line
with a metasynthesis of healthcare professionals’ perceptions of predictive genetic testing for
chronic disease that expressed reservations about the clinical validity and utility of genetic risk
information.®® A recent study assessing health professionals’ views in the context of polygenic
testing for cancer reported concerns regarding equity, clinical utility and a lack of clinical
guidelines.'® Similarly, our results showed that clear evidence and guidelines from published data
and governing medical bodies were of most importance to healthcare professionals. While studies
assessing the equity and clinical utility of glaucoma PRS are being undertaken, decision aids to
guide healthcare professionals and clinical guidelines will need to be developed to guide
management. For example, the Royal Australian College of Obstetricians and Gynaecologists
(RANZCOG) recently produced consensus guidelines around genetic carrier screening.**® So too,

RANZCO recently produced consensus guidelines around the role of targeted genetic testing in
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the clinical management of inherited retinal diseases.’® As evidence of the clinical utility of
glaucoma PRS testing grows, consensus based guidelines can be produced by RANZCO,

Glaucoma Australia and the Australian and New Zealand Glaucoma Society (ANZGS).

Polygenic testing for glaucoma will require healthcare professionals from non-genetic areas to
interpret and communicate results. We assessed healthcare professionals’ opinions as to which
healthcare professional groups would be appropriate to order glaucoma PRS testing, and
communicate results of high and low glaucoma PRS. Ophthalmologists were deemed as being
the most appropriate to order and to communicate both high and low risk, followed by medical
geneticists and genetic counsellors. Over half of the cohort, including the majority of GPs,
indicated that GPs would be appropriate to communicate low risk results. This is reflected by a
previous study expecting GPs to triage polygenic testing at a population level, with referral to
genetic professionals for high-risk individuals.'®> The engagement of different healthcare
professionals in the provision of the test and communication of results is important to establish in

order to tailor education and support needs to the groups involved.

Affected and unaffected individuals have previously indicated that their preferred method of
receiving PRS results for glaucoma would depend on the result.1%8183 Face to face being preferred
if results showed high glaucoma risk, and other methods, particularly email, being preferred if
results showed low risk. Our study showed similar findings from healthcare professionals, with
face to face being the preferred method of communication for high risk results, and other methods,

particularly telephone being considered acceptable for low risk results.

The attitudes found in this study represent the views of healthcare professionals in Australia.
There may be important cultural differences in general perspectives towards genetic testing and
previous experience with genetic testing. As such, the findings may not be translatable to other
healthcare systems. The small sample size of this study restricted the comparisons between
groups and ability to control for confounding factors, and may also limit the generalisability of the
findings. Finally, there may have been a recruitment bias towards those familiar with polygenic
risk. Larger scale studies assessing attitudes towards PRS testing will be required, as well as

assessing how attitudes change in response to interventions such as targeted education.

In conclusion, healthcare professionals were generally positive toward recommending polygenic

testing for glaucoma in certain situations. However, they did not feel familiar or confident with
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polygenic risk testing for glaucoma and felt more education is required. Strong evidence of the
clinical validity and utility of the test, as well as clear recommendations to guide decision making
are needed for the spectrum of risk levels. While it is clear that knowledge gaps in genetics and
PRS testing currently exist, resolving this is likely to be a gradual process. Our findings indicate
a critical need for training strategies to prepare and support healthcare professionals who will be

involved in the different steps of the test.
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PART 2: CLINICAL IMPLEMENTATION OF
GLAUCOMA POLYGENIC RISK TESTING

INTRODUCTION AND AIMS

Part two of this thesis aims to address the current gap in understanding of appropriate approaches
to the clinical delivery of PRS testing. Whilst studies support the clinical utility of a glaucoma PRS,
there are several practical questions which must first be considered before such testing can be
implemented into practice, including accessibility to testing and strategies for communicating

results.

Identifying potential barriers to implementation and uptake will facilitate streamlined delivery.
Being largely restricted to research contexts, the current literature on PRS uptake is currently
limited. There is no data on the uptake of polygenic risk testing for glaucoma in the general
population, and whether interest is a good predictor of uptake. Previous studies reporting uptake
of PRS testing for other conditions including breast, colorectal and prostate cancers are difficult
to compare due to differences in methodologies.'®"1°3-1% These studies identified a number of
patient- and testing-related factors affecting uptake of PRS testing including higher level of
education, efficacy of testing, and the influence of discussion with relevant providers. While only
demonstrated within research settings at this stage, these findings will help to streamline the

delivery of PRS testing in the future.

With genetic testing becoming an increasingly likely tool for disease screening and diagnosis, the
ability to report and communicate results in an effective and efficient manner is essential. Given
PRS testing has the potential to be implemented as a risk stratifying tool for a broad population,
results must be communicated in a clear, efficient and meaningful manner. Interpretation of
results will likely involve consumers/patients and non-specialist healthcare providers, whereby
this complex data must be communicated with great care. While results are highly individual due
to the complexity of genetic information, reports must still be standardised, accurate, meaningful,
and transparent. The goal of PRS reports is to help individuals understand their personal risk

status, recognise their management options and their potential prognosis.
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The results from this section identify factors contributing to the uptake of the test and strategies
to efficiently communicate PRS results based on patient’'s preferences, to facilitate clinical

implementation.
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CHAPTER 4: UPTAKE OF POLYGENIC RISK TESTING FOR
GLAUCOMA AMONG UNAFFECTED INDIVIDUALS

4.1 INTRODUCTION

With recognised complex heritability, low diagnostic rate with current screening methods, and
high treatability to prevent blindness, polygenic risk testing for glaucoma has the potential to
facilitate risk stratification across a broad population. Clinical genetic testing for POAG is largely
not currently supported, apart from cascade testing or for early-onset disease for Mendelian
genes, and better testing strategies are needed to identify those at high risk. We reported a strong
positive attitude (70%) among both affected (Chapter 1) and unaffected individuals (Chapter 2)
toward polygenic risk testing for glaucoma.®-197 Being largely restricted to research contexts,
however, there is currently no data on the uptake of polygenic risk testing for glaucoma in the

general population, and whether interest is a good predictor of uptake.

Here we report the uptake, and assessed factors influencing uptake, of polygenic risk testing for
glaucoma among individuals who do not have diagnosed disease. This study was conducted as
part of a prospective cohort study, which aims to assess the effectiveness of a glaucoma PRS to

stratify risk amongst an Australian population.

4.2 METHODS

This is a translational study approved by the SAC HREC (2020/HRE00968) and adheres to the

Revised Declaration of Helsinki. All participants provided written informed consent.

4.2.1 Study design and participants

An existing study cohort was used to assess uptake of polygenic risk testing for glaucoma. A
cohort of 417 individuals without glaucoma who participated in a questionnaire-based study
(Chapter 2) 18 assessing attitudes towards polygenic risk testing for glaucoma were contacted
and invited to participate in a prospective cohort study (Chapter 8)% aiming to assess the clinical
validity of polygenic risk testing for glaucoma and macular degeneration. All individuals who had
previously completed the questionnaire were invited to participate via a combination of either mail,
phone, and/or email, based on the contact details provided in the survey. Individuals were
contacted preferentially via email, then mail, then phone, depending on the contact details

previously provided. If no response was received, individuals were contacted up to three times
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via the same or alternate contact methods. Individuals had to be over the age of 50 years and live
in South Australia to be eligible to enrol in the cohort study. Individuals without cognitive capacity
or with no contact details were excluded. In total, 293 individuals who completed the
guestionnaire-based study were eligible. Participants were recruited between April and November
2021 and provided a blood or saliva sample to be used for genotyping and to derive an individual
PRS for glaucoma and macular degeneration. Blood collection was performed either in person at
Flinders Medical Centre, or a blood kit was sent to participants to be done at their most convenient
pathology centre. Participation in this study was used as a proxy for the uptake of polygenic risk
testing, as it required provision of a sample upon which genetic analysis would occur. Those who
enrolled in the study were assigned “Enrolled” while those who declined participation or did not

respond to the invitation letter were assigned “Declined”.

4.2.2 Data collection

Sociodemographic data was collected in a previous study*® and included age, gender, ethnicity,
highest level of education, and urban/rural residency. Ethnicity was self-reported and classified
into 10 ethnic groupings, then into categories of “European” and “non-European” ethnicity. Those
recorded as “unknown” were excluded from analyses involving ethnicity. Residency was based
on the Australian Bureau of Statistics census data using the participants' postcodes. Urban
residency was classified as postcodes with populations greater than 50,000 persons. Rural
residency included regional, rural and remote areas of populations less than 50,000 persons.
Family history, including the number of family members affected by any type of glaucoma and
their degree of relation, was self-reported by participants. A positive family history was recorded

if a participant reported any family history of glaucoma.

4.2.3 Outcome Measures

Intention to undergo PRS for glaucoma was evaluated from a previous questionnaire-based study
which assessed the likelihood to undergo genetic testing to predict personal glaucoma risk.
Positive intention included those who indicated being either likely or highly likely to take a genetic
test which could predict risk for developing glaucoma. Uptake of glaucoma PRS testing was
determined by consent to provide a blood or saliva sample for the purpose of genomic analysis.
Other factors that may affect individuals’ decision to undergo testing have been previously

collected.'®?

112


https://paperpile.com/c/Z6gCzu/lmsJ8
https://paperpile.com/c/Z6gCzu/lmsJ8
https://paperpile.com/c/Z6gCzu/lmsJ8

4.2.4 Statistical analysis

Data were analysed using SPSS 27. Descriptive statistics were used to describe the
sociodemographic characteristics of the sample. The association between each variable and
uptake of PRS testing for glaucoma was performed using a univariate logistic regression model.
Variables that had significance levels of p<0.1 in the univariate analysis were initially included in
the multivariate regression model. Multivariate logistic regression models were performed to
identify factors independently associated with uptake of testing (p<0.05) using a backward

stepwise approach. Missing data points were excluded from analyses.

43 RESULTS

4.3.1 Recruitment and response rate

Recruitment is shown in Figure 4.1. From the original cohort of 417 individuals who had completed
the survey, 299 individuals were over the age of 50 years with a listed South Australian residential
address and were eligible to participate in the prospective cohort study assessing the clinical
validity of polygenic risk testing for glaucoma. Of these, four individuals did not have any contact
details listed and one individual had died since completing the questionnaire. Adjusting for these
exclusions, 294 individuals were eligible. Among those, 152 did not enrol, including 104 who were
unable to be contacted or did not respond, 31 who declined to enrol, and 17 who had indicated
being interested but failed to attend their enrolment appointment. Overall, 142 individuals enrolled,
yielding an uptake rate of 48.3%. It is unknown whether the remaining 104 individuals received
the study invitation letter, or if they were actively not interested in enrolling in the study. Adjusting

for this, the true uptake of testing in this cohort may lie between 48.3% and 74.7%.
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Figure 4.1: Participant recruitment and uptake of polygenic risk testing for glaucoma.

4.3.2 Socio-demographic characteristics

The demographic and personal characteristics of the study sample, collected from the
guestionnaire study data, are shown in Table 4.1. In the eligible cohort, 66.2% were female, 98.0%
were of self-reported European ethnicity, 77.8% were from an urban area, and 44.4% had an
education level above secondary school. The mean age of the cohort was 66.7 + 8.6 years. The
differences in characteristics between those who enrolled and those who did not are shown in
Table 4.1.
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Variable n (%) Enrolled Declined Total P value
n =142 (48.3) n =152 (51.7) n=294
Age (years)
Mean (standard deviation) 67.6 (7.7) 67.6 (9.6) 67.6 (8.7) 0.954
Median (range) 66.6 (51.0-87.1) 67.2 (50.9-95.5) 67.1 (50.9-95.5)
Gender (Female) 94 (66.2) 101 (66.4) 195 (66.3) 1.000
Self-reported ethnicity
- European 138 (97.2) 149 (98.0) 287 (97.6) 0.935
- Non-European 4 (2.8) 3(2.0) 7(2.4)
- Asian 1(0.7) 1(0.7) 2(0.7)
- Hispanic 1(0.7) 0 1(0.3)
- Middle Eastern 1(0.7) 1(0.7) 2 (0.7)
- Mixed 1(0.7) 1(0.7) 2(0.7)
Residency (Urban) 118 (83.1) 113 (74.3) 231 (78.6) 0.087
Family history (Positive) 85 (59.9) 45 (29.6) 130 (44.2) <0.001
Number affected relatives 1.02 (1.2) 0.47 (0.9) 0.73(1.1) <0.001
Highest level of education
- Primary School 1(0.7) 2(1.3) 3(1.0) 0.002
- Secondary School 44 (31.0) 74 (48.7) 118 (40.1)
- Vocational Training 47 (33.1) 44 (28.9) 91 (31.0)
- University 50 (35.2) 30 (19.7) 80 (27.2)
- Unknown 0 2(1.3) 2 (0.7)
PRS testing intention
- Likely/Highly likely 106 (74.6) 98 (64.5) 204 (69.4) 0.129
- Unlikely/Highly unlikely 23 (16.2) 30 (19.7) 53 (18.0)
- Unsure 13(9.2) 24 (15.8) 37 (12.6)
Eye exam frequency
- Annually or more 90 (63.4) 82 (53.9) 172 (58.5) 0.122
- Lessthan once a year 51 (35.9) 69 (45.4) 120 (40.8)

Table 4.1: Characteristics of the study sample

4.3.3 Intention to undergo testing

Previously reported intention to undergo testing and actual uptake of PRS testing is summarised

in Figure 4.2. Of those who indicated being interested in PRS testing for glaucoma, 52.0%

(106/204) enrolled as participants. In comparison, 43.4% (23/53) of those who indicated being

uninterested enrolled as participants. Furthermore, 35.1% (13/37) of those who indicated being

unsure if they would undergo PRS testing for glaucoma enrolled as participants. Overall,
participation did not differ significantly (OR 1.622 95%CI (0.981-2.684), p=0.059) between the

groups who had or had not previously shown interest in PRS testing (Figure 4.2).
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Because participation required an eye examination in a metropolitan clinic, we further looked at
the interest among those from an urban area only. Of those from an urban area who had originally
indicated being interested in undergoing PRS testing for glaucoma, 55.0% (88/160) enrolled as
participants (OR 1.670 95%CI (0.950-2.938), p=0.075). In comparison, of those from an urban
area who indicated being interested in undergoing PRS testing for glaucoma, 40.9% (18/44)
enrolled as participants (OR 1.500 95%CI (0.480-4.685), p=0.485)

4.3.4 Factors associated with uptake

After adjusting for all variables that were significant in univariate regression, uptake of glaucoma
PRS testing was associated with having a positive family history (OR 4.033 95%CI (2.376-6.845),
p<0.001) and having a tertiary education (vocational training or university) (OR 1.999 95%CiI
(1.171-3.412), p=0.011). Among those with a positive family history, 65.4% enrolled whereas only
34.8% of those with no family history enrolled. Age, gender, ethnicity, and residency were not

associated with participation.

We previously assessed factors which may affect individuals’ interest in PRS testing for
glaucoma, and assessed which of these factors may affect uptake of glaucoma PRS testing and
in this study. Those who were more certain about whether they wanted to know more about
glaucoma or not before having the test were more likely to participate (OR 1.807 95%CI (1.001-
3.264), p=0.05).

Variable (demographic) Univariate logistic regression Multivariate logistic regression
OR (95% CI) P value OR (95% CI) P value
Age (years) 0.999 (0.973-1.026) 0.954
Gender (ref. Female)
Male 1.011 (0.623-1.641) 0.964
Ethnicity (ref. European)
Non-European 1.440 (0.317-6.548) 0.637
Residency (ref. Rural)
Urban 1.697 (0.959-3.001) 0.069
Education (ref. Primary/Secondary)
Tertiary 2.214 (1.374-3.567) 0.001 2.072 (1.200-3.579) 0.009
Family history (ref. Negative)
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Positive 3.546 (2.186-5.751) <0.001 5.165 (2.898-9.205) <0.001
PRS testing intention* (ref. No/Unsure)
Yes 1.622 (0.981-2.684) 0.059
Eye exam frequency (ref. >Annually)
< Annually 1.485 (0.928-2.375) 0.099
Perceived glaucoma severity (ref.
Not/Slightly)
Moderately/Very 2.793 (0.867-8.997) 0.085
Perceived glaucoma risk* (ref. No)
Yes 1.657 (0.920-2.984) 0.092
Concern of developing glaucoma (ref.
No/Slightly)
Moderately/Very 1.002 (0.601-1.670) 0.994
Interest in obtaining more information
about the test®
ref. No
Yes 0.967 (0.547-1.709) 0.909
ref. Possibly
No/Yes 1.982 (1.146-3.427) 0.014 1.949 (1.054-3.605) 0.033
Factors affecting decision to be tested
Take appropriate measures (ref. No)
Yes 2.409 (1.335-4.348) 0.004 1.585 (0.732-3.431) 0.242
To provide advice to children (ref. No)
Yes 1.622 (1.003-2.623) 0.049 0.801 (0.431-1.488) 0.483
To provide advice to relatives (ref. No)
Yes 1.164 (0.734-1.847) 0.519
Personal advice (ref. No)
Yes 1.073 (0.657-1.751) 0.778
Medical advice (ref. no)
Yes 0.880 (0.518-1.495) 0.636
Would rather know (ref. No)
Yes 1.734 (1.068-2.814) 0.026 1.837 (0.967-3.489) 0.063
Concerns about having the test
Anxiety (ref No)
Yes 0.709 (0.431-1.166) 0.176
Would rather not know (ref. No)
Yes 0.549 (0.135-2.238) 0.403

Cost (ref. No)
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Yes 1.253 (0.785-1.999)

Attending follow-ups (ref. No)
Yes 0.798 (0.454-1.402)

Insurance (ref. No)
Yes 1.445 (0.794-2.630)

Employment (ref. No)
Yes 0.849 (0.359-2.003)

Confidentiality (ref. No)
Yes 1.131 (0.519-2.467)

0.344

0.433

0.228

0.708

0.757

Table 4.2: Univariate and multivariate logistic regression assessing predictors for uptake

of polygenic risk testing for glaucoma.

Bold text in the Univariate Logistic Regression indicates variables which were retained in the
Multivariate model. * “Highly unlikely” and “Unlikely” were combined into “No” while “Likely” and
“Highly likely” into “Yes” answers. * “Definitely Not” and “Probably Not” were combined into “No”
while “Probably” and “definitely” were combined into “Yes” answers.

[ Participants [l Non-participants

60.0%
40.0%
°
(]
[#)]
8
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S
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Interested

Interest in testing

Not interested

Figure 4.2: Participation between those who had previously indicated being interested or

not interested in PRS testing.
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4.4 DISCUSSION

To our knowledge, this is the first study to investigate the uptake of PRS testing for glaucoma and
assess factors affecting uptake. We have previously demonstrated strong interest in polygenic
risk testing for glaucoma (70%) and identified factors that affected interest.1%818% Here, in a cohort
of individuals who previously completed a questionnaire on their attitude toward polygenic risk
testing for glaucoma, 48.3% enrolled in a research study to assess their PRS and provided a

sample for the test.

Previous studies have demonstrated the utility of a glaucoma PRS to stratify individual risk, predict
disease severity, and the level of required treatment intensity. 10811019200 pRS testing may be
used to guide individual screening and management: by identifying those most at risk of
developing POAG, screening can be performed regularly to ensure early diagnosis and timely
treatment. The prevalence of glaucoma increases after 50 years of age, affecting 3% in this age
group.2°! Current Australian guidelines recommend screening to commence in those of European
and Asian ancestry over the age of 50 years, and over the age of 40 years in those of African
descent.® Our study sample consisted of individuals over 50 years, predominantly of European
ethnicity, and is representative of the population that would benefit from genetic risk stratification

in Australia.

The current literature on PRS uptake is limited. Previous studies have reported an uptake
between 26% and 96% for breast, colorectal and prostate cancers.!®19-1% These studies
assessed similar cohorts of adults mostly over the age of 40 years and of predominantly European
ancestry. However, differences in methodologies makes it difficult to compare results and may

explain the variability in results between studies.

The uptake of a breast cancer PRS was similar at 42.1% in a cohort of affected women and their
unaffected relatives.'® However, given roughly half of the participants had a personal history of
breast cancer and half previously had genetic testing for the condition (e.g. BRCA1/2), this may
not be comparable. Individuals may feel PRS testing to assess risk was not relevant if the
condition has already been diagnosed, or alternatively may have been more keen to undergo
additional genetic testing. Our results showed a higher uptake among those with a family history
of glaucoma (65.4%) compared to those with a family history of breast cancer (49.0%).%%” Family

history was positively associated with participation in the multivariate analysis. Previous studies
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have shown that having a family history may influence the perception of risk and the decision to

undergo testing.292:203

Variability in research methodology and recruitment strategies can also play a role in
inconsistencies of uptake levels.?°42% Hypothetical scenario methodology to inform potential
uptake may poorly predict actual uptake, relating to evidence, communication and psychological
burden. A quantitative review of 38 articles identified a number of factors affecting uptake of
genetic testing. Most consistently, temporal proximity of the genetic susceptibility test was
implicated. In simple terms, this means giving consideration to the extent to which a decision is
portrayed as being immediate or having immediate consequences.?% A study on PRS testing for
colorectal cancer reported an overall uptake of 48%.1°® However, among participants who were
approached directly and invited to participate after an explanation and discussion about the test,
the uptake was 84%. Similarly, a small study that invited individuals directly from a primary care
setting for colorectal cancer PRS testing reported an uptake of 96%.'% In comparison, the
BARCODEL1 study recruited participants for PRS testing for prostate cancer by sending invitation
letters and recorded an uptake of 26%.°* Our results showed that individuals who were unsure
about obtaining more information about the test before deciding were less likely to enrol. Previous
research suggests that the perceived benefits and the uptake of a test can be influenced by the
service provider and information provided,!®® and indicates that discussion and education about
testing is more likely to increase uptake. A targeted approach to testing, involving discussion with

healthcare providers, may therefore increase uptake.

We previously assessed factors which may affect individuals’ interest in PRS testing for glaucoma
and found that the perceived severity of the condition, concerns about developing the condition,
the intention to take preventative measures and the intention to learn results were significantly
associated with interest in testing. In this study, none of these factors were significant in the
multivariate analysis. However, the intention to take appropriate measures and to know if at
increased risk were significant in the univariate analysis. We previously found that perceived
benefits and risk were associated with intention to test, however this was not replicated in this
study with actual uptake of the test. A study on breast cancer PRS similarly reported greater
benefits, but not perceived severity or perceived risk, as a predictor of uptake for the test.*¥’
Response efficacy (the perceived effectiveness in an intervention to reduce risk) was previously
reported as more important in predicting uptake of genetic testing for susceptibility to common

diseases than perceived severity and worry.?°” Future research should assess whether
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communication of genetic risk leads to behaviour changes to reduce disease risk, as well as

changes in perceived efficacies, risk, and threat.

Our findings showed that interest in testing did not correlate with actual uptake. Just under half
(48.0%) of those who indicated being interested in PRS testing for glaucoma did not undergo
testing when they were invited, while 43.4% of those who had indicated that they were
uninterested in testing did actually undergo testing. Previous studies have shown that interest in
genetic testing is usually higher than actual uptake of testing.162294208 Although attitude toward
testing was previously reported as a strong predictor of test uptake in common conditions
broadly,?°’ this is not supported here. Other reasons might affect the decision. Although many did
not provide a reason for not participating, not having enough time or being too busy were reported.
A large number could not be contacted so we cannot exclude whether they were not interested
or did not receive the information. Individuals were invited to participate in the study approximately
12 months after completing the survey assessing attitudes towards a glaucoma PRS. Many had
little recollection of the survey, so their decision to participate may be a more accurate reflection

of their likelihood to undergo testing if it were generally available.

Our results showed that there was no significant difference in enrolment in those from an urban
area compared to those from a rural area. We hypothesised that individuals from a rural area
would be less likely to enrol, driven by limitations to accessing health services in non-urban areas.
It should be acknowledged that participation in the PRS study requires an eye examination,
performed at an urban clinic or a single remote location. Potentially, some may have declined if it
would be difficult to travel from their home. To reduce the chance of potential selection bias
towards those from a rural area, we offered for a blood kit to be sent to participants, allowing blood
sampling to be done at their nearest pathology centre. Whilst not demonstrated in this study,
access to pathology centres for sample collection and inaccessibility of eye health services for
follow-up may still be a barrier to uptake of testing in the future. Future research should assess
additional potential barriers to accessing testing through either surveys or interviews of individuals

who express interest in testing but do not complete the test.

Fundamental themes and inconsistencies within the literature were highlighted in a
comprehensive systematic review.?®® The review included 115 studies that had provided
guantitative analysis of subjective and/or objective predictors of genetic testing interest,

intentions, or uptake.?% There was a broad variety of genetic testing in the studies included in the
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review, ranging from testing for highly penetrant Mendelian genes, to direct to consumer tests.
The analysis highlighted several important insights into the current literature, and aspects
requiring attention in future studies to better delineate factors affecting genetic testing decision.
The study suggests that qualitative, rather than quantitative, methodology yields the most useful
information.?> Although providing less precise information, qualitative outcomes promote
informed decision making about genetic testing. This is important to consider when comparing

studies within the current literature, and for planning of future studies.

These results should be interpreted in light of the study’s strengths and limitations. Our study
cohort included unaffected individuals over the age of 50 years, assessing potential uptake of the
test if it was offered to the general population. It remains to be investigated if the uptake of PRS
testing would be different in a younger cohort, although this is a less relevant population to test
given prevalence increases with age.® A significant proportion of those who did not enrol were
unable to be contacted (68.4%). As mentioned, it is not known what proportion of this cohort did
not receive the study invitation letter, or if they were actively not interested in enrolling in the study.
Little is understood about the reasons for declining to participate in genetic risk testing,2%°
however, future studies could reduce the unknown aspect of non-responders by incorporating a
mandatory confirmation of receipt, options for individuals to notify investigators of their reason not
to participate, or allowing more time and resources for investigators to re-contact individuals. Over
97% of our study sample was of self-reported European ethnicity, highlighting the need for further
validation across other ancestral backgrounds prior to implementation. It is also worth noting that
a majority of the cohort was from an urban area, with urbanicity and lack of diversity being frequent
criticisms in studies assessing genetic testing uptake.?!® Participants were drawn from a cohort
that previously completed a survey on the attitude toward polygenic testing, which may have
introduced bias through increased awareness about glaucoma and PRS testing, as well as
potentially introducing selection bias in those that participated originally being willing to answer

such guestions.

In summary, this study explored the uptake of PRS testing for glaucoma among unaffected
individuals, and showed a lack of association between intention to test and actual uptake, while
education and family history were predictors of uptake. Further work is needed to develop
strategies to effectively implement glaucoma PRS testing into clinical practice and provide equity
in access to the test, especially for those living in rural areas. Developing effective educational

material will be important for patients at all levels of education and literacy as well as for specialist
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clinicians who may be less involved in delivering pre-test counselling and communicating results

to increase access to the test and uptake.
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CHAPTER 5: PREFERENCES FOR REPORTING A GLAUCOMA
POLYGENIC RISK SCORE

5.1 INTRODUCTION

Polygenic risk testing is an emerging concept with the capacity to stratify risk for common
conditions with complex heritability for a broad population. A polygenic risk score (PRS)
summarises overall genetic risk for a condition through a single value which is easy to interpret.
While PRS tests have mainly been described in research settings, several commercial groups
have developed early models. Despite advances in this technology, standardised best practice

guidelines for reporting results have not yet been established.

Currently, genetic tests in Australia are available for a range of monogenic conditions.?!! Genetic
test results in these circumstances have traditionally been delivered in person, largely by genetic
counsellors.?*2 However, this is unlikely to be feasible for PRS testing where widespread testing
could be possible. Fundamental differences between polygenic risk testing and testing for
monogenic variants necessitates important adaptations in reporting results. The most effective
approach of reporting PRS results is yet to be identified and there has been high variability in the
reports trialled thus far.?® Risk communication of PRS results is a new concept which requires

novel reporting strategies.

Given PRS testing has the potential to be implemented as a risk stratifying tool for a broad
population, results must be communicated in a clear, efficient and meaningful manner.
Interpretation of results will likely involve consumers/patients and non-specialist healthcare
providers, whereby this complex data must be simplified with great care. Careful consideration
must be given to the range of education levels, as well as health literacy and numeracy levels.
Variability in health literacy and genetics knowledge may pose significant challenges to engaging
the general public. Individual numeracy levels have previously been shown to be the strongest

independently associated variable with genetic test comprehension.?*

While results are highly individual due to the complexity of genetic information, reports must still
be standardised, accurate, meaningful, and transparent. The goal of PRS reports is to help
individuals understand their personal risk status, recognise their management options and
appreciate their potential prognosis. Adequate communication of PRS results is critical to the

success of this testing and promotion of consumer engagement. Despite growing evidence of the
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clinical utility of a glaucoma PRS, there is a lack of evidence of effective communication tools
which will facilitate its implementation into clinical practice. This is the first study to develop PRS

reports for glaucoma and investigate individuals’ understanding and perspectives.

5.2 METHODS

5.2.1 Literature review and development of draft PRS reports

We first performed a review of the literature to understand the existing knowledge around
reporting methods and preferences. The reports discussed are provided in Appendix E. Patient
risk stratification using PRS is an emerging technigue which is not yet in routine clinical use.
Therefore, there is limited data reporting the most effective methods of reporting results and the
perspectives of patients to different report styles. In light of this, we reviewed some of the existing
literature to understand the fundamental principles of reporting genetic results, including
understanding of health risk presented as absolute versus relative risk, and the utility of various

graphs to aid understanding. The literature reviewed is summarised in Table 5.1.

Risk framing can have a significant impact on risk perception, where identical risk information can
be presented in different ways and result in bias.?'® It has been reported that absolute risk is
usually preferred and more accurately understood by the general population than relative risk. 25
218 However, different ways of communicating risk can result in bias and misinterpretation.?° For
example, relative risk can exaggerate the perception of difference, especially when the absolute
risk is small. Conversely, absolute risk can be misleading if not given with more information about
population averages. Because of this, we assessed understanding of the same PRS result
presented in both absolute and relative terms. Visual aids are a recognised, critical tool for risk
communication, particularly for those with low literacy levels. A Cochrane review found that visual
decision aids helped patients feel more informed and knowledgeable, and improve accuracy in
interpreting results, allowing them to participate actively in decision making.??° Pictographs have
been reported to be especially effective to convey risk information, as well as bar graphs or pie

charts.?21-224

PRS reports currently available in academic and commercial settings were reviewed, including
consideration of graphs/charts used to convey risk, colour formats, information included, and
general formatting.?322>-227 Gjven reporting PRS results is relatively new area, there was

variability in design amongst many of the reports viewed.
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Brockman et al reviewed nine publicly available polygenic score reports. Reports were highly
variable in terms of colour, numeric risk estimate provided, categories used to describe amount
of risk, and availability of additional resources and recommendations based on the test result.??®
From this review, a two-page draft polygenic score report for CAD was developed that was
designed to be understandable by both prospective patients and clinicians based on existing
reports. The design principles that they used to highlight important concepts and optimise
understandability of the report were repetition and emphasis. They also aimed to maximise
accessibility and understanding of the information included in the report by minimising technical

language and using simple sentence structure.??®

Direct to consumer (DTC) genetic tests are commercially available tests allowing consumers to
access information about their genetics without involvement of a healthcare professional.
Although few are approved by national authorising bodies, DTC genetic test reports are some of
the first to communicate PRS results. Each company uses their own format to report results, with
most using a combination of text, numbers and figures. Sample reports are available on some

company websites.

23andme provides examples of genetic risk for various conditions for a fictional consumer,
‘Jamie’.??° These reports communicate an absolute risk percentage and pictograph together with
a short explanation of the risk and description of the condition using easily understood language.
Each report includes a qualitative summary of the customer’s genetic predisposition, an estimate
of their remaining lifetime risk (based on genetics, age, and self-reported ethnicity), a 10-year risk
estimate, a “prevalence explorer” tool illustrating the impact of risk factors on risk, information
about behavioural changes, general information about the condition, limitations of the test, and
scientific details of the methodology used to generate the report. The reports were said to be
developed from reviewing clinical literature about the condition, qualitative sessions, and with
input from professionals in the condition. The method of reporting quantitative risk was informed
by one-on-one interviews where individuals were presented with a variety of statistical tools
conveying risk. Remaining lifetime risk was preferred to total lifetime risk, as well as being seen
to be more beneficial than 10-year estimates. The “prevalence explorer” tool is an interactive
means allowing consumers to appreciate the impact of genetic and environmental elements on

overall disease risk.2%°

126


https://paperpile.com/c/Z6gCzu/trLuj
https://paperpile.com/c/Z6gCzu/trLuj
https://paperpile.com/c/Z6gCzu/PGXuk
https://paperpile.com/c/Z6gCzu/aP464

The P5 study, conducted in Finland, created a web portal as a method of communicating genetic
risk information to a large number of individuals and their physicians.?®* Absolute risk was
presented as a thermometer, with risk categorised as being low, increased, high or very high.
PRS was presented as a single value in relation to the whole population on a normal distribution
curve.?®! MyGeneRank offers consumers additional risk testing on existing samples provided to
23andMe by giving the company access to their data. Genetic risk scores for conditions are
presented as single values on a graded scale. Risk scores are accompanied by information on
how behavioural changes may offset risk and an option to connect to a genetic counsellor.?32:233
My Toolbox Genetics is a testing service allowing consumers to access their results through a
mobile application.?** The service presents a risk summary with a coloured scale. Other features
of the app include health insights, a genetic action plan, epigenetic results, meal guide,

personalised fitness program and lifestyle tracking.?3*

Several breast cancer PRS tests are commercially available. Ambry Genetics and Myriad
Genetics both reported PRS as an absolute lifetime risk (percentage), classifying risk into
categories of average or increased risk.?%2%¢ AmbryScore breast cancer PRS, which combined a
PRS with a clinical risk estimate, removed their model in May 2021 partly due to limited data
across ethnic populations.??® CanRisk is an online tool which combines an individual's PRS with
personal and family history of breast cancer.?®” This tool is widely used in assessing risk in
individuals with a clinically elevated risk but without a cancer susceptibility gene. Formats
contributing to the development of the design were not specified, however were reported to be
developed from a range of popular output formats and informed by frequent input from target
healthcare professionals. Ambry Genetics also offers PRS testing for individuals affected and
unaffected by prostate cancer, without a known history of Mendelian inheritance, with PRS results

reported as an absolute lifetime risk (percentage) and as an odds ratio, respectively.?3239

PRS reports developed in research settings have also shown significant variability. A report
developed to communicate a child's PRS results for asthma and diabetes to parents did not
include a visual aid.?*° The report categorised risk as either ‘high risk’ or ‘NOT at high risk’. Forrest
et al invited individuals with a PRS in the highest quartile of breast cancer risk to receive their
results and provide feedback using two visual risk communication tools.?*®* One visual aid
consisted of a skewed normal distribution curve with an indication of the individuals’ relative risk,

while the second consisted of a pictograph representing the individuals absolute breast cancer
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risk. The study showed that participants were able to understand their risk from the pictography,

however fewer were able to confidently understand their relative risk.?!3

Study (research) Risk format Colour format Included information General
formatting/other
Bell curve - Bell curve Interpretation of risk result Black text
relative risk - Red line indicating Method Simple layout
example of high risk PRS ranges
Pictograph - - Green line Common variants
lifetime representing average

(absolute) risk

risk

Pictograph

- Pink - empty and solid
figures

Table and
scale

Scale yellow, orange,
red

Test results and explanation
Results related to the reason
for testing

Explanation in text and scale
format

Explanation of inheritance
pattern

Next steps

Letter to share with relatives

13 page report
Detailed

Verbal - phone
call

Information booklet not
provided to view

Information booklet not
provided to view

Information
booklet not

Information provided to view
booklet
Pie chart Blue/red - pie - Accompanying text Not described
Pictograph Blue/red - pictograph describing risk in relative and
Bar graph Yellow/red - pictograph | absolute terms
Scale diagram | Bar graph - red
Box plot Scale diagram -
orange/red gradient
Relative risk: Box plot - red
pie chart,

pictograph, bar
graph, box plot
Absolute risk:
scale
diaphragm

Bell curve

Green to red gradient

Participant information
Participant score
Explanation of polygenic risk
scores

Explanation of coronary
artery disease

How to reduce risk

Two page report
with mix of text
and graphical
elements
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Thermometer
Bell/pictograph
Bar graph

Thermometer -
absolute risk scale
green (low) to red

(high)

Bell/pictograph - single
risk value in relation to
the whole population
on a normal distribution
curve

Bar graph - 10 year risk

Explanation of result
presented in each graphical
format

Risk calculator

Scale diagram

Scale diagram -

How to reduce risk

Phone application

- relative risk blue/orange/red Find a genetic counsellor
Bar chart - 10 gradient from low to Activities
year risk high risk News
Bar chart - orange base
risk, blue genetic risk,
red combined risk
Text only N/A PRS result
High risk PRS
recommendation
Company Risk format Colour format Included information General
formatting/other
Pictograph Multi Pictograph with written Tool illustrating

Absolute risk

explanation of result
Description of condition

the impact of risk
factors on risk

Remaining Behavioural change
lifetime risk recommendations
10-year risk General information about
test
Scientific details of PRS
methodology
Text Line graph - blue/black | Risk category by guidelines Multiple tabs
Line graph - Pictograph - pink/black | Mutations within web-based

breast cancer
risk (%) vs age
for individual
and population

Pictograph -
5/10/lifetime
risk

Inputs
Extra information

tool

Scale diagram

Blue (low) to red (high)
gradient of risk

Risk change with behaviour
modification tool

Phone application

Scale diagram

Red (poor) to green

Health insights

Phone application
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(good) Genetic action plan,
Epigenetic results

Meal guide

Personalised fitness program
Lifestyle tracking

lifetime risk summary
Bar chart -
population risk
vs individual
risk

Ambry Genetics - Absolute Pink/grey
AmbryScore236:238.239 | |ifetime risk
(percentage) -
average or
increased risk

Table 5.1: Summarised literature of PRS reports.

Three versions of a two-page draft polygenic risk score report for POAG were developed. The
mock reports developed presented the same risk result in three different formats. Each report
included identical general information, including an explanation of polygenic risk scores and
glaucoma. We aimed to maximise understanding through the level of detail included in the report,
while minimising the amount of technical language used. Reports were developed representing
both relative and absolute risk. Based on the literature, a bell curve, pictograph and pie chart were

chosen to each convey a glaucoma PRS result in the 95th percentile.

The information included in the report aimed to optimise understanding by minimising
scientific/medical language and balancing text with corresponding images. The reports included
six sections, each intended to support the explanation of a glaucoma PRS and give context to the
importance of the result. The sections included were 1) PRS Result - Glaucoma, 2) Polygenic
Risk Scores (PRS) explained, 3) What does my test result mean for me?, 4) Your Polygenic Risk
in Detail, 5) Frequently Asked Questions, and 6) Resources - for more information and where to
get help. A blue-orange colour scale was chosen in order to avoid confusion in individuals with

red-green colorblindness, the most common form of colour blindness.?*!

In light of the limitations in the review of the literature, and the lack of specific official guidance,

this study was undertaken with an objective of providing recommendations for making the content
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and structure of a genetic test report more accessible to patient and non-specialist clinicians. This

is the first study to assess individuals’ attitudes towards three novel PRS reports for glaucoma.

5.2.2 Study Sample

This is a qualitative-descriptive study approved by the Southern Adelaide Clinical Human
Research Ethics Committee (SAC HREC 2023/HRE0085) that adhered to the Revised
Declaration of Helsinki. Participants in the GRADE study (Chapter 8) were randomly selected and

invited to participate to represent individuals from the general population. Inclusion criteria for this
study were individuals over 50 years of age. A target of 10-14 participants was set, subject to data

saturation and the responses provided.

5.2.3 Data collection and survey

Participants who consented to the study were sent a short survey to complete online to collect
demographic information (age, gender, education, ethnicity, colour blindness) and assess
numeracy, graph and genetic literacy using validated tests (Appendix B). Numeracy was
assessed using the Objective Numeracy Scale,?*? graph literacy using the Short Graph Literacy
Scale and genetic literacy using both the Genetic Literacy Fast Test?*3 and 8 true/false statements
based on existing measures and adapted to glaucoma. Finally, participants were asked what
information they would like to see included in a report for glaucoma genetic risk with 8 options
and an open guestion for additional comments. Once the online survey was completed,
participants were sent the three mock reports developed to have time to review them before being

invited to do an online interview. The mock reports are provided in Appendix C.

5.2.3 Interviews

Semi-structured interviews were performed via telephone. The interview guide was developed
and modified from limited existing literature,??® and is available as a supplementary document
(Appendix D). There was no time limit applied and participants could take breaks whenever
necessary. Participants had the opportunity to ask questions throughout. There were no incorrect
responses, rather the opinions and thoughts of participants were sought to better understand the
most effective method of communicating risk. Prompts were used to elicit insightful and productive
information. Field notes were taken throughout and the interviews were audio-recorded for the

purpose of validating notes at a later stage if necessary.
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The interviews were structured to cover five main themes: preference of visual risk communication
aids, understanding of risk, influence of reports on risk perception and behaviour, usefulness of
report content, and general report format and layout. Participants were first asked about their
previous experience with receiving genetic reports or medical results, and any aspects of reports
they had received in the past they did or did not find useful. This gave an insight into their baseline
experience as a starting point for the interviews. The remaining themes were then discussed for
each figure to allow for clearer comparison between formats and participant reflection on their
preferences. The content, layout and structure of the remaining aspects of the report were then
assessed, including the balance of text and visual elements, font and colours used. In assessing
the most preferred reports, participants were given the opportunity to give an opinion as to how it

could be improved.

Each interview was audio recorded and transcribed by a professional and approved transcription
service. Analysis was performed based on the notes taken and by reviewing the transcripts.
Interviews were performed until no new themes or feedback were reported. Interviews and

analysis were conducted by G.H.

5.3 RESULTS

Twelve interviews were performed. The characteristics of the study sample are shown in Table
5.1. Half of the participants were female, all were of European ethnicity, and 50% had a university
education. The mean duration of the interviews was 25 minutes and 50 seconds. Participants had
a range of numeracy, genetic and graph literacy as shown in Table 5.2. No participant had
received a genetic report before, however some had received medical results such as x-ray
reports before. Most participants commented that routinely, test results would be sent to the
requesting healthcare provider, or would be sent to another relevant practitioner, rather than to

the patient themselves.

Age Gender Ethnicity Education Level Colour Interview time Preference
blindness

>70 Male European University No 39:22 1. Pictograph
2. Bell curve
3. Piechart

60-69 | Male European Vocational training No 21:34 1. Pictograph
2. Pie chart
3. Bell curve
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60-69 | Female European Secondary School No 23:10 1. Piechart
2. Pictograph
3. Bell curve
>70 Female European University No 28:43 1. Pictograph
2. Pie chart
3. Bell curve
>70 Male European Vocational training No 28:43 1. Pictograph
2. Pie chart
3. Bell curve
60-69 | Female European University No 15:15 1. Piechart
2. Bell curve
3. Pictograph
>70 Female European Vocational training No 33:16 1. Pictograph
2. Pie chart
3. Bell curve
60-69 | Female European University No 23:38 1. Pie chart
2. Pictograph
3. Bell curve
60-69 | Male European University No 23:38 1. Piechart
2. Pictograph
3. Bell curve
60-69 | Male European Secondary School No 18:10 1. Pictograph
2. Pie chart
3. Bell curve
60-69 | Male European Vocational training No 28:34 1. Pictograph
2. Pie chart
3. Bell curve
60-69 | Female European Secondary School No 26:02 1. Pictograph
2. Pie chart
3. Bell curve
Table 5.2: Characteristics of the study sample
Survey
Numeracy score
Mean (SD) 2.1(0.9)
Range (0-3) 0-3
Genetic literacy score
Mean (SD) 24.2 (6.2)
Range (-20 to 46) 14-39
Genetic knowledge
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Mean (SD) 7.0 (1.0)
Range (0-8) 5-8
Graph literacy score

Mean (SD) 2.8 (0.8)
Range (0-4) 2-4

Table 5.3: Participants’ numeracy, graph, and genetic literacy

A summary of the participants’ preferences for the graph format reporting results is summarised
in Table 5.3. Participants first preference was the pictograph format, followed by the pie chart and
lastly the bell curve. In analysing preferences for the format of representing risk, three main
themes were identified to contribute to overall understanding of the mock reports. Firstly,
preferences towards the figure used to visually represent the risk, which included a bell curve,
pictograph, and pie chart. The format of this figure was discussed, presenting either absolute or
relative risk. Secondly, accuracy of understanding and confidence in interpreting the graph
together with the corresponding text explaining the result. Thirdly, the informative text providing

more detail about the test and glaucoma, together with the overall format and layout of the reports.

Graph format

First preference

Second preference

Third preference

Pictograph 8 3 10
Pie 4 67 21
Bell 0 32 910

Table 5.4: participants’ preferences for graph format

5.3.1 Theme One: Preferences towards visual risk communication aid

Overall, absolute risk was preferred, either in the format of a pictograph or pie chart, with the bell
curve being the least preferred option. The two absolute risk figures helped participants

understand their risk by visually comparing personal risk to the general population.

Most participants felt the pictograph was visually clear and could be interpreted quickly, without

needing the corresponding text to help interpret the result.

‘Clear and simple.’
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‘I don’t think you have to think about it, it's [the result] is there in front of you...it’s very

definitive in its message.’

Participants were more readily able to correctly interpret the result.

‘That I'm more than twice as likely to get glaucoma than the general population.’

‘You can see that you’re at higher risk than the average (population), but you’re not 95%

like the other one gives the impression of.’

Similarly, participants felt the pie chart was easy to interpret, mainly because of its clear

comparison to the average population.

‘Very clear, you don’t have to think about it.’

‘I didn’t need the (corresponding) text as much.’
The bell curve was less effective in helping participants conceptualise their risk. Most commented
that this figure gave the impression of extremely high risk, or almost certainty, of developing
glaucoma and would therefore cause significant worry. The relative risk, presented as a percentile
with the bell curve, was difficult to understand for some.

‘I don't really get it. Don’t even go there.’

‘It's hard to get it all in the head...and work it out.’

‘I don't think [other people would understand]...you have to look at it.’
The bell curve was the most preferred visual aid for only one participant, who prefaced their
feedback by noting having had quite a lot of experience with interpreting bell curves in the past

and therefore being very comfortable with this format.

‘The picture matches the words underneath..l think it's easy to understand.’
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However, despite the bell curve being their most preferred, this participant felt most people would

not be able to understand this figure.

‘I think that a lot of people are probably not familiar with looking at themselves within a

population.’

5.3.2 Theme Two: Understanding risk

The visual graph had a significant impact in understanding and assisting in translating visual risk
to numerical risk. Participants generally agreed with the statement that the absolute risk figure
would give more understanding without making the individual feel more worried. The bell curve
was felt to be most confusing, and was generally misinterpreted as a percentage risk of
developing glaucoma. Most participants did not fully understand the concept of a percentile to

represent risk within a population, compared to a percentage.

‘I looked at the graph first and went, oh 95%, and then | read it...and realised it was 2.3

(times) higher, not 95% chance.’

Confusion and misinterpretation of the risk presented also influenced the degree of worry
participants felt from the reports and the potential influence on risk perception and behaviour.
Participants felt that the absolute risk, such as represented by the pictograph and pie charts, were
reassuring. Participants generally felt that, while each figure was reporting the same high-risk
result, the pictograph and pie chart represented a much lower risk compared to the bell curve.

Some felt that this may negatively affect risk-reducing behaviour.

‘It still...can indicate, compared to the rest of the population, at a relatively low risk of

developing glaucoma. Whether or not people would act on that.’

All participants felt the corresponding written content underneath the graph, explaining the result,

was useful and necessary to aid understanding.

‘It explains it, so | thought that it was useful.’

Although participants often felt their understanding of the report was sound, interest in obtaining

guidance or recommendations with the risk results was expressed.
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‘It doesn’t tell the ophthalmologist anything, other than I’'m at high risk. You don’t need the
report to generate any action from anybody else. The ophthalmologist doesn’t need it, it’s

not going to help them.’

In addition, a timeframe to the recommendation was considered important. Many felt an indication
of timeframe would significantly contribute to their behaviour by indicating urgency and in terms
of wanting to review the report with a healthcare professional, such as their optometrist or GP,

undergoing an eye examination, or discussing their result with their family.

‘The main thing | want to know is what to do with my result. What do | need to do next and

when?’

‘I was happy with the content - people want to know what it means for them and where to

go next.’

5.3.3 Theme Three: Report format and visual elements

The visual and design elements played an important role in facilitating understanding and risk

perception. In Particular, they contributed most to a user’s first impression.
‘The first thing you look at is the visual, and then you read.’
1. Colour
Colour was a predominantly discussed design element, which contributed to confusion for some
participants with the bell curve. Participants felt that the blue-orange colour scheme did not make
sense initially, and negatively influenced their overall understanding and experience with this
graph.

‘The colours too...didn’t make a statement.’

‘| think that the shading probably makes it a little more confusion...the shading make it

less definitive.’
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‘I can see how you’ve faded the colours, gone from the caution colour to the cool colour,

but I didn’t pick up on that immediately.’

2. Font
All participants felt the font used was appropriate and of adequate size, particularly given reports

may be read by individuals with visual impairment. There was little feedback on this aspect.

3. Layout
Participants generally felt the layout of the report was simple and easy to follow. Bullet points

were useful in communicating relevant information without too much detail, using simple
language. Participants felt there was an appropriate balance of text and visual elements. One
participant suggested pictures could be numbered and then referenced with the corresponding

text, to more clearly identify the relevant information.

Most participants felt the content of the report was appropriate, however all wanted further detalil
and emphasis on follow-up or treatment recommendations. One participant felt there was too

much information included.

‘The section | thought was over the top was those second and third sections, that’s a lot

of text. People are just not going to read it and frankly they’re not going to care.’

A suggested modification to improve and synthesise the information presented was to include

more detailed information as smaller text at the end of the report.
‘You could have, in a lot smaller print, on the back of the pamphlet the limitations of the
test and all of those sorts of stuff that you need to perhaps tell people, but it'’s not the

primary objective of the result.’

5.3.4 Potential modifications based on feedback

Based on the feedback received from these interviews, a number of modifications to our reports
could be made. While the colour scheme of orange and blue was chosen to aid interpretation of
those with red-green colour blindness, all participants felt another colour scheme would add to
the visual interpretation. Improving understanding for a larger majority may be more useful in

achieving greater understanding, although it would come at the sacrifice of the smaller number of
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those with colour blindness. A red-green colour scheme was suggested, which is familiar to most
people in settings such as traffic lights and temperature gradients.The blue colour, used to convey
low risk, could be altered to green. Similarly, the orange colour, used to convey high risk, could
be altered to red. Section three in the report draft could be moved to follow the reported PRS

result, to further improve and support their understanding of the results.

5.4 DISCUSSION

As PRS testing is progressing towards clinical implementation for prediction of disease risk and
prognosis, the ability to effectively report and communicate results is essential. Given PRS testing
has many potential clinical applications,?* results must be communicated in a clear, efficient and
meaningful manner. Interpretation of results will likely involve consumers/patients and non-
specialist healthcare providers, whereby this complex data must be communicated with great
care. While results are highly individual due to the complexity of genetic information, reports must

still be standardised, accurate, meaningful, and transparent.

Preliminary data from our surveys conducted on affected and unaffected individuals toward
polygenic risk testing attitude highlighted that individuals were interested to learn about the
implications of results and the significance for follow up. We have also previously demonstrated
that the preferred method of receiving results may depend on the result itself, so variance in report

content and structure may be necessary depending on risk classification. 168183

The approach to reporting and communicating polygenic risk results will require a strategy that
supports their potential for screening of large populations and differs from the current delivery of
Mendelian testing. This is due to several notable differences between polygenic risk testing and
Mendelian genetic testing. Firstly, a PRS is not diagnostic but rather denotes an estimate of risk
derived from many DNA variants. Therefore, a PRS represents a result within a spectrum of risk,
rather than a binary result. This means that results are not binary, and must be reported and
interpreted in the context of a population reference distribution. Secondly, as PRS is a risk
estimate, clinical recommendations will need to be developed for the different risk groups to
provide appropriate advice to patients based on their results. As defined by Bunnick (2015),
‘genomic information has personal utility if and only if it can reasonably be used for decisions,
actions or self-understanding which are personal in nature.?*> Studies commonly report lack of
clinical guidelines as a barrier to PRS implementation.824¢ Although there are currently no

guidelines for glaucoma which clearly identify follow-up or intervention for each PRS classification,
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the development of clinical guidelines is a current focus of research. The importance of clear
guidelines and recommendations based on genetic risk was also highlighted by participants in
our study, especially for guiding an individual's behaviour in response to their genetic risk. Finally,
PRS have mainly been tested in research settings with clear definitions of disease. There may be

significant variance in the definitions used in research from those used in clinical practice.?*" ,

While the content of PRS reports is crucial to ensure accuracy and understanding, the design of
the report may be equally as impactful in achieving this. Generally, graphic design aims to achieve
a common denominator between its readers. In this study, participants reported that the visual
components were important for understanding results. Although risk is often communicated
verbally to patients, design has a significant impact on first impressions, and can influence how

an individual perceives credibility, relevance, and overall experience.?48249

One of the most significant challenges to consider in designing PRS reports is the significant
variation in literacy and numeracy levels within the general population. Whilst varied, public
familiarity with genomic risk information is generally low.?*°-252 Qur study included a sample of
individuals with average genetic and graph literacy, as well as numeracy levels. Participants
reported that relative risk, as illustrated by the bell curve in our reports, was more difficult to
understand across a spectrum of education levels. Similar results were shown in a study
assessing patients and primary care providers responses to mock PRS clinical reports. This
showed that individuals, including some with high numeracy, confused percentile with
percentage.?*® Participants in this study had difficulty conceptualising their risk and tended to
overestimate their risk when relative risk was presented. Previous studies have shown that
absolute risk presentations are usually the preferred format over relative risk.??1:253-2% Thijs is
consistent with our findings demonstrating absolute risk was the preferred risk format. While
reporting risk in a simplified, easily understood format is important, it is also important that reports
accurately depict the risk. As a result, relative risk may be best reported in the context of absolute
risk to improve comprehension of results. Presenting risk in multiple formats, such as numerical,
graphical, and written, to account for differing learning styles may further enhance

comprehension.
Genomic results communication will rely on healthcare professionals beyond genetic specialists

given there will be insufficient geneticists and genetic counsellors to meet expected demand.?%®

However, several studies have demonstrated low confidence in interpreting genomic results
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among non-specialists.'85257-262 A study assessing clinician acceptability of a prototype breast
cancer risk tool highlighted the challenges of developing a tool reporting complex information.
Whilst the tool was generally accepted by the primary care and genetics specialists included in
the study, there was concern about the time needed to interpret the reported results and to
adequately communicate these to patients.?®® This is the next step for our study. Although only
prospective patients were included in our study, the reports could also be relevant to clinicians
and healthcare professionals involved in PRS testing and results communication. Further

research is needed to assess clinicians' perspective towards PRS reports.

This study aimed to elicit key elements for the clear communication of PRS results. Our findings
provided an early framework for the disclosure of glaucoma PRS, and illustrated the challenges
in simplifying complex information to be accurately understood by the wider community.
Ultimately, PRS testing for glaucoma will rely on end-user engagement and further work should
adapt the feedback from this study into the reports to then deliver PRS results to patients in a

clinical setting.
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PART 3: APPLICATION OF POLYGENIC RISK
TESTING FOR GLAUCOMA

INTRODUCTION AND AIMS

Part three of this thesis aims to assess the validity of glaucoma PRS testing, and explore the
interplay of the PRS with key risk factors and treatment pathways. This section includes three
interconnected studies involving known glaucoma risk factors and a glaucoma PRS, however
each has a distinct study design, study sample, methodology and analysis. The methodology of

each study within this section will be outlined in detail in the appropriate chapter.

This section addressed the application and validity of a glaucoma PRS, focusing on three main
aims. Firstly, | aimed to investigate the relationship between glaucoma PRS and family history of
glaucoma in a disease registry. Secondly, to investigate the utility of PRS testing to predict
disease severity and likelihood to require surgical intervention. And thirdly, to assess the clinical

validity of a PRS for glaucoma and AMD in the general Australian population.

To date, results from validity studies for glaucoma PRS testing have been positive, however there
are several gaps in knowledge which | aimed to address in this part of the thesis. A glaucoma
PRS has not yet been prospectively applied to a general population. With the ability to identify
those at highest risk of disease, as well as estimating disease severity and treatment response,
there is potential to offer personalised care for glaucoma patients as well as change in disease
screening and treatment. Previous PRS studies have so far been retrospective. Here we present
a prospective population-based study which will assess the prevalence of glaucoma across its
relative PRS spectrum. This will be the first study to assess the clinical validity of a PRS for

glaucoma for clinical implementation in a real world setting.

The results from the studies included in this chapter solidify the clinical utility of glaucoma PRS
testing for use in guiding treatment escalation, as well as in stratifying risk amongst those at
clinically increased risk, for example first-degree relatives, as well as those at unknown clinical

risk.
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CHAPTER 6: HIGH POLYGENIC RISK IS ASSOCIATED WITH EARLIER
TRABECULECTOMY IN PATIENTS WITH PRIMARY OPEN-ANGLE
GLAUCOMA

PUBLISHED MANUSCRIPT

The contents of this chapter have been published in a peer-reviewed manuscript of which | am a
co-first author:

Marshall HN*, Hollitt GL*, Wilckens K, Mullany S, Kuruvilla S, Souzeau E, Landers J, Han X,
MacGregor S, Craig JE, Siggs OM. High polygenic risk is associated with earlier trabeculectomy
in primary open-angle glaucoma. Ophthalmol Glaucoma. 2022 Jul 13:52589-4196(22)00119-3.
doi: 10.1016/j.0gla.2022.06.009. Epub ahead of print. PMID: 35842105.

| contributed to the study concept and design (25%), data collection (10%), data analysis and
interpretation (30%), and drafting the manuscript (50%). | contributed equally to Henry Marshall.
Henry Marshall contributed to the study concept and design (25%), data collection (10%), data
analysis and interpretation (30%), and drafting the manuscript (50%). Kristopher Wilckens, Sean
Mullany, Shilpa Kuruvilla, John Landers, Xikun Han, Stuart MacGregor, Jamie Craig and Owen
Siggs contributed equally to data collection (80%). Kristopher Wilckens and Shilpa Kuruvilla
contributed to the study conception and design (10%). Jamie Craig and Owen Siggs contributed
to the study conception and design (40%), data analysis and interpretation (20%), and critically
revising the contents of the manuscript. Emmanuelle Souzeau, Xikun Han and Stuart MacGregor

contributed to data analysis and interpretation (20%). Jamie Craig contributed to project funding.
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6.1 INTRODUCTION AND METHODS

As mentioned previously, POAG is a highly heritable progressive optic neuropathy and°11° g
higher glaucoma PRS has been associated with a greater risk of glaucoma diagnosis, an earlier

age of diagnosis, and a greater need for surgery.1%128

Trabeculectomy is a therapeutic incisional procedure that aims to lower IOP, and is usually
considered only in advanced cases which are refractory to topical medical or laser treatments.2%4
Predicting which patients may require this procedure remains a clinical challenge. This study

aimed to assess if genetic risk scoring aids predicting which patients will need earlier surgery.

The ocular surgical history was reviewed for all participants of the ANZRAG** with POAG,
recruited at clinics within the state of South Australia with self-reported European ethnicity.
Participants with secondary forms of glaucoma (e.g. pseudoexfoliation glaucoma), or a
documented Mendelian form of POAG, were excluded. Age at trabeculectomy, and laterality were
recorded. The following covariates were also recorded: age at glaucoma diagnosis, self-reported
sex, highest recorded 10P, and family history of glaucoma. Research was approved by local
human research ethics committees (2021/HRE00032), and all research adhered to the tenets of

the Declaration of Helsinki.

A glaucoma PRS was calculated for each individual using a previously-described multi-trait
glaucoma PRS.1%® Genotyping was performed on DNA extracted from a peripheral blood sample
using Illlumina OmnilM, OmniExpress or HumanCoreExome arrays (lllumina, San Diego, CA).
PRSs were calculated using PLINK (version 1.90 beta) and normalised as z-scores using 17,642
normative individuals from the QSkin Sun and Health Study (QSkin).2%

Multivariate linear regression analyses assessed the correlation between glaucoma PRS and age
at trabeculectomy. Covariates included: self-reported sex, and family history of glaucoma. IOP
was not included in the model due to correlation between PRS and IOP.1? Based on their PRS
values, participants were stratified into the top decile, bottom decile and intermediate group (10th-
89th percentile). Stratifications were performed using internal normalisation due to the skewed
distribution of this dataset. Secondary analysis correlated glaucoma PRS with length of time from
diagnosis to trabeculectomy. Covariates included age at diagnosis, self-reported sex, and family

history of glaucoma. The p-value for statistical significance was set at 0.05.
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6.2 RESULTS

Surgical data for 903 genotyped participants with POAG was reviewed, from which 187 had
undergone at least one trabeculectomy with a recorded date of surgery. The mean age at
glaucoma diagnosis was 64.1+9.91 years, 57.3% were female, and the mean highest recorded
IOP was 28.0+8.66mmHg (Table 6.1).

Participants in the top decile were diagnosed with glaucoma at a younger age (mean difference:
5.19 years 95% CI [3.03, 7.36] P<0.001 Table 6.1) and had a highest recorded IOP than
participants in the bottom decile, although this did not reach statistical significance (P=0.052;
Table 6.1)

Characteristics Whole Top Decile Intermediate Bottom Decile P-value
Cohort (n=19) Group (n=19)

(n =187) (n = 149)
Age at diagnosis 62.64+11.41 59.28+10.79 62.76+11.43 64.48+11.16 P<0.001
(years)
Bilateral 39.0 52.6 40.2 15.7 P=0.021
Trabeculectomy
(%)
Self-reported sex 57.3 54.8 57.8 66.7 P=0.872
(% Female)
Glaucoma Family 62.0 74.4 64.3 57.3 P<0.001
History (% True)
Highest Recorded 25.3949.33 26.93+8.26 25.16+8.46 25.2948.52 P=0.052
IOP (mmHg)

Table 6.1: Summary of study cohort. Summary demographic and clinical characteristics of the
study population, with further stratification into top decile, intermediate group (10th-89th
percentile) and bottom decile. P-values are derived from univariate regression analyses between
top and bottom deciles. The P-value threshold for statistical significance (bold values) was 0.05.
IOP: Intraocular Pressure; PRS: Polygenic Risk Score; IQR: Interquartile range.

Linear regression correlated a higher PRS with a younger age at first trabeculectomy (beta: -1.94
years/SD 95% CI: [-0.41, -3.47] P=0.014). Participants in the top decile underwent their first
trabeculectomy approximately 7 years earlier than participants in the lowest decile (mean
difference: -7.04 years [2.82, 11.26] multivariate P=0.002; Figure 6.1 Panel A).

A secondary multivariate analysis assessed the correlation between glaucoma PRS and time
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from diagnosis to first trabeculectomy. Participants in the top decile underwent trabeculectomy
5.8 years earlier than participants in the bottom decile (Beta: -5.84 years/SD [-1.14, -10.55]
P=0.022). This association persisted after inclusion of highest IOP in the model (Beta: 5.85 years
95% CI: [0.96 10.73] P=0.024). Time from diagnosis to trabeculectomy was not associated with
glaucoma PRS in a univariate analysis (P=0.143)

Finally, participants in the top decile were observed to be 1.41 fold more likely to require bilateral
trabeculectomy than participants in the bottom decile (OR: 1.41 [1.06, 1.91] P=0.021 Figure 6.1
Panel B).

Panel A: Comparison Age of First Trabeculectomy Panel B: Comparison of proportion requiring Bilateral
between PRS stratification Trabeculectomy between PRS Stratifications
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Figure 6.1: Comparison of Glaucoma PRS with age of trabeculectomy and with need for
bilateral trabeculectomy. Panel A: Comparison Age of First Trabeculectomy between PRS
stratification; Panel B: Comparison of proportion requiring Bilateral Trabeculectomy between
PRS Stratifications. Grey box: Bottom decile; Orange box: Intermediate group (10th to 98th
percentile); Blue box: top decile. Participants in the top decile underwent their first
trabeculectomy approximately 7 years earlier than the bottom decile (mean age at first
trabeculectomy: 73.45+7.82 years versus 80.91£6.44 years; multivariate P=0.002). Participants in
the top decile were also 1.41 fold more likely to require bilateral trabeculectomy following
multivariate analysis (OR: 1.41 95% CI [1.06, 1.92] P=0.021; Panel B).

6.3 DISCUSSION

This report correlated a higher glaucoma PRS with a younger age at first trabeculectomy, a
shorter duration between diagnosis and first trabeculectomy, and greater need for bilateral

trabeculectomy in POAG.

Our findings extend previous studies linking glaucoma PRS with glaucoma treatment
outcomes.'®® For those with disease that may ultimately require surgery, this could mean that
trabeculectomy is considered earlier in higher-risk individuals, potentially avoiding vision loss
resulting from failed trials of more conservative options. It may also help prevent unnecessary
surgery, or delay surgery, in those who are deemed to be low risk. The results of this work,
combined with the observation that a majority of individuals with POAG are interested in PRS

testing,'®® highlights the potential utility of genomic risk stratification in this disease.

There are several limitations to our study design. It only included participants who had undergone
at least one trabeculectomy, and did not include individuals who had not undergone this
procedure. The absence of a univariate association between time to trabeculectomy and
glaucoma PRS is potentially of reflection of survivorship bias, where patients diagnosed later in
life are more likely to have a lower glaucoma PRS, and possibly also less likely to survive long
enough, or be fit enough, to require surgery. Furthermore, the small number in both the bottom
and top decile groups may prevent extrapolation of the findings. The exclusion of participants of
non-European ethnicity limits the application of these findings to other populations. The focus on
trabeculectomies as a treatment intervention means the association between PRS and other
incisional procedures (i.e. glaucoma drainage devices), or the timing of initiation or escalation of
other interventions, remains unknown. Since these treatment decisions have significant quality of

life and health economic implications, there is a clear need for further investigation in this area.

147


https://paperpile.com/c/Z6gCzu/CTik2
https://paperpile.com/c/Z6gCzu/VmxZt

CHAPTER 7: A GLAUCOMA POLYGENIC RISK SCORE IS STRONGLY
ASSOCIATED WITH GLAUCOMATOUS FAMILY HISTORY, AND
DISEASE SEVERITY AMONGST AFFECTED SIBLINGS

7.1 INTRODUCTION

Genetic risk of glaucoma is conventionally estimated using family history alone. In a study of the
familial aggregation of POAG in a general population, first-degree relatives of individuals with
glaucoma had a 9.2-fold increased risk of developing glaucoma, highlighting the critical role of
genetic risk in glaucoma development.*! However, collection of this information can be imprecise
as many are unaware of their family members medical history, may have inexact knowledge of
their relatives’ vision related condition, and are subject to recall and survival biases.?®® These
limitations are addressed by the PRS as an objective quantitative risk-stratification tool.
Nonetheless, previous studies for other traits have shown only partial overlap between a positive
family history and PRS, which suggests a complex and complementary relationship between them
267210 Eurthermore, family history captures the effect of shared environmental factors, and very
rare variants which are not part of the PRS, so will remain an important aspect of individual risk

estimation.

We have previously reported an association between glaucoma PRS and family history 1%, In this
study, we sought to investigate the interplay between a positive family history and PRS, and how
PRS may vary amongst family members. In particular, we investigated the relative distribution of
PRS amongst family history status and the degree of relatedness. In affected relatives, we
investigated the relation between PRS and key glaucoma severity parameters: highest IOP, age

of diagnosis and whether they have had incisional glaucoma surgeries.

7.2 METHODS
7.2.1 Patient cohort

Clinical and documented family history data of individuals with glaucoma in the ANZRAG was
used. In brief, participants with glaucoma were recruited from outpatient clinics, with clinical and
demographic information collected at the time of recruitment. Family history of glaucoma was
specifically documented by questioning on the self-reported details of glaucoma in the family up
to the fourth degree by the referring specialist, and reviewed with the participant by members of

the ANZRAG team at the time of recruitment. Every effort was made to accurately record this
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data, including examining relatives when possible, and follow-up mail-based questionnaires.

Affected close relatives were also invited to be recruited to the registry.

In this study, only participants with POAG were included. Those with established diagnosis of
‘monogenic’ variants associated with glaucoma (such as those carrying pathogenic MYOC or
OPTN variants) were excluded, as to not skew the family history data. Of note, the majority of
ANZRAG participants have been previously screened for known ‘monogenic’ variants.10027
Only individuals who self-reported as European ethnicity were included, to maximise the
applicability of the PRS, which is derived from European ancestry populations. In families with
more than one affected member in the registry, only the proband was included in the primary

analysis.

Further analysis of variation of PRS amongst affected relatives was performed, where all
participants affected by glaucoma were included. Unaffected relatives have not been genotyped
within ANZRAG, and thus PRS data of unaffected relatives was not available for comparative
analysis. The relatedness of each pair of participants was recorded based on the available
family history information. Additional glaucoma phenotypes were used for analysis, obtained
from the registry, including age of glaucoma diagnosis, highest recorded (pre-treatment, where
possible) IOP, HVF mean deviation, clinician-graded VCDR, and previous incisional glaucoma
surgeries.** This study was approved by the SAC HREC (2021/HRE00032) and adhered to the

Revised Declaration of Helsinki. Written informed consent was obtained from all participants.

7.2.2 Genotyping and Imputation

Genotyping was performed on DNA extracted from a peripheral blood sample using
HumanCoreExome arrays (lllumina, San Diego, CA, USA). A glaucoma PRS was calculated on
each individual using a multi-trait glaucoma PRS, the derivation of which is described
elsewhere.1® Briefly, the PRS was calculated for each individual using a weighted allele-sum
approach, based on the summary statistics of large genome-wide association studies of
glaucoma, intraocular pressure (IOP) and vertical cup-to-disc ratio. These genome-wide
association studies were based on primarily European ancestry individuals from the UK
BioBank and International Glaucoma Genetics Consortium. PRS scores were then normalised
as z-scores in reference to a normative population-cohort of 17,642 individuals aged 40-69

years (QSkin cohort).?®® For clinical translational purposes, the study cohort was stratified into
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high risk (upper quintile), low risk (lower quintile), and intermediate risk (remaining sixty percent)

based on the normative glaucoma PRS thresholds.

7.2.3 Statistical Analyses

Linear regression modelling was used in analyses of numeric PRS and family history, with
adjustment for age at recruitment and gender. Poisson regression was used for the number of
affected family members. Where pairwise comparisons were performed, P-values were adjusted
using the Holm-Bonferroni method. Amongst related individuals, PRS correlation was calculated
using the Pearson correlation coefficient. Analysis of clinical glaucoma parameters amongst
related individuals was done using a nested mixed-effect model with a random intercept per
family, then a random intercept for each sibling pair.?’? Additional fixed-effects ‘covariates’ of
age and gender were included as applicable. This model statistically accounts for the
relatedness amongst individuals, with the latter random intercept accounting for additional
variance for families with more than 2 siblings affected.?’? A poisson model was used for the
number of incisional surgeries per individual, to better model the count nature of this data. All
analyses were performed in R (version 4.1.0). Mixed effect models were fitted using the Ime4
package (version 1.1.28) and statistical tests of significance were performed using the ImerTest

package (version 3.1.3).

7.3 RESULTS

7.3.1 The correlation between positive family history and PRS

We identified 2,066 unrelated European ethnicity individuals with POAG for whom no
‘monogenic’ cause of glaucoma has been found. The mean age at recruitment was 72.3 (12.2)
years, 45% were male, and 62.6% had a family history of glaucoma, with 52.4% having at least
one first-degree relative with glaucoma. A detailed summary of the reported family history,
stratified by PRS groups is reported in Table 7.1. Glaucoma PRS of participants enrolled in

ANZRAG is skewed towards a higher PRS, due to the enrichment of glaucoma in this cohort.'?®

Polygenic risk groups Low-risk Intermediate-risk High-risk
Number 128 1050 888
Age at recruitment (mean, SD) 75.0 (11.3) 73.1 (12.4) 71.1 (12.0)
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Gender, male (%) 66 (51.6)

Family history of glaucoma (%) 68 (53.1)

Number of affected family members with glaucoma (%)

None 60 (49.2)
1 31 (25.4)
2 19 (15.6)
3 6(4.9)
4 or more 6 (4.9

Closest relative affected with glaucoma (%)

1st degree 48 (39.7)
2nd degree 11 (9.1)
3rd/4th degree 2(1.7)

476 (45.3)

625 (59.5)

425 (42.8)

275 (27.7)

129 (13.0)

83 (8.4)

82 (8.2)

491 (49.4)

62 (6.2)

15 ( 1.5)

393 (44.3)

601 (67.7)

287 (34.6)

237 (28.6)

122 (14.7)

85 (10.2)

99 (11.9)

480 (57.8)

51 (6.1)

12 (1.4)

Table 7.1: Summary of the study participants stratified by glaucoma polygenic risk score.

Individuals with a first-degree relative with glaucoma had a higher PRS than those with no
family history of glaucoma (P <.001, Figure 7.1A), and than those with a family history of a

second degree or more distant relative (P = .025, Figure 7.1A). Additionally, there was an

incremental increase in PRS with an increasing number of affected family members (P <.001,

Figure 7.1B).
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Figure 7.1: Distribution of glaucoma polygenic risk score based on the closest relative with
glaucoma (A), or the number of family members with glaucoma (B) in the ANZRAG cohort, and
relative to a control cohort. Fhx, family history.

There was an incomplete overlap between a high PRS (top quintile of PRS relative to normative
population) and a positive family history of glaucoma. Fourteen percent of the cohort were
identified as ‘unsuspecting cases’, defined as high-risk by the PRS but with no known family
history of the disease (Figure 7.2A). This represents a subgroup that can be identified as a
higher risk of glaucoma in the absence of a known glaucoma family history. Furthermore, the
high-risk group reported more family members affected by glaucoma compared to the low-risk
and intermediate-risk groups (P<.001, Figure 7.2B). For instance, 21% of the individuals in the
high-risk PRS group had at least three family members affected with glaucoma, compared to

10% in the low-risk group (Figure 7.2B).
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Figure 7.2: A. Overlap between PRS risk stratification groups and a positive self-reported family
history of glaucoma, highlighting the utility of PRS in identifying high-risk individuals with a
negative family history of glaucoma. B. Relative proportion of the affected number of family
members with glaucoma within each glaucoma PRS risk group, highlighting a higher yield in
screening families of high-risk PRS individuals.

Fhx, family history. 2nd+ degree, any of second, third, or fourth degree relatives.

7.3.2 Variation of PRS amongst relatives with glaucoma

Variation of PRS amongst the relatives affected with glaucoma was then investigated. 281
related individuals with glaucoma were identified, forming 199 unique relationship pairs, the
majority of which were between siblings (96, 48%), and parents-children (62, 31%). PRS was
most correlated amongst siblings (Pearson's correlation = 0.46, P<0.001), followed by parents-
children (Pearson's correlation = 0.33, P=0.009; Figure 7.3A). For example, amongst sibling
pairs where at least one sibling was identified as high-risk, PRS risk groups were concordant
(i.e., both siblings were high-risk) in 45% of the cases. The imperfect PRS correlation between
first-degree relatives is explained by the laws of allele inheritance during meiosis; siblings are
expected to share 50% of their genetic variants since they have an equal chance of inheriting
each allele. Thus, PRS can differ significantly amongst family members, including first-degree
relatives.

The association between PRS variation amongst affected relatives and their clinical glaucoma

parameters was evaluated. This analysis was limited to siblings only, to minimise the
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confounding effect of age and follow-up time on the glaucoma phenotype. Using a nested
mixed-model of affected siblings which takes into account the relatedness of family members,
observing that siblings who were identified as high-risk (top quintile of the PRS) were diagnosed
4.1 years earlier (95% CI 0.16 — 8.05, P = 0.042 after adjusting for gender; Figure 7.3B)
compared to the intermediate-risk siblings (middle 60% of the PRS). Additionally, high-risk
siblings had a higher maximum-recorded IOP by 3.09 mmHg (95% CI 0.95 — 5.22, P = 0.005;
Figure 7.3C), and were more likely to have incisional glaucoma surgeries (incident rate ratio
1.83, 95% CI 1.07 — 3.13, P = 0.027) compared to the intermediate-risk siblings, after adjusting

for age and gender.
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Figure 7.3: Variation of the PRS between relatives, grouped by the degree of relatedness (A).
Since the PRS was normalised for analysis, each unit of PRS difference (x-axis) represents a
difference of 1 standard deviation of the PRS between two relatives. The difference was
calculated with reference to the proband case, where applicable. Differences in the age of
glaucoma diagnosis (B) and highest recorded I0P (C) show a more severe glaucoma
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phenotype in high-risk PRS siblings compared to their intermediate-risk group siblings (P<0.05
for both).
PRS, polygenic risk score. IOP, intraocular pressure.

7.3.3 Comparative clinical predictability of PRS and a positive family history

The relative performance of a high-risk PRS was examined, and a positive family history on
predicting clinical outcomes related to glaucoma severity (Table 7.2). The combination of high-
risk PRS and a positive family history appear to correlate with greater disease severity than either
risk factor alone. For example, individuals with high-risk PRS and a positive family history had a
46% greater risk of having advanced visual field loss (MD <-15 db, P = 0.001), a risk higher than
that observed in those with a high-risk PRS (25%, P = 0.02) or a positive family history (14%, P
= 0.14). A similar trend was observed with the risk of incisional glaucoma surgeries, worse visual

field MD, and a higher vertical cup-to-disc ratio.

The observed differences in the highest-recorded IOP and age of diagnosis were not step-wise.
A high-risk PRS, but not a positive family history, was associated with a greater highest-recorded
IOP. This is due to the PRS including all of the known IOP-associated genetic variants,?”® whereas
such a correlation with self-reported family history would be less apparent. We also observed that
the age of diagnosis is strongly influenced by a positive family history, an effect that may be

confounded by ascertainment bias, and informal cascade screening.

Clinical outcome of the Family history model PRS model Combined risk model
models Effect of a positive Effect of high-risk Effect of the
family history on the PRS on the combination of a
clinical outcome clinical outcome positive family

history and a high-
risk PRS on the

clinical outcome

Highest-recorded intraocular  0.92 [-0.09, 1.92] 1.48 [0.51, 2.46] 1.27 [0.19, 2.36]

pressure (per 1 mmHg) P =0.07 P =0.003 P =0.02
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Age at diagnosis (per 1 year) -4.46 [-5.44, -3.48] -1.48 [-2.44, -0.51] -3.33[-4.39, -2.28]

P <0.001 P =0.003 P <0.001
Vertical cup-to-disc ratio 0[-0.01, 0.02] 0.01 [0, 0.02] 0.01 [0, 0.02]
P =0.42 P=021 P =0.04
Mean deviation (per 1 dB) -0.58 [-1.44, 0.28] -0.81[-1.64,0.03] -1.3[-2.21, -0.39]
P=0.19 0.06 P =0.005
Advanced field loss, defined  1.16 [0.95, 1.42] 1.25[1.03, 1.52] 1.46[1.17, 1.81]
as mean deviation <-15 db P=0.14 P =0.02 P =0.001
(odds ratio)?
Incisional surgery 1.40[1.23, 1.60] 1.36[1.2, 1.53] 1.47[1.29, 1.67]
(odds ratio)® P <0.001 P <0.001 P <0.001

Table 7.2: Three models examining the relative and combined performances of a positive family
history and high-risk PRS in glaucoma clinical variables.

All three models are multivariable regression models adjusting for age and gender. The
reference group for “a positive family history” is all individuals with no known family history of
glaucoma. The reference group for “high-risk PRS” is all those not in the high-risk (top quintile)
group. Linear regression models were used for all clinical variables except those labelled with
(a), such as that the effect columns reflect the quantitative difference in the clinical outcome
between the risk and reference groups. A binomial general linear regression model was used for
binary clinical outcomes (a), such that the effect columns reflect the odds ratio of the risk group
to the clinical outcome.

PRS: polygenic risk score

7.4 DISCUSSION

Glaucoma is a highly heritable condition, with recognised mendelian and complex inheritance
patterns. Traditionally, family history has been used to estimate genetic risk for glaucoma.
However, this can be unreliable as many are unaware of the health history of their family
members, or have an erroneous view as to the cause of vision loss in a family member. Here, we
demonstrate the utility of a glaucoma PRS to capture those at high risk among both those with

and those without a known family history of glaucoma.
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The NHMRC guidelines in Australia currently recommends screening with a clinical examination
for first-degree relatives of patients with glaucoma, commencing 5-10 years earlier than the age
of glaucoma onset in their affected relative.®® Additionally, screening from the age of 40 years is
recommended in people of African ancestry, compared to from 50 years of age in people of
European ancestry. However, the guidelines lack sensitivity and specificity, and are mainly
relevant to those with a family history of glaucoma. PRS testing for glaucoma may be useful for
those who are unsuspecting cases with high PRS but no known family history of glaucoma. This
includes those who may be unaware of family members having glaucoma, including in
circumstances of adoption or estrangement. These individuals are less likely to be identified early
by current screening guidelines given that screening at an earlier age is only recommended when
a positive family history is recognised by the individual. In our cohort, 14% of those with
established glaucoma who would have been identified by PRS as “high risk” did not have any
(known) family history of glaucoma. This group of individuals who are at a higher-risk of more
severe glaucoma 1 are currently not captured by screening based on family history. Furthermore,
the positive correlation between PRS and the number of affected family members raises the
possibility of identifying additional (undiagnosed) relatives at risk of the disease in the high-risk
group. A screening strategy incorporating PRS may have a higher yield of identifying at-risk
individuals, than a strategy based on family history alone.

In this study, we demonstrated that due to the inheritance laws of complex traits, PRS can vary
greatly amongst relatives, including first-degree relatives. Mars et al recently reported the
concordance of high PRS amongst 1st degree relatives to be about 33.7% across 24 diseases
including glaucoma, and only about 20% in second degree relatives.?’® Thus, PRS is imperfectly
concordant amongst relatives, and an individual identified as ‘average risk’ (in the middle 60%
band of a normative population) may have a sibling with a ‘high risk’ PRS. Whilst this is an
expected finding under models of quantitative genetics, this finding has clinical implications for
glaucoma care.'>® The advantage of the quantitative risk-prediction ability of the PRS is the added
granularity relative to the binary approach used in family history. We reported that even amongst
siblings who have already been diagnosed with glaucoma, those with a high PRS tended to have
more severe disease, and were more likely to have incisional glaucoma surgery to control their
disease. This raises the utility of PRS in informing the individual of additional disease severity risk

than that captured by a positive family history alone.
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Like POAG, family history is used as an indirect measure of genetic risk for other common
conditions such as cardiovascular disease and type 2 diabetes. While risk stratification using PRS
continues to evolve in these areas, few studies have assessed the overlap of risk captured by
PRS compared to family history.?’® This was explored for 24 common conditions within the
FinnGen registry, including 306,418 participants. In this study, we demonstrated that there was
an incomplete overlap between high POAG PRS and positive family history.27° Similarly, this study
showed that family history and PRS were independent measures, explaining on average 10% of
the effect of first-degree relatives.?’° This supports PRS as a complementary tool to estimate risk

when combined with other risk factors.

Additional utility of the PRS includes severity and progression risk-stratification. We have
previously reported that a higher glaucoma PRS correlates with glaucoma severity.1%2”3 This is
possible due to the quantitative probabilistic nature of the PRS, whereby individuals at the highest
risk (e.g. those at the top 10%, or even 1%) could be more specifically targeted by clinicians or
screening programs.®* It should be noted however that a positive or a strong family history of
disease captures genetic variants that may not be part of the PRS, such unidentified intermediate
frequency or rare variants that are particularly relevant to some individuals irregardless of their
PRS.*?47 Recent literature in other diseases supports the integration of PRS and family history in
improving risk prediction, highlighting the potential complementary role of these factors in future
clinical practice.?7%274275 |n our study, we identified that the combination of high PRS and a positive
family history, conferred a greater risk of glaucoma disease severity than either risk factor alone,

emphasising the additive nature of these factors in predicting disease severity.

Strengths of our study included using a comprehensive glaucoma PRS derived from the largest
datasets available to date, and has been previously reported to strongly correlate with glaucoma
risk.1%®We used a well-characterised and large dataset of glaucoma cases enrolled in ANZRAG,
and have excluded secondary glaucoma or those with known monogenic variants as a cause of
their glaucoma to avoid skewing the results. Importantly, the PRS was calculated from samples
independent of our study cohort. The family history data in ANZRAG has been finely curated,
which whilst a strength to our analyses, may ‘overestimate’ the number of family members
affected compared to routine practice.?® This compounds the limitation that family history data
was self-reported. Another limitation is that the PRS performs best in ancestries matching that
from which it was derived. Future genome-wide association studies will need to examine cross-

ancestry associations to broaden PRS applicability. Thus, our findings may not be immediately
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translatable to other ancestries, despite some evidence that this PRS has some predictive ability
in other ancestries.1?® The effect of PRS amongst siblings was partly limited as our study cohort
was of individuals with diagnosed glaucoma, thus it is likely that the PRS correlation will be
stronger than if unaffected family members were available; this however, does not impact the
analyses stratifying glaucoma severity amongst affected siblings. Further research is needed to
explore the influence of PRS in unaffected (or unknown glaucoma status) family members.
Additionally, a direct comparison between the predictive ability (for screening or glaucoma risk
stratification) of a positive family history compared to high PRS was beyond the scope of this
work, butis highly relevant in furthering our understanding of translating glaucoma PRS to clinical

practice.

Glaucoma PRS is positively associated with a greater number and closer relatedness of family
members affected by glaucoma, whilst correlating with a more severe glaucoma phenotype even
amongst affected siblings. The quantitative, probabilistic, and objective nature of the PRS
supports its use to guide glaucoma screening guidelines, as a complementary tool to family

history.
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8.1 INTRODUCTION
Glaucoma and age-related macular degeneration (AMD) are the two most common causes of

irreversible vision loss among elderly people worldwide.>?® With the ageing population, these
diseases will pose an increasingly significant burden. Furthermore, sight is generally considered
to be the most valued sense by the general public, so identifying cost-effective screening methods
to facilitate early diagnosis, prevention, and timely intervention is important.'® In Australia, vision
impairment results in significant direct and indirect health care costs, ranking as the seventh most
costly health condition.** It is important to also consider the impact of vision loss on an individual,
which can result in poorer wellbeing outcomes through the impact on quality of life, lost income,

and personal healthcare costs.*

Similar to glaucoma, AMD is a common eye condition, with a reported prevalence of 13% in those
aged over 85 years?’® and is predicted to affect 288 million people by 2040.%7 It is a progressive
condition that causes degeneration of the macula, leading to central vision loss. AMD is
asymptomatic in its early stages, with variable progression to visually significant advanced
disease depending on clinical and environmental factors.?’® Recognised risk factors for AMD
include increasing age, smoking and genetic predisposition.?’® Advanced AMD is classified as
either non-neovascular (dry AMD) or neovascular (wet AMD) based on the presence or absence
of choroidal neovascularisation. Currently, dry AMD management relies on lifestyle modifications
such as smoking cessation and dietary supplementation,?”® while wet AMD is treated with
intravitreal injections of vascular endothelial growth factor (VEGF) inhibitors, a key modulator of
neovascularisation.?® Importantly, treatment with VEGF inhibition must be implemented in a
timely fashion from the onset of exudative disease. Although some environmental risk factors are
well recognised, research indicates there is a strong genetic basis for AMD.?’® Genetic factors

may explain variance in disease severity, with heritability estimated at 45-70%.%!

Screening for glaucoma and AMD is largely opportunistic, and broad community screening has
not been demonstrated to be cost-effective.®8 For this reason, identifying cost-effective
screening methods to facilitate early diagnosis and timely intervention is important. The NHMRC
guidelines in Australia currently recommends screening with a clinical examination for first-degree
relatives of patients with glaucoma, commencing 5-10 years earlier than the age of glaucoma
onset in their affected relative. Additionally, screening from the age of 40 years is recommended
in people of African ancestry, compared to from 50 years of age in people of European ancestry.8°

There are no similar recommendations for AMD.
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PRS are an emerging clinical tool which offer a unique opportunity to improve disease risk
prediction for complex heterogeneous diseases, such as glaucoma and AMD.?8? A glaucoma PRS
has been effective in stratifying risk within the general population, as well as predicting structural
progression and the likelihood of requiring surgical intervention in those with already diagnosed
glaucoma.®® Similarly, an AMD PRS using 52 variants showed a 44-fold increased risk of
developing AMD for those in the top decile compared to the bottom decile.?®® Furthermore, this
PRS was associated with more rapid disease progression.?®4285 The discovery of genetic
associations has also helped to reveal underlying pathophysiologic mechanisms of AMD,

exposing potential new treatment targets.28°

With the ability to identify those at highest risk of disease, as well as estimating disease severity
and treatment response, there is potential to offer personalised care for glaucoma and AMD
patients. This predictive approach could facilitate an exciting change in disease screening and
treatment, and ultimately lead to a reduction in vision loss caused by these common conditions.
Throughout the earlier chapters of this thesis, we have identified perspectives and aspects of PRS
testing which may affect the behaviour of those involved in the testing process. Strong evidence
supporting the clinical utility of a glaucoma PRS is an integral next step in validating this testing.
The GRADE study aims to address this gap and provide the necessary evidence within a
prospective cohort. Here, we present a prospective population-based study which will assess the
prevalence of both glaucoma and AMD across their relative PRS spectra. This will be the first
study to assess the clinical validity of a PRS for glaucoma and AMD for clinical implementation in

a real world setting.
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8.2.1 Study Design
This prospective cohort study was approved by the SAC HREC (2020/HREO00968) and adheres

to the Revised Declaration of Helsinki. The study design is summarised in Figure 8.1. The

research is being conducted at the Department of Ophthalmology at Flinders University, and the

QIMR Berghofer Medical Research Institute under separate ethics approvals.

8.2.2 Study objectives and hypotheses

The study will apply PRS testing in 1000 individuals over the age of 50 years from the general
population, and then examine a subset of individuals across the PRS spectrum with the aim of
ascertaining all cases of glaucoma and AMD. We will prospectively assess the clinical validity of
a PRS in stratifying high and low risk individuals, and hypothesise that there will be a higher
prevalence of glaucoma and AMD in the high risk PRS groups compared to the middle and low

risk groups.

8.2.3 Participants

Participant recruitment methods are compliant with the Health Care Act 2008. A minimum of 1000
individuals over the age of 50 years will be invited to participate. Glaucoma and AMD prevalence
increases with age, with prevalence rates commonly reported from 50 years of age.>?"%27
Consequently, identifying early or established disease in individuals across the risk spectrum will
be easier for individuals within this age range. Exclusion criteria include age under 50 years, or
an inability to provide written informed consent. Individuals already diagnosed with glaucoma
and/or AMD will not be excluded, nor will they be targeted. Recruitment will be unselected to

include individuals of any ethnicity.

Potential participants will be identified using several approaches. All eligible individuals who
participated in a questionnaire-based study of individuals without glaucoma assessing attitudes
towards polygenic risk testing for glaucoma will be invited to participate in this study.%® A flyer
advertising the project will be displayed in public and private outpatient clinics, and sporting
venues and community clubs, provided to social/community organisations and distributed via
email to these groups. Presentations about degenerative eye disease will be given to community
organisations to promote interest and stimulate recruitment from the general population.
Individuals in outpatient clinics will be approached in person and invited to participate if the
inclusion criteria are met. Demographic and health information recorded for each participant will

include past medical, ocular and medication history. Individuals with a personal or family history
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of glaucoma or AMD may be more likely to respond to advertisements, however selection bias

will largely be mitigated by wide and non-selective recruitment from all other avenues.

8.2.4 Participation requirements

Participation requires individuals to provide a blood sample (2 x 9ml EDTA tubes) or a saliva
sample (Oragene OG-500 collection tube, DNA Genotek, Ottawa, Ontario, Canada). A subset of
participants will be invited to undergo a detailed eye examination for glaucoma and/or AMD. Eye
examinations will be performed on 100 individuals each in the bottom 10%, top 10%, and middle
80% of the PRS distributions for glaucoma and AMD. Individuals undergoing eye examinations
will be randomly selected within their respective PRS grouping. In total 300 participants will be
examined for each disease, with a maximum of 600 participants being examined. In practice,
some participants will be selected to be examined for both their glaucoma and AMD PRS results,

so the number of participants undergoing eye examinations will be less than 600.

8.2.5 Genetic studies

The laboratory protocol is summarised in Figure 8.2. Genomic DNA will be extracted using
column-based DNA purification protocols (Qiagen DNeasy) from either blood or saliva samples.
Both blood and saliva will be considered viable alternatives for DNA extraction. De-identified
samples of extracted DNA will be provided to a genotyping provider for array-based genotyping.
Samples will be genotyped on lllumina GSA v3 arrays, with genotype imputation performed locally
with Minimac3 using the 1000 Genomes data as a reference panel. Imputation and derivation of
glaucoma PRS values will be performed in the laboratory of S.M. using the multitrait analysis of
GWAS (MTAG) glaucoma PRS described in detail elsewhere.%® All individuals will have their PRS
percentile determined from the relevant 1000 Genomes population,?®” with individual ancestry
based on estimates from principal components derived from the genome-wide genetic data.
Depending on the distribution of ancestries within the cohort, a sub-analysis may then be
performed comparing outcomes between European and non-European groups. Imputation and
derivation of AMD PRS values will also be performed by S.M. using a MTAG AMD PRS described

in detail elsewhere.283.288

8.2.6 Eye examinations

Clinical eye examinations will be performed on 100 individuals from each of the bottom decile,
top decile, and the middle 80% of the PRS distributions for glaucoma and AMD. Individuals will

be selected using random sampling methods. Examinations will include best-corrected visual
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acuity, IOP (as measured by Goldmann applanation tonometry), corneal pachymetry, 24-2
Humphrey automated perimetry, spectral domain OCT of the optic disc and macula, fundus
autofluorescence, anterior segment OCT, stereo-disc and fundus photography.” All clinical
investigation results will be reviewed by independent clinicians who will determine their glaucoma
or AMD classification by consensus. Examiners and clinicians reviewing results will be blinded to
individuals’ PRS results. Glaucoma diagnostic classification will follow previous definitions used
in the PROGRESSA study.'** Each eye will be classified as either normal examination, glaucoma
suspect, open-angle glaucoma or non-open-angle glaucoma (e.g. primary closed angle
glaucoma). For AMD, each eye will be classified as either no AMD or normal ageing changes,
early AMD, intermediate AMD, or late AMD.

8.2.7 Sample size and power calculations

Using data from the UKB (age at ICD-10 or self-reported glaucoma diagnosis), we estimate that
~3% of individuals will have a glaucoma diagnosis by the age of 64 years (Figure 3D in reference
108) ' Assuming an equal representation of subjects across all age groups, and assuming that 50%
of glaucoma is undiagnosed in the community,3? we expect ~10% of individuals in the top decile
will have glaucoma, compared to ~3% in the bottom decile. The proportion of glaucoma suspects

is expected to be more than 2 times the glaucoma cases based on the same preliminary

analyses.?? Based on the combined estimated incidence of glaucoma plus glaucoma suspect
cases in each group (i.e. 30% in the top decile vs 9% in the bottom decile), the current sample
size will yield >95% power (a=0.05) to detect a significant difference between the top and bottom

deciles of the PRS distribution (logistic regression of glaucoma status on PRS decile).

Similar analyses for AMD suggest a disease prevalence of 0.7% in the bottom decile, and 22.7%
in the top decile,?®® within a general population above 75 years of age and a disease prevalence

of 5%. Australian epidemiological studies have estimated an AMD population prevalence of

14.3% in individuals aged 49 years and over,?®° so we expect to be sufficiently powered to detect
a significant difference between the top and bottom PRS deciles at >80% power (¢=0.05). Based

on the same published analyses,?®® we are also sufficiently powered to detect a difference

between the top PRS decile (AMD prevalence of 22.7%) and the bottom PRS decile (AMD

167


https://paperpile.com/c/Z6gCzu/BS3wO
https://paperpile.com/c/Z6gCzu/OBll3
https://paperpile.com/c/Z6gCzu/CTik2
https://paperpile.com/c/Z6gCzu/iH7pV
https://paperpile.com/c/Z6gCzu/iH7pV
https://paperpile.com/c/Z6gCzu/RkMQr
https://paperpile.com/c/Z6gCzu/yfmIK
https://paperpile.com/c/Z6gCzu/RkMQr

prevalence of 0.7%). While these analyses were used for the purpose of a power calculation, we

acknowledge that the study population may be younger.

8.2.8 Statistical analyses

For all cases, family history of glaucoma and AMD, gender, and ethnicity will be self-reported.
Genetic ancestry and biological sex will also be determined from genotyping array data.
Statistical analyses will be performed in R (RCore Team, Austria). Missing information will be
treated as missing data in analyses. For association analysis, logistic or linear regression will be
used, including covariates to account for confounding variables as clinically and statistically
appropriate. Appropriate regressions will be performed to investigate the rate of each glaucoma
or AMD classification across the risk spectrum of the PRS, and to identify any additional factors
which were associated with these outcomes. An individual will be defined as a glaucoma or AMD

case regardless of whether one or both eyes meet diagnostic criteria.

8.2.9 Study outcomes

The primary outcome will be assessing the prevalence of glaucoma and AMD between the bottom
decile, middle 80% and top decile of both respective PRS spectra. The clinical sensitivity and
specificity, as well as the positive and negative predictive values of each of the glaucoma and
AMD PRS will be assessed. Secondary outcomes will compare glaucoma suspect cases to their
PRS results, compare disease prevalence with the presence or absence of various comorbid
conditions, treatment intensity requirements including the number of cases with actionable
disease, the rate of diagnosed versus undiagnosed disease, and the prevalence of family history.
Additionally, glaucoma and AMD cases may be graded by severity, and compared to their PRS

results.
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8.3 PRELIMINARY RESULTS

In total, 1062 participants have been recruited (current at the date of submission). Of which, a
glaucoma PRS has been calculated for 941 participants. The demographic characteristics of the
participants are shown in Table 8.1. In summary, 57.7% of participants were female, 91.4% were
of self-reported European ethnicity, 26.8% had a positive family history of glaucoma, and 15.0%

had a positive family history of AMD. The mean age of the cohort was 70.9 £ 9.7 years.

Demographic Characteristic Number (%)

Age (years)

- Range 50 -99

- Mean (standard deviation) 70.9 (9.7)

- Median 71
Gender

- Female 613 (57.7)

- Male 449 (42.9)
Ethnicity

- European 971 (91.4)

- Asian 26 (2.4)

- Hispanic 2(0.2)

- Middle Eastern 3(0.3)

- Mixed ethnicity 13(1.2)

- Unknown 46 (4.3)
Family history of glaucoma

- Yes 285 (26.8)

- No 708 (66.7)

- Missing 70 (6.6)
Family history of AMD

- Yes 159 (15.0)

- No 800 (75.3)

- Missing 104 (9.8)

Table 8.1: Demographic characteristics of the study sample.
Current at date of submission. All data self-reported from participants.

Using the 1000 Genomes Project (1KG) samples as a labelled training set,?*° a random forest
classifier was trained to assign genetic ancestries in the GRADE cohort utilising the first 10
principal components of ancestry defined by the 1000 Genomes Project.?®® Assigned genetic
ancestries in the GRADE cohort are shown in Figure 8.1 and summarised in Table 8.2. The
ancestry categories differ from our options for self-reported ethnicity. GRADE samples were

projected onto the principal component analysis (PCA) space inferred from 1000 Genomes super-
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populations EUR, EAS, SAS and AFR. Figure 8.1 shows the plotted positions of samples on the
first two main axes of genetic variation. The topology of the 1000 Genomes Project samples is
well known and corresponds to AFR vs Non-AFR (PC1), and the ‘Eurasian cline’ (PC2).2%! The
majority of GRADE samples cluster with EUR samples.

Ancestry Percentage (%) in GRADE
European 93.96

East Asian 2.25

South Asian 0.24

Americas 0.12

Complex 3.44

Table 8.2: Genetic ancestry in GRADE. Complex ancestry refers to GRADE participants who
could not be assigned a major genetic ancestry component (defined as >90% probability).

PCA analysis of genetic ancestries in GRADE

:#‘.
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Figure 8.3: Genetic ancestries in GRADE.
Ancestry groups (GRP): African (AFR), East Asian (EAS), European (EUR), GRADE (GRD),
South Asian (SAS). 1KG: 1000 Genome Project.
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Figure 8.4 demonstrates the distribution (densities) in GRADE of genetic risk (PRS) after
normalisation to ancestry matched normative populations from the 1000 Genomes Project. The
distribution of genetic risk indicates that GRADE participants are largely a representative sample
of the general population, albeit with the possibility of slightly higher than expected density of very

high genetic risk individuals.
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Figure 8.4: Distribution of glaucoma genetic risk (PRS) in GRADE.
Dashed line represents the group mean.
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Figure 8.5: Distribution of glaucoma genetic risk (PRS) in GRADE, by genetic ancestry.
Distribution (densities) in GRADE versus ancestry matched normative populations of European
ancestries (panel A) and east Asian ancestries (panel B) from the 1000 genomes project (1KG).
Dashed lines represent the group means.

Distribution of glaucoma genetic risk (PRS) in GRADE, by genetic ancestry, are shown in Figure
8.5. The similarity of both distribution shapes and mean suggests that GRADE participants are
largely a representative sample of the general population, albeit with the possibility of slightly
higher than expected density of very high genetic risk individuals. Results are plotted separately
for the two ancestries and they are normalised separately with respect to their ancestry match
normative populations from 1KG, and the MTAG PRS was derived from samples of European

genetic ancestries.

Despite a greater representation of female versus male GRADE participants, genetic risk (MTAG)
distributions between sex’s are largely identical, with perhaps some evidence that males contain

a skewed distribution to higher risk individuals (Figure 8.6).

Glaucoma PRS risk by gender in GRADE

GENDER

Female

Density

Male

GLC PRS(MTAG)

Figure 8.6: Distribution of glaucoma genetic risk (PRS) in GRADE, by biological sex.
Dashed lines represent group means.
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8.4 DISCUSSION
Glaucoma and AMD are the most common causes of irreversible blindness worldwide.® Both

conditions are highly heritable, with recognised Mendelian and complex inheritance.*32%22% There
are a paucity of screening protocols for both diseases and current guidelines are not cost-
effective, in part due to poor sensitivity or specificity. To our knowledge this is the first prospective
study to apply PRS testing for glaucoma and AMD in individuals from the general population,

specifically recruited for this purpose.

The current NHMRC screening guidelines in Australia lack specific guidance, and are mainly
relevant to those with a family history of glaucoma.?® PRS testing for glaucoma is likely to be
useful for those who do not have a known family history and have an unrecognised underlying
risk. These individuals are less likely to be identified early by current screening guidelines given
screening at an earlier age is only recommended for those with a family history and people of
African ancestry.?° There are no current screening guidelines for AMD in Australia. Detection is
reliant on an individual experiencing symptoms and seeking ophthalmic review, or opportunistic
recognition of disease during a routine assessment. The findings from this study will assist in the

development of better screening guidelines for glaucoma and AMD.

Currently, risk estimation for developing glaucoma and AMD are based on a combination of
demographic and clinical factors. The predictive ability of polygenic risk models for POAG and
AMD are well established, particularly in European populations, and are summarised
elsewhere.'® For glaucoma, risk factors include increasing age, family history of glaucoma,
African ancestry, and elevated IOP.33%3 Genetic risk has been largely estimated through family
history alone. A positive family history carried a 9-fold risk for first-degree relatives compared to
controls in one study, but this required full examination of all first degree relatives rather than self-
report.*! The accuracy of self-reported family history for glaucoma has been studied and found to
be an unreliable measure as many patients are unaware of family members with diagnosed
glaucoma, or have erroneous views as to what caused vision loss in relatives. 4 More recent data
indicates that PRS provides a more accurate representation of risk with family history in an
Australian population based study.!?® Several risk calculators have been developed to aid
clinicians in screening and treatment decisions, however there remains no consensus regarding
optimal timing and frequency of population screening for glaucoma.’?2% PRS provides a more
accurate estimation of risk than traditional methods alone, with risk prediction optimised when all

factors are combined.'® AMD risk involves an interplay of genetic and environmental factors.
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There are several recognised environmental risk factors including age and smoking, with sex,
ancestry, cardiovascular disease, and diet also suggested to be implicated.?®® A prediction model
incorporating genetic, demographic and environmental risk factors was independently associated
with incidence and prevalence of advanced AMD, all with strong predictive power.2% Effective risk
algorithms incorporating environmental, clinical and genetic risk factors will need to be developed.
While environmental and clinical risk factors may change over time, the genetic contribution to
overall risk will remain constant given genetic disease liability is fixed from conception. Therefore,
an important benefit of polygenic risk testing is that PRS can be calculated at any stage of life and
may be useful to inform disease prognosis and response to treatment before individuals exhibit

vision loss.

Glaucoma genetic testing is currently limited to Mendelian genes (e.g. MYOC) which explain less
than 5% of adult onset glaucoma.?®!?8 PRS testing, however, captures a much larger component
of glaucoma genetic risk. Those with high polygenic risk had a comparable glaucoma risk to those
with the most common Mendelian variant (OR 2.77 vs OR 4.19), as well as being ~15 times more
prevalent.?® At present, genetic testing for AMD is not recommended and exists predominantly
in research contexts.1%7286:2% Direct to consumer tests incorporating various PRS tests for both
diseases are available, however these lack prospective evidence demonstrating their
effectiveness.?®”2%® This study will assess the clinical validity of PRS testing in a sample
representative of the general population in Australia in order to determine its application in the

community.

We have previously demonstrated strong interest in polygenic risk testing for glaucoma among
various groups, including those with diagnosed glaucoma, those with a first-degree relative with
glaucoma, and those without any personal or family history of the condition.'%818 Although PRS
testing for glaucoma was theoretically accepted, a humber of concerns and potential barriers to
implementation were identified, including residing in a rural location and unwillingness to pay for
testing. There are a number of additional questions which must first be addressed before PRSs

can be integrated into clinical practice.

Firstly, results must lead to actionable and cost-effective measures. Guidelines will be needed to
clarify which PRS classifications warrant intervention. Those identified to be at high risk for
developing glaucoma or AMD may receive more regular follow-up with an optometrist or

ophthalmologist, allowing for timely treatment initiation. Treatment may be commenced before the
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disease becomes symptomatic. Early interventions for glaucoma may include topical 1OP-
lowering medication or laser therapy. Earlier surgical intervention may be considered for those
with a PRS indicating a likelihood to progress rapidly or to advanced disease. While treatment
options for early AMD are lacking, there are a large number of treatments under research
including various pharmaceutical agents, gene therapies and surgical interventions.?*® Antioxidant
supplements based on the Age-Related Eye Disease Studies (AREDS) may have benefit in those
with intermediate disease in one or both eyes to reduce the risk of progressing to late AMD, or in
those with late stage disease in only one eye to reduce the risk of developing it in the other eye.3%
Smoking is the only established modifiable risk factor for AMD, with the risk of progression to
neovascular AMD shown to be double for those who had ever smoked.3% Despite there being
few treatment options for AMD, risk factor modification and antioxidant supplementation may still
be valuable interventions in high-risk individuals. Progression from early to advanced AMD may
occur rapidly and result in severe vision loss if treatment is delayed. Using tools such as an Amsler
grid, individuals who are recognised to be at higher risk of this occurring could be educated to
self-monitor for progression, with a pathway to access rapid assessment if symptomatic.
Conversely, PRS may prevent unnecessary follow-up or treatment in those presumed to be at
higher risk based on traditional risk prediction models. This may improve the cost-effectiveness
of the PRS.

Secondly, it will be critical to develop frameworks which allow PRS results to be reported and
communicated in a meaningful manner. Pilot reports need to be developed and tested to assess
communication preferences and understanding of reported results among different stakeholders,
including patients and healthcare professionals. We have previously demonstrated that the
preferred method of receiving results may depend on the result itself, so report content and
structure will likely vary depending on risk classification.6818 This study will form the foundations
of future research to develop our understanding of the clinical implementation of PRS testing for

glaucoma and AMD.

Finally, there are a number of health economic elements which need to be considered before
implementing PRS into clinical practice. Population-based screening for glaucoma or AMD is not
currently cost-effective, so public health frameworks need to be developed which allow
identification of those at increased risk while also ensuring adequate access to further treatment.
Disease prevention is at the forefront of public health policy, and polygenic risk stratification has

the potential to enhance primary, secondary and tertiary facets of this. Ultimately, enhanced
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disease screening will minimise the personal and economic costs of significant vision loss.
Improved risk stratification will alleviate workload created by over investigation and treatment of
those at high risk calculated using traditional risk factors, but at low genetic risk. However, it will
be important to integrate genetic risk with clinical or environmental risk factors. Individuals with a
strong family history would still be recommended to have regular clinical testing, even if shown to
have a low PRS, due to the influence of Mendelian variants or other factors not covered by the
PRS. We have shown that financial implications appear to be important to people and while some
are unwilling to pay for testing the majority of individuals would be prepared to pay varying
amounts.®® Subsidisation may improve uptake, however will only be an option if it is cost-effective

for the healthcare system which remains to be demonstrated.

Current PRSs for glaucoma or AMD are based on predominantly European populations and have
not yet been comprehensively tested across other ancestry. Individuals of non-European ancestry
are not excluded from the study, although the accuracy of their risk predictions may be reduced.
Better validation of a single pan-ancestry PRS, or ancestry-specific scores covering all ancestries,

are a major unmet need to avoid future health disparities.

In conclusion, this prospective study aims to demonstrate the clinical validity of PRS to stratify
individuals from the general population and identify those who are at high risk of developing
glaucoma or AMD. This will help to move towards the implementation of PRS into clinical practice
and provide an objective screening tool for glaucoma and AMD. The ability to identify at-risk
individuals will allow for closer monitoring and timely intervention, and ultimately reduce
irreversible vision loss. Further studies will need to look into how PRS testing could alleviate some
of the socioeconomic burden resulting from vision loss. The outcomes from this study will form
the basis for future interventional studies to further enable a shift in the detection, treatment and

prevention of diseases with complex inheritance.
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DISCUSSION

Polygenic risk scores are an emerging concept allowing underlying genetic disease predisposition
to be objectively estimated. However, despite the breadth of literature on this topic, a number of
knowledge gaps remain. My thesis presents an original contribution to knowledge by addressing

several knowledge gaps at different levels to guide future implementation into clinical practice.

Vision impairment is reported to affect approximately 2.2 billion people worldwide, with almost
half of these attributed to potentially preventable or treatable conditions.**? The causes of vision
loss are broad and vary between demographics, particularly between low- and middle-income
regions compared to high-income regions.?> The World Health Organization reports the
prevalence of impaired distance vision in low- and middle-income regions to be four times higher
than in high-income regions.**> The most common causes of vision loss worldwide include
uncorrected refractive errors, cataract, glaucoma, age-related macular degeneration, and diabetic
retinopathy. In Australia, vision impairment affects an estimated 13 million people. The majority
(over 93%) of chronic eye conditions affect individuals over 65 years of age, with slightly higher
prevalence in females.3*® Of the conditions resulting in vision impairment, glaucoma is the most
common cause of irreversible vision loss.> A meta-analysis and systematic review reported a
worldwide prevalence of primary open-angle glaucoma of 2.4% globally.** In Australia, prevalence
of POAG is estimated between 1.5-3.4% among non-Indigenous Australians, while prevalence of
all glaucomas is estimated between 0.6-1.6% among Indigenous Australians.!® According to
Australian statistics, prevalence has been stable since 2007, reflecting the limited impact of

environmental factors on the development of glaucoma.3%*

Visual impairment due to glaucoma translates to a significant public health and economic burden.
This includes productivity losses, the cost to health care systems to provide access to treatment,
and costs stemming from complications and comorbidity related to vision loss.2% The medical and
non-medical direct costs of all causes of vision impairment in Australia was estimated at USD2.69
billion, with approximately USD340 million being costs related to glaucoma.®® Governments
continually evaluate the cost effectiveness of treatment subsidies within their healthcare
structures, however, this is an ongoing challenge given the ageing population and rapidly

progressing technology.
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The early, asymptomatic state of glaucoma presents a diagnostic challenge, and explains why up
to half of those with glaucoma are unaware and undiagnosed.*? Despite being the most common
cause of irreversible vision loss worldwide, glaucoma remains under-recognised.®® Knowledge of
personal risk for glaucoma may allow for earlier action, such as close management or
preventative treatment, before vision is lost. This is important given vision impairment has
significant personal and economic impacts. Vision loss can have a profound influence on an
individuals’ well being, through impacting independence, social function, and education and
employment opportunities. Those with visual impairment are more likely to experience depression

and lower quality of life, particularly due to limiting independence and social interactions.3°¢-307

The high heritability of glaucoma provides an opportunity for genetic based tools to be developed
to aid diagnosis and monitoring of patients. Evidence supporting the clinical utility of glaucoma
PRS instruments has been widely demonstrated in research settings, confirming the association
between the scores and disease status. High polygenic risk has been associated with earlier age
at glaucoma diagnosis, higher I0P, faster visual field progression, larger cup-to-disc ratio,
increased need for trabeculectomy, and earlier initiation or escalation of
treatment,110112.128.129.273.308309 Degpite strengthening evidence supporting clinical utility, gaps
remain in understanding how PRS is associated with family history of glaucoma and disease
severity. The increasing likelihood of polygenic risk scores becoming part of future clinical practice
is supported by growing evidence of clinical validity. Prospective validation is yet to be
demonstrated, which is the primary aim of the GRADE study. Furthermore, general acceptance
of individual genetic risk stratification, in the form of PRS testing, is crucial for implementation into

clinical practice to be successful.

Multilevel barriers to accessing polygenic risk testing exist on societal, system, provider, and
individual levels. Identifying these barriers is the first step towards realising the full potential of
polygenic risk testing, and will require significant input from multiple stakeholders. The work
presented in this thesis provides an original contribution to knowledge, reporting the first insights
into the individual, provider and societal factors involved in delivering glaucoma PRS testing and

supporting its use in clinical practice.
Individual factors

Identifying and addressing barriers for PRS testing will help ensure its successful application in

clinical practice. Assessing potential individual-level barriers has been a key focus of this thesis,
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including the attitudes of patients toward the test (Chapters 1 and 2), the factors affecting uptake
of the test (Chapters 1, 2, and 4) and communication strategies for PRS results (Chapter 5). We
found that perceived risk, residential location, and affordability may impact an individual's interest
in polygenic risk testing. A population-based testing model would address some testing barriers
by design, including normalising testing and improving affordability through improved accessibility
or incorporation into a government-sponsored program, however other barriers will need more
precise attention to overcome. Some studies suggest an underlying fear of genetic testing and
the potential for genetic discrimination, which may impact uptake of polygenic risk testing.'*® This
may stem from lack of knowledge, fear of potential results, and distrust in the healthcare

system.?® The increased use of PRS testing will potentially help improve these factors.

Studies have captured the attitudes of participants towards PRS testing, all of which may impact
uptake of testing.13":139140.209 However, none had explored the acceptability of polygenic testing
for glaucoma. In Chapters 1 and 2, we showed strong interest toward the test, both among
affected (69%) and unaffected individuals (71%). We found that those who perceived their risk of
developing glaucoma as higher, and those who were worried about developing glaucoma, were
more likely to be interested in PRS testing (Chapter 1), which is consistent with previous findings
on predictive genetic testing for Mendelian glaucoma.*’ Attitudes and perspectives can then also
impact behaviour. We found that people who were interested in testing were more likely to change
their eye health-seeking intentions and recommend testing to family and non-family members, as
well as undergo testing for prognostication. Similarly, a study assessing preferences for a cancer
PRS found that respondents were more interested in testing if it enabled risk reduction through
lifestyle modification, screening, or medication.3!° However, intention to change health behaviours
does not always correlate with actual changes. A previous meta-analysis reported that knowledge
of genetic risk had little effect on risk-reducing behaviours such as diet, smoking cessation and
physical activity.!®® Similarly, a systematic review found variable changes in lifestyle and
screening behaviours associated with PRS information.?!! Inconsistency in health behaviour
change resulting from genetic testing may be partially attributable to study design and lack of
consideration for health behaviour theory. Most studies within this space rely on knowledge of
genetic risk as the primary driver for change in health behaviour,3'* however more positive health
behaviour is seen in studies where behaviour change theory is considered in communicating
polygenic risk.3!? Further research is needed to determine whether PRS communication modifies
actual behavioural outcomes using communication methods informed by health behaviour

theories.
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Genetic risk for glaucoma can also be estimated through family history. Those aware of a relative
affected by glaucoma may already have a better understanding of the potential impact on vision
loss, the importance of undergoing regular glaucoma screening and the treatment options
available. Awareness of the impact glaucoma can have may also act as a motivating factor to
undergo PRS testing. In this thesis, increased interest in glaucoma PRS testing was associated
with a positive family history of glaucoma and a higher number of affected family members
(Chapter 2). Statistical significance was observed only if the affected family member was a first-
or second-degree relative. This is in line with other studies identifying that interest in genetic

testing was supported if there was a family history of the condition,148:149.151,156-158

A higher glaucoma PRS has been associated with a greater risk of glaucoma diagnosis, an earlier
age of diagnosis, and a greater need for surgery.108120.128 Thjs highlights the utility of PRS testing
to not only estimate those who are likely to be diagnosed with glaucoma, but also to predict
prognosis and inform treatment decisions. We showed that participants in the top decile were
younger at the time of first trabeculectomy, had a shorter duration between diagnosis and first
trabeculectomy, and were more likely to require bilateral trabeculectomy than participants in the
lowest decile.3®® This could mean that trabeculectomy is considered earlier in higher-risk
individuals who are likely to ultimately require incisional surgery, and avoid stress and vision loss
potentially resulting from failure of more conservative treatment options. It may also prevent
unnecessary surgery in those who are less likely to progress quickly. Currently, treatment is
approached in a stepwise manner, where incisional surgery is considered only when other
treatments have not adequately controlled disease progression. Changing this paradigm requires

consideration of the impact of surgery on quality of life and economic costs.

Our findings extend previous studies linking glaucoma PRS with glaucoma treatment
outcomes.1%® For those with disease that may ultimately require surgery, this could mean that
trabeculectomy is considered earlier in higher-risk individuals, potentially avoiding vision loss
resulting from failed trials of more conservative options. It may also help prevent unnecessary
surgery, or delay surgery, in those who are deemed to be low risk. The results of this work,
combined with the observation that a majority of individuals with POAG are interested in PRS

testing,®® highlights the potential utility of genomic risk stratification in this disease.

181


https://paperpile.com/c/Z6gCzu/tdYz9+TvnqZ+9sdmD+sW7xt+RlkjV+9wpy9
https://paperpile.com/c/Z6gCzu/6Ovja+Cci88+CTik2
https://paperpile.com/c/Z6gCzu/IAOq8
https://paperpile.com/c/Z6gCzu/CTik2
https://paperpile.com/c/Z6gCzu/VmxZt

The current literature on polygenic testing uptake is limited, with previous studies reporting uptake
of PRS testing for breast, colorectal and prostate cancers between 26% and 96%.137:193-1% While
there were similarities in the cohorts assessed in these studies, including age and ethnicity,
differences in methodology means direct comparisons of results is difficult. In Chapter 4, we
reported an uptake rate of 54% to enrol in a research study to assess PRS from a cohort of
individuals who completed a questionnaire on their attitude toward the test. We found that having
a higher level of education (at least tertiary education) and a positive family history were potential
indicators of uptake of PRS testing for glaucoma. This may assist in identifying groups where
further education is needed, or guide selection of target populations for testing, such as family
members of individuals with glaucoma, particularly in the early stages of implementation. Similar
to other studies, we identified that interest is not always associated with uptake, with interest being
often higher than actual uptake.162:183:204208 However, we found that on the other hand, those who
indicate being uninterested in testing may in fact undergo testing if the opportunity is available to
them. Whilst discorrelation between intention and behaviour is a well recognised theme and
should be interpreted with caution, this information will still form the basis of our understanding
surrounding PRS decision by identifying barriers to uptake and patterns of behaviour among

different populations.

With the potential for PRS testing to be delivered as a broad, population-based screening tool,
results may need to be interpretable by consumers themselves. There are important differences
between genetic tests for high-penetrance variants in single genes for monogenic conditions, and
polygenic risk tests reporting baseline risk for disease or traits across a spectrum. Genetic tests
for high-penetrance variants usually report an absolute risk for developing a condition and have
significant implications for the patient in terms of interventions to minimise this risk. An example
of this is the BRCA1/BRCA2 genes and their association with breast cancer, whereby patients
with pathogenic variants in these genes may undergo radical mastectomy to reduce their risk of
breast cancer.?'® In comparison, PRS testing indicates an underlying risk which can be reported
as a relative or absolute risk. However, the absolute risk conferred by a PRS is usually lower than
for higher-penetrance variants such as MYOC. Clinically, these differences also translate to
application, where testing for monogenic conditions is usually performed as a diagnostic test,
while PRS testing is mostly prognostic and should be considered in the context of other clinical
risk factors. The distinction between the diagnostic and prognostic properties of genetic testing
can become blurred, for example in scenarios where a high PRS confers a similar or higher risk

than a monogenic variant.'?8
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A PRS indicates an individuals’ risk across a continuum, typically relative to a reference
population. In this relative risk scenario, PRSs can help to identify which individuals are more at
risk for a certain outcome compared to others. However, this gives no indication of how much the
genetic risk, as reported by the PRS, explains an individual's actual risk of developing
glaucoma.?%31¢ However, absolute risk can be more meaningful in terms of putting an individual's
risk into perspective. The relative risk of PRS and translation of results to absolute risk will be
useful and consideration should be given to the inclusion of both in PRS reporting.!® It is also
well established that risk is more easily and accurately perceived by non-experts when presented
on an absolute scale, meaning, the probability an individual will develop the outcome.?*”3" The
absolute risk conferred by a given relative risk can also be determined by the predictive utility of
the polygenic risk score and the population prevalence of the phenotype, or calculated directly in

a suitable cohort.36

We have demonstrated that cost is important to consumers (Chapters 1 and 2). Venning et al
reported that the higher price of a PRS test had a significant negative impact on choice.3'°
Participants in our studies (most of whom were recruited from public hospital clinics) felt that it
would be appropriate for testing to be covered by Medicare, particularly for glaucoma PRS testing
given the affected age group includes those supported by a seniors pension. While it is likely that
testing will be increasingly affordable with time as technology advances and economies of scale
will make it more cost effective, it is important to appreciate the impact of cost at an individual

level.

Provider factors

Healthcare professionals will play a key role in the delivery of polygenic risk testing through
helping patients overcome individual-level barriers, as well as acting as an important link between
the community and the healthcare system. The important role that healthcare professionals play
is evident through the higher adherence to risk-reducing interventions by high-risk individuals if
recommended by a physician.®!® The current genetic testing model for monogenic conditions
requires healthcare professionals to recognise a likely underlying genetic cause and facilitate
referrals to specialist clinicians to access testing. This model will clearly not be suitable for
polygenic risk testing, particularly for the large number of individuals at risk of common diseases

who potentially stand to benefit.

183


https://paperpile.com/c/Z6gCzu/FXgOb+TQGJG+6IQ8X
https://paperpile.com/c/Z6gCzu/TQGJG
https://paperpile.com/c/Z6gCzu/H5qeW+h3Kr6
https://paperpile.com/c/Z6gCzu/6IQ8X
https://paperpile.com/c/Z6gCzu/rSjWd
https://paperpile.com/c/Z6gCzu/QQAu4

As an emerging tool in genetic risk assessment, many clinicians are not yet widely aware of the
concept of polygenic risk and polygenic risk testing, across all specialties. A study surveying 960
child and adolescent psychiatrists’ about their experiences, perspectives, and potential uses of
psychiatric PRS reported that 23% had never heard of PRS.** In a study from the UK, 49% of
GPs were not familiar with the concept of PRS.* We found a similar general lack of awareness
of polygenic risk amongst non-genetic healthcare professionals, and even genetic healthcare
professionals regarding familiarity with polygenic risk for glaucoma (Chapter 3). The increased
use of PRS testing will improve providers’ familiarity and confidence in interpreting results, and
allow clinics and healthcare systems to establish clear workflows and guidelines. However, this

will rely on investment in infrastructure, integration and extensive education.

We found that there is a widespread lack of confidence among clinicians around genetic concepts
in general. This is echoed in other studies, which highlight lack of confidence and knowledge are
significant barriers concerning clinicians in regard to genomic medicine,142186259.260.262,319-322 | 5ok
of confidence in this area appears to relate most to post-test counselling. Our results were
consistent with another study which indicated clinicians were least confident in interpreting and
communicating genetic test results, rather than obtaining a genetic risk history or identifying

appropriate genetic services.#?

Healthcare professionals will be at the forefront of promoting and delivering personalised
medicine, incorporating PRS into routine clinical practice. Healthcare professionals indicated that
the availability of guidelines from government bodies and medical societies would affect their
decision to recommend PRS testing for glaucoma to patients. While evidence for guidelines
incorporating traditional risk factors with PRS have not yet been developed, early indications of
the additive utility are positive.®?> We demonstrated the ability of a glaucoma PRS to further
delineate risk in individuals with a family history of glaucoma (Chapter 7). Guidelines have been
developed for other conditions in research settings. Risk models for breast, colorectal and
prostate cancer have shown the most promise in improving prediction capabilities with the
addition of PRS: several breast cancer studies have compared risk assessment between models
with and without the inclusion of PRS, finding improved AUC and risk classification when PRS
was included.??4-32° Similar results have been replicated for colorectal cancer, where the addition
of PRS to existing risk models as improved AUC and risk classification.339-33% Again, the addition
of PRS to prostate cancer risk models were improved, demonstrating higher AUC and risk

classification.®¥-3% Due to a larger number of less well-defined environmental risk factors, there
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is significant heterogeneity in the definition and selection of risk factors for melanoma risk models,
resulting in difficulty in assessing and comparing.3*° Results in cardiovascular studies have been
mixed with studies showing improvements, minimal change, and reduced efficacy of risk models
with the addition of PRS.130:341-348 This may be due to the significant impact of environmental risk
factors on developing cardiovascular disease, and their evolving nature. The lack of dynamic
environmental risk factors will be a strength for developing clear guidelines for glaucoma risk, as

risk is highly heritable.

Ophthalmic care is uniquely structured to include optometrists and ophthalmologists as specific
primary and secondary eye health providers, respectively. This structure allows for improved
access to eye healthcare, more appropriate triaging of patients requiring specialist medical care,
and collaboration in ongoing follow-up. As primary eye healthcare providers, optometrists are
integral to the detection of undiagnosed glaucoma cases, as well as in long-term surveillance and
management of early or stable glaucoma patients. As the primary access to eye healthcare in the
community, optometrists may be the most appropriate healthcare providers to deliver glaucoma
PRS testing, allowing for stratifying risk in patients with early clinical features of glaucoma, or in
those with known family history. This would then help to guide referral to specialists, and
conversely, prevent unnecessary review of those with a family history or glaucomatous findings
who are actually at low risk of progression to glaucoma. There is little data in the literature
documenting the attitudes of optometrists towards PRS testing, probably due to their very specific
role in primary healthcare. We assessed the perspectives of optometrists towards PRS testing,
finding that 65% of optometrists felt they were an appropriate group to order PRS testing and over
70% felt they would be the most appropriate group to communicate both low and high risk PRS
results to patients. However, the majority of optometrists surveyed lacked knowledge and
confidence in understanding genetic concepts, especially PRS. There is a clear need to develop
strategies for further education to support optometrists in their potentially critical role in delivering

glaucoma PRS testing.

In Australia, GPs are usually the first point of access to healthcare for the community, and service
the largest number of patients.?*° Over 80% of Australians see a GP for at least one consultation
each year.?*° They play an integral role in care coordination of patients and may therefore be an
appropriate setting to deliver PRS testing and facilitate tailored preventative measures or referrals
based on results. Several studies identified GPs to be the most appropriate healthcare

professional to deliver PRS testing.193310-350-352 Heglthcare professionals in this thesis indicated
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specialists would be more appropriate to order PRS testing, including ophthalmologists and
clinical geneticists or genetic counsellors (Chapter 3). This is problematic given there are fewer
specialists, who are often more expensive and mainly accessible in capital cities. Additionally,
offering testing only through specialist practitioners may exacerbate the marginalisation of those

in regional and remote areas.

Given GPs are the cornerstone of providing and coordinating care to the broadest population,
many feel this will be an appropriate setting to deliver PRS testing (Chapter 3).1421°2 However,
there are numerous barriers to the integration of PRS testing into GP-based primary care. For a
GP to deliver PRS testing for a condition would require correct identification of high risk patients
through thorough risk assessment, ordering tests, being able to correctly interpret results,
adequately communicate results to patients, and finally refer patients to appropriate services in a
timely manner. In addition to this significant workload across all areas of medicine, PRS may add
another unrealistic expectation on GPs. Furthermore, given there is already an undersupply of
GPs in Australia, care must be taken to ensure implementation of PRS does not overburden an
already struggling primary healthcare system.3>2 On the other hand, GPs are frequently patients’
first point of contact with the health system and could be an ideal setting to introduce and
coordinate PRS testing. We found that many felt that utilising GPs to deliver PRS testing is
appropriate and necessary. This is consistent with other studies which have shown that various
healthcare professionals, including GPs themselves, agree the primary care setting is likely the
most appropriate to incorporate PRS testing.1#21%2 A recent statement by the Human Genetics
Society of Australasia identifies the likely need to utilise healthcare professionals with limited
exposure to genetics, and acknowledges the importance to support and trust these professionals

in evolving their genetics skill-set.?*

GPs do not currently routinely order genetic tests for monogenic conditions, however have a key
role in discussing disease risk, screening and prevention, supporting their appropriateness in
delivering PRS testing. A high glaucoma PRS has been shown to increase disease risk similar to
monogenic disease-causing glaucoma variants, however is 15-times more prevalent in the
general population.'? Therefore, the implications of high-risk PRS results will be just as significant
for patients in terms of the requirement for treatment and ongoing follow-up to minimise risk of
disease and progression. Given the potential for broader population testing, and therefore
increased capture of high-risk individuals, the primary care setting will be important in the delivery
of PRS testing.
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Time constraints may be a significant restricting factor in the clinical implementation of PRS
testing. At one extreme, a different PRS may exist for every common complex disease, raising a
number of issues. Firstly, an individual could have access to many separate tests, each requiring
a separate test order and reports, as well as the possibility of an appointment with a healthcare
professional to discuss the results and direct the next appropriate step. This would lead to a
significant increase in workload, and therefore time involved, for one individual. Healthcare
professionals are frequently already limited by appointment times, and prioritising such
conversations would become increasingly difficult once risk testing becomes widely available. In
breaking down the nuances in discussing genetic risk and PRS testing with patients, it is clear
this comes with a significant time burden. Clinicians may need to perform a thorough history,
including family history, to help identify appropriate individuals, order and discuss how to obtain
testing, and then potentially discuss the results and their implications, and facilitate appropriate

referrals or screening plans or treatment.

This also highlights the need for additional education of healthcare professionals targeted at
genetics and non-specialist level resources. However, primary care providers including
optometrists and GPs currently lack knowledge and confidence to deal with this field.®> The
HGSA identified that it is important to avoid ‘genetic exceptionalism’ and that with additional
education, guidelines and experience, GPs will adapt to improve their knowledge of PRS
testing.?** Clinician knowledge contributes to patient adherence to screening guidelines, which
may vary significantly depending on experience and area of specialisation. For example, an
ophthalmologist or optometrist is more likely to be able to recommend appropriate management
of a patient with glaucoma than a general practitioner. Patients who do not have private insurance
may have less timely access to specialists for non-urgent review or discussion such as for PRS

results, so may be less likely to receive appropriate advice.

Implementation of PRS will require input from multiple stakeholders to decide the most
appropriate location and personnel to deliver this technology, whilst balancing cost and equitable
access. Initial implementation is occurring through private providers until clearer evidence of
clinical utility and cost-effectiveness is demonstrated. There may be very limited reimbursement
for testing in the early stages of implementation, however with improved technology allowing for
increased accessibility, as well as increasing demand and competition between test providers,

and economies of scale, costs may decrease. In addition, cost of testing may become subsidised
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by public insurers in the future if evidence of clinical utility and cost-effectiveness is clearly
demonstrated. However, the process of applying for and achieving a Medicare item number for
public reimbursement of services is extremely complex, and is an additional time barrier to
implementation.®> Although administration of PRS testing may be relatively simple, where only a
blood or saliva sample is needed, access to follow-up and treatment must be as equitable as
possible, regardless of geographic location. Therefore, as the scale of PRS testing evolves,
primary care healthcare professionals, such as GPs and optometrists, will likely play a key role in
helping patients access PRS testing and then helping to navigate their management and follow-

up journey, particularly in non-urban settings.

Societal factors
As highlighted in different chapters from this thesis, societal factors such as healthcare provision
in rural and remote areas, cost, and health insurance schemes must be addressed to ensure

equitable access to testing and necessary services.

In Australia, publicly-subsidised genetic tests are available for reproductive genetic carrier
screening, newborn screening, and for high-risk variants if specific criteria are met. Newer direct-
to-consumer genetic testing and private-pay genetic testing, both of which may offer PRS testing,
are currently available only through private providers, meaning consumers are responsible for the
full cost of the test, unless they are enrolled in research projects covering the costs. Given the
strong coverage of public healthcare, most Australians are not accustomed to paying for medical
tests, and this may be a barrier to the uptake of testing in the early stages of its availability. Robust
cost-effectiveness studies will be needed to inform policy-makers of the cost to individuals for
PRS testing. A recent analysis of coronary artery disease PRS indicated an incremental cost
effectiveness ratio of approximately $140,000 per quality adjusted life year, pricing the PRS at

$70 per person.3®

Cost transparency and the potential financial burden passed on to consumers is an important
factor to consider in ensuring equitable access to this technology. While costs of genomic
sequencing have decreased with improved technology and availability, out-of-pocket cost to
consumers. Almost 50% of healthcare professionals indicated that coverage of PRS testing under
Medicare would be an important factor affecting their decision to recommend PRS testing
(Chapter 3). This was echoed by potential consumers, who reported that the cost of the test was
indicated as an important factor to know by over 70% of respondents, as well as being the most

frequently indicated concern about PRS testing for glaucoma (Chapter 1 and 2). In addition, the
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largest proportion of participants (~45%) indicated willingness to pay the lowest cost offered for
the test. Some who indicated being unwilling to pay for the test commented on the challenges of
affording additional health care costs whilst receiving the pension. This is important to consider
given the older age of those most commonly affected by glaucoma. Early indications of the likely
cost of PRS testing are above AUD $100, public preference is relevant in order to consider future
cost subsidisation and possible impact on uptake of the test. Although willingness to pay has been
shown to be influenced by the perceived benefit of the information received,**® This was reflected
in a study of preferences for a cancer PRS that showed that price and interest in testing generally
has an inverse relationship.%'° Several private companies now offer polygenic risk testing. One

Australian company offers PRS testing for cancer and cardiovascular risk priced at AUD $795.3%7

Approximately one in four Australians live in rural and remote areas.**® National data has shown
that those living in rural and remote areas have poorer health outcomes relating to the unique
challenges faced due to their geographic location.®>*® These include higher rates of
hospitalisations, deaths and injury, as well as poorer access to primary health care services.*® A
glaucoma PRS can identify those at higher risk of developing the disease or of progressing. In
the case of glaucoma, this might involve commencing intraocular lowering treatments
implemented by specialists as soon as symptoms start or progression is noted. Publicly funded
(bulk-billed) specialist clinics are largely accessible through large tertiary centres in urban areas.
Fewer specialist services are accessible through private clinics in regional centres with associated
additional cost which may not be affordable for some. This highlights the need for other delivery
models if PRS was to be delivered at a population level and identify a significant proportion of the

rural population necessitating screening and treatment.

Rapid advances in telehealth services and providers was seen during the COVID-19 pandemic
to ensure safety of patients and healthcare professionals and continuity of care.*° Telehealth
consultations allow patients to be connected to healthcare professionals via telephone or video
instead of in person. Among several benefits, a key advantage of telehealth is allowing patients
with limited mobility or those from remote areas to access consultations with healthcare
professions. Given PRS kits are routinely mailed to consumers and DNA samples from blood or
saliva then returned via post, this could drastically improve access to this technology to those in
rural areas. If artificial intelligence technology is also improved, patients could be clinically
screened and monitored at a closer location depending on the risk result received. Artificial

intelligence involves the development of computer systems and algorithms to perform tasks

189


https://paperpile.com/c/Z6gCzu/UK4v3
https://paperpile.com/c/Z6gCzu/rSjWd
https://paperpile.com/c/Z6gCzu/tw49O
https://paperpile.com/c/Z6gCzu/YvSdu
https://paperpile.com/c/Z6gCzu/YvSdu
https://paperpile.com/c/Z6gCzu/YvSdu
https://paperpile.com/c/Z6gCzu/3oyhP

replicating human behaviour.*® Artificial intelligence is well suited to extracting and interpreting
the large amount of data required for the detection and monitoring of glaucoma and macular
degeneration.®61362 Several studies are looking developing algorithms for each parameter
including IOP,3% optic disc photography,3¢4-368 OCT,36%-376 anterior segment OCT,*""38 visual
fields,3938 and combined approach.®#* Developing artificial intelligence technology to assist with
clinical surveillance and improving telemedicine may help to address poorer health outcomes in
rural and remote areas by changing the way medical services can be delivered to rural and remote

areas.

Prior to establishing any population-based PRS screening programs, rigorous cost-effectiveness
studies will need to be performed. Australia currently has five national population screening
programs including for bowel cancer, breast cancer, cervical cancer, newborn bloodspot
screening for rare, life threatening conditions, and newborn hearing screening.3®° The Australian
government has clear criteria for deciding whether a new population screening program should
be introduced.®® The condition must be an important health problem and have a recognisable
latent or early asymptomatic stage. A screening test must be highly sensitive and specific,
validated, safe, have a relatively high positive predictive value and negative predictive value.3%
The test must be acceptable to the target population including participants from culturally and
linguistically diverse backgrounds, people from disadvantaged groups, and people with a
disability.3® By these criteria, glaucoma would be a good candidate for population screening, with
PRS being an appropriate test to deliver this. However, key gaps in knowledge remain to be
addressed to fulfil the criteria for population based screening in Australia. These include
developing national policy and protocol frameworks, designing of the screening program,
developing a quality management plan with clearly defined governance, and ensuring adequate

resources for ongoing program re-evaluation and monitoring.

According to the National Health and Medical Research Council in Australia, genetic
discrimination describes ‘the different treatment of individuals or their relatives based on their
actual or assumed genetic make-up’.38 Genetic risk may be identified formally through genomic
testing and/or results or informally through factors such as family history or ethnicity. In Australia,
there are existing national, state and territory laws dealing with genetic discrimination. These laws
are applicable to certain social circumstances including employment, insurance, education, and
access to publicly available services. More specifically, it is against the law to discriminate against

someone because of their genetic information, for example, based on results from a genetic
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test.38 Genetic information can be taken into account by life insurance providers and affect policy
applications. Death and income protection policies covered by life insurance providers are
determined based on individual risk assessments. Providers have reportedly agreed that
consumers will not be required to undergo DNA testing to allow complete genomic risk to be
assessed and used to determine policies, however, if consumers have received genetic results,
they may be required to report it and the result may be be used by insurers.®® The Moratorium
on Genetic Tests in Life insurance currently protects consumers from being required to provide
genetic test results to insurance providers up to set thresholds. In Australia, this is up to the value
of $500,000 for death and total permanent disability, $200,000 for trauma and $4,000 per month
for income protection.’ Internationally, other countries have strict anti-discrimination acts to
prevent insurance companies from using genetic test results to discriminate against consumers
such as by declining an application, restricting cover, or increasing insurance premiums.38-31 |n
Canada, the Genetics Nondiscrimination Act (2017) prevents genetic test results from being used
in all insurance policy decisions.*® The UK Code on Genetic Testing and Insurance bans the use
of all predictive genetic test results, except for Huntington disease.®? Similar protection is not
provided in other countries. For example, in the United States, the Genetic Information
Nondiscrimination Act (GINA) prevents discrimination by health insurance companies based on
genetic test results, however this protection does not apply to other insurance policies, such as
for long-term care, disability or life insurance.3*® While research has shown that fears of insurance
discrimination can negatively impact individuals’ decision to undergo genetic testing for Mendelian
conditions, less is known whether this is also true for polygenic risk testing.%82%° Lower levels of

consumer protection may amplify the impact insurance concerns have on uptake of PRS testing.

We showed that concerns about insurance were significantly associated with testing (Chapter 1
and 2), in keeping with other studies which have shown this to be a concern of both patients and
healthcare providers.1841893%4.39% A stydy assessing preferences towards a cancer PRS showed
that a test that did not impact life insurance eligibility or premiums was preferred over one that
did.31° Multiple studies have identified the impact of genomic testing on life insurance to be a
significant concern to consumers.137:193.251350.352.3% This may be an important barrier to the uptake
of PRS testing, and may become more evident with increasing age. Furthermore, it is unclear
whether testing and subsequent follow-up care or treatment will be covered by public or private

insurance providers.
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In response to the increasing availability of genetic testing used for diagnosis, prognosis and
health risk assessment, such as polygenic risk testing, NHMRC has identified three integral areas
for the appropriate delivery of polygenic risk testing.3%® This includes recognising the importance
of professional involvement and education, the need for robust evidence, and necessity for
consumer information and support.®® Government response to testing will continue to evolve,

and will be unigue to each country and their health system.

Policy factors

Policy-level factors have the potential to create the greatest flow-on effect to healthcare systems,
providers and individuals. Developing a whole-of-government and system-focused framework,
with a person-centred approach to outcomes, is necessary to ensure consistency of action across
Australia.The current model of genetic risk assessment for most complex conditions, including
glaucoma, relies on the ability of healthcare providers to appropriately identify high risk patients,
and is limited by the cost and specificity of testing. Polygenic risk testing will allow risk assessment
to be personalised, although whether this is applied as a population-based screening model or as
targeted screening is yet to be determined. A screening test must meet a number of criteria to be
implemented by government health policy. In Australia, a screening test must be highly sensitive
and specific, validated, safe, have relatively high positive and predictive values, and be
acceptable to the target population. A glaucoma PRS test potentially fulfils these criteria, meaning

consideration as a screening tool is appropriate.

Polygenic risk scores summarise an individual's risk based on the number of known disease-
specific genetic associations identified from large population studies. It is therefore possible to
generate a PRS for any individual. With this in mind, options for clinical application are broad.
Targeted screening could be a more feasible option, especially in the early stages of
implementation by limiting the number of tests performed and resources needed to facilitate them.
Potential target groups could stem from risk assessment using traditional risk factors including
family history, ethnicity, age and clinical features. First-degree relatives of individuals with
glaucoma are recognised to be much more likely to develop glaucoma, however we have shown
that not all demonstrate this genetic risk (Chapter 7). This could also be true for those of African
ancestry, who are traditionally recognised to be more likely to develop glaucoma but are the
population in which current PRS instruments are less effective. Either confirming increased
genetic risk, or demonstrating average or low genetic risk could streamline treatment and follow-

up, including limiting the amount of treatment and follow-up delivered to low-risk individuals.

192


https://paperpile.com/c/Z6gCzu/SAjz3
https://paperpile.com/c/Z6gCzu/SAjz3

Baseline clinical traits associated with developing glaucoma include higher IOP, greater cup-to-
disc ratio, greater visual field mean or pattern standard deviation, and reduced central corneal
thickness.>® The Ocular Hypertension was a landmark study which found topical IOP-lowering
therapy was effective in delaying or preventing progression from ocular hypertension to POAG.>*
Further classifying glaucoma suspects, including those with ocular hypertension, could clinically
delineate those who are likely to progress and require treatment. Finally, with age being a
progressive risk factor, offering screening to individuals above a particular age group could be
useful. This is applied for other clinical screening programs such as for breast and bowel
cancer.®7 Alternatively, PRS can be relevant to all individuals to understand their baseline risk of

a condition.

PRS is well suited to population-based screening given it can be performed at any age and
potentially requires only a once-in-a-lifetime test. In this way, it may be both easy and useful to
screen everyone, similar to current newborn screening for monogenic conditions. Shifting to a
population-based screening model would allow a larger number of high-risk individuals to be
captured, with the potential to improve health outcomes. While the positive outcomes from PRS
testing are exciting, it is important to also acknowledge the potential for negative health and cost
outcomes, particularly in the early stages of clinical application. For example, based on PRS
results, ‘low-risk’ individuals may still develop glaucoma resulting in blindness, or ‘high-risk’
individuals may experience complications for treatments. The cost of screening and the
associated follow-up of patients has not yet been identified. A large population study including
patient risk- and cost-benefit assessments is needed. Ongoing advances and updates of PRSs
for glaucoma and other conditions will need to be planned for. Expanding data sets, refinement
of genotyping and sequencing methods, and improved accuracy of polygenic risk models could
require patients to be re-tested, or result in slight shifts in patient risk classifications, and therefore
their advised screening and/or intervention when interpreted with traditional clinical risk factors.
Healthcare practitioners who use PRS test results will need to consider whether to reorder a PRS
test when an improved version becomes available. It is also unclear who will become responsible
for overseeing the implementation and delivery of PRS testing, but regardless, will require close,
evidence-based guidance. Like other population screening programs, this may become the

responsibility of relevant governing bodies in each country.

Clear evidence of the clinical validity of PRS testing needs to be consistently demonstrated and

replicable. Accuracy of PRS testing is an important factor for both patients and clinicians. A study
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of the perspectives of patients towards breast cancer PRS testing found that concern about test
inaccuracy was the reason for over a third of women declining the test.'*” Preferences for a
polygenic test to estimate cancer risk was assessed in a general Australian population, with
respondents found to be more likely to choose a PRS test that was more accurate.®'° Furthermore,
patients have expressed an expectation that the PRS test should have an accuracy (of estimating
disease risk) of at least 90%.31%3% This is important given the performance of PRSs across
ancestry groups has not yet been demonstrated. Demonstrated accuracy of PRS testing is also
an essential element affecting clinicians attitudes towards a glaucoma PRS. Almost 80% of
healthcare professionals indicated this was an important factor in our study (Chapter 3). Clear
evidence of the efficacy needs to be established and readily communicated to clinicians to assist
in gaining their support. While this indicates that accuracy of testing is important to consumers
and healthcare professionals, interpreting this in the context of PRS is more complex. PRS is a
tool for risk stratification rather than being a diagnostic test, and outcomes are measured on a
continuous-scale. A PRS can be quantified and differentiated into binary outcomes using the area
under the receiver operating characteristic curve (AUC), however, this does not inform individual
risk, particularly for age-related conditions. The utility of the PRS lies in informing risk by
identifying those at high-risk compared to low- or average-risk individuals. The outcomes of his
thesis include the design and implementation of the GRADE Study, the first study to prospectively
assess the efficacy of a glaucoma and AMD PRS to identify high-risk individuals (Chapter 8).
While in its early stages, we hypothesise that a higher number of individuals with undiagnosed
glaucoma and AMD will be detected in high risk PRS groups, providing evidence for clinical

validity of the test.

Polygenic risk scores generated through large GWAS, differ depending on the size and
heterogeneity of the sample, and the statistical methods used. There may be subtle or significant
differences between PRSs used by different local, national or international stakeholders.
Integration will need to accommodate for variability in PRS results due to disparities in the different
datasets and methods used by different providers. This will occur regardless of whether PRS
testing is Medicare subsidised or not, particularly as consumers can already access PRS results
through commercial direct to consumer providers. Furthermore, a PRS developed using largely
European genetic data will be less effective in individuals of non-European ancestry. One of the
most challenging aspects of moving PRS to the clinical arena is ensuring that they are equally
effective across ancestral groups, to avoid exacerbating health disparities that already exist.

Current PRS methods rely on an individual’s genetic ancestry being similar to the GWAS studies
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from which the PRS was developed, and may require access to an ancestry-matched genotype-
level reference panel. Such studies are currently only widely available in European ancestries.3%°
Although a well-known weakness, the evidence base in non-European populations remains
limited and must be addressed as part of ensuring equitable access to PRS testing. Previous
studies have primarily focused on assessing the clinical utility and perspectives towards PRS
testing for a single disease.1¥7:193:352400 pPRS performance in non-European ancestries has been
shown to be lower, however still significant, and suggested that differences in associated genetic
variants between ancestries may be suggestive of differences in disease aetiology.*°* The lack of
diversity in the studies remains to be a key shortfall.*%? Further studies are needed to assess and

improve PRS performance for all ancestral populations.

As a novel concept, care must be taken in the way the PRS testing is handled. It may be difficult
to ensure PRS testing is understood to be a screening test rather than a diagnostic test, and
therefore used as an additional risk assessment tool in combination with other factors.
Accreditation of tests, performed by the National Association of Testing Authorities (NATA) in
Australia, does not currently recognise this difference.*%®* Recognition of the clinical utility of PRS
testing needs to be interpreted within the scope of this technology to ensure appropriate usage

and clinical application.

Once approved for clinical use, streamlined testing pathways are another critically important
consideration. This includes referral recommendations and pathways; payment or reimbursement
systems; test administration communication channels between test providers, patients, and
clinicians; test reporting; and post-test risk-based recommendations and pathways. Integration
challenges may vary between healthcare systems, and will need to be identified and overcome
relevant to that system. Future testing may become more complex as technology advances and
becomes more cost effective, whereby individuals could be screened for a multitude of conditions,

either in parallel or sequentially, using a single sample.

Perhaps most importantly, clear guidelines need to be developed, encompassing
recommendations for appropriate patient selection and direction for monitoring and treatment,
tailored to each risk group. This will allow for the delivery of this personalised approach to be
streamlined, and help address some of the influence of variance in confidence and knowledge of
PRS or the condition being tested. An emphasis on education and availability of resources to help

clinicians improve their knowledge and become more familiar with polygenic risk testing will be a
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key factor to the success of clinical implementation. This will require change to university medical

school curriculums, and investment in providing education to fully qualified clinicians.

Conclusion

Glaucoma encompasses a spectrum of optic neuropathies with recognised high heritability.
Despite advances in our understanding of the genetic underpinnings of glaucoma, the path
towards clinically applying this knowledge is not yet clear. Significant knowledge gaps surrounding
acceptance and barriers to clinical implementation exist. The qualitative, cross-sectional and
prospective studies included in this thesis have addressed several of these gaps, providing the
first evidence to assist in progressing glaucoma PRS testing towards clinical implementation. My
original contribution to knowledge included providing the first indication of the attitudes and
perspectives of several groups towards genetic testing for glaucoma, factors affecting uptake of
testing, and investigating methods to report PRS results for glaucoma. In addition, | have
investigated the clinical validity of glaucoma PRS testing in various clinical subsets, further

strengthening the evidence for its utility.
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APPENDIX

APPENDIX A: INVITATION LETTERS AND QUESTIONNAIRES

Appendix A.1: Affected individual invitation letter and questionnaire

Date

Mame
Address

Dear participant,

We are writing to you because you are a participant in the Australian and Mew Zealand Registry
of Advanced Glaucoma. Thank you for your angoing contribution to the project. Your participation
allows us the opportunity to continue research within the field of glaucoma.

Recent research is looking at the feasibility of developing a test to predict a person’s risk of
developing glaucoma based on genetic information extracted from blood or saliva samples. The
results from such a test would be able to predict a person’s likelihood of developing glaucoma
|e.g. a genetic risk score that would predict if a person has a higher or a lower risk). We wish to
assess whether people who have glaucoma would have been interested in such testing if it had
been available before they developed glaucoma.

Enclosed is a hrief guestionnaire which takes approximately 10 minutes to complete. We would
appreciate your help in completing the guestionnaire and returning it to us using the reply-paid
envelope enclosed. Alternatively if you would prefer to complete the questionnaire with someone
over the phone, please call or email us using our details above. Your answers will remain
confidential and will not be shared with members outside of the research team. You have the
option to receive a summary of the findings at the end of the study.

Your participation through the completion of the guestionnaire is completely veluntary and your
decision to participate will not affect your glaucoma care or registry participation in any way.

If you have any questions regarding the guestionnaire or would like to subsequently withdraw
your answers, please contact Georgina Hollitt at georgina. hollitt@sa.gov.au or members of the

research team using the details above.

Sincerely,

Georgina Hollitt Bronwyn Ridge

Department of Ophthalmology Department of Ophthalmology
Flinders University Flinders University

Bedford Park 54 5042 Bedford Park 54 5042

08 8404 6986 08 B404 2035
georgina.hollitt@sa.gov.au Bronwyn.Usher@flinders.edu.au
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) Flinders

SURVEY ON GLAUCOMA GENETIC RISK TESTING
AFFECTED INDIVIDUAL

Glaucoma is a progressive eye disease which can lead to permanent vision loss and
blindness. It is often referred to as the ‘sneak thief of sight’ because there are no symptoms
in its early stages. With early detection and treatment, vision loss can often be prevented.

DEMOGRAPHIC DETAILS

DATE: / f

MAME:

DOB: / / SEX: MALE / FEMALE

ADDRESS:

PHOME: | ] MOBILE:

EMAIL:

ETHMIC BACKGROUMND: MOTHER: FATHER:

HIGHEST LEVEL OF EDUCATIOM:

O Primary School DSecundaw School D\-"ocatinnaltraining,-"TﬁFE O University
Would you like to receive a summary of the findings at the conclusion of this study? Oves DOwuo

If yes, what is your preferred method of receiving information? (please ensure details are provided above)

O Email O naail O pPhone

glD=
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MEDICAL HISTORY

Does anyone in your family have glaucoma? O Yes ONo [Ounsure [ Don't know
If yes, how many?

How are they related to you?

Do you wear glasses or contact lenses for distance vision (driving/watching television)?

O yes ONo [ Sometimes

When was the last time you had your eyes checked?

[0 within 6 months [ Within 6-12 months O within1-2 years [J>2vyears [ Never

How often do you have your eyes checked by an optometrist or ophthalmologist?

03 monthly OO 6monthly [ Annually [ Every2years [ More than every 2 years [ Never

Do you have diabetes? O yes OnNo [ Unsure
Do you have high blood pressure or take medication for it? O yes OnNo [ Unsure
Do you get migraines? O Yes OnNo [ Unsure
Do you have a history of Raynaud’s disease or poor circulation? [ YES OnNo [ Unsure
Do you have a history of heart attack, angina, or stenting? O Yes OnNo [ Unsure
Do you have a history of stroke or mini stroke? O yes OnNo [ Unsure

«ID»

2
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QUESTIONS REGARDING GLAUCOMA

Before being diagnosed, how much did you know about glaucoma?

Oalot O & fair amount O a little O Mothing

How satisfied are you with your understanding of glaucoma?

O very dissatisfied O pissatisfied O moderately satisfied O very =atisfied O uUnsure

Do you consider glaucoma as being a severe medical condition?

O not severe O Slightly severe O Moderately severe O ve ry severe O unsure

Before being diagnosed, what was your perception of your risk of developing glaucoma in your lifetime?

O Highly unlikely O Unlikely O Likehy O Highly likely O M/a (didn't know about glaucoma)

Before being diagnosed, were you worried about developing glaucoma?

O not worried O Slightly worried O Moderately worried O Very worried O unsure

Howe likely would you have taken a genetic test to predict your risk of developing glaucoma if it had been
offered to you before you were diagnosed?

O Highly unlikely O Unlikely O Likely O Highly likehy O unsure

If a cost were invalved, how much would you be willing to pay for the test?

O | would not be willing to pay Osso-100 Osioo-2zo0 Oszoo-z00 O s300-500

What information about the test would you want to know? (Choose as many as appropriate)
O cost

O process involved in taking the test

O rollow-up

O Implications of results

O other:

glDx
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What would your preferred method of receiving results be? (Choose as many as appropriate)

[ Face to face

O Letter / Mailout
[ Telephone call
O Email

[ other:

Do you think you would have changed your behaviour regarding your eye health if you had known your risk
of developing glaucoma? (For example, more frequent eye checks, better treatment compliance)

[ Definitely not [ Probably not [ Passibly [ Probably [ Definitely

Reason:

Would you recommend your family members to have a genetic test to predict their risk of developing
glaucoma?

[ Definitely not [ Probably not [ Possibly [ Probably [ Definitely

Would you recommend non-family members to have a genetic test to predict their risk of developing
glaucoma?

[ Definitely not [ Probably not [ Possibly [ Probably [ Definitely

Would you take a test to predict your risk of rapid progression or developing severe disease if stronger
treatments could prevent blindness?

[ Definitely not [ Probably not [ Possibly [ Probably [ Definitely

COMMENTS:

«ID»
4
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Appendix A.2: Unaffected individual invitation letters and questionnaire

bate

Mame
Address

Dear participant,

We are writing to you because you are a participant in the Australian and New Zealand Registry
of Advanced Glaucoma. Thank you for your ongoing contribution to the project. Your participation
allows us the opportunity to continue research within the field of glaucoma.

Recent research is looking at the feasibility of developing a test to predict a person’s risk of
developing glaucoma based on genetic information extracted from blood or saliva samples. The
results fram such a test would be able to predict & person’s likelihood of developing glaucoma
(e.g. a genetic risk score that would predict if 2 person has a higher or a lower risk). We wish to
aszess whether people with relatives who have glaucoma would be interested in such testing if it
were available.

Enclosed is a brief questionnaire which takes approximately 10 minutes to complete. We would
appreciate your help in completing the guestionnaire and returning it to us using the reply-paid
envelope enclosed. Alternatively if you would prefer to complete the questionnaire with someone
over the phone, please call or email us using our details above. Your answers will remain
confidential and will not be shared with members outside of the research team. You have the
aption to receive a summary of the findings at the end of the study.

Your participation through the completion of the guestionnaire is completely voluntary and your
decision to participate will not affect your current health care or registry participation in any way.

If you have any questions regarding the guestionnaire or would like to subsequently withdraw
your answers, please contact Georgina Hollitt at georgina. hollitt@sa.gov.au or members of the
research team using the details above.

Sincerely,

Georgina Hollitt Bronwyn Ridge

Department of Ophthalmology Department of Ophthalmology
Flinders University Flinders University

Bedford Park 5A 5042 Bedford Park 5A 5042

08 B404 6986 08 8404 2035

georgina. hollitt@sa.gov.au Bronwyn.Usher@flinders_edu_au
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bate

Name
Address

Dear participant,

We are writing to you because you are a participant in the TARRGET study. Thank you for your
ongoing contribution to the project. Your participation allows us the opportunity to continue
research within the field of glaucoma.

Recent research is looking at the feasibility of developing a test to predict 2 person’s risk of
developing glaucoma based on genetic information extracted from blood or saliva samples. The
results from such a test would be able to predict a person’s likelihood of developing glaucoma
{e.g. a genetic risk score that would predict if 2 person has a higher or a lower risk). We wish to
assess whether people with relatives whao have glaucoma would be interested in such testing if it
were available.

Enclosed is a brief questionnaire which takes approximately 10 minutes to complete. We would
appreciate your help in completing the questionnaire and returning it to us using the reply-paid
envelope enclosed. Alternatively if you would prefer to complete the questionnaire with someone
over the phone, please call or email us using our details above. Your answers will remain
confidential and will not be shared with members outside of the research team. You have the
option to receive a summary of the findings at the end of the study.

Your participation through the completion of the guestionnaire is completely voluntary and yvour
decision to participate will not affect your participation in research in any way.

If you have any guestions regarding the guestionnaire or would like to subsequenthy withdraw
your answers, please contact Georgina Hollitt at gecrgina. hollitt@sa.gov.au or members of the
research team using the details above.

Sincerely,

Georgina Hollitt Bronwyn Ridge

Department of Ophthalmology Department of Ophthalmology
Flinders University Flinders University

Bedford Park 54 5042 Bedford Park 54 5042

08 8404 6986 08 8404 2035

georgina. hollitt@sa. gov.au Bronwyn. Usher@flinders. edu.au
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[ Flinders

Date

Mame
Address

Dear participant,

Thank you for your participation in our project on individuals” perspective on glaucoma genetic
risk assessment. Glaucoma is the leading cause of irreversible vision loss worldwide. Moreover,
approximately half of those with glaucoma remain undiagnosed. This is largely due to the
condition developing without symptoms or signs in the early stages of dizease. This is a statistic we
hope will change in the near future, through effective implementation of genetic testing.

Recent research is looking at the feasibility of developing a test to predict a person’s risk of
developing glaucoma based on genetic information extracted from blood or saliva samples. The
results fram such a test would be able to predict a person’s likelihood of developing glaucoma
(e.g. a genetic risk score that would predict if & person has a higher or a lower risk). We wish to
aszess whether people who go to the optometrist but do not have glaucoma would be interested
in such testing if it were available.

Enclosed is a brief guestionnaire which takes approximately 10 minutes to complete. We would
appreciate your help in completing the questionnaire in person or by returning it to us using the
reply-paid envelope enclosed. Your answers will remain confidential and will not be shared with
members outside of the research team. You hawve the option to receive a summary of the findings
at the end of the study.

Your participation through the completion of the guestionnaire is completely voluntary and your
decision to participate will not affect your current health care in any way.

If you have any guestions regarding the guestionnaire or would like to subsequently withdraw
your answers, please contact Georgina Hollitt at gecrgina. hollitt@sa.gov.au or members of the
research team using the details above.

Sincerely,

Georgina Hollitt Bronwyn Ridge

Department of Ophthalmology Department of Ophthalmology
Flinders University Flinders University

Bedford Park 5S4 5042 Bedford Park 5S4 5042

08 8404 6986 08 8404 2035

georgina. hollitt@sa. gov.au Bronwyn.Usher@flinders.edu.au
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) Flinders

SURVEY ON GLAUCOMA GENETIC RISK TESTING
UNAFFECTED INDIVIDUAL

Glaucoma is a progressive eye disease which can lead to permanent vision loss and
blindness. It is often referred to as the ‘sneak thief of sight’ because there are no symptoms
in its early stages. With early detection and treatment, vision loss can often be prevented.

DEMOGRAPHIC DETAILS

DATE: { /

NAME:

DOB: / / SEX: MALE | FEMALE

ADDRESS:

FPHOME: { ] MOBILE:

EMAIL:

ETHMIC BACKGROUND: MOTHER: FATHER:

HIGHEST LEVEL OF EDUCATIOM:

O Primary School Dﬂecondaw School Dvocationaltraining,-’Tﬁ.FE O University
Would you like to receive a summary of the findings at the conclusion of this study? Oves Owno

If yes, what is your preferred method of receiving information? (please ensure details are provided above)

O Email O mail O rhone
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MEDICAL HISTORY

Does anyone in your family have glaucoma? O ves
If yes, how many?

Howe are they related to you?

Ono

O unsure

O bon't know

Do you wear glasses or contact lenses for distance vision (driving/watching television)?

O ves Owo  Osometimes

When was the last time you had your eyes checked?

O within 6 months [ Within 6-12 months O within 1-2 years

Oz years

How often do you have your eyes checked by an optometrist or ophthalmeologist?

Os monthly Oe monthly O Annually O Every 2 years

Do you have diabetes?

Do you have high blood pressure ar take medication for it?

Do you get migraines?

Do you have a history of Raynaud’s disease or poor circulation?

Do you have a history of heart attack, angina, or stenting?

Do you have a history of stroke or mini stroke?

O more than every 2 years

O ves

O ves

O ves

O ves

O ves

O ves

Owno

Owno

Owno

Owno

Owno

Owno

O mever

O mever

O unsure

O unsure

O unsure

O unsure

O unsure

O unsure
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QUESTIONS REGARDING GLAUCOMA

Do you think glaucoma is a hereditary condition? {ie can be inherited)

O not at all O somewhat O Definitely O unsure

Do you consider glaucoma as being a severe medical condition?

O Mot severe O Slightly severe O Moderately severe O ve ry sSevere O unsure

Howe likely do you think you are to develop glaucoma in your lifetime?

O Highly unlikely O Unlikely O Likely O Highly likely O unsure

Are you worried about developing glaucoma?

O Mot worried O Slightly worried O Moderately worried O Very worried O unsure

How likely would you be to take a genetic test which could predict your risk of developing glaucoma?

O Highly unlikely O Unlikely O Likely O Highly likely O unsure

Would you want to know more about glaucoma before having a test predicting your risk of developing it?

O Definitely not O Probably not O Possibly O Probably O Definitely

If a cost were involved, how much would you be willing to pay for the test?

O would not be willing to pay Osso-100 Osioo-zo0 Oszoo-300 O ssoo0-s00

What information about the test would you want to know? (Choose as many as appropriate)
O cost

O Process involved in taking the test

O Follow-up

O Implications of results

O other:
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Which of the following factors would affect your decision to be tested? (Choose as many as appropriate)

[ To be able to take appropriate measures regarding my glaucoma risk and future eyesight
[ To be able to provide advice to my children about their potential risk

[ To be able to provide advice to my family members about their potential risk

[ personal advice — if someone from my family recommended the test

[0 Would rather know/to prepare for the future

[0 Medical advice — if your doctor or optometrist recommended the test

[ other:

Which of the following factors would concern you about having the test? (Choose as many as appropriate)

[ personal anxiety/fear if results showed an increased glaucoma risk
[0 Would rather not know if at risk

[ Concerns about cost

[ Concerns about attending ongoing follow-up appointments

[0 Concern regarding whether it could affect insurance

[ concern regarding whether it could affect employment

[ Concern regarding confidentiality

[ other:

How would you change the frequency of eye checks if the test results showed that you were at LOWER risk
of developing glaucoma?

[ 1 would not change the frequency [ |1 would have less frequent eye checks
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How frequently would you be willing to have an eye check?

Every: Os 01z O1s O2a months

What would your preferred method of receiving results be? (Choose as many as appropriate)

O Face to face

O Letter / Mailout
DTE|ED|"IDI"|E' call
O email

O other:

COMMENTS:

[4]
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Appendix A.3: Healthcare Professionals’ questionnaire

Introduction

Dear Clinician/Healthcare Professional,

You are invited to take part in a research project assessing healthcare professionals’ perspective about
polygenic risk testing for glaucoma (e.g. ophthalmologists, optometrists, orthoptists, clinical geneticists,
genetic counsellors, general practitioners, lab scientists). Glaucoma is the leading cause of irreversible
vision loss in the world. Moreover, approximately half of those with glaucoma remain undiagnosed. This is
largely due to the condition developing without symptoms or signs in the early stages of the disease. This

is a situation we hope will change in the near future, through effective implementation of genetic testing.

Polygenic risk scores stratify an individual's risk based on the cumulative effect of many common genetic
variants. Polygenic risk testing is emerging as an effective approach to identify individuals at higher risk of

developing disease for complex genetic conditions.

Healthcare workers will be at the forefront of the delivery of personalised medicine. As a result, we wish to
understand their perspectives of polygenic risk testing for glaucoma. The results from this survey will
help develop training and resources for health care workers who may be involved in offering, referring or

counselling patients as well as interpreting results from the test.

The survey will take approximately 15 minutes to complete. Your answers will remain confidential. Your

participation through the completion of the questionnaire is completely voluntary.
This study is conducted by Prof Jamie Craig, Dr Emmanuelle Souzeau and PhD student Dr Georgie Hollitt
at Flinders University and has received Ethics approval from the Southern Adelaide Clinical Human

Research Ethics Commitiee (HREC 279.19).

If you have any questions regarding the questionnaire or would like to subsequently withdraw your

answers, please contact Georgie Hollitt at georgie. hollitt@flinders.edu.au or members of the research

team.

Department of Ophthalmology

https://qualtrics flinders.edu.au/Q/EditSection/Blocks/Ajax/GetSurveyPrintPreview 7ContextSurveyID=8V_8dm4DGUOEaQIFCmd&ContextLibraryID=UR_b... 1/16

Flinders University

1 Flinders Drive, Bedford Park

South Australia 5042

Tel: +61 8 8204 5737; Fax: +61 8 8277 0899
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Demographic detials

Q1. What is your primary occupation:

Ophthalmologist
General Practitioner
Clinical Geneticist
Genetic Counsellor
Optometrist
Orthoptist
Laboratory Scientist

Other (please specify)

Qa. What percentage of your patients have glaucoma?

Q2. What is your age?

< 30 years

30-39 years
40-49 years
50-59 years
60-69 years

= 70 years

https:/fqualtrics. finders edu.aw/Q/EditSection/Blocks/Ajax/GetSurveyPrintPreview ?ContextSurveyID=SV_8dm4 DGUOEaQIFCmé&ContextLibraryID=UR _b... 2/16
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Q3. What is your gender?

Male

Female
Non-binary
Prefer not to say

Other (please specify)

Q4. What is your ancestry? (choose as many as apply)

European

African

Asian

Australian Aboriginal
Hispanic

Middle Eastern
Pacific Islander

Unknown

Other (please specify)

Q5. How many years has it been since you completed your training for your current

profession or specialty?

Q6. How much of your professional training did you complete in Australia?

All
Most
Some

None

hitps://qualtrics finders edu aw/Q/EditSection/Blocks/Ajax/GetSurvey PrintPreview ?ContextSurveyID=58V_8dm4 DGUOEaQIFCmé& ContextLibraryID=UR _b...

3/16
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Q7. How many years have you been practicing full time in your profession?

Q8. What is your primary workplace?

Private hospital

Public hospital

Private clinic/practice

Public clinic/practice
Corporate practice

Academic institution/University

Laboratory
Other (please specify)

Q9. What is the structure of your primary practice? (choose as many as apply)

Solo practice

Single specialty group
Multi-specialty group
Not applicable

Prefer not to answer

Other (please specify)

Q10. How much exposure to genetics did you have during your training?

A moderate
None A little amount A lot A great deal Not applicable

Q11. Have you undertaken any post-graduate training courses in genetics?

Yes

No

https:/fqualtrics flinders edu.aw/Q/EditSection/Blocks/Ajax/GetSurveyPrintPreview?ContextSurveylD=8V_8dm4DGUOEaQIFCmé& ContextLibraryID=UR _b... 4/16
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Q12. Do you hold an academic position?

No
Yes, part-time
Yes, full-time

Yes, honorary (please specify)

Q13. Have you ever been diagnosed with glaucoma?

Yes

No

Q174. Are you aware of anyone in your family ever having been diagnosed with
glaucoma?

Yes
No

Unknown

Q14a. If yes, how many family members are affected? (including those who are
deceased)

Q14b. How are they related to you? (list all, including those who are deceased, eg.
brother, paternal grandmother, maternal aunt)

General Questions

Q15. When seeing a new patient, how important do you think it is to assess their

https://qualtrics. flinders edu au/Q/EditSection/Blocks/Ajax/GetSurveyPrint Preview ?ContextSurveyID=SV_8dmd4 DGUOEaQIFCmé& ContextLibraryID=UR_b... 5/16
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family history of glaucoma in consideration of:

Not atall Slightly Moderately  Very Extremely Not
important important important important important applicable

Affected first-
degree relatives?
(eg mother, father,
sibling)

Affected second-
degree relatives?
(grandparents,
aunt, uncle,
cousins)

Q16. If a patient reported a family history of glaucoma, how important do you think it
is to ask about the age of diagnosis of their affected family member(s)?

Not at all Slightly Moderately Extremely
important important important  Very important important  Not applicable

Q17. During the past 12 months, have you counselled a patient on a genetic issue for
any of the following?

No Yes Not applicable

For any genetic
condition?

For an eye
condition?

For glaucoma?

Q18. If yes, who initiated the conversation about the genetic issue?

Patient
Yourself
Both

Other (please specify)

https://qualtrics finders.edu.aw/Q/EditSection/Blocks/Ajax/GetSurveyPrintPreview?ContextSurveylD=8V_8dm4DGUOEaQIFCmé& ContextLibraryID=UR _b...

6/16
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Q18. During the past 12 months, have any of your patients asked you if they can get
a genetic test?

No Yes Not applicable

For any genetic
condition?

For an eye
condition?

For glaucoma?

Q20. During the past 12 months, have you referred a patient for a genetic test?

No Yes Not applicable

For any genetic
condition?

For an eye
condition?

For glaucoma?

Q21. During the past 12 months, have you ordered a genetic test for a patient?

Yes No Not applicable

For any genetic
condition?

For an eye
condition?

For glaucoma?

Q22. If you have received genetic results for a patient, how did you receive the
results? (Choose as many as appropriate)

Verbal - in person

Verbal - via telephone call
Written report

Written - email

Electronic medical records

Electronic results

https://qualtrics Ainders edu aw/Q/EditSection/Blocks/Ajax/GetSurveyPrintPreview?ContextSurveylD=SV_8dmd4DGUOEaQIFCmé& ContextLibraryID=UR b... 16
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Other (please specify):

Q22b. If you received written results, how were the results presented?

Words only
Words and graphics - black and white
Words and graphics - colour

Graphics only

Other (please specify)

Q22c. Did you communicate the results to the patient yourself?

Yes
No

Genetics

Q23. How would you rate your level of knowledge on genetics and disease
susceptibility? (scale from lowest to highest)

0 1 2 3 4 5 6 7 8 9 10

Q24. How qualified do you feel to order genetic tests?

Moderately Extremely
Not at all qualified Slightly qualified qualified Very qualified qualified

Q25. How confident do you feel to perform the following?

Not at all Slightly Moderately  Very Extremely Not
confident confident confident confident confident applicable

Take a family
history?

Identify family
history of a

https:/fqualtrics flinders.edu.aw/Q/EditSection/Blocks/Ajax/GetSurveyPrintPreview?ContextSurveylD=8V_8dm4DGUOEaQIFCmé& ContextLibraryID=UR _b... 8/16
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Not at all Slightly Moderately  Very Extremely Not
confident confident confident confident confident applicable

potentially
inherited
condition?

Determine the
mode of
inheritance from a
pedigree?

Estimate the risk
of your patient
having or
developing a
genetic condition
based on their
family and medical
history?

Identify specialist
genetic services in
your area?

Counsel patients
on genetic
testing?

Interpret the
results of a genetic
test?

Q26. Do you feel you would benefit from more training in any of the following?
Definitely No, not Yes, Definitely Not
no really probably yes applicable
Genetic testing

Interpretation of
genetic test results

Polygenic risk
scores

Q27. What would your preferred method of training be? (Please rank in order of
preference - with 1 being most preferred)

Day-long conference/workshop

https:/fqualtrics.flinders edu.aw/Q/EditSection/Blocks/A jax/GetSurveyPrint Preview ?ContextSurveyID=5V_8dm4 DGUOEaQIFCmé& ContextLibraryID=UR_b... 9/16
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Genetic education grand rounds

Mailed information - email or post

Online course

Online information e.g. websites, journals
Department meeting/in-service

Other

Q27a. Specify other preferred method of training:

Glaucoma

Q28. How would you rate your knowledge of the following? (with 0 being no
knowledge)

Glaucoma?
Risk factors for
open-angle
glaucoma?
Diagnosing
glaucoma?

The genetics of
glaucoma?

Current screening
recommendations
for glaucoma?

Q29. Are you aware of any commercially available tests for the following?

Yes No Unsure
Inherited genes for
glaucoma?
https://qualtrics flinders edu.aw/Q/EditSection/Blocks/Ajax/GetSurveyPrintPreview ?ContextSurveyID=8V_8dm4DGUOEaQIFCm&ContextLibraryID=UR_... 10/16
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Yes No Unsure

Polygenic risk
testing for
glaucoma?

Attitudes toward genetic testing

Q30. How familiar are you with the concept of polygenic risk?

Not at all Slightly Moderately Very Extremely
familiar familiar familiar familiar familiar

For any condition
For an eye condition

For glaucoma

Q30a. How qualified do you consider yourself to recommend polygenic risk testing
for glaucoma to your patients?

Moderately Extremely
Not at all qualified Slightly qualified qualified Very qualified qualified

Q30b. If polygenic risk testing were to become available, how likely would you be to
recommend a polygenic risk test for glaucoma in:

Highly Not
unlikely Unlikely Likely Highly likely applicable

First degree relatives
of patients with
glaucoma?

People aged >50
years?

Individuals of Asian
ancestry?

Individuals of African
ancestry?

Second degree
relatives of patients
with glaucoma?

https:/fqualtrics. finders.edu.aw/Q/EditSection/Blocks/Ajax/GetSurveyPrintPreview ?ContextSurveylD=5V_8dm4DGUOEaQIFCm&ContextLibraryID=UR_b... 11/16
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Highly Not
unlikely Unlikely Likely Highly likely applicable

Individuals aged >70
years?

Q30c.
How important are each of the following in your decision whether or not to
recommend polygenic risk testing for glaucoma?

Not at all Slightly Moderately  Very Extremely Not
important important important important important applicable

The individual's
attitude toward
genetic testing

Recommendations
and guidelines
from your
institution or
practice

Recommendations
and guidelines
from medical
societies (including
your professional
college or peak
body)

Recommendations
and guidelines
from government
agencies

Discussion with
your colleagues

Information you
obtained through
continuing medical
education

Commercial
advertisements
and promotions

Availability of
genetic testing
services

Clinical data
published in the

https://qualtrics.flinders.edu.an/Q/EditSection/Blocks/Ajax/GetSurveyPrintPreview ?ContextSurveyID=5V_8dm4DGUOEaQIFCmé& ContextLibraryID=UR_... 12/16
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Notatall Slightly Moderately Very  Extremely Not
important important important important important applicable

medical literature
Confidence to

interpret test
results

Lack of time to
review or discuss
test results

Coverage of
genetic tests by
Medicare

Q31. Which of the following health care provider(s) would you consider are
appropriate to do the following? (Tick as many as appropriate)

General Medical Genetic
Ophthalmologist Practitioner geneticist Optometrist counsellor Orthoptis
Order
polygenic risk
testing for
glaucoma?

Communicate
polygenic risk
test results

showing LOW
individual risk

Communicate
polygenic risk
test results
showing
HIGH
individual risk

Q31a. Specify other health care provider qualified to order polygenic testing for
glaucoma?

Q31b. Specify other health care provider qualified to communicate test results
showing low individual risk for glaucoma?

https://qualtrics flinders edu au/Q/EditSection/Blocks/A jax/GetSurvey Print Preview ?ContextSurveyID=SV_8dm4DGUOEaQIFCmé& ContextLibraryID=UR_... 13/16
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Q31c. Specify other health care provider qualified to communicate test results
showing HIGH individual risk for glaucoma?

Q32. What is your preferred method of communicating results to patients' for the
following? (Number as many as appropriate in order from 1 to 4, with 1 being most

preferred)

In person Telephone call Email Mail

If results were
shown to be high
risk

If results were
shown to be low risk

Q33. Based on your preferred method of receiving results, would a graph or figure be
helpful with written information?

Yes

No

Q34. When ordering a test, how important are the following factors?

Not at all Slightly Moderately Very  Extremely Not
important important important important important applicable

Performance
characteristics of the
test
(positive/negative
predictive value,
sensitivity/specificity)

Ability of the test to
provide prognostic
information

Ability of the test to
predict clinical
benefit of specific

https://qualtrics.flinders edu.au/Q/EditSection/Blocks/Ajax/GetSurveyPrintPreview ?ContextSurveyID=SV_8dm4DGUOEaQIFCmé&ContextLibraryID=UR_... 14/16
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Not atall Slightly Moderately Very  Extremely Not
important important important important important applicable

treatments need for
surgery

Ability to provide
information about
family members risk

Other

Q34a. Specify other factor:

Block 6

Q60. This is the end of the questionnaire. Please use the arrows to navigate back if
you would like to review your responses before completion, or forward if you are
happy to finalise your answers.

Powered by Qualtrics

https://qualtrics.flinders edu.au/Q/EditSection/Blocks/Ajax/GetSurveyPrint Preview ?ContextSurveyID=5SV_8dm4DGUOEaQIFCmé&ContextLibraryID=UR_... 15/16
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APPENDIX B: REPORTING RESULTS QUESTIONNAIRE
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Trial Reports

Intreduction Thank you for yvour participation in our study evaluating the use of genetic testing
for glaucoma and age-related macular degeneration (AMD] - the Genetic Risk Assessment of
Degenerative Eye disease (GRADE) study.

In this part of the study, you consented to provide feedback on different fictional reports.
Participation requires you to complete this online questionnaire that should take approximately
20 minutes to help us understand how you interpret numbers, graphs and genetic information.
We will then contact you to participate in a group discussion or individual interview, depending
on personal preference and COVID-18 restrictions, to discuss each aspect of the mock reports.

If you have any questions regarding the study, please contact Georgie Hollitt on 0493 057 068
or georgie. hollitt@flinders.edu.au.

31 First name:

12 Surname:
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33 What is your age?

A0-59 years (1)

G0-69 years (2)

=70 years (3)

24 What is your gender?

Male (1)

Female {2}

Mon-binary / third gender (3}

Prefer not to say {4)

Other (please specify) (5)

)5 What is the highest level of education you have completed?

Mo formal education (1)

Primary School {2)

Secondary School (3)

Vocational Training/TAFE (4)

University (5)
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g What is your ethnicity/family background? (choose as many as apply)
Europsan/Caucasian (1)
African (2)
Asian (3)
Australian Aboriginal (4)
Middle Eastern (9)
Hispanic (5)
Pacific Islander (g)
Unknown (7)

Other (please specify) (3)

Q7 Are vou colour blind?

Yes (1)

Mo (2)

Unsure (3)
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1 The following list contains some real medical words related to genetic testing. The list also
contains items that may look or sound like medical words but are not real words. As you read
through the list, mark the items that you know are real words. Y ou should not guess. Only mark
an item if you are sure it is a real word.

Genetolisis (1)

FPreventative (2)

Recessive (3)

Citozygous (4)

Allele (3)

Fathogynia (G)

Sequation (7)

Microtation (8)

Lenotype (9)

Chromosome (10}

Chemosomal (11)

Heteroygous (12)

FPathochemia (13)

Biocromity (14)

Penetrance (15)

Microbiotion (16)
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Genotype (17)

Heraditary (18)

Treatious (19

Autosome (20)

Frevotype (21)

Homozygous (22)

Fredisposition {23)

Offspring (24)

Genome (25)

Fotient (26)

Mucleotisity (27)

Carrier (28)

Depretion (29)

DMA (30}

Likelihood (31)

Frebiocular (32)

Consent (33)

Fathogenicity (34)
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Sequencing (35)

Exome (36)

Variant (37)

Mutation (38)

Heloux (39)

Prevelative (40)

Exon {41)

Moleculative (42)

Gene (43)

Fhenotype (44)

Inheritance (45)

Diagnosis (46)

Karyotype (47)

Behaviose (48)

Maolecular (49)

Dominant (50)

Actionability (51)
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(12 Indicate whether you think the following statements are either 'true’ or ‘false’.

True (1)

Most genetic disorders are
caused by a single gene (1)

A “complex disease” iz a
health condition brought on by
many genes and lifestyle and

environment (2}

If your close relatives have
glaucoma, you are more likely
to develop it (3)

Glaucoma screening is onky
recommended for people with
a family history of glaucoma

(4)

Each of us has variations in

our genes that make it more

likely that we will get certain
diseases ()

If a person has a genetic
predisposition for a disease,
this person will always get the
disorder (§)

The exact chance of
developing a genetic condition
can be determined through
genetic testing (7)

Cnce a genetic marker for a
disorder is identified in a
person, the disorder can

usually be prevented or cured

(8)

False {2)

11 Imagine that we rolled a fair, six-sided dig 1000 times. Qut of 1000 rolls, how many times do

you think the die would come up even (2, 4, or )
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Q2 If the chance of getting a disease is 10%, how many people out of 1000 would be expected|

to get the disease?

(13 If the chance of getting a disease is 1 in 1000, what percent of people would be expected to

get the disease?

1
Enter answer below:

02
Select one answer below:

Crosicol (4)

Hertinol (5)

They are equal {6)

Can'tsay (7)

Q3
Enter answer below:
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4
Enter answer below:

X1 In preparing for discussing the reports, could vou tell us which of the following questions and
explanations would you want to see included in a report for glaucoma genetic risk? (choose as
many as appropriate)

What is glaucoma? (1)

What are the risk factors for developing glaucoma? (i.e. why me?) (2)
What can | do to reduce my nisk? (3)

How is glaucoma detected? (4)

What are the treatment options? (5)

What do my results mean for my family? (6)

Who else can | talk tofwhere can | get support? (7)

How will my result affect my insurance? (3)

Other (please specify) (9)
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APPENDIX C: MOCK REPORTS
Polygenic Risk Score (PRS) Report - Glaucoma  1p: xoccoooooc

_________________________________________________________________________________________________________________

1. PRS Result - Glaucoma
Your result - high risk

F’Hsumlit::un nsk PRS: 85th percentile
rn

Your Glaucoma PRS indicates vou are in thie 95th percentile of risk within the population. This means
that your risk of developing glaucoma is higher than 85% of the population. Out of 100 people, you
have a higher genetic risk of glavcoma than 85 paopla.

2. Polygenic Risk Scores (PRS) explained
= Palygenic risk scores give an indication of a parson’s overall genetic risk for a particular condition.
= Your test results were based on 2673 genetic changes (or variants) that we know influence a person's
risk of developing glawcoma.
« Some variants are more strongly associated with glaucoma than others.
» Palygenic risk scores add up all of the genetic variants associated with a particular condition that a
person has, accounting for how strongly they are associaled with the condition.
# The score is represents your risk compared fo other people within fhe population.
What are the limitations of the test?
&  This test estimates your risk of primary-open angle glavcoma (the most commaon subtype of
glaucoma).
# [t does not estimate your risk of other types of glaucoma or other conditions.
«  Although the polygenic score predicts risk in all ancestries, it has been best validated in individuals of
European ancestry.
#  This test does not account for some rare vanants known to cause glaucoma. Therefare, your risk may
be higher, especially if you have a sirong family history of glawcoma.
« PRS results represent a probability of individual disease risk and are therefore not diagnostic, and
results should be interpreted by a suitably qualified clinician in conjunction with other established
clinical risk factors, in particular age. It does not take into account non-genetic risk factors.

3. What does my test result mean for me?

Your result suggests you are at 2.3 times higher risk of developing glavcoma than most other paopla.

Your result does not mean that you have glaucoma now.

It does not mean you will definitely develop glaucama.

Because you are at increased risk, we recommend that you see an ophthalmaiogisf or opfomedrist

avery & months so they can check your eyes to seea if you have glauscoma.

&  There are several treatment oplions available for glaucoma. Please refer to the back of the page for
mare information on glaucoma and treatment options.

&  Your results also means that other people in your family may be at increased risk as well. They can

talk to their GP or eye specialist abouf it.
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Polygenic Risk Score (PRS) Report - Glaucoma  1D: xesooooox

__________________________________________________________________________________________________________

First NI e TOPEEPEE BYE oo e
GBI oo naaennn . Date af reporting:

1. PRS Result - Glaucoma
Your result - high risk Average population

PRRRRRRARERRRNNR0044 20
phanaenteetentttttts 44
phaaaaattttttetennes 4

=i =8

Pheaee
Phetee

e Peatente
44 Prdedate
fhetettesttattates

$ phaddtdndttd ARRR00000000000004004
;9;;;;;:9::;:*;:*;:: theettatateneRtentee

Your result indicates your risk of developing Average population - the average population
glaucoma is approximately 7%. This means that  risk is approximately 3%. This means that on
7 out of 100 pecple of the same gender and age  average, 3 in 100 people of the same age and
as you will develop glaucoma over their lifetime.  gender as you will develop glaucoma.

2. Polygenic Risk Scores (PRS) explained

-
-

Polygenic risk scores give an indication of a person's overall genetic risk for a particular condition.
Your test results were based on 2673 genetic changes (or varianis) that we know influence a person's
risk of developing glaucoma.

Sarme varianis are more strongly associated with glaucoma than others.

Polygenic risk scores add up all of the ganatic variants associated with a particular condition that a
parsan has, accounting for how strongly they ane associated with the condition.

Your score (and genetic risk) can ba comparad to other people within the population.

What are the limitations of the test?

-

This test estimates your risk of primary-open angle glaucoma (the most common sublype of
glaucoma).

It does not estimate your risk of other types of glavcoma or other conditions.

Although the polygenic score predicts risk in many ancestries, it has been best validated in individuals
of European ancestry.

Thig test does not account for Some rare varnants known to cavsa glaucoma. Tharafone, your risk may
be higher, espacially if you have a strong family history of glaucoma.

PRS resulls represent a probability of individual disease risk and are therefore not diagnostic, and
results should be interpreted by a suitably qualified clinician in conjunction with other established
clinical risk factors, in particular age. It does not take into account non-genetic risk factors.

3. What does my test result mean for me?

Your result suggests you are at 2.3 imes higher risk of developing glavcoma than mast other people.
Your resull does not mean that you have glaucema now.

It does not mean you will definitely develop glaucoma.

Because you are af increased risk, we recommend that you sea an aphthalmologis! or cptometrist
avery & months so they can check your eyves to see if you have glaucoma.

There are several ireatment options available for glaucoma. Pleasa refer o the back of the page for
more information on glaucema and trealment opions.

Your resull also means that other people in your family may be at increased risk as well. They can talk
to their GP or eye care professional about it.
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Polygenic Risk Score (PRS) Report - Glaucoma  1p: xococooomx

________________________________________________________________________________________________________________

First e e Ordered By .
BLITTIAIITIE. oot e e e e ettt e e e e e e e e e e Sample collection date: .. ...
DM B e Received at lab: s
T T TR Date of reporting: ...

1. PRS Result - Glaucoma

Your result - high Average population
risk
m Paople whe will m People who will
MOT develop NOT develop
Elaucoma glaucorna
m People who WILL u People who WILL
develop develop
glaucoma glaucoma
Your result indicates your risk of developing Average population - the average population risk

glaucoma is approximately 7%. This means that 'S approximately 3%. This means that on average,
7 out of 100 people of the same gender and age 3in 1E;Iﬂ people of the same age and gender as
as you will develop glaucoma over their lifetime.  YOu will develop glaucoma.

2. Polygenic Risk Scores (PRS) explained

=  Polygenic risk scores give an indication of a person’s overall genetic rizk for a panicular condition.
= Your test results were based on 2673 genetic changes (or variants) that we know influence a person’s
risk of developing glavcoma.
Some variants are mone strongly associated with glaucoma than othars.
=  Polygenic risk scores add up all of the genetic variants associated with a particular condition that a
person has, accounting for how strongly they are associated with the condition.
o  The score is represents your risk compared to other people within the population.
What are the limitations of the tast?
= This test estimates your risk of primary-open angle glaucoma (the most common subtype of
glaucoma).
It does not estimate your risk of other types of glaucoma or other conditions.
= Although the polygenic score predicts risk in all ancesirias, it has besn best validated in individuals of
European ancestry.
s This test does not account for some rare variants known to cause glavcoma. Therefora, your risk may
b higher, espacially if you have a strong family history of glaucoma.
=  PRS results represent a probability of individual disease risk and ane therefore not diagnostic, and
results should be interprated by a suitably qualified clinician in conjunction with other established
clinical risk factors, in particular age. It does not take into account non-genatic risk factors.

3. What does my test result mean for me?

Your result suggests you are at 2.3 times higher risk of developing glaucoma than most other paopla.

Your result does not mean that you have glaucoma now.

It does not mean you will definitely develop glaucoma.

Becausa you are at increased risk, we recommend that you see an ophthalmalogist or optometriss

every & months so they can check your eyes to see if you have glaucoma.

=« There are saveral treatment options available for glaucoma. Please refer to the back of the page for
mare information on glaucoma and treatmeant options.

= Your results also means that other people in your family may be at increased risk as well. They can
talk to their GP or eve specialist about it.
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Polygenic Risk Score Report - Glaucoma 1D 0000000000¢

# Researchers have identified genetic variants which are associated with glaucoma by comparing thosea
with the disease to thosa without
# APRS collates the combined risk of multiple genetic risk variants into a single score, typically by
weighting the relative effect size of each vanani.
# Scores may be combined with conventional risk factors o estimate overall disease risk.
Fura fudll a:q:lmalu:m oin gErnatH:: ml'.and calculation ufPHE

What is glaucoma?
# Glawcoma is a group of neurodegenarative conditions that affect the

FLUID PAF AR R DFDR- & MGLE GLAUOOM &
opfic narve

# Glascoma is usually a complax disease, influsnced by both genetic I
and environmental factors. ,
#  Primary open-angle glaucoma is the most commaon form of glaucoma
o (Jpen-angle means the area where the fluid drains out of the
eye is not obstructed
= Primary means there is no other known cause (such as trauma Cose
or surgery)
What are the symptoms? Il\
&  Usually there are no symiptoms in early diseasea /
#  \ision loss may only be noticeable in lafer stages of disease O angls
#  \ision loss from glaucoma is irreversible and cannot be restored
« Only an eye exam performed by an eye specialist can tell if someona
has glawcoma

I

P! e

[

Are there any risk factors?
& ‘Yas, there are a number of risk faciors (examples listed below)
=  Family history of glawcoma
o Those who have a first-degree relative (parent, sibling, child) with glaucoma are at almost 10

times increasad risk of also developing glaucoma compared to thosae who do not
&  African ancestry

& Age over 50 years

= Elevated eye pressura

What are the treatment options?

=  Treatment options are highly effective at showing or preventing disease progression in mast peopla
=  Treatments include topical eye drops, laser therapy, and in very advanced cases, sungery.

What does this mean for my family?

& We know that people who hawe a family mamber with glaucoma are at higher risk of also developing

glaucoma
& [f you hawve been identified o be at high risk, it is possible that your closest relatives are also at
increased risk
Glaucoma Australia: “ision Australia: Speak fo your:
hitps:'glawcoma.ong. auwhome hitps:ifwww vision2020australia. org.aw’ - Dphthalmologist
£ Glaucoma - ggmm
= Australia -
! Saving wigh
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APPENDIX D: SEMI-STRUCTURED INTERVIEW GUIDE

Focus Group/Interview Guide

Outline of topics to cover

Purpose/Aim:
To explore the preferences of individuals towards various formats of reporting polygenic risk

results.

Discussion points:
- Overall impression of the different reports
- Impact of colour on report preference
- Impact of font on report preference
- Whether the report content is appropriate
- Whether the report content is easy to understand
- Whether there was anything missing from the reports
- Does the report raise any questions
- What do they understand about the representation of the risk
- Whether the report adequately communicates the results to ensure the individual would
feel confident that they have correctly understood it.
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Focus Group/Interview semi-structured interview guide

Introduction and Purpose

Thank you for volunteering and taking the time to participate in this project. My name is Georgie,
and | am conducting this study as part of my PhD within the Department of Ophthalmology at
Flinders University. You have been asked to participate as your view is important. We
appreciate your time and willingness to participate. This focus group/interview is designed to
explore your thoughts and preferences towards 3 reports which we have recently created to
communicate polygenic risk score results to members of the community.

As you may remember, the GRADE study is working towards integrating polygenic risk testing
for glaucoma into clinical practice, so it will be important to ensure that the results are reported
effectively. That is why we are asking for your honest opinions.

There are absolutely no right or wrong answers. We want to hear any feedback you may have.
You might find that you don’t agree with someone and that’s okay; it does not mean either of
you are right or wrong, it just means that you see things differently and we want to hear why that
is (for focus groups only).

We are recording your answers so that we don’t miss anything, but your answers will be kept
confidential. The recordings are stored safely. When they are transcribed, nobody’s name will
be attached to their comments.

Can | ask you again for your permission to record the discussion? [Upon yes from all, start
recording]

Ground Rules

1. The most important rule is that only one person speaks at a time. Please wait until the
person speaking has finished before starting your comment (focus group only).
There are no right or wrong answers.
You do not have to speak in a particular order (focus group only)
You do not have to agree with the views of other people in the group (focus group only)
Do you/Does anyone have any questions? (answers).

akrowbd

General
- Have you ever received a genetic report before? If yes, did you find it useful?
- Have you ever received any other medical results in a written report before?
- Ifyes, did you find it useful?
- What did you like about the report?
- What didn’t you like about the report

First Impressions

- Whatis your first impression of the report?
- What is the first thing you looked at on the report?
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- Is there anything you would suggest changing to improve your first impression of the
report?
- After reading the report, can you tell me what the main thing this report is telling you?

Risk figure (each):

- Do you think this figure is easy to understand? If not, what is difficult to understand?

- What do you like about this figure?

- What don’t you like about this figure?

- What is the key message of the figure?

- What is your interpretation of the risk that is shown in the figure? Do you think this
person is at higher risk, lower risk, or average risk of developing glaucoma compared to
other people?

- On a scale of 1-10, How worried would you be if you saw this result, with 1 being not at
all worried and 10 being extremely worried?

- Do you think most people would be able to understand this figure? Why/why not?

Preference:
- Out of the three figures you have been shown, which did you prefer? Why?
- Can you rank the three figures in order of most preferred to least preferred?
- Can you rank the three figures in order of easiest to hardest to understand?
- Do you have any suggestions about how they could be improved?
- Do you have any further comments about these figures?

Report layout and appearance
- Do you think the report was easy to read and interpret?
- Do you think the content of the report was appropriate?
- Was there any information missing from the reports that you would like to see?
- What did you like about the report?
- What did you not like about the report?
- Can you comment on the balance of text and visual elements? Is there too much of one
and not the other?
- Did you like the font that was used?
- Did you like the colours that were used?

Confidence
- Would you feel confident that you correctly understood the report?
- Would you want to review the report with your doctor?
- Do you have any other comments/feedback on the report/s?

Summary

Thank you very much for sharing your thoughts and preferences on the reports. We are
reaching the end of our time now, so | would like to finish by summarising the key ideas that |
have heard.
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Is there anything | have missed or anything anyone/you would like to add?

If you think of anything later that you would like to feed back, you are welcome to contact me via
email or phone. My contact details can be found on the Information Sheet.

Thank you again for your contribution to this project. Your honest discussion has been very
helpful in furthering our understanding of how we can effectively communicate genetic results
for glaucoma to members of the community.

Useful prompts to use throughout focus group/interview:
- Does anyone think differently about what was said? (focus group only)
- Canyou tell us a little bit more about that?
- Can you give an example of what you mean?

- For negative responses
- Can you give a suggestion on how it could be changed/improved?
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APPENDIX E: LITERATURE REVIEW - EXAMPLES OF PRS REPORTS

Peter MacCallum Cancer Centre eve
Familial Cancer Centre

Phone +61 3 9656 1199 -‘ l r
Fax +61 3 9656 1539 W

www.petermac.org

Lab episode: XXXXX Patient name: TEST, test
Report date: DD/MM/YYYY Date of birth: DD/MM/YYYY
Sex: Female

Clinical details: Personal history of breast cancer (unilateral)
Previous screening of BRCA1 and BRCAZ2 genes
did not identify a mutation.

Test requested: Common Genetic Variants
Test result: Polygenic risk catergory is HIGH
General population
average Patient RR
A

K]
% g \ Alcohol RR (2 std drinks p/week
g c
538 Obesity RR (BMI> 30
SE
=0
588

~os
el BRCA1 & BRCA2
I mutation RR 210
s
28
ZB
st

2 05 1 35

Relative Risk (RR)

Interpretation: This patient's breast cancer relative risk is 2.8
This is based on the polygenic risk score of 1.5

This result suggests that this patient is at high risk of breast cancer.

Research has found that women with a high polygenic risk score have a two-fold increase in
the incidence of a second primary cancer when compared to women with a low polygenic risk
score.

Methods:

Patient sample has been genotyped for 22 common genomic variants that have a clinical and statistical significance
with breast cancer risk.

Polygenic risk score calculated through the sum of the log odds ratios for each common genomic variant tested
within specimen. Score has been standardized to the same metric using population controls.

Polygenic risk score category ranges:

High: Greater than 0.59
Intermediate: -0.07 0.58
Low: Less than -0.08

Common genomic variants tested:

rs2981582 (FGFR2), rs3803662 (TOX3), rs17468277 (CASP8), rs889312 (MAP3K1), rs3817198 (LSP1), rs2046210 (ESR1),
rs4973798 (SLC4A7), rs6504950 (STXBP4), rs999737 (RAD51L), rs13387042, rs13281615, rs10941679, rs11249433,
rs1011970, rs2380205, rs704010, rs614367, rs10509168, rs12662670, rs1975930, rs8170, rs865686.

Reported By: A/Prof Paul James
Sarah Sawyer
Reference: Sawyer, S, James, PA et al 30(35)4330 2012 Journal of Clinical Oncology
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Family Report: Whole Genome Sequencing Results

Patient Mame: Walter Jones Patient Information clinician
DOB: 171172003 15 5tate Strest Preferred Contact: ordering Eeoff Genes, MD
sax:  Male Bloomsburg, Pa lanine Jonas Clinician: 100 N Academy Ave.
17ELS [mother) Danville, P4 17822
Date of 123-456-7890 1-Zjones@amail.com 570-555-5555
sample 3,/20/2013
collection: Patient Representative Contact: Mancy Murse
(if applicable):  Janine lones,
Age atsample 10 vyears, 2 months Maother Referring Peter Peds, MD
collection: clinician: Primary Pedigtrics
Family Samples Submitted
Mame Relationship
Reason for  Myopathy (muscle lanine Jones Mother
testing:  waaknass) limmy Jones Father

Test Results and Explanation

Il Part I: Results Related to the Reason for Testing

Summary
of Results

A likely genetic cause for symptoms was found with a probable
diagnosis of Salih myopathy

I Associated Gene | TTN

Was at least one relevant genetic mutation found? Yes

Two changes were found in one gene called TTH that may be the cause of your child’'s symptoms. These
results are shown on the next page. It is important to talk with your doctor about the meaning of these results
for your child.

Whole genome seguencing testing was ordered to identify a possible genetic cause for your child's symptoms.
Your child's symptoms were reported to include muscle weakness (myopathy), delay in physical
development, and drooping of the eyelids [ptosis). & muscle biopsy showed findings that a possible muscle
disease could explain these symptoms.

Glossany:

Myopathy is muscle weakness. There are many different types of myopathy. Different causes lead to the
different kinds of muscle weakness.

Salih myopathy is a specific type of myopathy that is caused by change in a gene that works to produce energy
for cells in the body.

Mutation is also known as a variant. This is a change in the code of a gene. Most variants do not change the
function or activity of a gene. This type of variant is called benign. Some variants will be harmful and lead to
health problems. These kinds of variants cause genetic conditions.

Sequencing lab
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RESULTS
Mame of the gene

TN

What does this gene
do?

The TTN gene contains instructions for your body to make a large protein that is
important for the muscles of your body and heart to work. The protein is called
“titin” {also known as “connectin”).

What variant(s) does
your child have?

Twao different genetic variants of the TTN gene were identified:

TTN c ASB57G:p. KI3286R (from mother)
and
TTN c.G1373BCp V4ASROL (from father)

How do variants in this
gene cause health
problems?

Each person has two copies of the TTN gene (one from their mother and one from

their father). Some variants stop the TTW gene from working. When both copies of
the TTN gene are not working, titin cannot be made correctly and patients develop
symptoms.

* When a person has two non-working copies of the TTN gene, they have a
condition called “Salih myopathy™

* When a person has one normal copy of the TTW gene and one non-working
copy of the TTNV gene, they are said to be a “carrier”. They do not have
symptoms of Salih myopathy

Are the variants the
cause of your child's
symptoms?

These two variants are probably the cause for your child's symptoms because each
variant is believed to stop the TTIV gene from making titin. We are still learning
miore about this gene and this protein.

EXPLANATION

How certain are
we that the
TTM variants

Tt genetic mutation

N\

are the cause for
wour child's
symptoms?

ts kel 10 be the cause

of symptoms

[*Probably Palhogenic™)
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Il Part Il. Next Steps

1) Specific issues to discuss with your doctor
Some things to ask about:

Treatment Options — Are there are any new options to consider? Shauwld there be a change in our
chifd’s current care? If there ore several options, how will we mave forward?

Lifestyle Changes — Are there certain activities aur child should ovaid? Would it heip to adopt certain
behaviors? Would any dietary changes be helgful? Should we make changes 1o our hause?

Support Services: Would aur child benefit from occupationol therapy, speech therapy or any other
types af intervention services? Would the therapist or provider benefit from learning specific things
about these results?

Monitoring: Are there certain medical symptoms to look out for? Are there new heaith problems we
shouid prepare for?

Additional Medical Specialists: What are other medical speciolists should be consulted? How can o
referrol to these speciolists be arranged?

2) Diagnosis specific guidance

[Thiz infarmation will be included as Simu!Cansult ond pravider-curated information. An example af this
information is ottached seporotely ond lobeled as “Concept Sheets”. We recognize thot many gene findings
will nat have significant amounts of information availoble.]

3) How these findings might affect your family members

How is the myopathy passed on in families? This condition is caused because your child two copies of
the TTW genes that do not work correctly. One TTN gene came from Mom and one came from Dad.
We know that each of you must have one copy of the TTW gene that works correcthy and one copy that
iz not working. People who have at least one working TTW gene, do not have myopathy. Copies of the
TTN gene that do not work have a change in the structure that is called a "mutation”. Inheritance that
i caused by two copies of non-working genes is called autosomal recessive inheritance.

Could our other children also have this condition? This condition is identified early in infancy. We
would know already whether or not your other children have myopathy. Other children in the family
miay carry a single non-working copy of the TTN gene. They are not at risk for health prokblems for
themselves. Any of your children could have testing to find cut if they carry one or the other of the
TTN gene changes.

How do these results affect future pregnancies? You have a 1in 4 chance ar a3 25% chance with each
pregnancy that each child could inherit two non-working copies of the same gene. There are 3 out of 4
chances or 75% chance that each child in the future weould not have this myopathy. If you are thinking
about children in the future we can talk about possible testing options before or during pregnancy.

‘What about other family members? It is possible that your siblings or parents also carry one non-
working copy of the TTW gene. These types of gene changes can be carried silently for many
generations and no one knows that the change is in the family. It becomes known once someong
marries someone who also carries a change in the very same gene. Then thereis a 25% chance or 1 in
4 chances to have a child with this myopathy. Family members can be tested for the gene changes
found in the TTN gene in your child.

Sequancing lab

Interpratation Facllity
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4) How is this variant passed on in families?

Unaffected Unaffectad
*Carrier* “Carrier*
Father Mother

Im this dizgram,

@ . R = wsual TTN gene
o +~*-§;g “&H r=TTN gene variant

] T Autosomal Recessive Inheritance
oo~ oo
Unaffe cimd “Camier e
1 '-x l-:mn:-e- 2 in & chance i ind chanoe

4) Other Resources

General Resources:
"  Tolearn more about a genetic condition, it can be helpful to start at the Genetic and Rare Disease
Information Center: hitp:/frarediseases. info.nih. gow/’
v Another helpful resource is "Genetics Home Reference”, which provides links to condition-specific
patient support groups: http:/fahr.nlm.nif.gov

* Tolearn more information about genetics concepts and terms, visit Genes in Life from The Genetic
Alliance: hitp-/fwww genesiniife org

Resources Specific to Condition:

- : .childrenshospital.org/research-and-innovation/research-labs

developments/nemaline-animation
" http:f fwww. joshuafrase. orgflife-with-cnmi-mtm /the-disorder.php

5) How to stay up-to-date on new information about your Whole Genome Sequencing results
" Important: Please stay in touch and call us once a year so that we can talk about any new information
about your Whole Genome Seguencing test results.

" Please feel free to call Dr. Marc Williams or Janet Williams at 570-214-7042.

Sequencing lab: Complet vamics, 2071 5t

Interpratation Faclliy: Hamic W Brestifuk 3 i Hialth
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" A sypport group that focuses on myopathy may also be helpful.
o http:/fwenw childrenscardiomyopathy.org/

*  [fyou are interestad in taking part in research about this condition, go to www. clinicoltriols. gov once
or twice a year to see if you gualify for any research studies.

What do Whole Genome Sequencing test results mean?

We have a reasonable cause for your child's muscle condition. There may be other important genetic findings
in the test results. At this time we looked for the genes that might explain your child's diagnosis.  As time
goes on, we may be able to look at other genes and other conditions. We also looked at the genas that can
tell us about certain health conditions recommended to be included in results from whole gemome
sequencing.

It is estimated that the human body contains about 25,000 genes. We currently understand the function of
only about 3,000 genes and how certain types of variants affect this function. Seme genetic variants can have
no effect at all, some may even be helpful, and others may be harmful.

‘We suggest that you stay in contact with your healthcare provider and/or genetics professional at least
once a year to learn if there is any new information related to your Whole Genome Sequencing test results.

Part Il of this report will tell you about the other genes looked at as 3 part of this study. There are genes that
are not linked to your child's condition, but are important for your health.

Sequancng lab:

Interpratation Facllity lj i th Syst Harth & i A 1M
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“ Part lll: Additional Important Findings

These genetic test results are not related to your child's myopathy. However, these results are important for
you and your family’'s health.

Summary of
Additional Findings

BRCAI mutation

Why is this result
being shared?

This wvariant in the BRCAI gene leads to greater risk for getting breast or ovarian
cancer as an adult. These types of cancers can either be prevented or cured if found
early. Knowledge of these higher cancer risks will help you and your family doctor to
discuss your cancer risks.

Your child is MOT believed to be at any increased risk for childhood cancers.

It is likely that other members of the family carry this mutation. This information
could also affect their own medical care.

Mame of the gene

RESULTS & EXPLANATION

BRCA1

What does this gene
do?

The BRCAI gene contains instructions for your body to make a protein that helps
repair damaged DMA.

What variant was
found?

Cys64Gly mutation of the BRCAI gene

How do wariants in this
gene cause health
problems?

This variant (mutation) in the BRCAI gene makes it harder for the body to repair
damaged DMA. This can increase a person’s risk of certain types of cancer. People
who carry a BRCAI mutation have a condition called Hereditary Breast and Ovarian
Cancer syndrome [also known as “HBOC syndrame™).
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Information about

Hereditary Breast and

Orvarian Cancer
Syndrome
[HBOC)

(General Information
about HBOC,
continued)

Adults with HEOC syndrome are at a higher risk to develop breast, ovarian and
other cancer than people in the general population.

Childhood cancers are NOT known to be associated with HBOC.

Your child is NOT considered to be at a higher risk to develop a childhood cancer

Estimated cancer risks Waoman with Worman in
BRCA1 gene General
for WOMEN: mutation Population
Lifetime risk of breast cancer 50-B5% 12%
{orlin 9}
Risk of breast cancer by age 50 30-50% 2%
Lifetime risk of ovarian cancer 11-44% 1.4%

Estimated cancer risks Man with Man in
for MEN: BRCA1 gene Gener.al
mutation Population
Lifetime risk of male breast cancer Up to 7-B% A05%
(or 1in 2000)
Lifetime risk of prostate cancer 20% 15%

guidelines.

Some families with HBOC syndrome also have a higher risk for certain other cancers,
such as pancreatic cancer.

While it is possible to have HBOC and newver develog cancer, it is imgportant for
anyone who has HROC follow specific early cancer screening and prevention

279



This is important medical information for you and your relatives because it is likely
What these results | that ane or more of you alse carry this BRCAI mutation and have HBOC syndrome.

mean for you and
other members of

i Your child inherited this BRCA mutation from one of you, his parents. Since nearly
the family:

all BRCA mutations are inherited, it is highly unlikely that your child's BRCAI
mutation is “new”. This means that one of you has HBOC syndrome and are at 2
higher risk for certain cancers. A genetic test is available that can determine which
of you could benefit from discussing early cancer screening and prevention options
with your healthcare provider.

Each one of your child’s full siblings has a 50% chance to also carry this BRCA
mutation. & “full sibling” is a brother or sister who has the same mother and same
father az your child. This information.

Other members of your family are at risk to carry this BRECA mutation as well. Your
child's aunts, uncles, cousins and other relatives alzo have a chance of having this
BRCA mutation.

Please see “Next Steps” to leorn obout how to arrange testing far youw and other
members of your family.
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Part IV. Next Steps

1) How these Additional Findings affect the medical care for your child

Your child’s current medical care should not be affected by these results. Currently, there are no medical
recommendations for children who carry a BRCA mutation. When your child is an adult, it is important for
her/him to share these results with their doctor so that an appropriate care plan can be made.

It is possible that new information and recommendations for individuals with HEQC syndrome will become
available over the coming years, so it is impertant to include these Additional Findings in your yearly
discussion with a genetics professional about these Whaole Genome Sequencing results.

?) How these Additional Findings might affect your family members

BRCA mutations are inherited in an autosomal dominant manner. In this type of condition only one copy
of the non-working gene is needed to cause disease. The non-werking copy of the gene is inherited from
one parent or the other, but not both. People who have a non-working copy of the gene have a 50%
chance (1in 2) to pass along the non-working copy of the gene and a 50% chance to pass on the working
copy. Genetic testing is available for family members and will find who has a non-working copy of the

gene.

Dominantinheritance: only one parent needs to carry a non-

working gene to pass along the condition

Interpretation Fac ity

L
Parents

Affected: His condition Unaffecsed: Does fot bive condition

Sequent ing lab
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3]

4)

Genetic testing for family members

At-risk family members will not need to have Whole Genome Seguencing (as your child did). To learn
whether they also carry this BRCA mutation, they can have a much simpler genetic testing done that is
called a “single-site mutation test”™ — this test looks specifically for this one BRCA mutation. A genetic
counselor ar physician can help to arrange for testing.

MName of the test

foryouand your | gingle-site Mutation Analysis for the BRCA1 Cys64Gly mutation.
family members.

At the end of this report, there is a Family Letter to help you explain this information to your relatives and
their doctors and to help them get appropriate genetic tasting.

Treatment recommendations for adults with HBOC syndrome (carriers of BRCAI mutation)

Your family may benefit from speaking to a genetics professional that can provide a detailed review of the
miost up-to-date recommendations for people with this condition.

Summary of current recommendations for adult individuals with BRCAI mutations to discuss with their
healthcare providers (as of the date of this report):

To discuss with your physician:

Adult women . -
with HBOC Yearly mammograms and breast MRI beginning at age 25
syndrome *  Monthly self-breast examination and clinical breast exams two times a year

beginning at age 18

*  Serious consideration of removal of ovaries and fallopian tubes {“bilateral
salpingo-cophorectomy,” or “BS0™) at ages 30-40 or after child-bearing is
completed. This procedure significanthy lowers the risk of ovarian cancer, as
well as the risk of breast cancer.

* |f BSO is not performed: Transvaginal ultrasound, screening of CA-125 levels
in the blood, and pelvic exam performed twice a year

* (Consideration of medications andfor breast removal [“mastectomies”) to
lower the risk of breast cancer.

Adult men with

*  Monthly breast self-exams and clinical breast exams two times a year
HBOC syndrome v v

beginning at age 35
* Consideration of a baseline mammogram at age 40

*  Follow population screening guidelines for prostate cancer (for example, PSA
blood test and annual digital rectal exam)

282



5) Other Resources
* Fact Sheet: This is a basic fact sheet from the Mational Cancer Institute about BRCA 1 and 2-related
cancer risks and genetic testing hitp Y www. cancer gov/concertapics/factsheet/Risk/BRCA

*  FORCE: This non-profit organization, “Facing Our Risk of Cancer Empowered (FORCE)™ serves women
and their families at risk for hereditary breast and ovarian cancer. Their website provides a variety of
respurces such as information about support services or how to talk to family members about HEOC.
http:/Ywww focingourrisk org

*  Bright Pink: Bright Pink is an organization that focuses on the prevention and early detection of breast
and owarian cancer in young women. Their “PinkPal” program provides one-ocn-one personalized
mentoring to young women with HBOC. www . brightpink org

*  Find a Genetic Counselor tool: You can locate a genetic counselor in a specific geographic area by
using this tool from the Mational Society of Genetic Counselors. http://nsgc.orgfpfom/Id ffid=154

S unet Ing lab:

Interpretation Facllity
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A Letter To Share With Relatives

Dear

We recently learned that some members of our family may have inherited a genetic condition that
increases ong’s risk to develop certain cancers. & mutation in the BRCAI gene was identified in

. Thiz genetic mutation causes Hereditary Breast and Ovarian Cancer (HBOC) syndrome
and it is possible that other members our family may also have HEOC.

Since HBOC is associated with an increased risk for certain cancers that can be either prevented or
detected at an early, curable stage, | am writing to all of my relatives who may have inherited the
zame genetic change as me. In comparison to the general population, female carriers of a8 BRCAI
mutation have a much higher risk for breast and ovarian cancer, while male carriers have an increased
risk for prostate and male breast cancer.

When someone has a BRCA mutation, each one of his or her children, brothers, and sister has a 50%
(1in 2) chance of also carrying this mutation. Men and women are equally likely to inherit this genetic
mutation.

You may wish to speak to a genetic counselor or your healthcare provider about whether genetic
testing for this mutation makes sense for you. To locate a genetic counselor, you can use a feature an
the website for the National Society of Genetic Counselors at www.nsge.org that is called “Find a
Genetic Counselor”.

Mame of this condition | Hereditary Breast and Ovarian Cancer Syndrome

Genetic test results | A Cys64Gly mutation of the BRCAL gene was
found. This mutation is associated with a higher
risk for breast, ovarian and other cancers.

The genetic test that can
be ordered for my

. Single-site Mutation Analysis for the BRCA1
relatives

CysBdGly mutation.

| have also included a copy of the test result with this letter, which you can share. Please bring this
letter and those results to your hezlthcare provider or genetic counselor so that genetic testing can
be arranged for you. | hope you find this information helpful. Please let me know if you have any
guestions.

Sincerely,

Sequen | ng lab:

Imterpradation Faclllity
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Coronary Artery Disease
B FOWERED BY 23ANDME RESEARCH

Coronary anery disesss, sometires called CAD, & a type of heart dissase that is typically caused by the
buddup of 8 waxy, cholesterol-containing substance called plague insde the coronary acterias, which are
the major blood vessels that supply the beart with oxygen-rich blood, When plagque builds ug in the
coronaty anenes, the vessels narrow and blood flow 1o the beart is decreased

Jamie, your genetic result is
associated with an increased
likelihood of developing coronary
artery disease.

An estimated 20% of males with genetic results like yours develop coronary artery disease by
their 70s. This is based on data from 23andMe research participants of European descent.

This estimate is based on currently avadable data and may be updated over time.

Ways to take action

Your ovarall likedhood of developing coranary antary disesse
also depends on other factors, including lifestyle. Expens
agrea that healthy lifestyle habits can help lower tha chances

&)
of developing this condition, \\ 4
* Maintain a healthy waight ’
* Eata heart-heaithy diet ‘ \."
* Exarcise regularly

* Avoid smoking -

o Limit alcoho! consumption

Start taking action
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About coronary artery disease

How can coronary artery disease impact your health?

In people with coronary anery dsease, plaque buildup in
the coronary arteries causes the vessels to narrow and
decreases blood flow to the heart. At first, thes may not cause
any symptoms. However, as mare plagque builds up over
tene, people can experience chest pain (called angina),
shortness of breath, and fatigue. The heart can also become
weak and unable to purmnp blocd effectively to the rest of the
body {called heart failure).

If a piece of plaque inside an artery breaks off and a blood
clot dorms, blood flow to the heart may be blocked, causing
a hean attack. ¥ blood fiow to the brain & blocked, this can
cause a stroke

Estimate your risk” for complications of heart disease,
including things like heart attack and stroke. This toof from
the American Heart Association uses non-genetic factors,
and is for indinduals who are et least 40 years old.

Other factors that can impact your chances of
developing coronary artery disease

According to the Centers for Disease Control and
Prevention, up to 16% of people i the US, are expected to
develop coronary artery disease by their 70s. Besides
genetics, weight, and idestyle, some factors that can mcrease
a persan's chances of developing coronary artery diszase
include:

* Age (this condition becomes more comman as people
get older)

* Sax{more males than femalas are dagnased with
C y arteey o but famales ara likely under-
diagnosed)

* Famdy history {especially if a parent had a heart attack at s
young age)

¢ Ceortain haalth conditions (Including high blood prassura,
high cholesterol, and type 2 diabetes)

© e &

Heart failure  Heartattack  Stroke

Age
e 9
L ]
Family history Cenain haalth
condtions
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Keep in mind

This report does not diagnose coronasy anery disease. It also daes not peovide information about or
diagnase othar forms of hean disease. Consult with a healthcara professional If you are concarnad about
your likethood of daveloping coronary artery disaase, have a personal or family history of coronary anery
daease, or befora making any major lifastyle changes.

;4

Y -

If you have already baen The Fkelihood of developing This report does not account This report is based on a
diagnosed with coronary coronary artery disesse also for every possible genetic genetic model created using
artery disease by a healthcare depends on other factors, variant that could affect your data from 23andMe research
professional, it is important to inchuding age, sex, family likelihood of developing participants and has rot been
continue any treatment plans,  hstory, and lifestyle coronary artery disease, and it clinically validated.
including medications and does not include rare variants
lifestyle modifications, that that individually have a large
they prescribe, impact on the bkelihood of

developing this condition.

How we got your result ~

Methods

This raport is based on a statistical model that takes into account your ganetic resuits at meee than 2,400 genetic markers, along with
the athnicity and sax you reported in your account settings, to estimate tha likebhood of developing coranary artary disease. We used
data from 23andMa research paricipants as wek as data reponed in the sclentdic literature 1o caloulate this estimate. Results and
estimatas may be updated ovar time as the mode! or scientific undarstanding abaut ths condition improvas. Note that this report does
not includa genetc variants that have a larga iImpact on the likelihood of devaloping coronary antery disease, such as vanants linked 1o
familial hyparcholasterolamia (FH).

About the resuft

Peopla whosa result is associated with adds of developing coronary artary disease that are at least 1.5 temas higher than average am
considerad to have an increased Mealihood. Betwaen 2% and 19% of individuals receswa an “increased likalihood® result, depending on
wthnicity. Thesa results are based on thousands of genaetic markars, and random tast arrar at one ar mare of these markers can lead to
a small margin of arror in your estimated likelihood of developing coronary anery dsease. For people whose estrnates are near the
boundary batwaan typical and increased likefihood, this margin of eror may introduce some uncertainty about whether thair
estimated likelihoad is considered “typical® or “increasad”. Your genetic rasult is associatad with an increased likelihood. Based on the
avadable ganetic markers wsed to calculate your result, there is a less than 1% chance your g likelihoad could fall on the
other side of the baundary and be in the ranga that is considered typical,

Scientific validity across ethnicities
We venfiad that the madel meets our scientific standards for individuals of Ewropean, Hispanic/Lating, East/Scutheast Asian, South
Aslan, Sub-Sahacan African/Afncan Amencan, and Noetharn African/Central & Western Asian dascent

How we may use ethnicity and sex to customize this result

o If you Indicated in your account settings that you are of European, Hispanic/Latino, East/Southeast Asian, South Asaan, Sub-Saharan
African/African Amerncan, or Northern African/Central & Western Asian (Middle Eastern) descent, your result & tailored based on
data from individuals of that ancestry,

o Otherwise, your result may be based on data from individuals of Europesn descent because there i not encugh data from
individuals of your ancestry st this time. Dats from individusls of Evropean descent 2 used because the most data is available for this
population,

* Your Coronary Artery Diseacze result also takes into account the sex you Indicated in your account settings.

Sae cur white paper ta learn more about the science behind this report.
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Read Mare:

Arnett DK et al, (20019], "2019 ACC/AHA Guideling an the Frimary Prevention of Cardiovascular Disease: Executive Summary: & Report
af the American College of Cardiology/ American Heart Association Task Farce on Clinical Practice Guidelines.” J Am Caoll Cardial,
FADE1376-7414, 7

Benjamin EJ at al. (2019). *Heart Dissase and Strake Statistics- 2019 Update: A Report Fram the Amanican Heart Assaciation.®
Circulagion. 139 10ke54-2528_°

Cartars for Dissase Contral and Prevention. (20171 "Behaviaral Resk Factor Suneillancs System [BRF35] Prervalence & Trends Data ™
Retrieved May 4, 2020, from httpa: e ede.gowbrisa/brissprevalencer, »

Khera AN ot al. (201 7). “Genetics of coranary artery disease: discovery, biclogy and dinical translation.” Mat Rev Genet. 18(6)c331-344.

]

Llayd-Jones DM et al. [2004). "Parental cardiovascular diseass as b risk factor for candiovasoular disease in middle-aged adults: a
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Maye Clinic. *Coronary artery disease.” Retrieved August 1, 2019, from https/ S mayoclinic.orgfdiseases-conditions/ coronary-
artery-disease/symploms-causes/syc- 20350613,
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Explore how genetics and other factors add up

How common is type 2 diabetes in 23andMe research participants with genetics like yours who have different
ages, weights, and other characteristics?

Your genetics: Increased likelihood

Ethnicity: European

Age
Height Weight
ft ‘ in ‘ ‘ b

How many times do you eat fast food each week?

Select fast food frequency v

How many times do you exercise each week?

Select exercise frequency v

Calculate

Ways to take action

Experts agree that healthy lifestyle choices can
reduce the likelihood of developing type 2 diabetes.

If you have already been diagnosed with
prediabetes by a healthcare professional v

If you have already been diagnosed with type 2
diabetes by a healthcare professional v

Percent who have type 2 diabetes

Input values to see how common type 2
diabetes is in people with different
characteristics.

You can update your ethnicity in your account settings.

Estimates are not available for all ethnicities. European is used
as the default for people of mixed ancestry and for those of
ancestries for which we do not yet have enough research
participants. Keep in mind that this tool does not include all
possible factors that affect the likelihood of developing type 2
diabetes and does not predict your personal overall likelihood of
developing type 2 diabetes.

ﬂ Maintain a healthy weight v
Get active v
Eat healthy foods v
Don't smoke v
Talk to a healthcare professional v

<

"%

Consider a diabetes prevention program v
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Keep in mind

Consult with a healthcare professional if you are concerned about your likelihood of developing type 2
diabetes, have a personal or family history of diabetes, or before making any major lifestyle changes.

O 1l ne

This report does not diagnose The likelihood of developing This report does not account This report is based on a

type 2 diabetes. It also does type 2 diabetes also depends for every possible genetic genetic model created using
not provide information about on other factors, including variant that could affect your data from 23andMe research
or diagnose other forms of age, weight, ethnicity, and likelihood of developing type 2 participants and has not been
diabetes. family history. diabetes. clinically validated.

About the type 2 diabetes genetic model

Summary

This report is based on a statistical model that estimates the likelihood of developing type 2 diabetes by
looking at genetic variants at 1,244 places in your We identified these variants and created this
model using data from more than 1,118,888 23andMe research participants of European descent.

About the likelihood estimate

The estimated likelihood of developing type 2 diabetes is based on your type 2 diabetes genetic score,
self-reported ethnicity, and current age. This estimate assumes you do not already have type 2 diabetes.
For every year you do not develop type 2 diabetes, your estimated likelihood of developing type 2 diabetes
in the future and the "typical range” for your age will both decrease slightly. This estimate is based on data
from 23andMe research participants of European descent with your genetic scare, combined with Centers
for Disease Control data on the average likelihood of developing type 2 diabetes in people of European
descent, Overall, about 78% of people have estimated likelihoods that fall into the typical range, while
about 22% have increased likelihoods. See our white paper to learn more about how we determined which
genetic scores correspond to "typical” vs. "increased” likelihoods.

About "Explore how genetics and other factors add up”
This calculation shows estimates of type 2 diabetes prevalence, or how common type 2 diabetes is, in

fast food consumption, and exercise frequency. It was developed using data from more than 538,868
23andMe research participants of European, African, Hispanic/Latino, East Asian, and South Asian
descent.

See our white paper to learn more about the science behind this report.

Performance across ethnicities

We evaluated model perfermance for people of
European, African, Hispanic/Latino, East Asian,
and South Asian descent. This analysis included
data from 17,888 or more research participants
of each of these ethnicities. The predictive
power of the model (AUC) varies across
ethnicities, possibly due to factors like
limitations in the amount of data available from
each ethnicity.

ETHNICITY AUC VALUE
European 6.652
South Asian 6.603
Hispanic/Latino 6.638
East Asian 8.689
African 6.588

The "Area Under the receiver operating
characteristic Curve” (AUC or AUROC) measures
how well a statistical model predicts whether or
not people have a trait. AUC values usually range
from 8.5 to 1, where higher numbers mean the
model has more predictive power. The
predictive power of the type 2 diabetes model is
limited by the fact that type 2 diabetes depends
not only on the genetic factors included in this
model, but also on non-genetic factors and likely
on additional genetic factors that are not yet
known.
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Coronary Artery Disease Risk

Moderate Genetic Risk (37th percentilad

i7

maore infarmation

How Can | Reduce
My Risk?
1|

- I

Connect to a Genetic
Counsalor an DNAFaad
MAFeed offers the |
Fdnafeed receanch finding
to ol MA and «
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ASCVD Risk Clinical Action
(10-year risk ) (2019 ACC/AMA Guidelines)
0%-5% I v s
Borderline Risk,
5% - 7.5% Emphasize lifestyle change,
Consider risk enhancing factors
7.5% - 20% e B lnatmets
zoesicker risk anhancing factors
>20% it high-intersay statin
titettited
feeeee

""'f'"' Number Needed to Treat: ~ 50
"'*""" Poor adherence: ~30%
:fﬂi‘ﬂ'ﬂ‘i‘

Polygenic Risk Stratification

w1
<20 percentile >80" percentile
Low Genetic Risk High Genetic Risk

statin efficacy | statin efficacy 1

fiteetited high genetic risk
THIP91999% Number Needed to Treat: ~20

titeetiee

""':"m average genetic risk
thite Number Needed to Treat ~45

111
tritteteet
thite

S

tititiiiee
tittttidee

low genetic risk
FiPTRF9#8 Number Needed to Treat 60

:ﬂﬂﬂ‘ﬁf

f statin treated

' heart attack prevented
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MyTOOLBOY

DNA RESULTS

N\

Metabolic Rate

Slow Metabolism
U

SUMMARY ©

Sort Filter

£
Metabolic Rate
Status: SLOW METABOLISM

Choline Benefit
Stotus: NOT ESSENTIAL

Glutamine Benefit

%
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MEREnAne CONFIDENTIAL

54501233
Integrated BRACAnalysis® with MyRisk™ Hereditary Cancer Test Mlesl(
MyRisk Genetic Result Hereditary Cancer Tes

RECENVING HEALTHCARE PROVIDER SPECIMEMN PATIENT
Test HCP. MDD Specimen Type: Blood Name: Pt Last Mame,
Test Medical Center Diraw Date: Dhesc 03, 2021 Pt First Mama
GE4S BLAKCO RO STE 208 Accession Date: Dec03, 2021 Date of Birth: Dec 03, 1982
AL e, L R Report Date:  DecO3, 2021 Patient ID:  Patient id
Gender: Female

Accession §:  07007255-BLD
Requisition & 90024824

GEMETIC RESULT: NEGATIVE - NO CLINICALLY SIGMIFICANT MUTATION IDEMTIFIED @

Maote: “CLINICALLY SKGNIFICANT,® as defined in this report, is a genetic change that is associated with the
potential to alter medical intervention.

BREAST CAMNCER RISKSCORE™: REMAINING LIFETIME RISK 35.3% @

This lewel of risk is at or above 20% threshold for corsideration of maodified medical management.
See RiskScore Interpretation Section for mone information.

CLINICAL HISTORY AMALYSIS: NO ADDITIOMAL MAMAGEMENT GUIDELINES IDEMTIFIED
BASED OM THE CLIMICAL HISTORY PROVIDED

Crther dinical factors may influence individualized mansgement. This analysis may be incomplete if details about
cancer diagnoses, ages, family relationships or other factors were omitted or ambiguows. i this patient also has a

clinically significant mutation, the recommendations based on the dinical history analysis should be considered in
light of the possibility that this mutation explains all or some of the cancer history intha family.

ADDITIONAL FINDINGS: NO VARIAMT(S) OF UNCERTAIM SIGMIFICANCE (WUIS) IDENTIFIED

Details Abouwt Mon-Clinically Significant Variants: Al individuals carry DMA changes (e, wariants), and most variants do not increase an
individual's risk of cancer or other diseases. When identified, variants of uncertain significance {YIUS) are reported. Likely benign variants
{Favor Polymarphisms) and benign variants {Potymonphisms) are not reported and available data indicate that these variants mast likely do
nat cause increased cancer risk. Present evidence does not suggest that non-clinically signficant variant findings be used to modity patient
madical management beyond what is indicated by the personal and family history and any other clinically significant findings.

Wariant Classification: Myriad's |'n:."l.l'i::i|:|n""II Variant Classification Program performs ongoing evaluations of variant dassifications. In certain
cazes, healthcare providers may be contacted for mone dinical information or to arrange: family testing to aid in variant classification. ‘When
new evidence about a variant i identified and determined to result in clinical significance and management change, that information will
automatically be made available to the healthcare provider throwgh an amended report.

I.ll“” = d W 03T ey Garariics, e | 120 Wakars Wy, Sak Laks Cly, Utsh 34708 | PRE 1-800-859-7437 FI- B01-584-3515

Thas fioemurt and corcesi of this repont s b r o F ]
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COMFIDENTLAL |IIIII.I.

S50

MyRisk Genetic Result

Hana: Pt Last Mams, Pt First Mamse DO8: Dee 03, 1982 Accession & 07007255.8LD Raport Date: Dee 03, 2021

ADDITIONAL INFORMATION

Ganas Analyred: Sequancing (seq) and largs rearangement analyies were pardfomred for all coding axons in the follwing genes, wiless

atharwiss indicated:

APC, ATH, AXING, BAPT, BARDT, BMPRIA, BRCAT, BRCAZ, BRIFT, COH1, COK4, CORMZA, CHEKD, CTHMAL, FH, FLEN, HOXET S [seg

anly], MENT, MET, MLHT, MSHZ, MSHS jaxcuding repatitive portiors of saon 1), MSHS, MUTYH, NTHLT, BALEF, AMS2 PTEN, RADSTC,
RADETD, S0HA, SDHE, SDHC, SOMD, SMADY, STEIT, TPE3, TSCT, THC2, WHL

Limitad prosmoter regions may ake be analyzed for large rearrangemants.

Soguencing |seq) and'ar lege rearangemant (LR analyses ware perfarmad only for tha gaene porions indeeated in parenthasi far tha
Tl cominiey e

EGFR janors 18-21, seq and LR), EPCAM (swons 89, LR anly], GREMT jaxcn 1 and wpstream regulatory regions, LR only), MITF [c952, seq
anly], POLE (exorudease domain, seq only], ALDT (sxonuckase domain, seq onky), RET |exons 5, B, 10, 11, 13-16 seq and LR), TERT
{promater o ONA -1 to -1, seq onlyl.

** Orthar genss not analyzed with this test may also be asccated with cancer.

Indication for Testing: It is our understanding that this indiidual was identified for testing diss 1o a parsonal or family history sugoestive
af a hareditary prodisposition for cancer

associated Cancer Risks and Clinical Management: The *Myfisk Managemant Tool® assodated with this repon provides a summarny of
cancif fisk and profesional sodaty medical managamant guidelings that may ba useful in develaping a plan for this pationt based an any
clinically signifecant test results andfor reported personalfamily history. In some cases, a MyRisk Managamsst Tool cannot be provided,
such as vehan the resull has a special interpretation o includés a mutation with unusual dharacternistics.

Analysis Description: Tha Technical Spediications sumemany [myriad.comtechnical-specifications) describaes the analysis, mathod,
parformancs, nomanclature, and interpretive oritaria of this test. Curnent testing technologies are unable to definitively determine
whathasr & variant iz garmling oF somalic in origin, which may significantly impact risk estimates and medical managament; therafora,
theiia rasilts should be cosralated with this patient's personal and family history. Tha interpretation of this st may also be mpacted if
ther patient has a hematokogic malignancy or an allogenaeic bone manrow transplant.

CLASSIFICATION DISCLAIMER

THE CLASSIFICATION AMD INTERPRETATION OF ALL WARIANTS IDEMTIFIED IN THIS ASSAY REFLECTS THE CURRENT STATE OF
MYRIAD'S SCIENTIFIC UNDERSTAMDING AT THE TIME THIS REPORT WAS IESUED. VARIANT CLASSIFICATION AND INTERPRETATION
MAY CHANGE FOR A VARIETY OF REASOMS, INCLUDING BUT MOT LIMITED TG, IMPROVEMENTS TO CLASSIFICATION
TECHMIQUES, AVAILABILITY OF ADDITIOMNAL SCIEMTIFIC INFORMATION, AMD OESERVATION OF A VARIANT IN MORE PATIEMTS.

||“||| I‘iad 0 Wi Gasnacicn, . | 120 Vilskcats Vi, Salk Lk Coty, Lisahs 4108 | PH: HIOO-469-7433 Fi: B01-584-2615
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CONFIDENTIAL |ll..l.ll
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MyRisk Genetic Result
Naee: Pt Last Name, Pt First Name DOS8: Dec 03, 1982 Accession #: 07007255.8LD Report Date: Dec 03, 2021

Breast Cancer RiskScore®

HBeeost Cancer

RiskScore

RESULT:  35.3% Remaining Lifetime Breast Cancer Risk

35 .3% 1.7% 5-Year Breast Cancer Risk

Remaining Lifetime Breast Cancer Risk (Age-Adjusted)

20% Mk

General a Thrashald
e
This Patient

0 5 10 15 20 25 20 35 40 a5 50

BREAST CANCER RISKSCORE® INTERPRETATION
The breast cancer RiskScore provides an esti of the ning lifetime risk for breast cancer. A risk estimate at or above 20% is

iated with specifi dified medical rac daticns, induding ideration of more aggressive breast cancar screening and
additional risk reduction measures. If appicable, details of these r d are provided in the panying MyRisk Medical
Managament Tool ar other supph | material. W with a risk estimate below 20% may stll be appropriate for consideration of

medified medical management basad an other clinical factars or estimates from other breast cancer risk models, such as Tyrer-Cuzick,
Claus, and Gail.

TYRER.CUZICK BREAST CANCER RISK CALCULATION

REMAINING LIFETIME BREAST CANCER RISK: 18.5% 5.YEAR BREAST CANCER RISK: 0.8%

The National Comprehensive Cancer N rk (NCCN) provid, dical "o dations for women with an estimated
remaining lifetime broast cancer risk greater than 20% based on Tyrer-Cuzick. M dations re s zed on the MyRisk
Management Tool (MMT). if an MMT is not included with this report, current di fram the NCON Breast

Cancer Screening and Diagnosis panal can ba accessed 3t www.ncen.org. Version 7 02 of tho Tyrer-Cuzick moadel was used for this risk
estimate. Tyrer-Cuzick model Versions 7.02 and 8.0 are available for download at the EMS-Trials website, httpc//www.ems-trials ceg/
riskavaluator.

B 2021 Mhyrlad Geseticn, b | 220 Wakaws Wow, Sak Lake Cay, Uzah S4T08 | PHC 18004550420 FX. 301-384-2413
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MyRisk Genetic Result

Name: Pt Last Name, Pt First Name DOS8: Dec 03,1982 Accession #: 07007255.8LD Report Date: Dec 03, 2021

BREAST CANCER RISKSCORE® ANALYSIS DESCRIPTION

The breast cancer RiskScore provides S-yaar and remaining ifetime breast cancer risks, based on an analysis of genatic markers coenbined
with patiant dinical and famiy history data. The Tachnical Specificati y thatp//enyriad com/technical- spacifications) describes
the RiskScorm clighiity criteria, wwmmmummmmdmumommmm-
analyzed dunng next genaration sequencing (NGS). The alkele status of these markers has been weighted 10 g 2 polygenic odds
ratio of 2.1 for this patient, which is combined with cinical and famidy Nnayuﬁmntogm«mhﬁmlm&mmmmloh
djusted for overlap b the risk captured by the biomarkers and the clinical factors and has not been validated for use with other
Mmodds mdﬁuldeMqumMmdmmwmtmmmdlovl!ﬂsmdy:kmdnplm
en the y of RiskS, (inchadi over- o Leder. of breast cancer risk) that can be caused
bycmmd/ammdnup«nddwalmdlmlyhknorydm

Please contact Myriad Medical Services at 1-800-469.7423 X 3850 to discuss any questions regarding this result.

‘r}-ww Benjamin 0. Roa, MDD Thess 1801 reedts SN0 andy b wand @ COMPCIaN with The Satant s dinal huzory
B o N Otplomate ABMO 20l ey prvican mslyot of appeaprae Lendy varbect The paties s doecal Natoy
partains %o this lebaorstory report: Labormsory Siesctos 200 300t (ot thadd cot B Gactound 1 8 1hind paty widess relsted 16 trastiee o
P L TGt IE, WENCAR the BT § AAGrecs wETen thorBation it i evongy
e b w15 the Batest b & Lettiog that

MW-M(‘Mm mm—w.ﬂnm
B ot Sewn chased a0
Spprined by e US. MMNM(M The FDA hat detmmnad
Tt e W o M| A BB S D TEIA W (L i)
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Integrated BRACAnalysis® with MyRisk™ Hereditary Cancer Test
Clinical & Cancer Family History Information

CONFIDENTIAL

RECEIVING HEALTHCARE PROVIDER SPECIMEN PATIENT
Specmaen Type: Blood Nama: Pt Last Name,
Draw Date: Deac 03, 2021 Pt Frst Name
Accession Date: Dec 03, 2021 Date of Binth: Dec 03, 1982
Report Date: Dec 03, 2021 Patient 1D: Patient id

Test HCPR, MD

Test Medical Center
6603 BLANCD RD STE 200
SAN ANTONID, TX 78216

Gander: Faemale

MyRisk

Accession &2 07007255-8LD
Requistion #: 90026826

PERSONAL / FAMILY CANCER MISTORY SUMMARY

FAMILY MEMBER CANCER / CLINICAL DIAGNOSIS AGE AT DIAGNOSIS
Patient None
Auet Paternal Breast, lovasive 42

PATIENT CLINICAL MISTORY SUMMARY

Woman's age k- Hoemona Replacemaent Therapy (HRT) No
Ancastry White/Non-Hispanic - HRT: Tmatment Fype N/A
Heaight 5ft7in HRT: Current user N/A
Waight 175 Ibs - Number of years ago started N/A
Age of menarche 13 - Additional years of intended use N/A
Patient's mencpausal status Pre-menopacusal - HRT. Past user N/A
- Age of coset N/A - Number of years ago ended N/A
Age of first lve birth 27 Breast bicpsy Not Specfied
NUMBER OF PATIENT'S FEMALE RELATIVES
Daughtars 1 Skters 2 Matemnal Aunts 2 Paternal Auns 2

Myriad

genetics

B 2021 Myrinet Ganecics, nc. | 230 Wakacs My, Sk Laba oy, Uzah S4108 | PYe 1800463 7422 FX 0015842615
The formae and concacts af 1h MEee e froprariny Bed ey (ot Se Copmed O Wead wiNCAl SesTascn, seavpt 3 Surpcons of
eiog wd vaacing e uciert idaxited i the mpcn a5 et of bi o e Exwdy Mycad Wyrad M Risk

PACAcohicr, COLARES, My iison s Thes necaecton Kgat M ehor radenarhs o reghcered tadamaks of Mysad
cetics, Wic b the Lrited Geates and cthar puisditan.
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Clinical & Cancer Family History Information
Name: Pt Last Name, Pt First Name DOB: Dec 03, 1982 Accession & 07007255.8LD Report Date: Dec 03, 2021
The cheical inf tion di d here was provided by a qualified healthcare provider on the Test Request Form and other documants,

mdmmvmﬁ.dbywmd.Fmtymombonllsnda’Mu'mmmdhafm&mdbmmmkmmaum
persanalfamily history assessments. For more information seo the Specificaticns for Personal/Family History Analysis at

httpJ//myriad .comAtedhnical spacifications.

The y and compl of tha inf tion provided in the Clinical and Cancer Family History Information section of the report
(ogh.@l“n.@mmdmaﬁ)mwyﬂonhmdmwﬂcmwmwwmm
TyresCuzick or RiskScore.

RiskScera is not valid, and may significantly over- or undar-astimate breast cancer risk for women wha da not meat the aligibiity criteria in
effact whan the testing was performed. The current criteria ara: 1) age is 18 10 84 years, 2) no parsanal history of beeast cancer, LOIS,
hyperplasia (with or without atypia), or a breast biopsy with unknown results, 3) there i no meatation detocted in a breast cancer risk gene

(ethaer than a llolc CHEX2 mutation in 2 White/Non.+ or Ashk Jowish individual), 4) the ‘s ral have not
bmlmmhmamha@m&mwﬂmﬂﬂhuﬂomnﬂ“%amfm@m
Form and the cedering haalth provider has not di d that RiskScore is inappropriata for the patient. If this is an amendad report

for a patient tested in tha past, please refer to the MyRisk Techeical Specifications at htip.//myriad.com/technical-specifications for the
ebgibility critaria in effect at the tima of the criginal testing.

= wm-‘lmm--.uuummmulmimucnrxnuunu
rla mwum-uum e R B Copaad Of onnd w TP pRoTdGRGN, -nwhrmnl

mmm ’wm-mnmnm‘umdnnwumw % mm

genetics Cacaces e s he Unted Zee 3uf it prEcsare
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Integrated BRACAnalysis® with MyRisk™ Hereditary Cancer Test MyR]. Sk
MyRisk Management Tool Hereditary Cancer Te

RECEIVING HEALTHCARE PROVIDER SPECIMEM PATIENT

Tast HCF, MD Spadman Typa: Blood Mama: Pt Last Nama,

Tast Madical Center Dirar Diata: Duac 03, 2021 Pt First Mama

e Accassion Date: Dec 03, 2021 Date of Birth: Dec 03, 1982

P L, W Tn Roport Date:  Dec 03,2031  PationtiD:  Pasiant id
Gandar: Famala

Accession 07007 255-8L0
Requistion § 0024828

GEMETIC RESULT: NEGATIVE - MO CLINICALLY SIGNIFICANT MUTATION IDENTIFIED @

Miaba: “CLINICALLY SIGMIFICANT,® as dafined in this report, & a genetic change that & assocated with the
potantial to atter medical intervantion

BREAST CANCER RISKSCORE™: REMAINING LIFETIME RISK 35.3% @

This lavel of risk & at or abowe 5% threshold for considenation of modidied medical managemant.
See RshScone Interpratation Section for maone infomaticn.

CLINICAL HISTORY AMALYSIS: NO ADDITIOMAL MANAGEMENT GUIDELINES IDEMTIFIED
BASED ON THE CLINKCAL HISTORY PROVIDED

Ortar clinical factors may infuencs individualzed managemant. This analysis may be incomplate i detads abowt
cancer diagroses, ages, family relationships or other factors were omitted or ambiquous. If this patient akso has a
clinically significant mutation, the recommendations based on the dinical history analysis should be considered in
light of the poscibility that this rutation explairs all or soms of the cancer history in tha family.

BREAST CANCER RISKSCORE THIS BREAST CANCER RISKSCORE™ IS ASSOCIATED WITH
THE FOLLOWING CAMNCER RISKS:

At or above 20% ELEVATED RYSH: Famala Breast

Ma dinically significant metations were identified in this patient. Howewer, based on personalfamily history, the patient's cancer risks may
still be incroased over the general popul ation. S nformaation bel o

Maase sea the Genstic Test Result for mone detsls on any variantls) detected in this patient, induding sariant classfication informatian.

ADDTIOMNAL FINDINGS: NO VARIANT CERT! J CE [ ]} IDENITIFIED:

TYRER-CUZICK BREAST CANCER RI

REMAINING LIFETIME BREAST CANCER RISK: 18.5% S.YEAR BREAST CANCER RISK: 0LU8%

Thia Tyrar-Curick braast cances rick astimans iz only caloulatod for woman whi maat tha fallowing oritaria: 1) age i pounger than 85 yaars,
2] no known mutation o incondusive result has been found in the woman or any of ber rel atives, and 3) the sample was submitted with a
cusrant Tast Requast Form that includes all of tha fialds required to collect the information used in the calculation, and the provides has
not indicated on the Test Request Form that tha Tyner-Cuzick caloulation is not appropriate for the patient. Varsion T .02 of the Tymr
Cugick modal was used for this risk astimate. TyrerCuzick modal Versions 7.02 and B0 are svailabls for downdoad ot tha EMS-Trisks
wahisita, hitpefwees ams-trials. crgfriskevaluatar.

CLINICAL OVERVIEW OF GENETIC FINDINGS

Remaining Lifetime Breast Cancer Risk Estimated to be 20% or Higher
»  This weoman has an estimated remaining |Hetime risk for broast cancer at or above the 20% threshold based on RiskScora. This & the
asstinated risk of deweloping breast cancer fircem this woman's current age to ags 85.

. 303 Wi Gamaricn, inc. | T3] iskcars Vi, Salk ks Coty, Ly 4108 | PH: HB00-469-T41 F: 0H1-584-3815
I"'la mnunumdwn:.:dnumnmmu-,mnhmugmu .u-ﬂu r\-u-m sacapt tor punposss of — .
” oy Forr gy el i i "'w""‘“m'“..’h..‘“u"mﬁ'” bt e sk ] e P
Fenetics Gavaticy, inc. i the Unitid Scates e Gehas i
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MyRisk Management Tool
Mamma: Pt Last Mama, Pt First Nama DOU: Duc 03, 1982 Accossion & O7007288.8L0 Report Data: Dee 03, 2021

= RiskScora is partially based on the analysis of selected ganatic markers lknown to have an impact on breast cancer risk. Although tha leval
af risk associated with each individisal markar is small, results from the combined analysis of multiple markers can have a significant impact
an braast cancar risk astimatas.

* Tha RkSoon etimats & ako basad on information about the woman's personal medical history and sy histary of brasst and ovarian
cancar in her refatives, as reponed by the healtheare provider. RiskScore will ba less aorurate if any of the information that was prowided
is incomplata or incorrect. The FiskScone estimabe i not valkd, and may significantly over- or under-estimate risk, if tha woman is inefigible
for RiskScone based on the oritena describad on the RiskScore Clinical & Family History page of thi report.

+  Currently thane are no guidalines for the medical management of breast cancer risk in women basad on RiskScore. Howevar, it may ba
PO iate o contider aptions based on gudalinas for other stiations whaee the estimated remaining §fetirs broast cancar rick is ot o
abowa the 50% threshold.

WHAT ARE THE PATIENT'S CANCER RISKS?

Thiasa risk tables sheow tha clinically signifcant ancar rsks identified as part of this patient’s testing. Tasting for come patkets doas not
includa sema of the analyses listad:

+* GEMETIC RESULT: Mutations detected in amy of tha hereditary cancer ganes included on the MyRisk panal.
* BREAST CAMCER AISKSCORE: RikScon estimate of remaining lifetime braast cancer i if greatar than 20%

* CLINKCAL HISTORY ANALYSIS for breadt cancer risk: Tyner-Cuzick model estimate of remaining lifetime brexst cander risk greater thamn
20%

= CLINICAL HSTORY ANALYSES for braast, colsractal, p ftic, prostate and mada cancar: Analysis of the patent’s persanal and
family histany.

Tha risks for sach of these msults are provided saparataly. If tha risk for any individual cancer is affected by more than cne of these resuls,
el rish associated with aach finding & listed in a separate tabka. Af this timae, there is not @nowgh information to estimate risks for cancers
affectod by mone than ane gene mutation, or sk based on both gene mutations and personal famdy histon:

Breast cancer risk estimate at or above the 20% threshold based on RiskScore” and/or the Tyrer-Cuzick model
RISK FOR GENERAL

CAMCER TYPE CAMNCER RISK PERLILATE RELATED TO
Hamaining Hatma risk lags at 157 110% RiskScon at or above the 20%
tirm of testing to age B5) theashald

WHAT MANAGEMENT FOR CANCER RISKS SHOULD BE CONSIDERED?

This i n!dlnlul it guitkedings i based on the pationt's genetic et resuls and the Clinical History Analysis. Madical
t ara izad from astablished medical soceties, primariy the National Comprahensive Cancar Matwork
:nJCEN:I.HMaﬂ elapsgi i guidelings for any individusal cancer due to more than one of these results, the guidelings

mclﬂ'hﬁdmﬂmtdiﬂnﬁ'lg irnﬁl.n-dln separata tables, aven if they are the same. At this time, thera are no medical society guidalines for
howi to adst managemant whan thare ane multple sourms of Ak, such 2 from mors than ona gena Matation, oF & mutaton and &

parsonalfamily histary of cancer. In these cases, it may be appropriste to use the most aggressive of tha g it oS | dad
Thia cverviaw provided balow should not be wed as the sole source of ind, i o dat madical o i. Tha referencoes ciwd
should always ba consultad for more details and updates 1o the rec clat

M i rtian is dod related 1o treatment of a previcus o g cancar of polyps. The recommandation summaries balow may

regquing Mﬂmudmuﬂm pﬂilﬂnnpwwnlmdulmy putsugmardnﬁnr traatrrants. Patients with a past history of
cancir, banign twemors, of pre-cancerous findings may b candidatas for long term sisvaillanes and risk-redisction strategios bayond what is

nacessary for the treatment of thair intial disgrasis. Amy discussion of madical it aptions & for g | infarmation purpokas
anly and doss not constituta a recommandation. ‘Whils genatic testing and madical sociaty recommendaticns provide important and wseful
i tion, madical o ¢ decisions should be made in consultation batween sach patient and his or har healthcare providar.

s 0 2031 Wyriacd Gasacicn, Inc. | T30 skcucn ey, Sak Laks City, Lish BA1N | PH: 1-800-459-7421 - B01-504-3615
|\I| rlad o Mﬂluﬂﬂmmﬁnﬁ“m&dﬂuu mw Ilﬂ Wi W dup e Tl
gL‘I‘JL‘tiCS Gy, e i the: Unitad Seates sred ofhes b Fuge 2 ol d
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MyRisk Management Tool
Name: Pt Last Name, Pt First Name DOS: Dec 03, 1982 Accession #: 07007255.8LD Report Date: Dec 03, 2021

Management Options for s breast cancer risk estimate at or above the 20% threshold based on RiskScore® and/or
the Tyrer-Cuzick model
FREQUENCY
PROCEDURE AGE TO BEGIN Unless otherwise RELATED TO
Indicated by findings

Curreatly there e no specfic medical management
guidelines for breast cancer risk based on RiskScore.

H the d ining lfetime risk a1 or Rk Gt
above the 20% threshold wasrants consideration of risk- At age identified a5 being at increased NA the 20%
Muwmmmmudummwmm risk
ded for sdth as asthmated St threshold
d*gm&mmwonuhnmkpndmm
matheds. **
Broast awaraness - Women should be familiar with ther e
braa and peomptly repert changes 10 their haalthcare RiakSerg
e Parlaal cant e tndvidualized NA abova the 20%
MMWQMNW e
RiskScove at or
Chnical encountaer, including dinical breast exam, At age identified as baing at increased
ing risk and riek-red Ena ' risk, but not bafore age 21 Every 610 12months  above the 20%
e = threshold
10 years younger than the eariest Ricks
A " cpna oy T | diagnosis in the family, but to begn ne o
graphy, with of y Annually above the 20%
younger than age 30 but no later than
age 40 e
10 yoars younger than the eardiest RishScoeo at or
Breast MRI with contrast ' diagnosis in the family, but no later Annually above the 20%
than age 40 threshold
RiskScore at or
Consider additiona risk-reduct) ghs. | ndvidualized NA above the 20%
threshold

1. Bevers TB, at al. NCCN Clinical Practice Guidalines in Oncology™: Breast Cancer Screening and Diagnosis. V 1.2021. May &. Available at
https/fwww.ncen.org.

2. Daly M et al. NCCN Clinical Practice Guidelines in Oncology™: Genatic/Familial High-Risk Assessment: Beeast, Ovarian and Pancreatic. V
1.2022. Aug 11. Available at htps:/Mww.ncon.org.

Notes for Personalized Management:

INFORMATION ON HOW CANCER RISKS AND MANAGEMENT ARE DETERMINED

The MyRisk Managemant Tool provides cancer risk lavels based on analysis of genetic test resuits (see MyRisk Genetic Result) and a

y of medical society dati b&dmwhtmwuﬁmwaMMdﬂko‘mml
dmmymmﬂudskfabm l ' Hara are soma important points 10
undnmdasyw-nvpmmnmnpmmddoaummbmphnlmmw

1 e “‘m“"“'humc«mmmmnm:u:mmmuu
Miyrlad S o (i
M g n o o
gchtiCS Gecatics, i 1 the Lnited Sates and othar jrkdictons. ol oo of Kagisa s
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MyRisk Management Tool
Harna: PE Last Mams, Pt First Mamae OO Dhee O3, 1982 Accession & 07007255-BLD Report Data: Dwe 03, 2021

= h patisnt it. The it clarti ted in this report ane a summany of managament

“. [ d ‘brmn“ tinnal Coemp i C:nwmkmttlﬂudnﬁnmablkhndnudulmﬂﬂmarﬂ:mgml
hn.ﬂ:.rn Tha patiant's actual mansgemant should be modified based on personal medical history, surgeries and other treatments. &
hariee risk t and o t plan mary take into account thes report and athar aspects of the patkent’s personald

hrruiy madical history (@.g., &l knoan dinical diagroses), as well a6 Hestyk, anvirenmental and athar factors.

* Risk estimates based on provid diwdd inify ticen. Soma of the risk estimates and m 1 PR ol fi
pmuldndhﬂmkmpaumbudmm.-_ tation of inf i plied by the crdering haalth carne providar on tha test request
foem (sae Spaciications for ParsonalFamily History analysks at rrq-ﬁadm’bndmlul-&pm:ﬂ'lﬂ!lat&] ﬂnpﬂﬁu‘ds actual risks and
appropriate managemant may be significanty different if details provided for cancer d agas, family relaticnships or other factors
Ware inDormect, omitted, ambiguous of have sinde changed. Please review the chinical history Bsted on the Clhinscal & Family History
Information page of this repart to make sure that tha information used was provided and erprated comectly.

= ‘ariabdlity in Tyrer-Curick risk astimates. Tyrar-Cuzick estimates of broast cancer rick can wvary significantly based on tha way in which the
modal & used, and the estimate provided hene may be haghar or lower than what would be caloulated by other users. For complete
datails of how Myriad caloulates Tyrer-Cuzick risk estimates, incliding how Myviad handles information provided in a format not
coemipatibla with the model, pleace ses the Specifications for PemsonalFamily Hitory analysis at myTiad. cometech nical-specifications.
Thisa Spacifications ako inchids information for recalculating tha Tyrar-Cuzick broast cancar risk astimata if dosired.

* ‘What i maant by "High Rizk® and *Blewatod Risk*? In the Ganatic Tast Rasult Suvemany, & gone-aisociatod mncar risk i desoribed as
*High Risk® for a cancer typa if all of the follvwing conditions ane mat: the absalute risk of cancer & appraximately 5% or highaer, the
incraasa in risk over the general population is approsimataly 2 to 3-fold or higher, and thare is significant data from multiple stedies
Suppoeting the cancer risk estimate. & gena is described as *Elevated Risk™ for a cancer typs if there & asfficent data to suppon an
TR N cane risk over tha genaral populatisn risk, bt rat all criteria for "High Risk®™ ane mat.

INFORMATION FOR FAMILY MEMBERS
Family mambars should talk to thair healthcane providers about haneditany cancer tasting o halp define their own risk and assist in the
intarpratation of this patiant's gortic tect reult.

Additional Information for Remaining Lifetime Breast Cancer Risk Estimated to be 20% or Higher
= This patiant has an estimated remaining Bfatimae risk of breast cancer at or above the 20% threshald based on tha breast cancer RiskScon
aitimate, which inchedes both ganatic and non-genetic factors that may be shared within the famiy. Female relatives of this patient may
alon b 2t & shgnificartly increased risk for braast cancer and should consult with a haahtheans provider to disciss thsr owmn risk

Pleasa contact Myriad Medical Services at 1-800-869.7423 X 3850 to discuss any questions regarding this result.

END OF MANAGEMENT TOOL
Myriad zzsosescmesaeseeseses o,
genetics e A T i e i e Fage 8 24
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A Konica Minoita Company SAMPLE REPORT
Ordered By Comaat (0405658 Ow D263 | Paten Name: Last, First
Papscian  Serphe Doctor, A Acoussion 8. 00-352049 Spacimms & 449508
Clest.  Samphe Oganization (0403 AP2 Order & 205726 Speciren: Biosd EDTA (Purpie
Asditicnsl Aumorized Necpient: top)
Sarpis Genelc Counselor M5, 0GC Sardae: 01011630 Gorder: F
NI e Colecme 08182018
ary [ 132018
Hary

- No pathop variants of of gross o ware

= Risk Estimate: low Soiood of varams in e genes rvibuting 10 thes cnical history.
= Ganetic counsalng is a recommended opton for sl indhicusis undenpoing geness testing.

Garas Avalyzed (38 RiR) APC, ATM, AXINZ, BARD1, BMPR1A, BRCAT, BRCAZ, BRIP1, COH1, COK4, COKN2A, CHEK2, DICER1, MLHT,
MSH2, MSHI, MSHE, MUTYH, NBN, NF1, NTHL1, PALB2, PMS2, PTEN, RADSIC, RADS1D, RECOL. SMADY, SMARCA4, STK11 and
TPS3 (sequencing and delation/duplication); HOXB13, POLDT and POLE (sequencing only); EPCAM and GREM1 {deletica duplication
only)

Order Summary: The folowing products wars Incucded i the Sest order for this indhvedaal Plaass now: Wets 00 hoid and those Tiat have been Gasceled

(echuting sefiex lestng steps cancalied dus 10 8 postve st in & precediag teat) am Fee Pease contact Ambry Garetcs.
» BACAIZ g and delthup (Product Code B338)
= CancarNaa® (Product Code 5824)
Toll Froe18661262.7943 Ph:(349)800-5500 Fri949500-5501 www ambrygen.com 7 Argonaut, Aliso Viejo, CA 52656

Laboratory Director: Chis-Ling Gau, PhD, DABMGG  CLIAF 05D0S31414  Page 114
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Pation! Nama: Last, Fiest
MAN & 888 Acciasion #: 00-J50049

AmbryScore: Personalized Breast Cancer Risk Estimate

Suppiamen & Tas Rasuls

Remaining Lifetime Risk: Breast Cancer Litelima Risk
*50r%

=>50%

# This individual's remaining
lifetime risk for breast cancer is
estimated to be »50%, which is
increased above the general 2 Rick Lival® 55225
population risk of 13.5%.

Inaaed Bsk

= Modified breast cancer screening
should be considered,

Axwag Ank

dmrage for Pakent  Thig Pabert
HAge & Ehnicity
i e ru e Lo wu e b | s e iy ) e mee
eungiod gbees MY Sel i vk by ool sk s e Cupes,

» This incividual's mmaining [febme teeast cancer risk of »50°% is nceeased above e average Sk based on &ge and sthncity and
expnods e 2% threshold for considemion of modied medcal management.
+ Thar boiow S0ORES wene uSed 10 asimaie the remaning liletime rsk or this indradual:
& Tyver-Cumick remaining Wabime ek satimate: 3345
o Polygenic risk scors (PRE): RR=1.7
& LUk of ha AmbiyScom sk eibmass in msScil Sanagesaen and planning should ba lak o tha of tha

el indnrprabed in the conx ol paken] age, dinecsl history, and lamiy hisiory
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Geonees! Information: Cancer @ & comphex, mutitactonal o in approximately 1 oul of every 2 men and 1 0U1 of every 3 women

Over the course of 8 Hatime. mhwwmwh“mhws—lﬂdwm

Mathodology: The CancarNexi® test is & comp S0rean of 35 ganes aIs0cianed with hivedinary cancer predisposition. Genomic
deoxyribonudelc acd (GONA) is isolated from the patient's specimen using standardized methodology and quanified. Sequence ennchment of
e LArQetsd coding excns and adacent Intronikc nucleotides & carried cut by & bait-capture metodology using kng blotrylated oligonuciectice
probes folowed by polymerase chain reaction (PCR) and Next-Generation sequencing. Addtional Sanger sequencing Is performed for any
mmumwwmmmvwmwmmmnwmw
peeudogane inlerference, variant calls not satisfying depth of coverage and variant sllele quakty and

homozygous variants are varitied by Sanger sequencing. The SACAZ Portuguese founder metation, ¢ 156 lsmmnkmm.m

and the MSH2 coding excns 1-7 are d by next ge g and by mulipiex Sgaton-dependent probe
ampification (MLPA) or PCR and agarose gel o Gross y mumwrmnomxma
mvmm-mmnmwumwmmum o y with

y MLPA when ap ysis of PMSE is pr using MLPA Wt POCE81. lldmlw
mmia 14.01150”‘*&“ quencing of the approp mquumﬂmnumm»
datenming £ the deletion ks located n the PMS2 gsne of pSeudog S s & based on tha g NCBI

APC. NM_0000G8.5 & NM_001127511.2, ATM NM_000051.3, AXING- NM 0046553, BARDI- NM_000465.2, BMPHRTA NM 0043292,
BACAT- NM_007294.3, BRCA2- Nt_000050.3, BRIP1T- NM_0G2043.2, COH1- NM_004360.3, COK4 NM_000075.3, COKN2A- NM_000077 4
e NM_058195.3 (p14ARF), CHEX2- NM 0071943, DICERT-NM_177438 2. HOXE13- NM_006361.5, MUTYH- NM_001128425.1, MLHT-
NAM_000249.3, MSH2- NM_000251.1, MSHI- NM_002439 3, MSHE- NM_000179.2, NEW- NM_002485.4, NF7- NM_000267.3, NTHLT-
NM_002520.5, PALE2- NM_024675.3, PMS2- NM_000535.5, POLD1-NM_002601.2, POLENM_006231.2, PTEN- NM_000314 4, RADSTC-
NM_058216.1, RADSTO- NM_002878.3, AECOL- NM_002907 3, SMADY- NM_005350.5, SMARCAS- NM_0011285849 1, STK171- NM_000455.4,
TPE3 NM_000846.4,

Analytical Range: The CancerNext® tes! targets of DNA i the saquanced ganes | APC, ATM, AXINZ, BARD),
BMPRIA, BRCAI, BACA2, BAIP), COHT, COK4, COKNZA, CHEKZ, DICER], HOXBI3, MLH!, MSHZ, MSH3, MSHE, MUTYH, NBN. NF1,
NTHLY, PALB2, POLDY, POLE, PMS2, PTEN, RADSIC, RADS1D, RECOL, SMADS, SMARCA4, STKTT, and TPS3) by either Next Generation
or Sanger 3 of all coding and wel into the flanking &' and 3 ends of all the introns and untransiated regions. For MOXB13, anly
varians impacting codon 84 are routinely reponed. For POLDT and POLE, only missense varants and indrame inseticns/deletions in e
exonucloase domains (codons 311.541 and 269485, resp y) are Iy rep For RECOL, only inthe and
mwmtms&smmcm 9 A1 rouInaly repo Tha MSH3 poly 19peat ragion Is excluded trom

Gross Qene copy number for the xons and d regions of [
mmamr mm-w-mvnmmmt only the status of e 40kb SUTR gross dupiication is
analyzed and reponed, For EPCAM, only Gross deletions encompassing e 3' end of he gene &6 mpomed. For NTHLT, only Tull-gens gross
daletions and Auplications e deectsd. For APC. gl promotar 18 gross aietions &5 well a5 $Ingie NUCHoIts SULHRHIITONS WIhin T promonse
18 YY1 binding moth (NM_001127511 c.-196_-186) are analyzed and reporied.

Result Reports: Resubs reponad herain may De of consstutional of SOMAtc orgin. Tris memodology Cannot difersatiale Datwean thase

possiolites. ¥ rasult repons, in the following HassItCAtons 318 AWaYS 1HPOMEC, and are based on 1 ollowing definttions ang cincal

recommendations:

« Pathogenic Mutation: alierations with sutficlent evic fo classity as pathog of ] Tarpatod testing of at-risk.
retathves and approgriae changes in Agw for pathogenic mutation camers dedd. Previously reC patoge
MUtANonS, INChadng INonic MULATcs &t ANy POSTIon, 476 Always 1POMEc When Cetsciad

ovmwwmmmmm n favor of pathog Tmmu-mmm
approp o for VLP camers typcaly P ki ribed fely pathog
mmmwm:m are always repos vlm

« Variant, Unknown Significance (VUS). mmmmmmwm Famiial esing via the
Faemily Studiss Program EN] 10 e Dased parsonalTamily dinical histones, not VUS caerier stasus. Note,
Inronic VUSS aré #ways reported out 10 5 Dasepairs from 1 splce Lnction when ceteciad

Abecations of unitiely cinical signi (those weh g/very strong 0 argue agarst = y) are not ity iIncluded on

results reports. These include dndings dassitied as “tkely bonign” and "benign” altarations.
Assay infarmaton Contnued an Next Page
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= Ambry Genetics

Understanding Your Negative Hereditary Cancer Genetic Test Result
INFORMATION FOR PATIENTS

Your tistieg Gid nol Nind sny disease-causing mutations (changses, fhe spaling

Result mistakes) in the genes tested.
Emtmnmnmmmmmnlm-\lmﬂskdm
cancer based on other possible factors, ding the o3
* Your medcat snd/or famiy history

c r Rigks VARIES * Youcoud have 2 mutation in the genes tested that cannot e found with current

testing methods.
* Youcoud have 2 mutation in 2 gene that has not yut been linked to cancer o was not
testod

Your Bodithcars peovidar can holp you leam move aout this

A Risk managemeant decisions ar very parsonal. and depead on many tactors. Talk 30
Risk Management your healthcarw provider about which, If any, options may be right for you
Depanding on your medical and/or tamily Mistory, your relatives may stll have an
Incroased risk of devaloping cancer and may 2o aligitde for gendtic testing and/or
Increpsed cancer screening. They should discuss this with a heathcare provider
Please share this with family members 30 they can talk with ther healthcare grovicers
and learn more. Stay in contact with yoor healthcare prowvidet for soy relevant updates
Next Steps DISCUSS In penetic testing and/Gr cancer screening. Alvo, rememmber to update Him/her with
#ny New irfformation abont your family history, sspacialy new cancer dlagnoses, i
this mary change how thay Setanmuing your Cancer risks.
* Ambry’s Hared2ary Cancer Site for Famiies patiants ambeyygen com/cantes
* Amprican Cantar Sockty cancer org
Reach Out RESOURCES * Geretic irdormation Nendiscrimination Act (GINA) gramelporg
* Nathonal Sociaty of Genetic Counsalors rago oy
* Canasian Association of Genatic Counsalion Cagc-sccy o

Ploass discuss this information with your heaithcars provider. The cancer ganatics field Is cant ving, so updat

ralstod to your genetic test result, medical recommendations, genetic testing options, and/oe po(umal lrulmonls m.w be
avadable over time, This Information is not meant to replace a discussion with a healthcare provider, and shauld not be considered
or Inteepratad as medical advice
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CanRisk Tool

& Load | Bsave | FReset | £FPreferences

indicates hover information

@ indicates compleled stages

A indicates mandatory field

2

Input the information in any order by clicking on the blue bars. Please add as much information a5 possible. When a section is completed the bar will turn green. If some
information is unknown, the bar will not turn green; this dees not prevent risk calculation.

In which country do you currently
live?

What Is your date of birth? @
Format dd'mmiyyyy

071977 I

How tall are you?

e.g. S 4din
2N - |

115

‘What Iz your current welght?
e.g. 10st4ib 1t onity

B +«E@ -H

DOB:TNovI1977 Your Age is: 42

= . P

[ Breast Screening l

| Megical History ]

| Polygenic Risk Scora(s)

BOADICEA V

Breast and Ovarian Analysis of Disease Incidence and Carrier Estimation Algorithm

LanRﬁék

SRSV ...... .27 "

8 Print/Save Report B Save Input 24/03/2020 11:46:28

m Risk Category (NICE) Ovarian Cancer Mutations Inputs Extra Information

te Risk of Breast (

The woman's nisk of developing breast cancer over
the next § years is 2.3% In other words, about 23
out of 1000 women with these nsk factors will
develop cancer over the next 5 year penod

The woman's nsk of developing breast cancer over
the next 10 years is 4.5%. In other words, about 45
out dly1000 women with these risk factors will
develop cancer over the next 10 year penod

The woman's nisk of developing breast cancer
between 41 and 80 is 19.2% In other words, about
192 out of 1000 women with these risk factors will
develop cancer by the age of 80

Show table of age specific risks Note: for the lifetime risk see the ‘Risk Category (NICE)'

312



2] NEXTD Tear KisK

NEXI TU Tear KISK (] FUSK DY Age 5U

Breast Cancer 5 Year Risk

The woman's risk of developing breast cancer over the next § years is 2.3%
In other words, about 23 out of 1000 women with these nsk factors will develop

cancer over the next 5 year penod

23 women are likely to develop breast cancer
& 977 women are unlikely to develop breast cancer
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Breast Cancer Remaining Lifetime Risk

The woman's nisk of

other words, about 192 out of 1

breast cancer by the age of 80

192 women are likely to develop breast cancer

& 808 women are unlikely to develop breast cancer
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Breast Cancer Ovarian Cancer Mutations Inputs Extra Information
Bpsed on your risk assessment you are at moderate risk. Please refer to national screening guidelines
NICE Gusoetines (7 NHS Breast Screening (2

Recommendations for Managing Risk of Breast Cancer

g breast cancer by the age of 80 is 19.2% In

)0 women with these risk factors wall develop

The woman's lifetime risk from age 20 of having breast cancer is 20.4%. According

to the NICE guidelines’ the woman would be in the moderate risk category

personal
population

% Risk between ages 40 and 50

10 20 30 40 100
% Lifetime nisk from age 20

The woman's risk between ages 40 and 50 of having breast cancer is 4 2%

According to the NICE guidelines! the woman would be in the moderate risk

category.

Lifetime risk from  Less than 17%

age 20

17% or greater but
less than 30%

Risk between ages Less than 3% 3% or greater to
40 and 50 8%

TNICE guidelines(Z'

High risk

30% or greater

Greater than 8%
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Type 2 Diabetes: Understanding Your Results

What is Type 2 Diabetes?
o Type 2 dlabetes is a condition where the level of sugar (glucose) In your blood Is too high.
o Your blood always has some sugar in it, but too much sugar isn't geod for your health,
o If your blood sugar level remains high over time, it can cause serious damage to your
heart, eyes, kidneys, and feet.
o Genetic and lifestyle factors like too little exercise, poor diet and cbesity can lead to type
2 diabetes. Risk for developing type 2 diabetes increases with age.

What does high risk for type 2 diabetes mean?
o Your polygenic risk score (PRS) is in the top 2%, This means that you may have a higher
risk for type 2 diabetes than 98 out of 100 people.

Type 2 diabetes
Polygenic Migh Risk
Score Cutoff

|

(e dotc 20acAed hom the Ieoss nettse Most People Hgh Risk

o Onaverage, 1in 10 people, or 10%, will get type 2 diabetes in their lifetime, High risk for
type 2 diabetes means that your genetic risk is 3-7 times higher for developing type 2
diabetes compared to a person not in the high risk category.

o This result does not mean that you have type 2 diabetes or that you will definitely develep
In your lifetime.

o This PRS was created using genetic information from large research studies of people with
European, Asian, African, and Hispanic/Latino descent. We outline how this score was
created below:

= DNA differences in each population were picked up that are linked to type 2
diabetes risk

= This score was tested using genetic information from other research studies with
different pepulations and was accurate

o Larger research studies are needed in people of other descents to provide risk ranges for
other populations - see the Broad PRS report attached.
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Rd Portal - GIRA TESTMIG (ND PHI} 7/5/2022
Record ID 153 Sample

GIRA Report -

Risk Result: High Risk for Type 2 Diabetes

Mo gene sequencing was completed for genes related to this phenotype.

Polygenic Risk: High Risk

A high polygenic risk score for type 2 diabetes was found in this individual. A high palygenic risk score is
assoclabed with 3-7 times increased risk for developing type 2 diabetes relative to a person not in the high

rick category. The data is based on populations of African, European, East Asian and Hispanic/Lating descent.
Information is insufficient er mot available for populations of other descent.

Family history provided by this participant did not meet the criteria for elevated risk. Family history may be
incomplete ofF unknown.

Clinical Factors:

This patient has a history of one or more of the clinical risk factors listed below. Screening should be
considered in overwelight er obese adults who have one or mare of the additional risk factors listed. Scresning
should also be considered for all adults over 45 years of age.

[Risk Factor Sub- ¥ Presant
. | = /2 Pragent
Overseight or obese Eﬂ& = Trironmn
Self-reparted non-white race,
Demographics non-Hispanic Present
EQe = 45 Tos

Hypertension Present
Diagnoses Gestational Diabetes (female only) | Nok Present

yCyshc ovarian syndrome (female

anly) Mot Present

HOL < 35 mg/dL Present
Lab tests nglycerges =250 m ok Frezent
ALC = 5.7% Hot Present

Limitations of polygenic risk:This polygenic risk does not take into account the individual's non-genetic
factors such as lifestyle, habits and historyof other diseases, which could affect risk. These results should
be viewed in the context of the individual's medicalcare, family history, and racialiethnic background. See
the full methods and limitations for additional information.
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APPENDIX F: SUPPLEMENTARY FIGURES
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involved results call

Supplementary Figure 1: Participants’ preferences for information content surrounding
genetic risk testing. Preferences were expressed for information delivered prior to having the
test (A), and their preferred method of receiving the results (B). Responses to the questions
‘What information about the test would you want to know? (Choose as many as appropriate)’
and ‘What would your preferred method of receiving results be? (Choose as many as
appropriate).

Follow-up

Cost

Anxiety
Employment
Insurance
Confidentiality
Rather not know

No concerns

0.0% 10.0% 20.0% 30.0% 40.0%

Percentage of uninterested respondents (%)
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Supplementary Figure 2: Factors concerning participants about having the test among
those who indicated being uninterested in undergoing testing. Responses to the question
‘Which of the following factors would concern you about having the test? (Choose as many as
appropriate)’.

(A) 100%

75%

25%

Percentage of respondents (%)

Email Face to face Lettes/mailout Telephone call

Supplementary Figure 3: Participant’s preferences for information content surrounding
genetic risk testing. Preferences were expressed for information delivered prior to having the
test (A), and their preferred method of receiving the results (B). Responses to the questions
‘What information about the test would you want to know? (Choose as many as appropriate)’
and ‘What would your preferred method of receiving results be? (Choose as many as
appropriate)’.

318



APPENDIX G: SUPPLEMENTARY TABLES

Question

Number (%)

Before being diagnosed, how much did you know about
glaucoma?
n=1154

Nothing: 459 (39.3)

A little: 497 (42.5)

A fair amount: 171 (14.6)
Alot: 27 (2.3)

Missing: 15 (1.3)

How satisfied are you with your understanding of glaucoma?
n=1150

Very dissatisfied: 71 (6.2)
Dissatisfied: 19 (1.6)
Moderately satisfied: 516 (44.9)
Very satisfied: 507 (44.1)
Unsure: 37 (3.2)

Missing: 19 (1.6)

Do you consider glaucoma as being a severe medical
condition?
n=1147

Not severe: 36 (3.1)

Slightly severe: 83 (7.2)
Moderately severe: 392 (34.2)
Very severe: 597 (52.1)
Unsure: 39 (3.4)

Missing: 22 (1.9)

Before being diagnosed, what was your perception of your
risk of developing glaucoma in your lifetime?
n=1148

Highly unlikely: 114 (9.9)

Unlikely: 319 (27.8)

Likely: 264 (23.0)

Highly likely: 82 (7.2)

N/A (didn’t know about glaucoma): 369 (32.1)
Missing: 21 (1.8)

Before being diagnosed, were you worried about developing
glaucoma?
n=1148

Not worried: 760 (66.2)
Slightly worried: 194 (16.9)
Moderately worried: 118 (10.3)
Very worried: 22 (1.9)

Unsure: 54 (4.7)

Missing: 21 (1.8)
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How likely would you have been to take a genetic test to
predict your risk of developing glaucoma if it had been offered
to you before you were diagnosed?

n=1150

Highly unlikely: 108 (9.4)
Unlikely: 184 (16.0)
Likely: 430 (37.4)
Highly likely: 368 (32.0)
Unsure: 60 (5.2)
Missing: 19 (1.6)

Do you think you would have changed your behaviour
regarding your eye health if you had known your risk of
developing glaucoma? (For example, more frequent eye
checks, better treatment compliance)

n=1122

Definitely not: 61 (5.5)
Probably not: 180 (16.0)
Possibly: 183 (16.3)
Probably: 233 (20.8)
Definitely: 465 (41.4)
Missing: 47 (4.0)

Would you recommend your family members to have a
genetic test to predict their risk of developing glaucoma?
n=1144

Definitely not: 6 (0.5)
Probably not: 48 (4.2)
Possibly: 138 (12.1)
Probably: 254 (22.2)
Definitely: 698 (61.0)
Missing: 25 (2.1)

Would you recommend non-family members to have a
genetic test to predict their risk of developing glaucoma?
n=1149

Definitely not: 24 (2.1)
Probably not: 184 (16.0)
Possibly: 267 (23.3)
Probably: 308 (26.8)
Definitely: 366 (31.8)
Missing: 20 (1.7)

Would you take a test to predict your risk of rapid progression
or developing severe disease if stronger treatments could
prevent blindness?

n=1136

Definitely not: 12 (1.1)
Probably not: 31 (2.7)
Possibly: 117 (10.3)
Probably: 237 (20.9)
Definitely: 739 (65.0)
Missing: 33 (2.8)

Supplementary Table 1: Summary of responses to survey guestions relating to glaucoma

and interest in testing.

The table shows the number of participants who answered each survey question.

Question

Number (%)
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Do you think glaucoma is a hereditary condition? (ie can be inherited)
n =412

Not at all: 6 (1.4)
Somewhat: 123 (29.4)
Definitely: 118 (28.2)
Unsure: 165 (39.5)
Missing: 6 (1.4)

Do you consider glaucoma as being a severe medical condition?
n =414

Not severe: 6 (1.4)
Slightly severe: 15 (3.6)
Moderately severe: 144
(34.4)

Very severe: 225 (53.8)
Unsure: 24 (5.7)
Missing: 4 (1.0)

How likely do you think you are to develop glaucoma in your lifetime?
n =414

Highly unlikely: 18 (4.3)
Unlikely: 109 (26.1)
Likely: 113 (27.0)
Highly likely: 20 (4.8)
Unsure: 154 (36.8)
Missing: 4 (1.0)

Are you worried about developing glaucoma?
n =412

Not worried: 115 (27.5)
Slightly worried: 149 (35.6)
Moderately worried: 107
(25.6)

Very worried: 23 (5.5)
Unsure: 18 (4.3)

Missing: 6 (1.4)

How likely would you be to take a genetic test which could predict your risk of
developing glaucoma?
n =412

Highly unlikely: 25 (6.0)
Unlikely: 47 (11.2)
Likely: 151 (36.1)
Highly likely: 147 (35.2)
Unsure: 42 (10.0)
Missing: 6 (1.4)

Would you want to know more about glaucoma before having a test predicting
your risk of developing it?
n =413

Definitely not: 21 (5.0)
Probably not: 75 (17.9)
Possibly: 97 (23.2)
Probably: 120 (28.7)
Definitely: 100 (23.9)
Missing: 5 (1.2)
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Which of the following factors would affect your decision to be tested? (Choose
as many as appropriate)
Average number of responses selected: 3.7

- To be able to take appropriate measures regarding my glaucoma risk 326 (78.0)
and future eyesight

- To be able to provide advice to my children about their potential risk 267 (63.9)
- To be able to provide advice to my family members about their 231 (55.3)
potential risk

- Personal advice - if someone from my family recommended the test 145 (34.7)
- Would rather know/to prepare for the future 270 (64.6)
- Medical advice - if your doctor or optometrist recommended the test 308 (73.7)
Which of the following factors would concern you about having the test?

(Choose as many as appropriate)

Average number of responses selected: 1.4

- Personal anxiety/fear if results showed an increased glaucoma risk 124 (29.7)
- Would rather not know if at risk 12 (2.9)

- Concerns about cost 177 (42.3)
- Concerns about attending ongoing follow-up appointments 85 (20.3)
- Concerns regarding whether it could affect insurance 87 (20.8)
- Concern regarding whether it could affect employment 55 (13.2)
- Concern regarding confidentiality 47 (11.2)
- No concerns 101 (24.2)

How would you change the frequency of eye checks if the test results showed
that you were at lower risk of developing glaucoma?
n=413

| would not change the
frequency: 383 (91.6)

I would have less frequent
eye checks: 30 (7.2)

How would you change the frequency of eye checks if the test results showed
that you were at higher risk of developing glaucoma?
n=412

| would not change the
frequency: 92 (22.0)

I would have more frequent
eye checks: 320 (76.6)

Supplementary Table 2 - Summary of responses to survey questions relating to glaucoma and
interest in testing

322



APPENDIX H: FIRST AUTHORED PUBLICATIONS

Publication 1: Attitudes towards polygenic risk testing in individuals with glaucoma

323



Im partnership with the
AMERICAN ‘m
?lnuu‘om\
OCIETY Chack e
==

Attitudes Towards Polygenic Risk Testing in
Individuals with Glaucoma

& AMERICAN ACADEMY
OF OPHTHALMOLOGY®

Georgina L. Hollitt, MBES,! Owep M. Siges, MD, DPhil,! Bronwyn Ridge, BA," Miriam C. Keane, PhD,!
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Purpose: Glaucoma is the leading cause of irreversible blindness worldwide; however, vision loss resulting
from glaucoma generally can be prevented through early identification and timely implementation of treatment.
Recently, polygenic risk scores (PRSs) have shown promise in stratifying individual risk and prognostication for
primary open-angle glaucoma (POAG) to reduce disease burden. Integrating PRS testing into clinical practice is
becoming increasingly realistic; however, little is known about the attitudes of patients toward such testing.

Design: Cross-sectional, questionnaire-based study.

Participants: Among the participants in the Australian and New Zealand Registry of Advanced Glaucoma,
2369 were invited to participate who fit the inclusion criteria of adults with a diagnosis of POAG who had not
received genetic results that explain their condition, were not known to be deceased, resided in Australia, and had
agreed to receive correspondence.

Methods: One thousand one hundred sixty-nine individuals (response rate, 49%) with POAG completed the
survey evaluating their attitudes towards polygenic risk testing for glaucoma.

Main Outcome Measures: Sociodemographic, health, perception, and emotional factors were examined to
assess associations with interest in PRS testing. Interest in PRS testing was evaluated through assessing like-
lihood to take the test to predict personal risk of disease and disease severity, and whether the individual would
recommend the test to family members or others.

Results: Our results show strong interest in the test, with 69.4% of individuals (798 of 1150) indicating a
keenness in testing before diagnosis, had it been available. In particular, interest was seen in those from an urban
area (odds ratio [OR], 1.70; 95% confidence interval [Cl], 1.15—2.49; P = 0.007), those who perceived their risk of
developing glaucoma as higher (OR, 2.05; 95% CI, 1.28—3.29; P — 0.003), and those who were worried about
developing glaucoma (OR, 2.07; 95% Cl, 1.27—-3.37; P = 0.004). People who were interested in testing were more
likely to change their eye health-seeking intentions and to recommend testing to family members and others, as
well as to undergo testing for prognostication.

Conclusions: These findings will help to facilitate the clinical implementation of PRS testing for glaucoma to
reduce irreversible vision loss. Ophthalmology Glaucoma 2022;5:436-446 © 2021 by the American Academy of
Ophthalmology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-ndi4.0/).

Supplemental material available at www.ophthalmologyglaucoma.org.
[]

Glaucoma is currently the leading cause of irreversible
blindness worldwide and the second most common cause of
vision loss after cataract. It is a genetically complex,
heterogeneous disease that manifests as progressive ()p'ria:i
neuropathy  with corresponding  visual field defects.”
Primary open-angle glaucoma (POAG) is the most com-
mon subtype, affecting 76 million individuals worldwide
and predicted to affect 112 million people by 2040.° Raised
intraocular pressure (IOP) is the only known modifiable risk
factor for glaucoma. Current treatment principles focus on
reducing TOP, and this approach is highly effective at
slowing discase progression as well as being the only
evidence-based treatment option currently available.”
Despite the risk of imeversible blindness, even in

436 @ 2021 by the American Academy of Ophthalmology
This is an open access article under the CC BY-NC-ND license

developed countries with excellent health care provisions,
approximately half of all individuals with glaucoma
remain undiagnosed.””” This is largely because the
condition is asymptomatic in the early stages of disease,
and also indicates that current screening methods are
inadequate.

Historically, glaucoma risk assessment has been
based on the cumulative sum of clinical features and
traditional risk factors. These include 1OP, age,
ancestry, and family history.”’ Glaucoma prevalence
differs between different ethnicities: those with African
ancestry are at greater risk of POAG than those with
European ancestry.” Genetic risk largely has been
estimated through family history, with a 9.2-fold

hitps:doi org/10.10164.0gla,2021.11,002

[SSN 2589-4196/21

(hitp=ficreativecommons.org/licenses/by-ne-nd/4.(0/). Published by Elsevier Inc.
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increased risk for first-degree relatives of patients with
glaucoma compared with controls.” However, lamily
history is often an unreliable measure because many
patients are unaware of family members  with
diagnosed or undiagnosed glancoma or have ecroneous
views as to the cause of relatives® vision loss.”

Early diagnosis can be difficult, even in individuals
identified as being at increased risk, because of the
overlap of the phenotypic spectrumn of healthy optic
nerves and merves aflecled by early glavcoma.'”
However, early idemtification and timely intervention
are critical hecause available treatments canmot restore
lost wision. Furthermore, rates of progression vary
widely in those with an established diagnosis of
glavcoma, which may result in delaved treatment or
overtreatment in those with rapid or slow progression,
respectively.

Glavcoma 1s ane of the most heritable human discases,
with the hcrilabil.iL}t of POAG underpinned by both rare and
common variants.' """ High-pencirance varants i genes
such as MYOC, OPTN, md TBKT account Tor up o 5% of
adult-onset POAG™ Currently, the use of clinical genetic
testing for glancoma has been rtestricted to rare gemetic
vardants that cause Mendellan glavcoma™® However,
these are relevant to only a very small portion of the
population and often can be andeipated in individuals with
a strong family history of glavcema and young age at
discase onset. Increasingly, large genome-wide association
studies and the derivation of polygenic risk scores (PRSs)
from these studies offers the prospect of performing genetic
risk assessment on a much broader population and suggests
that gemetic risk profiling could be wsed lo idenlily in-
dividuals at high risk of glancoma developing, more rapid
disease progression, and treatment intensity.'” Other studies
have used PRS of glancoma endophenotypes, such as I0P,
te provide forther insight into the relationship between
genetic varlants  implicated mm 10P  and POAG
outcomes.” !

Recommendations from the Amcerican Academy of
Ophthalmology in 2014 did nol supporl routine genelic
testing for complex eye diseases such as adult-omset glau-
coma hecause of the limited number of genetic loci asso-
ciated with the disease and the lack ol clinical usefuness at
the time.!” Recent findings regarding the genetic
stratification of risk and progression of POAG raise the
possibility that PRS testing may become pat of glancoma
screening and management if wvalidated in prospective
clinical trials, Given that POAG affects approximately 3%
of individuals 50 vears of age and older and that timely
treatinent can prevent progression to blindness, cnhanced
risk prediclion has the potential 1o impact glaucoma
management  significantly and o redoce  wvision  loss
worldwide. ™" Despile the significant progress made in
genelic tisk prediction, no sludies have assessed the
interest toward polygenic risk testing for glaucoma. In this
study, we assessed patients’ perception of genetic testing
for glancoma and identified demographic as well as
psychosocial factors influencing their  attitudes  toward
polygenic risk testing.

Methods

Study Sample

This was a cross-sectional, questionnaire-based study approved by
the Southern Adelaide Clinieal Human Research Bihics Comumities
that adhered to the tenets of the revised Declaration of Helsinki.
The study sample included participants with diagnosed glancoma
drawn from the Australian and New Zealand Repistry of Advanced
Glancoma (ANZRAGT), one of the larpest databases of clinical and
penetic data for primary glancoma in the world,”' A letter of
invitation and a questionnaire were mailed to 2369 of the living
ANZRAG participants who met the inclusion criteria of adults
with a diagnosis of POAG who had not received genetic results
that explain their condition, resided in Australia, and had agreed
1o receive comespondence. Consent (o participate was imphied by
completion of the survey.

Independent Variables

Sociodemopgraphic, health, perception, and emotional factors were
cxamincd fo asscss associations with interost in genetic testing.
Yerception and emotional variables were assessed in a retrospective
senge, with participants asked to consider their possible perspective
before receiving a chagnosis of glawcoma.

Sociodemographic Variables

Are, gender, ethnicity, education, and urban or rural residence
were collected. Family history was acquired from the ANZRAG
databagse and was sclf-reported by respondents at the time of
recruitment. Family history of glaucoma, the number of family
members affected, and their degree of relation was collected.
Ethnicity was sell identified by respondents and defined in parallel
tn the ANZRAG classification.™ Urban or rural stams was based
on the Australian Bureau of Statistics census data using the
participants” postcodes. Urban status was classified as those
postcodes with more than SO000 residents.

Health Factors

Eve health factors included history of myopia, time since last eve
examination (by an optometrist or ophthalmologist), and frequency
of cye cxaminations. In addition to the information ofvtained from
the questionnaires, clinical data related to glancoma were acquired
from the ANAZRAG database. This included classification as
advancad or nonadvanced glaucoma, age at diagnosis, and specific
mndicators of glancoma severity, including hest-corrected visual
acuity (BCVA) and vertical cup-to-dise ratio (VCDR). In the
ANZRAG database, advanced glancoma was defwed as central
visual field loss related 10 glancoma witl at least 2 of the 4 central
fixation sguares having a pattern standard deviation probability of
less than 0.3% om a reliable IIumphrey 24-2 field analysis (Carl
Zeiss Meditec) or a mean deviation worse than —15 di3 or, in the
absence of visual field testing, BCVA worse than 207200 because
of glavcoma. . Additionally, evidence of glancoma was required to
be present in the less severely affected eve, demonstrated through
glaucomatous visual field defects with corresponding optic disc 1im
thinning, including #n enlarged cup-to-disc ratio = (L.7) or cup-to-
disc asymmetry (= 0.2 between both eves.” Best-cormected visual
acunity was converted to a decimal equivalent for ease of analysis
and interpretation. Legal blindness was defined by a visual acoity
of 200200 or worse. The poorest recorded result between the right
and left eve of the chnical imdicators of seventy were used for
analysis.
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Perception and Emotional Factors

Perceptive factors were assessed thromgh single-item measures
with Likert-like scale response options. Vardables included
perceived knowledge reganding glavcoma, perceived severity of
discase, and perceived glancoma susceptibility before diagnosis.
To assess the influence of emotion on interest in testing, partici-
pants were asked about their anxiety related 1o the possibility of
glavcoma developing before diagnosis.

Qutcome Variable

Interest in genetic testing was evaluated throngh assessing lileli-
hood to undergo the test to predict personal risk of disease and
disease sevenly and whether the individual would recomanend the
test 1o family members or others. A Likert like seale was used to
assess personal imterest and attitude toward testing for others.
Participants were given the opporunity to comment on their
selected responses yegarding their intersst o geoetic 1esting and
how they might have changed their health-seeking intentions to-
ward glancoma screening and management.

Additional Factors

Other factors relating to the test itself and commumication of results
were assessed. Aspects of the test that were considered fmmportant 1o
know about before underpoing genetic testing mmd preferred
method of receiving genetic test results were assessed. Participants
were given the opportunity to comment on any additional aspects
of concern or interest regarding the tost itsclt,

Statistical Analysis

Before the thstnbution, the survey was trialed wath 10 volunteers al
Flinders Medical Centre and members of the community to ensure
ease of completion and that questions were comprehensible. In
addition, the survey was tialed with clinicians; however, i1 was not
validated for its effectiveness by an expert panel. Data were
analyzed using the Statstics Package for the Social Sciences
version 230 (SPSS, Inc). Descriptive statistics were used to
characterize the smdy sample. Responscs were combined into
bivariate outcomes: “highly unlikely” and “unlikely” responses
were merged inte a single “uninterested” proup, and “likely” and
“highly likely” were merged imto a single “interested” group.
“Unsure” responses for all questions were excluded. Univariate
logistic regressiom wag performed between Tevel of interest and
covariables (sociodemographic, emotional, and perception van-
ables). Vanables that showed significance levels of £ < 0.1 in the
umivariate analysis were ineluded in the mulfivariate regression
model. Mulivarate logistic regression modeling was used to
identify factors independently associated with interest in testing {f*
= 003) using a backwand stepwise approach. Where multiple
comparisons were made of the same data, Bonferrond correction
was applied.

Nonrespondents

Demograplic and clinical data were obained for those who did not
complete the survey {oblained al refaral 1o the ANZRAG) and
were anabyzed for comparison. These demographic data included
age, pender, and urban or rural status, and clinical data included
family history of glancoma, age at diagnosis, classification of
severily (advanced or nonadvanced), VCDR, and BCVA.
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Results

Demographic Characteristics

In total, 2369 ANZRAG participants were invited to participate in
the study, with [169 completing the questionnaire, yielding a
response rate of 49 3%, The demographic and personal character-
istics of respondents are shown in Table [ In summary, 53.5% of
respoudents were women, 92.9% were White, and 51.7% had an
cducation level of more than secondary school. The mean age of
the eohort was 737 — 103 years, with 93.8% being older than
60 years. A positive family history of glancoma was reported by
65.9% of respondents, with 87.3% of those with a positive
family history having at least 1 affected first-degree relative. Of
the 1200 participants who did not respond, limited demographic
and clinical data were obtained from the ANZRAG database. In
swnary, 33 2% of nomespondents were wormen and 83 1% were
White. The mean age of nonrespondents was V7.7 _ [4.3 years.
Respondents and nonrespondents did not differ by gender, age at
diagnosis, family history, or residency. However, respondents were
more Tikely to he younger (P < (L0, to have White ancestry
{F < 0.001), and to have less severe glaucoma reflected by non-
advanced disease classitication (P <0 0001} and rate of legal
blindness (" = 0.001) compared with nonrespondents (Table 1),

Understanding of Glaucoma and Perception of
Severity and Risk

Before being diagmosed with glavcoma, cnly 16.9% of respondents
believed that fhey knew a fair amount or a lot about glancoma
{Table 51, available at www.ophthalmologyglancoma.crg). This
was  associsted sipnificantly with family history, with those
hawing a family history of glancoma being more likely 1o have a
better understanding of the condition before diagnosis (68.3% vs.
50.2%; P < 0.001). Fuibermors, having a bigher number of
affected famdly members was associated with increased
awarencss of glivcoma {odds ratio [OR], 1.43; 95% confidence
imterval [CI], 1.29—1.39; P = 0.001), Most participants (86.3%)
comgidered plmcoma to be a moderately severe or wery scvere
medical condition. Approximately one-third believed that glau-
coma was either likely or highly likely to develop in their lifetime
{29.2%) and were either slightly worried, moderately worried, or
very worried about plancoma developing (29.1 %) before receiving
a diagnosis. A belief of being at sk and being worrted about
glaucoma developing were both associated with the presence of a
[amily history {sellreported; OR, 600 [98% CI, 4.[8—R6X;
P 001] and OR, 30 [93% CI, 223 4.1 P < 0.00M],
respectively) and increasing number of affected family members
(OR, LER [93% CL 1.65-2.15 P < 0,001 ] and OR, 1.42 [95% CI,
130 L57; P < OLO01], respectively).

Interest in Genetic Risk Testing for Glaucoma

Responses to survey questions are summarized in Table ST
Overall, parficipants were in favor of pglancoma PRS testing.
More than two-thirds of individuals (69.4%) were likely or high-
Iy likely to have undergone a penetic test to predict their risk of
glaucoma developing if it had been offered to them before they
received a diagnosis (Fig 1. Additionally, 96.2% of participants
would pussibly, pobably, or definitely take a test 1o predict their
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Table 1. Characteristics of the Study Respondents and Nonrespondents

Variahle

Age (vi)
Range
Mian + 5D
Madian
Ape ar diagnosis {yrs)
Mean £ 5D
edian
Unknown (excluded from amalysis}
Gender, no. (%)
Female
Male
Ethmicicy, no. (%)
White
Mon-White
Agian
Mixed Erhmiciry
Mizdle Bastern
Afiean
Ausrralion Aberigial
Hispanic
Unknown (excluded from amalysis}
Residency, na. (%)
Uthan
Foural
Highest lesel of education, no. (%)
Primary scheaol
Secondary schoal
Vorational training
Tlniwetsity
Unkmomn {eseluded from analyast
Family hisrory of glaucoma
Positive
Megative
Unknown {excluded from analysis)
Positive
First-digres: relative
Seeend-dogroe relaroee
Thind-depree relarose
Fonarthe degree relative
Unknown {excluced from analysis)
Gloucoma severivy, no. (%)
Advancer
Momacdvaneersd
ROWVA
= EOFE0
= 204200
Urknown (excluded from analysis)
VCDR
Rarge
Mean + 8T
Median
< .9
=09
Urlnown (excluded from analysis)
Last ophthalmic review, no, (%)
Within € mos
6—13 mos
1=2 ym
Moe than 2 vrs
Unknown {exeluced from analysis)

Respondents (n = 1169; 48.3%)

625 (53.59)
544 (16.5)

1036 (92,9}
76 (6.5)
46 (3.9}
19 (1.6}
50040
403
L{0.0}
Lol
7 (0.6

KRR
487 {4200
185 {24.6)
AT (27.7)

10 (0.9}

0 (659
389 (33.3)
12 {109

674 (R7.5
B (11.2)
FR R
3
0.3y

534 (45,71
635 {54.3)

1063 (90.9}
7262}

34 (29

1010
D81 403
080
T8 (A2.3)
09 {35.0)

3zm

S8e (T1.5)
132 {159
a0 (5.3}
15 (1.3}
e (2.1}

MNonresporelents (n = 1200; 50.7%)

1041083
TRT A 145
N

170940
592 & 144
60.0
n=93

G6d (55.2}
EEEREE X0

971 (83,1}
123 (10.5)
A1 (a9
190 Le)
2007

5 (0.4)
106 (8.5}

932 (7Y
265 (223}

T (E3.2)
431 (36,7}
914

B3 (3741
T4 (0.0
12 ({Le)
3{0h
4 (2.3

733 (6L}
465 (388}

Q&7 (323}
L7 (1430
34(28)

0210
054 + D12
w0
ST47.5)
592 (193}
35(3)

P Value
<01

058+

0437

=001

0,200

0.26'

<000l

<017

=<(LO01=

=001

(Clannntied)

439

327



Ophthalmaology Glaucoma

Volume 5, Number 4, JulyfAugust 2022

Table 1. {Conrinued.)

Variahle

Frequency of clinical reviews, ne. (%)

172 {15.0)

Every 3 maos

Every & mos a7 (39.3)
Annuzlly 129 (0.0
Every 2 yis 47 (4.1}
Mare than every 2 yrs 11 (1.0}

Unknown {excluded from analysis) 3227

Respondents {n = 1169; 49.3%)

Nonrespondents (n = 1200; 50.7%) P Value

BCWA = best-corrected visual acuity; 3D = standard deviation; VCDR = vertcal cup-to-dise ratio,

¥Paired Mann—Whirney L resr for differences in medizn mnk.

"Chi-squere test for association. Differences in ethmicicy were assessed between Whire peeple and non-White people, positive and negarive family history,
and VCDR berween = 0.9 and = 0.9 groups. Daldface indicares starisrical significance,

risk of rapid progression or severe disease developing il stronger
reatments could prevent blindness.

Factors Affecting Interest in Genetic Risk
Testing for Glaucoma

The association between demographic, perception, and emational
predictor varigbles and interest in genetic risk testing for glau-
coma was analyzed (Table 2}, Age. age at glancoma diagnosis,
gender, ethmcity, level of education, BCVA, VCDR, timing of
last eyve examination, and frequency of eye examinations were not
associaled with interest in glancoma genetic risk testing in the
univariale logistic regression. Varables thal reached u signifi-
cance level of P < (1.1 were included in a multivariate logistic
regression to identify the impact of these variahles on a positive
inlerest in genelic risk lesting lor glavcoma (either likely or
highly likely 10 have undergone testing if it were available). Aller
adjusting for other predictor vanables, urban residency was
assoclated with incrensed interest in testing (OR, 1.70; 95% CI,
1.15-2.49; P = 0.007).

Level of knowledge of glancoma before diagnosis  and
perceived severity of glaucoma were not associated with increased

A a0

35%

25% || II
0% II II

Unlikedy Likely Highly likety

[
=
'

2% of Respondents
oo
= Ln =
w* i Fd

wn
Fa

Highly unlikely

mNeon Advanced W Advanced

interest in testing. Level of glavcoma awareness hefore diagnosis,
perceived risk of plawcoma, and concern regarding glaucoma
developing before diagnosis were associated significanily with
inlerest in genetic risk testing for glaucoma in univariale analysis.
Increased interest in testing was associated with an increased
perceived risk of glavcoma (OR, 2.05; 05% CI, 128320 p =
0.003) and worry before diagnosis about glavcoma developing
(OR, 2.07: 95% CI, 1.27-3.37; P = 0.004) in the multivariate
logistic regression model {Tahle 2).

Health-Seeking Intentions

We assessed whether interest in glancoma genetic risk testing was
associated with an individual's eye health-seeking inlentions or their
likelihood to recommend genetic testing toothers (Table 2. Interest in
testing was associated significanily with a likeliness w change health-
seeking intentions relating to eye health (OR, 1.53, 95% CI,
1.11-2.11; £ = 0.009). In addition, interest was associated positively
with increased likelihood of recommending testing o family (OR,
12,83 95% CI, 6,33—25.99; P < (L0010 ) and others (OR, 3.67; 93%
CL 2.66—5.06: P < 0.001) and the likelihood of undergoing testing
for the purpose of predicting prognosis and disease severity (OR, 4.97;
95% CL 2471000k £ < 0,001 using univariate logistic regression.

B s00%

T0.0%
60.0%
50.0%

40.0%

of Respondents

30.0%

kY
b
&
=
W

10.0%

0.0%

Non Adv anced Advanced

m Unlikely = Likely

Figure 1. Par grmphs showing level of interest in polvgenic rsk resting for glavcoma according ta (A) disense severity and (B} positive versus negarive
arzitude. Responses to the question, “How likely would vou have been to take  genetic test o predict vour risk of developing glancoma i ic had been offered
o pou before you were diapnosed " Responses {A) were grouped by disease severity {advanced or nonadvanced) and by individual response (highly unlikely,
unlikely, likely, ar highly likely) or {B) were grouped into a positive (likely or highly likely) or negative (highly unlikely or unlikely expressed inrerest. Sixty

respondents indicared being unsure {3.2%).
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Table 2. Univariate and Multivariate Logistic Regression Analysls Assessing Predictors of a Positive Interest in Genetic Risk Testing and

the Irnpace of [neerest in Testing on Health-Seeking [ntentions

Variable

Ape (per increasing vt}
Agpe ar diagnosis (pet increasing vt
Sex
Wale
Ferrale
Buropean aneestry
Yes
Na
Residency
Baural
Urbar:
Level of educarion
Primnary scheaol
Secondaty sehoal
TAPFEfvecational educarion
Universicy
Family history
Unaffected
Firse-degree relative
Crther relarive
Na. of family membets affecred (per exeral
Glaucoma severity
Advancer
Nonadvances.
BCVA (per improvement of
01 on decinal seale}
BCWVA
< 20/200
= 200200
VCDR {per increase of 011
VDR
=09
<02
Last eye exaninarion
=2y
11— ym
6—12 mos
Within ¢ mos
Frequeney of eye examitations
2y
1-2 s
Anmually
Every 6 mos
Every 3 mos
Awareness ~efae glancoma diaprosis
Mot gware
Aeate
Krowledge of plaucoma
Mo knowledge
Good kmowledge
Perceived severity
Seeere
Mot severs
Petcerved nsk
Mon ar visk
A Tisk
Worry before diagnosis
Mot wormied
Wonried

Univariate Logistic Regression

Ol (95% 1)

1.00 (0.89—1.013
1.00 (0.89—1.02)

1.00
1.15 (058 1.50)

1.00
105 (D61—1.83)

Lo
1.44 (106 1.83)

1.00
0.85 (048—1.63)
0.80 (043—C.78)
275 (041 L46)

LOg

1.66 (1.25-2.22)
128 (077—2.12)
1.16 (1.04—1.28)

1.00
114 (057142}

1.09 (0.70—1.713
1.00

113 (0.65—1.95)

Q.07 (0.23—1.92)
1.00

1.19 (0.20—1.57)

1.00
260 (0.14—2.49)
112 (0.258—4.40)
108 (0.28—4.10}

1.00
138 (030—8.358)
146 (035—6.01)
147 (0365493}
1.74 (0.25—4.70)

Log¢
1.65 (L.26—2.16)

1.00
L9 06e—1.02)

—

1.00
1.33 (0.62—2.87)

Lo¢
3,14 (2.15—4.59}

L.0O0
3.24 (2.28—4.62)

P Value

C.a71
C.437

o
[
—
-4

C.a32
Ca0
0428
.002
<001

0338
C.009

=1 oo

[ )

=2ooo
A SR

poo o
L O

<001

<0001

Multivariate Logistic Regression

QI (B5% O

L70 {1.15-2.49)

Lo (067
L33 {0.70-2.73)
L6 (0.92-1.13)

205 {1.28-3.129)

207 (1.27—3.37)

P Value

007

=]
3]
]
[t

003

004
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Table 2. {Continued.)

Univariate Logistic Regression

Multivariate Logistic Regression

Variahle CIR {934 1) F Value CIR {93 1) F Value

Likeliness to change health-seeking intenricns

Net incerested in PRS Lo

Interested in FRS 153 {1 11=2.11) 0.009
Interest in test for proghnosis

Nt moenested in PRS 1.0

Interested in FRS 497 (2.47—10.00) <0.001
Inrerest in test recornmendarion ourside family

Not incerested in PRS 1.o0

Literested in PRS 367 {2.66—5.06) <0.001
Inrerest in family rest recommendation

Mot interested in PRS oo

Interested in PRS L2583 {6.33-2599) <0.001

BOWA = best-corrected visual zeuiry; Ol = conhdence interval; PRS = polvpenic risk score; TAFE = Technical and Further Education; VODR = vertical

cup-ta-dise rario.
Boldface indicates statistical simificence.

An odds ratio {OR) of more than | indicates that participants were more likely to be interested in testing.

Factors about Testing and Follow-up

We assessed the aspects of glavcoma genetic risk testing and
Tollow-up thal respondents would like 1o know before wndergoing
analysis, repardless of their indicated inlerest in testing. All 4 op-
tons provided were deemed important by more than 708% of
respondents (cost, process involved, meaning of results, and follow-
up}. We assessed the preferred method of receiving results, identi-
fying that most participants would prefer o receive results in
person, in a letter, or via e-mail, rather than via a telephone call. The
factors about testing and follow-up are summarized in Figure STA
(available at www.ophthalmologyglaucoma.org), and the preferred
methods of receiving resulis are summarized in Figure S1B.
Several participants commented that their preferred method would
depend on the result: if at high risk, face-to-face delivery would
be preferred, and if low risk. other methods would be sufficient. It
also was noted that if results were received nonverbally or via

$50-5100

50.0%
45.0%
40.0%
£ 35.0%
S 30.0%
E, 25.0%
& 20.0%
3 15.0%
10.0%
5.0%

0.0%
| would not be
willing to pay

telephone, an oplion 1o speak with someone in person would be
appreciated to discuss implications and answer questions. Regarding
cost, approximately 80% of participants would be willing to pay for
testing, with more than half of those willing to pay indicating that a
cost of AUSS0 to AUS10 would he appropriate (Fig 2). Others
commented that they would expect the lest w0 be covered by
Medicare  (Australia’s  universal health insurance  system),
particularly if they themselves were a senior citizen or pensioner.

Additional Results

Participants were given the opportunity to make additional
comments on aspects of the test they would like to know more
about and how such testing would change their hehavior
regarding their eye health. Some noted the accuracy of the test
would be important to know before undergoing testing with
respect o [alse-positive and [alse-negalive rales and the

$100-5200 $200-5300 $300-5500

Figure 2. Bar graph showing the cost thar partcipanes would be willing to pay for a slavcoma penetie risk tese, Responses wo che guestion, “If 2 cost were

invelved, how much would vou be willing to pay for che testl”

#42
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specificity and sensitivity of the test. Privacy also was high-
lighted a8 a concern, given the need to provide genctic material
and the implications that results may have on employment or
insurance. Some were interested in whether any addifional risks
{other than glavcoma risk) could be identified from the test and
whether the test would be recommended 1o family members
automatically based on their results. Recommended age to un-
dergo the test, reatment options, adverse elfects of the test and
their available weatments, and short- and long-term prognosis
were alse identifiecd as information of interest.

Discussion

Recent studies of PRS have shown that implementing PRS
for clinical use in ophthalmology {and other tields of med-
icine) is becoming increasingly realiste, '™ %% For
conditions such as glaucoma, PRS testing has strong clinical
useluless given the complex nature and heritability of the
discase and its treatability, as well as the difficoltics asso-
ciated with diagnosis.” Polygenic risk lesting has the
potential to improve disease prediction, diagnosis, and
management of vision loss, from reactive and responsive
to predictive and preventative. For this adaptation to be
successful, thorough understanding of  stakeholders’
attindes toward such tesdng is required first o develop
implementation frameworks and successtul wptake,

To our knowledge, no studics have assessed the attitude
of individvals with glancema toward PRS testing for the
condition, and cdical gaps in understanding barriers to
implementing such testing persist. This stody  provides
uselul insights inlo the potential uptake of PRS lesting lor
glauncoma. Our results supported the hypothesis that in-
dividuals with glascoma have a positive attitude toward
genetic risk testing for glavcoma (69.4% being likely or
highly likely to have undergone testing}, as well as testing to
predict rsk of severe disease or rapid progression. The re-
ported interest was similar to that of a previous study
investigating attitudes toward single gene testing for glan-
coma, with 61.8% reporting interest among a large glau-
coma pedigree.”™*" Tn addition, our results are comparable
with those of studies on predictive genelic testing in other
conditions, mcluding  inherited breast and  colorectal
cancer.” "™ In particular, studies assessing interest
in predictive genetic testing for breast cancer among in-
dividuals affected by the disease reported similar levels of
interest, ranging from 57.0% to 61.8% %" Further research
is needed to validate the effectivencss of PRS testing in an
unaffected population.

Increasing interest in glavcoma genete risk testing was
associated with a positive family history of glaucoma and a
higher number of affected family members. However, it was
shown thal the affected relative must be al least a second-
degree relative or closer. These tesults are in line with
other studies that found interest in genetic testing was
particularly supporied if there was a family history of the
condition.*>* #2347 However, although significant in the
univadate logistic regression, these variables were not sta-
tstically significant when controlling for other associated
variables. This may be attributable to some respondents

recognizing their predisposition from having an affected
family member. Several respondents commenled thal glao-
coma development was somewhat expected given their
family history of glancoma, and therefore they helieved that
a genetic test was not necessary, given that they were
alrcady undergoing regular eyve cxaminations. However, it
has been shown that glavcoma dsk can vary significantly
even in individuals with high penetrant variants, ranging
from wery high to average populadon risk depending on the
PRS."* This indicales a nead for commumity education
regarding genetic nisk. Studies in mherited breast and
colorectal cancer reported positive intetest particularly in
those with a positive family history  of the
condition,” =772 ITowever, it should be recog-
nized that screening for these conditions via colonoscopy of
mammoegraphy generally is more invasive than an eye ex-
amination, so genetic testing may be preferable by those at
an increased risk to avoid this type of investigation.

Previous studies have shown that individuals who have a
higher perceived risk of glavcoma are the most motivated to
reduce their risk of vision loss.*” This is consistent with our
resulis showing that those who had a higher perceived dsk
of glaucoma developing were more interested in gemetic
nsk testing for glavcoma. Siomularly, those who had been
worried about glaucoma developing hefore receiving a
dagnosis were more interested in tesdng. Interest in
testing was associated with having an intention to change
behavior toward cye health. This is not in keeping with
other genetic studies that have shown that knowledge of
dsk has liwle effect on risk-reducing behaviors ™
Howcewver, this may be less relevant to glavcoma becanse,
mlike most  common  conditioms, no  established
environmental risk factors exist that could be modified
through risk-reducing lifestyle changes.

A positive attitude toward genetic risk testing for glan-
coma seems to extend beyond personal interest. Increasing
interest was associated with ncreased likelihood to recom-
mend testing to family members and others. [nterestingly, a
positive family history of glancoma was not associated with
an increased likelihood 10 recommend lesting 1o family
members. However, although not significant, having an
affected  frst-degree  relative  was  associated  with  an
increased imlerest in testing, suggesting that close alfecled
relatives still may influence interest in testing.

Nonrespondents were significantly older, more likely 1o
be of non-European ancestry, and more Lkely to have
advanced discase and legal blindness. Those who are of an
older age may believe that a genetic test regarding risk and
progunosis is not relevant at their stage of life. These in-
dividuals may also have added difficulty completing a
queslionnaire that requires reading and comprehension and
the desterity to record their responses. However, it is
possible that the disparity in age seen between groups is the
result o ANZRAG parlicipants who have died remaining in
the database. Although the database is updated regularly, if
the database manager is not nolified of a participant’s death,
it may not be recorded. Similarly, individuals of non-
Euaropcan ancestry may not speak English as their primary
language and may have difficolty completing the question-
naire, which was delivered only in English. In addition, it is
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not yet clear how a glaucoma PRS may perform across non-
Huropesn populatioms, and participanls of non-Buropean
ethnicity may not be aware of this. Finally, those with
advanced dizease may have had more difficulty completing
the guestionnaire becavse of thelr impaired vision. More-
over, they may not have belicved that genetic risk testing
would be personally relevant given their severe discase.
These individuals may have expected glaucoma to develop,
regardless of the potential caleulated genetic risk, based on a
stromg family history of the disease. However, no significant
association was found between advanced glancoma and the
presence of a family history of glancoma (P = 0.243).

We asked parlicipanis which companenls of the test they
would like to know about before undergoing the test, The cost
of the test, the process involved in taking the test, the implica-
tions of the results, and likely follow-up were roughly of equal
imiportance o respondents, with mote than 70% indicating cach
would be important to know. Respondents indicated madl, in
persan, and e-mail o be the most preferred methods of
receiving results. In addition, the largest proportion of partici-
pants {approximalely 45%) ndicaled a cost of AUS30 10
AUFL00 for the test would be reasonable. Some who mdicated
an unwillingness to pay for the test commented on the chal-
lenges of affording additional health care costs while receiving
a pension. This is important to consider given the older age of
those most commmonly affected by glancomia.

The tindings from this study should be interpreted in
light of the following limitatdons. Quesdons asscssing
glavcoma knowledge, risk, and interest in genetic testing for
the study population were framed as a Telrospective concept
given that individuals in this group had alrcady received a
diagnosis. This may be difficult for some 1o interpret and
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answer without the bias of hindsight influencing their
respomse. The study participanls were drawn from an
existing glaucoma research registry that may have intro-
duced a selection bias. By participating in the ANZRAG (a
study in which participants must consent for genetic testing
in a rescarch context), participants may be more nterested in
genetic research, and therefore may be more likely to be
interested in such testing in a clinical context. Parlicipants
were asked to indicate their level of nterest in such testing
from a relrospective point of view, which may reduce this
bias. Almost 95% of the study sample was of European
ancestry, highlighting the need for further validation across
ather ancestral backgroumds helore implementation, which
also is pertinent to the predominantly Duropean-derived
PRS instruments themselves.

Additional challenges to clinical implementation of PRS
testing for glancoma remain. One challenge of conveying
PRS results is to ensure that these results are communicated
as absolute and relative risk values in conjunction with other
cstablished and validated clinical risk factors, and not as
predictive or prognostic tisk.”” Clinical implementation of
PRS will require that clinicians and the public receive
education ahout the significance and limitations of the
resolts, Furthermore, additional issues will arise in public
health infrastructure and policy including economically
balancing the cost of screening with the cost of
management, identifying the most appropriate target
screcning population, and ensuring adequate access to
testing and follow-up treatment,
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Introduction

Glaucoma is a degenerative condition affecting the
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Purpose: Integrating polygenic risk scores (PRS) into healthcare has the potential to
stratify an individual's risk of glaucoma across a broad population. Glaucoma is the
mast common cause of irreversible blindness worldwide, therefore effective screen-
ing for glaucema endorsed by the population is highly important. This study assessed
the attitude of unaffected individuals toward PRS testing for glaucoma, and saught to
identify factors associated with interest in testing.

Methods: We surveyed 418 unaffected individuals including 193 with a first-degree
relative with glaucoma, 117 who had a recent eye examination, and 108 general
members of the community.

Results: Overall, 71.3% of the individuals indicated an interest in taking a pelygenic
risk test for glaucoma. Interest was more likely in those who believed glaucomato be a
severe medical condition {odds ratio [OR] = 14.58, 95% confidence interval [Cl] = 1.15-
185.50, P = 0.039), those concerned about developing glaucoma (OR = 4.37,95% Cl =
2.32-8.25, P = 0.001}, those with an intention to take apprapriate measures regarding
eye health {OR = 2.39, 95% Cl = 1.16-4.95, P = 0.019), and those preferring to know if
considered to be at-risk or not {OR — 4.52,95% C| = 2.32-8.83, F = 0.001).

Conclusions: Our results show strong interest in genetic risk assessment for glaucoma
among unaffected individuals in Australia.

Translational Relevance: These findings represent a valuable assessment of interest
in glaucoma polygenic risk testing among potential target populations, which will be
integral to the implementation and uptake of novel PRS-based tests into clinical practice.

able risk lactor for POAG and is therefore the target
ol treatment approaches, including (opical eye drops,
laser treatment, or incisional surgical intervention.
Other risk [aclors relale (o individual genetic risk,

translational vision science & technology

optic nerve and can result in irreversible vision loss
and blindness if left untreated. Primary open-angle
glancoma (POAG) is the most common subtype, affect-
ing over 60 million people worldwide,' including 3% of
the population over the age of 50 years in Australia.”
[t is associaled with, bul not dependent on, raised
intraccular pressure (10P).* 100 is the major modifi-

Copyright 2022 The Authors
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including ethnicity and family history, with a 9.2-told
increased risk [or Orst-degree relatives of individuals
with glaucoma compared with controls,* Duc to the
asymplomatic nature of carly-stage discase, limitations
of screening techniques, and challenges in diagnosis,
over halt of all individuals with glancoma in devel-
oped countrics and over 90% in developing countries
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are estimated to be undiagnesed > Early diagnosis is
paramount given that vision cannot be restored anee it
is lost,® and existing treatments are highly efective in
preventing or slowing discase progression.”® Because
glaucoma is the most common cause of irreversible
vision loss in the world, improving sereening methods
and identilying at-risk individuals has the polential to
significantly reduce the social and economic burden of
cdisease.

Glaucoma is one of the most heritable common
complex diseases.”!" Both monogenic and polygenic
factors contribute to glaucoma™!! Disease-causing
variants 1o genes, such as MYOC and OFTN, or
copy number varianls in TBKJ] account for less than
5% of POAG with Mendelian inheritance patterns.!?
Currently, the chinical use of genetic tesling [or
glaucoma has been limited to these genes!?!® With
recent advances in the scale of genomewide associ-
ation studies (GWAS). there is increasing interest in
the application of polvgenic risk scores (PRS) across
a vartety of common diseases, including glaucoma. A
PRS collates the combined risk of multiple common
genetic risk variants into a single score, typically by
weighting the relative effect size of each variant.!® Such
scores may be combined with conventional risk factors
to estimate overall disease risk.!?

Recent studies have demonstrated the utility of
glaucoma PRS in risk stratification. A recent glaucoma
PRS was associated with higher glaucoma risk (top
1% PRS compared to remaining 90% glaucoma OR
= 4.2) as well as more rapid disease progression, and
higher treatment intensity.'® Individuals in the top
PRS decile were at 15-fold increased risk of dewel-
oping advanced glaucoma compared to the bottom
decile.'s Furthermore, high polygenic risk confers a
comparable risk to monogenic variants, whereas being
over 15 times more prevalent in the general popula-
tion, and can alse influence the penetrance and age at
diagnosis.'"1® By stratifving individuals across the risk
specirum for developing glaucoma and likelthood of
progression, high-risk individuals would henefit from
treatment before vision loss 1s dingnosed, whereas low-
risk individuals could benefit from community-based
momtoring.

With more data supporting the clinical validity
of PRS in rnisk stratification, such tests may soon
become part of routine clinical care. Before this
can oceur, il is necessary Lo understand how such
testing may be received by the general population and
what kev sccial and behavioral elements may impact
implementation. The attitudes of allected individu-
als have been previously assessed,’ including for
glaucoma,?' however, they have not been assessed in
unaffected individuals who will be the ones benefiting
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from the test. In this study, we addressed this gap and
reported the attitudes of individuals without diagnosed
glauwcoma toward glaucoma PRY tesling, and the
demographic and psvchosocial factors that influence
this.

Study Sample

This was a cross-sectional, questionnaire-hased
study approved by the Southern Adelaide Clinical
Human Research Ethics Committee (SAC HREC) that
adhered 1o the Revised Declaration of Helsinki. The
study sample included three diferent groups of individ-
uals who may be target populations for polyeenic
risk testing for glaucoma and whe were recruited
between March 2020 and March 2021, We aimed to
recruit 100 participants in each group. Using a one-
sided test with multiple test correction (alpha = 0.01),
100 participants in cach group will vicld 10084 power
to detect a difference in levels of interest of 2054
or more. The first group included unaffceted first-
degree relatives of individuals with a known glaucema
diagnosis, with participants drawn from the Australian
and New Zealand Registry of Advanced (Glaucoma
(ANZRAG) and the Targeting At Rislk Relatives of
(Flaucoma patients for Barly diagnosis and Treatment
(TARRGET) study. ANZRAG is one of the largest
databases of clinical and genctic data for glaucoma in
the world (regardless of glaucoma severity),” whereas
TARRGET is designed to provide educational material
to first-degree relatives of individuals with glaucoma,
with their personalized risk of developing the discasc
according 1o their family member’s climeal pheno-
type. The second group included people attending an
optometrist for an eye assessment for conditions other
than glaucoma, or those with no ccular health history
who had undergone an eye assessment within the last
6 months. This group is relerred to as the “optom-
otry group.” These participants were reeruited from
privale (Specsavers) and public (Flinders University)
optometry clinics. The third group comprised members
of the general communily withoul an ceular health
history, who had not undergone a recent eve exami-
nation. Recruitment oceurred at Flinders Medical
Centre (including the Flinders Volunteer service)
and Noarlunga Hespital in Adelaide, Australia, and
included Flinders volunteer members. patients, and
their relatives in outpatient hospital clinics. Individuals
for the first two groups were alse recruited from these
clinics it they had a first-degree relative with glaucoma
or had a recent eve examination. Recruitment from
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public hospital settings as well as public and private
clinics was opportunistic. Participants were included
if" they had the capacity to complete the questionnaire
without assistance {except if needing an interpreter).
PParticipants were excluded if they were <18 years old
or did not have the cognitive capacily to compleie the
questionnaire.

Data Collection

The questionnaire was adapted [Tom previously
published surveys® and used |ikert-like scale items.
The questionnaire was first lested with 10 individu-
als from Flinders Medical Centre. Seciodemographic,
health, cognitive, emotional, and influencing faclors
were used to assess association with interest in genetic
Lesting.

Sociodemographic

Age, gender, ethnicily, highest lavel of education,
and urbanfrural residency were collected. Ethnic-
ity was selltreported and classified into 10 ethmic
groupings. then into categories of “European™
and “nmon-luropean” ancestry. Those recorded as
“unknown” were excluded [rom analyses invelving
cthnicity. Residency was based on the Australian
Bureau of Statislics census data using the participants’
postcodes. Urban residency was classified as postendes
with populations greater than 50,000 persons. Rural
residency included regional, rural, and remote areas of
populations less than 50,000 persons.

Health Factors

Family history, including the number of Tamily
members affected by any form of glaucoma and their
degree of relation, was sell-reported by participants.
Eye health factors assessed included a history of
mvapia, most recent eve check, and the frequency of
eve checks.

Cognitive Factors

Cognitive factors were assessed through single-item
measures with Likert-like scale response options. We
assessed participants” understanding of the heritability
of glavcoma, perception of the severity of glaucoma,
and perceived likelihood of developing glaucoma.

Emotional Factors

To assess the influence of emotion on interest in
genetic testing for glaucoma, we asked participants to
indicate their level of worry related to the possibility
of developing glaucoma in the future using Likert-like
scale response options.
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Factors Affecting Decision to be Tested and Concerns

We assessed several factors which could affect the
participants’ decision to be tested related to their
own risk, their family’s risk, and advice from others.
We assessed factors which would concern participants
about testing, including personal anxiely, cost, [ulure
requirements, and issues relating to confidentiality and
implications of results. Participants could also include
additional factors or comments.

Qutcome Variable

Interest in genetic testing for glancoma was evalu-
ated by assessing the likellhood to underge genetic
testing to predict personal glavcoma risk with Likert-
like scale response oplions.

Additional Factors

Participants were asked about aspects of the test
that would be considered important to know prior
to undergoing genetic testing. the cost participants
would be willing to pay, and their preferred method
of receiving their results. Participants were asked to
indicate how their behavior toward their eve health
might change based on theoretical results of higher
and lower risk of dewveloping glaucoma, and the
frequency of eve checks which they would be willing to
undergo.

Statistical Analysis

IJata were analyzed using Statistics PPackage for
the Social Sciences (version 27.0, SPSS Inc., Chicago.
IL). Deseriptive statistics were used to character-
iz¢ the study sample. Responses [rom the three
groups were combined for the statistical analysis.
Responses were combined into bivariale oulcomes;
for example. “highly unlikely” and “unlikely™ were
merged into an “uninterested” group, and “likely”
and “highly likely” were merged as an “interested”
group. Unswre or missing responses for all questions
were excluded. Associations of different wariables
among the three groups were analyzed using |-
way ANOVA and chi-square test for associalion
for continuous and categorical varlables, respectively.
The association between level of interest and covari-
ables (sociodemographic. emotional. and cognitive
variables) was performed using a univariate logistic
regression model. Variables that had significance levels
of P - (.1 in the univariate analysis were initially
included in the multivariate regression model. Multi-
variate logistic regression models were performed to
1dentifly faclors independently associated with inter-
est in testing (P = 0.05) using a backward stepwise
approach.
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Demographic and Personal Characteristics

In total, 418 participants completed the question-
naire: 193 had at least one affected first-degree relative,
117 had had a recent eve review, and 10§ were
from the community. In total, 243 unaffected family
members in ANZRAG and TARRGET were invited
to participate in the study, and 143 completed the
guestionnaire. yielding & response rate of 58 8%. The
other 50 participants with a first-degree relative were
recruited from outpatient ¢linics and hospital settings.
The demographic and personal characteristics of each
group and the whole study sample are shown in
Table 1. In summary, 66.5% were women, 95.0% were
of FEuropean ancestry, 75.4% woere from an urban arca,
and 63.8% had an education level above secondary
school. The mean age of the total cohort was 62.1
years £ 13.3 years, wilh 28 individuals being under
the age of 40 years. There was a significant difference
i residency, family history, timing of last eye checek,
and frequency of eve checks among groups (Table 1-
significant results in bold). Participants with atfected
first-degree relatives. those whoe had a recent eve check,
and members of the general community did not differ
by age. gender, and level of education (see Table 1].
The majority (74.9%) of participants had undergene
an eye check within at least the last year and owver
halt” (55.0%4) reported undergoing eve checks at least
annually.

Understanding of Glaucoma and Perception
of Severity and Risk

In the overall cohert, 57.7% believed glaucoma
was al least somewhal hereditary, with 57.7% of
those having an allected first-degree relative. A large
proportion (39.5%) of the total cohort were unsure
aboul the hereditary nature of glaucoma. The major-
ity (91.9%) of respondents considered glaucomatobea
severe medical condition, with an approximately equiv-
alent proportion with (47.9%) and without (52.1%) an
afTected first-degree relative. Perception of glaucoma
as a severe conditien was associated with being likely
o increase the Mrequency of eye checks 1l [ound Lo be
at high risk (odds ratio [OR] = 7.36, 95% confidence
interval [CI] = 1.32-40.89, P = 0.023%. Almost a third
(31.8%%) of the participants believed they were likely or
highly likely to develop glaucoma in their lifetime, and
89.1% of these expressed woerry about this beliel. Those
with at least one first-degree relative with glaucoma
were more likely to believe they were at risk of dewel-
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oping glaucoma (OR = 5.06, 95% (11 = 2.99-8.58, P -
0.001), and were worried about this (OR = 3.75, 95%
1 = 2.35-6.08, P = 0.001). Being wornied about the
possibility of developing glaucoma was associated with
a preference to know the glaucoma risk (OR = 2,19,
95% CI = 1.40-3.43, P = 0.001).

Interest in Genetic Risk Prediction Testing for
Glaucoma

Overall, the majority of individuals expressed an
interest in genetic risk prediction testing for glancoma,
with 71.3% of respondents indicating they would be
cither likely or highly likely to take a test if it were
available. The attitudes of each group are shown
in Figure 1. Over half of those who were interested
n lesting (62.2%) also reported they would probably
ot definitely like to know more about glaucoma before
being tested. Individuals with at least one aflected
first-degree relative were more likely to be interested
in genetic testing for glaucoma than those without
(OR = 2.90, 95% CI = 1.65-5.09. P = 0.001; Table
2). "T'here was no significant difference hetween the
level of interest between those aged below and above
the age of 40 years (75.0% vs. 81.2%., respoctively,
F =0.455].

Factors Affecting Interest in Genetic Risk
Prediction Testing for Glaucoma

We assessed the faclors thal may allect the partic-
ipants’ decision to be tested (Fig. 2) and factors that
may concern participants aboul genelic risk predic-
tion testing (Fig. 3). After adjusting for all variables
that were sigmificant in univariale regression, inler-
est in glaucoma genetic risk prediction testing was
more commaon in those who believed glaucoma to be a
severe medical condition (OR = 14.38,953% CI = 1.15—
185.50, P = 1.039), were concerned about developing
glaucoma (OR =4.37,95% CI = 2.32-8.25, P = 0.001),
had an intention to take appropriate measures regard-
ing eye health (OR = 2,39, 95% CI = 1.16-495, P =
0.019%, or who preferred to know if thev were at risk
of glaucoma or not (OR = 4.52, 95%, CT = 2.32-8 83,
P < 0.001; see Table 21, The average number of factors
which may allect the participants’ decision Lo be Lested
was 3.7,

The majority (75.8%) of individuals had at least
one concern about genetic risk prediction testing for
glaucoma, with cost being the most frequent (42.3%%),
followed by personal anxiely aboul the possibility
of the test showing increased glaucoma risk (29.7%;
see Fig. 31, The average number of concerns per
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Table 1. Characteristics of the Study Sample (Including Individuals With a First-Degree Relative With Glaucoma
[First-Degree Relative], Those Who had Undergone a Recent Eye Check [Optometry] and General Members of the
Community [Community])
Wariable First-Degree Relativen = 193 Optomnetry n= 117 Community n = 108 TOTALn =418 P Value
Age,y i
Range 330-808 21.0-892 10.4-046 19.4-94.6 P=0573
Mean {standard deviation) a1.7(11.2) 63.2 {15.4) 61.5{14.3) G921 (12.3)
Median 62.1 G5.4 68.3 63.3
Missing n=1 n=1 n=2
Gender, 1 (%)
Fernale 134 (6%.4) 73{62.4) 711(85.7) 278 (66.5) P=0437
Male 59 (30.5) A4 (37.5) 371(34.2) 146 (33.3)
Ethnicity, n (%)
Eurcpean ancestry 185 95.9) 114 (97.4) 98(20.7) 397 (25.0) P =0.028"
Mon-European ancestry 6 (3.1) 2(1.7 9(8.3) 171
- African 20 o 0 2{0.5)
- Asian 3 (1.6} 1{0.8) 3(28) 70.7
- Hispanic a 1{0.8) 11(0.9) 2 (0.5)
- Middle Eastern a o 2(1.5) 2{0.5)
= Mixed 1(0.5) o] 3(2.8) 4{1.0)
Unknown 21(1.0) 1{0.9) 1(0.8) 411.0)
Residency, n (%)
Urban 137(71.0) 20 (76.9) 88(81.5) 315{754) P=0.,019"
Rural 55 (28.5) 21{17.9) 16(14.8) 92{22.0)
Unknown 11(0.5) &(5.1) 437 11(2.6)
Highest level of education, n (%)
Primary school 2(1.0) 4(3.2) 1(1.0) 7.7 P—0.056
Secondary school a0 (31.7) 45 (36.8) 39(36.1) 142 (34.1)
Vocational training 52(26.9) 39(33.3) 40(37.0) 131(31.3)
University 77 (39.9) 31(26.5) 28 (590 136 (32.5)
Unknown 2(1.0) o ] 2(0.5)
Family history, n (%)
Positive 193 (100.0) EXEA] 7(7.4) 209(500) P <0001
Megative a 107 (85.7) 87 (80.8) 205 (50.0)
Unknown a 109 14{12.0) a
J Positive (closest affected relative):
@ - First-degres 193 (100.0) o] 4] 193 {92.3)
Q - Second-degree 4] 7{5.0) 5 {46) 12 (5.7)
8 - Third-degree a 1{0.%) 1(0.5) 201.0)
= - Unknewn 0 1{0.% 1{0.8) 2{1.0)
Q) Lasteye chedk, n (%)
B Within 6 mo a3 (32.8) 117 {100.0) W] 180 {43.1) P« 0.001"
o 6-12 mo 82 (42.5) o] 51(47.2) 133 (31.8)
O 1-2y 41 (21.2) o] 30(27.8) 71070
9 Marethan 2 y 42N o 25(23.1) 29(6.9)
% Maver 11(0.5) o} o] 1(0.2)
D Missing 2(1.0) 2(1.9) 401.0)
U3 Frequency of eye checks, n (%)
[ Ame 2010 105 4] 307 P=0.003"
9 amo S4.7) 51{4.3) 2(1.8) 16 {3.8)
0 Annually 107 (55.4) 61{52.1) 43 (38.8) 211 (50.5)
= Every 2y 51 (31.8) 32 (27.4) 34(31.5) 127 (30.4)
g Morethan every 2y 10(5.2) 13010 22(204) 45(10.8)
Mewer 2(1.0) 3{2.6) a1(5.6) 1142.6)
.l'g Missing 2(1.0) 2{L7) 110.2) 541.2)
= “Denotes P value calculated using one-way ANOVA.
g tDenotes P value calculated using chi-square test for association. Differences in eth nicity were assessed between European
E and non-Eurcpean ancestry.
=]
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individual was 1.4. We assessed the factors concerning
individuals about undergoing genetic risk assessment
for glancoma and why participants may be less likely
to take the test. These are summarized in Supplemen-
tary Figure 82, Of those who indicated being uninter-
ested in testing, 24.6% had no concerns about the test.
Having to attend follow-up appointments was the most
concerning factor (37.7%), followed by the cost of the
test (23.6%), potential anxiety caused by the results
{20.8%), concern aboutl how the results would allect
employment (11.1%) and insurance (8.3%), confiden-
tiality concerns (6.9%), and rather not knowing (heir
risk (4.2%).

Behavior

In addition to assessing which factors may influ-
ence the decision lo undergo geneuc risk prediction
lesting, we assessed whether the potential result would
influence attitudes toward the [requency of [ulure eye
checks. IT testing were to indicate a low risk of devel-
oping glaucoma, ¢1.6% of individuals indicated they
would not change (he [requency ol their eye checks.
Howcver, if testing were to indicate a high risk of devel-
oping glaucoma, 76.6% ol individuals indicated they
would have more frequent eve cxaminations. Those
with an affected first-degree relative were not likely to
change the current frequency of their eye examina-
tions, regardless of” whether a test indicated they were
at either low risk (P = (L.344) or high risk (£ = 0.092).
Individuals indicated that their decision to undergo
testing would be influenced more by medical advice
compared (o advice [rom family or [viends (74.6% vs.
35.1%, P < 0.001).

Factors About Testing and Follow-Up

Finally, we surveved aspects of genetic rigsk predic-
tion testing that participants wanted to know prior to
undergoing testing. These are summarized in Supple-
mentary Figure S1. Over 77% ol participants deemed
cost, the test process, possible implications of results,
and [ollow-up (o be important factors 1o understand
prior 10 undergoing testing. Email was the most
preferred method to receive results (56.5%), lollowed
by [ace to [ace (38.3%), and receiving a letier (35.2%),
with a telephone call being the least preferred (21.5%).
Several individuals commented that their prelcrence
would depend on the result, with face to face being
preferred 1 results showed high glavcoma risk, and
other methods, particularly email. being preferred il
results showed low risk. A majorily ol participants
{64.6%) indicated they would be willing to pay at least
$50 [or a glaucoma genelic test il required, with AUD
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Figure 1. Level of interest in polygenic risk testing for

glaucoma (positive versus negative) according to group classi-
fication. Responses to the question "How likely would you be to
take a genetic test which could predict your risk of developing
glaucoma?”’ Respenses were grouped by group classification (first-
deqgree relatives, recent eye examination [optometry], and general
members of the community [community]), and grouped into
interested (likely or highly likely) or uninterested (highly unlikely or
unlikely) expressed interest, Forty two respondents indicated being
“unsure” (10.0%}.

$50 to S100 (approximately USD $40-570 at the time
ol wriling) being the most acceptable range (Fig. 4).
Those who were willing 1o pay were more likely 10 be
mterested in testing (OR = 181, 953% CI = 1.07 3.07,
P = 0.028) and 10 have completed terdary educalion
(OR = 1.95,95% CI = 1.28 2.9%, P = (.002). Regard-
ing the possible [requency ol ¢ve checks, 88.8% ol all
participants indicated they would be willing to have
cither biannual or annual cyc cxaminations il required
(Fig. 5).

Discussion

Gienetic risk stratification for discases with complex
inheritance will become increasingly accessible with the
development of PRS. Studies have previously assessed
interest and attitudes toward such testing in affected
and high-risk individuals [or breast and colorectlal
cancer. " To the best of our knowledge, the attitudes
ol those outside of an already identified at-risk popula-
tion have not been investigated [or any condition.
Giiven one of the greatest potential advantages of PRS
lesting is population-scale risk stratilication, it is crucial
to understand the attitudes of the broader popula-
tion toward this form ol westing. Our findings provide
useful insights into the attitude of unaffected individ-
uals toward glaucoma genetic risk testing., and demon-
strated a similar level ol interest toward PRS testing
for glaucoma among unallected individuals (71.3%)
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Table 2. Univariate and Multivariate Logistic Regression Assessing Predictors for Interest in Polygenic Risk Testing

Univariate Logistic Regression

Multivariate Logistic Regression

\fariable (Demographich OR (95% Cl) Fialue OR (95% Cl) PVvalua
Agey 0.29(0.26-1.01) Q.16
Gender
- Male 1.00 0.045 1.67 (0.85-2.20) 0138
- Female 1.71(1.01-2.89)
Ethnicity
- Nen-European 1.00 0312
- European 156 (0.56-5.23)
Residency
- Urban 1.00
- Rural 1.05{0.55-1.08) 0877
Education
- Schoel{primary or secondary) 1.00 1.28(0.51-3.24) 0.503
- Tertiary (wocational training ar university 1.67 {0.99-2.84) 0.056
Famnily history
- Negative 1.00 =0.001 0amn
- First-degree relative 2.89(1.64-5.11} =0.001 2.05 (0.76-2.17) 0.156
- Other relative 048 (0.25-3.85) 0.980 0.24 (0.03-2.17) 0.205
Last eye check
- =1yi0) 1.00
-=1y(1) 115{0.62-2.12) 0.665
Frequency of eye checks
- At least annually (0) 1.00
- Bwery 2 yor more (1) 1.02{060-171) 0054
Percelved glaucoma heredity
- Non hereditary 1.00 0.018 1.9(0.02-193.52) 0.77%
- Hereditary 9.14(1.47-56.86)
Percelved severity
- Not severe 1.00 0.009 14.58 (1.15-185.50) Q.029
- Severe 18.69 (2.05-170.14)
Perceived risk
- Nt at risk 1.00 0.005 1.88 (0.81-4.35) 0.13¢
- At risk 2.47 (1.32-4.63)
Concern of developing glaucoma
- Not waorried 1.00 4.37 (2.32-8.25) =0.001
- Worrled 5.00(2.87-8.72) =0.001
Interest in abtaining mare Informatlon about the test
- Mot interested 1.00 171071411 0.233
- Interested 2.04{1.16-3.59) 0.013
Intention to take approprlate measures
- Would not change behavior 1.00 2.39{1.16-4.95) 0.019
-Would change behavior 5.00{2.83-8.83) <0.001
Advice ta children
- N 1.00 115 (0.25-5.39) 0.860
- Yes 3.00(1.77-5.08) =0.001
Advice to family members
- No 1.00 0.49(0.18-1.32) 0160
= Yas 292{1.71-4.99) =0.001
Personal advice
- Ne 1.00
- Yes 1.34{0.77-2.33) 0304
Medical advice
- No 100
- Yes 117 (0.64-2.13) 0.614
Wauld rather knows
- N 1.00
- Yes 6.78 (3.86-11.80) =0.001 4.52(2.32-8.83) =0.001
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Table 2. Continued

Univariats Logistic Regression
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Multivariate Logistic Regression

Variable (Demographic) OR (95% CI) PValus OR (95% Cl) PValue
Would rather not know

-No 1.00

-Yes 0.378(0.09-1.62) 0,140
Ariiety

=No 1.00

- Yes 1.55 ((.83-2.80) 0170
Cost

- No 1.04

- Yes 1.37 (0.80-2.34) 0.254
Follow-up

- Yies 1.00

-No 1.29 (0.69-2.38) 0.424
Insurance

-No 1.00 311 (0.99-3.79) 0.052

- s 3.44(1.43-8.27) 0.006
Employment

= Mo 1.00

- Yes 1.26 (0.56-2.82) 0573
Confidentiality

- Mo 1.00

-Yes 1.89 [0.71-4.98) 0.20
Concerns

- Mo concerns 1.00

- At least 1 concern 1.23 (0.689-220) 0.485

Baold text in the multivariate logistic regression indicates variables which were retained in the final model. Where a variable
was excluded, the listed values given related to the point at which the vaniable was removed from the model. Results reflect
questionnaire answers provided by participants, although the authors acknowledge that some responses are not logical.
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Parcaniage of respordents (%)

Figure 2. Factors affecting participants’ decision to be tested.
Responses to the question "Which of the following factors would
affect your decision to be tested? (Choose as many as appropriate).”

comparcd with mdividuals with diagnosed glaucoma
{69.4%).!

Although glaucoma is the most common cause
ol irreversible vision loss, current sercening methods
are insufficient and not cost-effective at the popula-
tion level.*3 Bvidence ol the beneflit of PRS testing
was demonstrated by a previous study showing that
individuals in the top decile of a glaucoma PRS

Downloaded from tvet. arvojournals.org on 12/05/2023
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Figure 3. Factors concerning participants about having the
test. Responses to the question “Which of the following factors
would concern you abeout having the test? (Choose as many as
appropriate).”

distribution reach the same absolute risk of dewel-
oping the discase 10 years carlier than those in
the bottom decile.!® Glaucoma PRS testing could
improve current screening strategies given the disease’s
high and complex heritability, lack of environmen-
tal risk factors, asymptomatic nature of early disease,
and ellectiveness ol early (reatmenl options o slow
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Percentage of respondents (%)
s ¥ 0§ § i

Figure 4. Cost participants would be willing to pay for a
glaucoma genetic risk test. Fesponses to the question “If a cost
were involved, how much would you be willing to pay for the test?”

Porcantage of rospondents (%)

& monthdy 12 monthiy 18 morsrdy 24 monsly

Figure 5. Frequency of eye checks participants would be
willing to undergo. Responses to the question “How frequently
would you be willing to have an eye check?”

discase progression.®® Risk stratilication may help
to guide monitoring and treatment of high-risk
individuals, as well as potentially avoiding unncees-
sarily regular follow-up or over-treatment of low-risk
individuals. PRS may assist in deciding on monitoring
frequency or context, such as by an ophthalmologist or
optomeirist, particularly given the difliculty in diagnos-
ing glaucoma in the early stage of disease and the large
number of individuals who are diagnosed as glaucoma
suspects.'?

Interest in the test was nol signilicantly associ-
aled with having a lamily history in the multivari-
ate analysis, even though individuals with a lamily
history were more likely Lo be interested in polygenic
risk testing than those without. Previous studies have
reported inercased interest in PRS lesting among [irst-
degree relatives of individuals with breast cancer or
colorectal cancer, 227 31 These discrepancies may be
due to an assumed predisposition o glaucoma and
[requent moniloring already in place in this cohort.

Downloaded from tvet. arvojournals.org on 12/05/2023
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The majority of those with an affected first-degree
relative (74.1%) were drawn from existing glaucoma
rescarch databases, As part of their participation in
these registries, individuals will have received infor-
mation about the purpose of the research being to
investigate the genetic nature of glaucoma as well as
targeted glancoma educational material, and may be
more awarce of the risk asscciated with having a family
history. This is supported by our results which showed
that those with an allected Lirst-degree relative werg
more likely to believe they were at risk of develop-
ing glaucoma. Previous studics have shown that risk
perception is often influenced by lived experience® =
and that PRS may not alter perccived risk in these
cases. ™ Interestingly, n this study. individuals with
an alfected first-degree relative were nol more likely
to change the current frequency of eye examinations,
regardless of whether a test indicated they were at
either low or high risk. However, this cohort was also
the one reporting the highest frequency of eye exami-
naticn and may therefore feel that additional testing is
not necessary.

These 1ssues may represent a potential barrer (o
the uptake of PRS testing for glaucoma in this high-
risk group and will need o be [urther mvestigated [or
successlul implementation of the test and combination
with existing screening methods, This is highly relevant
in the context of a prediction model which showed that
approximatcly one quarter of people will have a PRS
counteracting their risk due to their family history.*
These individuals may be unaware of any underlving
risk and will not be identified early through current
screening guidelines given earlier age at screening is
only recommended for those with a family history,

Individuals who believed glaucoma to be a severe
comdition were more likely (o be interested in PRS
testing [or glancoma, and were more likely to increase
the frequency of their eyve examinations il shown (o
be al high risk. Furthermore, being worried aboul
the possibility of developing glavcoma in the future
appears to be a strong motivating factor to undergo
testing. However, despite 76.7% of participants indicat-
ing heing likely to have more frequent eve checks if
results showed increased glaucoma risk, this was not
associated with interest in PRS testing for glaucoma.
This is in keeping with other studies which have
shown that knowledge of risk does not correspond
to a change in risk-reducing behaviours.*-* Previous
studies have shown that motivation for undergoing
genetic testing commonly stems from a conviction to
altruism and desire to understand more about personal
health, rather than to make preventative lifestyle behav-
ior changes or change sereening behaviours. ™ The
option o choose o know of a genetic susceptibility
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to disease may seem to be valued more than the results
and their possible implications® Future research
should examine whether knowledge of risk from the
actual uptake of the test leads to change in glaucoma
sereening hehaviors.

We asked parlicipants which components of the lest
they would like to know more about prior to under-
going the test. The cost of the test, process involved
in taking the test, implications of the results, and
likely lollow-up were each equally important (o respon-
dents with over 75% indicating they would want to
know. Respondents indicated email as the preferred
method of receiving results. with face to face, letter, and
telephone call heing approximately equally preferred.
The majority of those who expressed willingness o pay
for the test indicated AU $30 to $100 ta be an appro-
priate cost for the lest. Whereas early indicalions of
the likely cost of PRS testing are above $100, public
prelerence is relevani in order 1o consider lulure cost
subsidization and possible impact on uptake of the
test. Moreover, concerns aboul insurance were signif-
icantly asscciated with testing in the univariate regres-
sicn analysis and close to significance in the multivari-
ate analysis. This may be particularly important in an
older pepulation who are more likely to be at risk. Our
results may reflect the study population, with many
being recruited from public hospitals where the provi-
gien of health services, including investigations and
treatments for glaucoma, are not assoclated with any
out-of-pocket costs for patients in Australia. Further-
more. Medicare (Australia’s universal health insurance
system) subsidizes the cost of most pathelogy tests,
thus the Australian population are generally not aceus-
tomed to paying for such tests. However, genetic tests
arc currently not widely subsidized. It will be impor-
tant to address concerns associated with costs in the
future, especially given some respondents commented
that they would expect that the lest would be subsidized
by Medicare and cost was one of the main reasons for
not heing interested in testing.

Given the potential for broad population screening,
ordering PRS testing, interpreting results, and commu-
nication of their significance to patients will extend
Bbeyond the clinicians dircetly involved in glaucoma
diagnosis and muanagement. Clinical implementation
of PRS will rely on sound clinician understanding
of the test and its resulls. TL will be important to
crmphasize that PRS results represent a probability of
individual disease risk and are therefore not diagnos-
tic. and results will need to be interpreted in conjunc-
ton with other established clinical risk factors, in

. < . .
particular age.”* Integrated risk models that incorpo-
rate established clinical and demographic risk factors
will need 1o be developed. Genelic counsellors have

Deownloaded from tvst arvojournals.org on 1205/2023
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the skill set Lo assist individuals in making informed
decisions about their results and the implications for
their family members. However, their rale may be most
necessary for those who receive high-risk results, as the
current workforee will not he able to carry the entire
burden of a populalion-based screening test. Further
rescarch will need to cvaluate the views and the nceds
of clinicians and healtheare professionals who may be
involved in ordering PRS testing, interpreting results,
and communicating their significance 1o the patients.
Adequate resources will need to be available to upskll
all clinicians and healtheare professionals who may be
involved in glaucoma PRS lesting.

Results should be interpreted in light of the
sludy’s sirengths and limitations. Of the total pariic-
ipants, 34.4% were drawn from cxisting glancoma
research regisiries (ANZRAG and TARRGET). These
participants have previously demonstrated interest
in glaucoma research, particularly regarding genelic
studies and family history, and may therefore be more
likely 1o report interest in glaucoma genetic lesting.
However, the interest toward PRS testing was still
strong among individuals who were not part of existing
research projects (65.6%). The majority of our study
sample (95.0%) was of self-reported European ances-
try, highlighting the need for urther validation across
other ancestral backgrounds prior to Implementation.
It will also be pertinent to ensure the utility of predom-
inantly Eurepean-derived PRS instruments themselves
in non-European ancestries. Furthermore, the attitudes
of individuals of European ancestry may vary depend-
ing on cultural and geographic differences, such as
among individuals in Australia, Northern America,
and Eurcpe. Although we have included unatfected
individuals from three different groups, the study
cohort may net be representative of a broader pepula-
tion of unaffected individuals. Additional studies
would be needed to extrapolate these results Lo the
general population. Finally, the methodology of this
study relates to anticipated hehaviors and future inten-
tions and is not a representation of actual behavior.
Murther rescarch should compare the uptake of PRS
testing for glaucoma in those with reported interest.

PRS has the potential to stratify individual risk
across u broad population for many common condi-
tions with complex inheritance, including glaucoma.
We [ound positive inferest loward glaucoma PRS
testing among three different groups of unaffected
mdividuals  and  have identified possible  target
populations for initial clinical implementation. We
have also identified factors affecting interest toward
the test and potential barriers 1o address. Acceptability
of genetic risk testing by the general population is
crucial for clinical implementation to be successiul.
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Purpose: To evaluate the association between a polygenic risk score (PRS) for primary open-angle glaucoma
(POAG) and the age at the first trabeculectomy and the need for bilateral trabeculectomy.

Design: Retrospective observational cohort study.

Participants: Nine hundred and three genotyped participants with POAG from the Australian and New
Zealand Registry of Advanced Glaucoma.

Methods: The ocular surgical history of these participants was reviewed and the following parameters were
recorded: age at diagnosis, age at trabeculectomy, and lateraly of trabeculectomy. Multivariate linear regression
analyses correlated glaucoma PRSs with age at trabeculectomy, and laterality of trabeculectomy. For descriptive
purposes, the participants were stratified into the top decile, intermediate group (10th-8Sth percentile), and

bottom decile.

Main Outcome Measures: Age at trabeculectomy, and laterality of trabeculectomy.

Results:
deviation; 95% confidence interval [Cl],

Higher PRS was associated with younger age at the first trabeculectomy (f,
0.41to —3.47; P — 0.014). Participants in the top decile underwent their

1.94 years/standard

first trabeculectomy approximately 7 years earlier than participants in the lowest decile (mean difference, —7.04
years; 95% Cl, 2.82—11.26). Participants in the top decile were 1.41-fold more likely to require bilateral trabe-
culectomy than participants in the bottom decile (odds ratio, 1.41; 95% ClI, 1.06—1.91; P — 0.021).

Conclusions:

This report identified clinically relevant correlations between glaucoma PRS and the need for

surgical intervention in patients with glaucoma. Further work is required to investigate the association between
PRS and other clinical end points such as treatment initiation. Ophthalmology Glaucoma 2023;6:54-57 © 2022 by

the American Academy of Ophthalmology

Supplemental material available at www.ophthalmologyglaucoma.org.
]

Primary open-angle glaucoma (POAG) is a highly heritable
progressive optic nulmpathy Polygenic risk scores
(PRSs) represent the summation of an individual’s genetic

susceptibility to a disease or trait based on the number of

inherited risk alleles and can be used to predict thc onset
and severity of discases, including glaucoma. Higher
glaucoma PRSs have been associated with a greater risk
of glaucoma diagnosis, Jyounger age at diagnosis, and a
greater need for surgery.

Trabeculectomy is a therapeutic incisional procedure
that aims to lower intraocular pressure (IOP) and is
usually considered only in advanced cases that are re-
fractory to topical medical or laser treatments.” Predicting
which patients may require this procedure remains a
clinical challenge. It is unknown if genetic risk scoring
aids the prediction of which patients will need earlier
surgery.

54 © 2022 by the American Academy of Ophthalmolog
Published by Elsevier Inc.

Methods

The ocular surgical history was reviewed for all participants with
POAG and self-reported European ancestry in the Australian and
New Zealand Registry of Advanced Glaucoma, ' recruited at clinics
in the state of South Australia. Participants with secondary forms of
glaucoma (e.g., pseudoexfoliation glaucoma) or a documented
Mendelian form of POAG were excluded. The age at and laterality
of trabeculectomy were recorded. The following covariates were
also recorded: age at glaucoma diagnosis, self-reported sex, high-
est recorded IOP, and family history of glaucoma. This research was
approved by local human research ethics committees, and all
research adhered to the tenets of the Declaration of Helsinki.
Informed written consent was obtained from all participants.

The glaucoma PRS was calculated for each individual using a
previously described multitrait glaucoma PRS.' Genotyping was
performed on DNA extracted from peripheral blood samples using
the MMumina OmnilM, OmniExpress. or HumanCoreExome array

hups:/kdos.ong/10, 1016/.0¢14,2022.06,009
[SSN 2589-4196/22
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Figure 1. Comparison of glaucema polygenic risk scores wich age ac trabeculectomy and the need for bilateral tbeculectomy. A, Comparison of age ar he
fiest trabeculecromy herween polypenic risk score stearificarions, B, Comparizon of proportion requising hilareral rrabeculecromy berween polypenic risk score
steatifications, The goay box indicates the botom decile, the omnge box indicates the intermediae group (10th w 98th peccentile), and the Blue box
indicates the top decile, Participants in the top decile underwent their arst trabeculecromy approximately 7 years earlier than these in the bomom decile
{mean age at the fisst teabeculecromy, 73.45 + 7.87 vears vs. 80.9 + 6.44 years, respectively; mulrivariare [ — 0.002), Participants in the top decile were also
1.41-old more likely to require hilateral rrabeculectamy, as dezenmined vsing a multivariare analysis (odds ratio, 1.41; 93% confidence incerval, 1.06—1.92;

P =0.021) (B). PR5 = pelygenic risk score,

(MMumina). The PRSs were calculated using PLINK {version: 1.90
beta) and normalized as z-scores using 17 642 normative
individuals from the QSkin Sun and Health Study (QSkin)."
Multivariate linear regression analyses were used to assess the
correlation between glavcoma PRSs and age at trabeculectomy.
The covariates included self-reported sex and family history of
glaveoma. Intraocular pressure was not included in the model
because of the comrelation between PRSs and IOP." Based on their
PRS values, the participants were stratified into the top decile,
hottom decile, and intermediate group (1{th—89th percentile).
The stratifications were performed using internal normalization
because of the skewed distribution of this data set. A secondary

analysis correlated glancoma PRSs with the length of time from
diagnosis 1o tabeculectomy. The covariates included age at
diagnosis, self-reported sex, and family history of glancoma. The
P value for statistical significance was set at (0L03.

Results
The surgical data of 903 genolyped participants with POAG were

reviewed, of whom 187 had undergone at least 1 trabeculectomy
and had the date of surgery recorded, The mean age at glancoma
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diagnosis was 641 + 991 vears, 57.3% were women, and the
mean highest recorded TOP was 280 + B66 mmHg (Table 51,
available at www.ophthalmology plaucoma.or).

Participants in the top decile were diagnosed with glamcoma at a
vounger age (mean difference, 5.19 years; Y2% confidence mterval
[C1], 3.03—"736; "« 0.000) {L'able 51) and had a higher recorded
I0P than participants in the bottom decile, although this did not
reach staistical sigmificance (P — 0.052; Table 51).

Linear regression comelated higher PRSs with younger age at
the first. trabeenloctomy (B, —1.94 yearsfstandard deviation; 95%
CI, — 041 1o —347; P — 0.014). Participants in the top decile
underwent their first trabeculectomy approximately 7 years carlier
than participants in the lowest decile (mean difference, —7.04
years; 93% CI, 2.82—11.26; mmltivariate P = 0.002; Fig 1A),

A secondary multivariate analysis was used to assess the
correlation between glancoma PRSs and time from diagnosis to first
trabeculectomy. Participants in the top decile underwent trabecu-
lectorny 3.8 vears earlier than participants in the bottom decile ([,
—5.84 years/standard deviation; 95% CL, —[.14 10 — 10.33; P —
0.022%. This association persisted afler the inclusion of the highest
10P in the model (B, $.85 vears; 95% C1, 096 10.73; P = (0.024).
The time from diagnosis 1o rabeculectomy was not assoctated witly
glancoma PRSs in 4 univarate analysis (P = (1.143).

Finally, participants in the top decile were cbgerved to be 1.41-
fold more likely to require bilateral rabeculectomy than parici-
pants in the bottom decile {odds ratio, 1.41: 95% CL, 1.06—1.91;
P =0021) {Fig 1B).

Discussion

This reporl comrelaled higher glaucoma PRSs: with younger
age at the first trabeculectomy, a shorter duration between
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Background

Glaucoma and age-related macular degeneration (AMD)
arc the two most common causcs of irreversible vision
loss among elderly people worldwide [1,2]. With the age-
ing population, these diseuses will puse an increasingly
significant burden. Furthermore, sight is generally con-
sidered Lo be the most valued sense by the general public,
s0 identifying cost-effective screening methods to facili-
tate carly diagnosis, prevention, and timely intervention
is important [3]. In Australia, vision impairment results
in significant direct and indirect health care costs, rank-
ing as the seventh most costly health condition [4]. Tt is
important Lo also consider the impact of vision loss on
an individual, which can result in poorer wellbeing out-
comes through the impact on quality of life, lost income,
and personal healthcare costs [4].

Glaucoma is predicted to affeel up to 1118 million
people worldwide by 2040 [2]. The condition results in
irreversible vision loss due Lo progressive optic nerve
damage. Primary open angle glancoma (POAG) is the
most common form of the disease, characterised by
a normal, open anterior chamber drainage angle [5].
Accepted risk factors for POAG ware both genetic and
non-genetic. Risk factors with a genetic basis include
increasing age, Alrican ancestry, a posilive family his-
tory, and elevated intraocular pressure (IOP) [6, 7]. The
only known modifiable risk factor is raised [OP which is
often, but not always, associated with the development
of POAG, and ICOP-lowering treatment modalitics are
effective at preventing or slowing disease progression [4].
Glaucoma is usually asymplomatic in the early slages,
although progressive vision loss can lead to blindness
if left untreated. Current screening methods are inad-
equate as approximately half of those with glaucoma are
undiagnosed [9], Glaucoma is one of the most heritable
common complex conditions, with heritability estimated
al 80% [10]. Bolh highly penetranl rare variants and
commaon variants with much smaller effect sizes, have
been associated with POAG [10]. Rare variants in genes
including MYOC, TBKI and QPTN, account for less than
5% of POAG cases, [11] with common variants therefore
thought to explain the majority of POAG genetic risk.

Similar Lo glavcoma, AMD is @ common eye condilion,
with a reported prevalence of 13% in those aged over 85
years [1] and is predicted to affect 288 million people by
2040 [12]. It is a progressive condition that causes degen-
cration of the macula, leading to central vision loss. AMD
is asymptomatic in its early stages, with variable progres-
sion Lo visually signilicanl advanced disease depending
on elinical and envirenmental factors [13]. Recognised

risk factors for AMD include increasing age, smoking
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and genetic predisposition [1]. Advanced AMD is classi-
fied as either non-neovascular (dry AMD} or neovascular
{wet AMD) based on the presence or absence of choroi-
dal neovascularisation. Cuarrently, dry AMD management
relies on lifeslyle modilicalions such as smoking cessa-
tion and dietary supplementation. [14] while wet AMD is
Lreated with intravitreal injections of vascular endothelial
arowth factor {VEGF) inhibitors, a key modulator of neo-
vascularisation [15], Importantly, treatment with VEGE
inhibition must be implemented in a timely fashion from
the onset of exudative disease. Although some environ-
mental risk factors are well racognised. research indicates
there is a strong genetic basis for AMD |1], Genelic fac-
tors may explain variance in disease severity, with herita-
bility estimated at 45 70% [17].

Screening for glaucoma and AMD is largely oppor-
Lunistic, and broad communily screening has not been
demonstrated to be cost-effective [16, 17]. For this rea-
son, identilying cost-effeclive sereening methods Lo facil-
itate early diagnosis and timely intervention is important.
The National Health and Medical Research Council
(NHMRC) in Australia currently recormmends screen-
ing with a clinical examination for first-degree relatives ol
patients with glaucoma, commencing 5—10 years earlier
than the age of glancoma onset in their affected relative.
Additionally, sereening from the age of 40 vears is recom-
mended in people of African ancestry, compared to from
50 vears of age in people of Furopean ancestry [16]. There
are no similar recommendations for AMD.

Polygenic risk scores (PRS) are an emerging clinical
Lool which oiler a unigue opporlunily Lo improve disease
risk pradiction for complex heterogeneous diseases, such
as glaucoma and AMD [18]. Genome-wide association
studies [GWAS) have led to the identification of genetic
variants, in the form of single nucleotide polymorphisms
(SMNPs), which are associated with a disease phenotype.
Each SNP conlers a different eflect on disease risk, wilh
the effect size of each SNP derived from its strength of
association with a disease or disease trait in large cohort
studies. A PRS swmmarises this genetic information into
an accessible tool to quantify the genetic risk for com-
plex genetic diseases. A PRS is the sum of independent
risk alleles an individual carries, weighled by the ellecl
size of each variant [19]. The normal distribution of a
PRS, allows risk to be classified into equal groups of fre-
quency distribution [19]. Clinically, quantiles allow for
casy assessmoent of where an individual lies on the popu-
Iation distribution. Ultimately, this score can be used in
addilion o convenlional risk [aclors (o eslimate overall
disease risk rather than diagnose diseases.

355



Hollitl ef af 8AdC Ophithalnokogy (2023) 23431

Large GWAS have identified a significant number of
common genetic varianls associated with POAG or ils
endophenotypes [20]-[24]. The callective impact of these
common variants on glancoma risk, in the form ofa glan-
coma PRS, has been effective in stratifying risk within the
general population, as well as predicting structural pro-
gression and the likelihood of requiring surgical inter-
vention in those wilh already diagnosed glaucoma [20].

GRADE Study Design
Recruitment

- 1000 individuals
- »50 years ald

_:l—l - informed consent
= - baseline health information

Sample collection

- blood or saliva

Risk Calculation

- Glaucoma PRS calculated
- AMD PRS calcualted

- 100 from bottom 10%
- 100 from middle 80%
- 100 from top 10%

\ J - from both Glacuoma and AMD PRS

& - Determine prevalence of disease
- in each PRS risk group
N

Fig. 1 Study cesign
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In the subset of patients with monogenic variants asso-
ciated with glaucoma (MYOC variant (p.Gln368Ter), the
PRS can further stratify individualg into high varsus low
risk groups [20, 10], Commaon and rare variants have also
been implicated in AMD risk through GWAS [25, 26]. An
AMD PRS using 52 variants showed a 44-fold increased
risk of developing AMD for those in the top decile com-
pared to the bollom decile |25], Furthermore, Lhis PRS
was associated with more rapid disease progression [27,
28]. The discovery of genetic associations has also helped
to reveal underlying pathophysiclogic mechanisms of
AMD, exposing potential new treatment targets [29].
With the ability to identify those at highest risk of dis-
ease, as well as estimaling disease severily and treatment
responsa, thera is potential to offer personalised cara for
glancoma and AMD palients. This prediclive approach
could facilitate an exciting change in dissase screen-
ing and treatment, and ultimately lead to a reduction in
vision loss causad by these common conditions. Here we
present a prospective population-based study which will
assess the prevalence of hoth glaucoma and AMD across
Lheir relative PR3 spectra, This will e the first study Lo
assess the clinical validity of a PRS for glancoma and
AMD for clinical implementation in a real-world setting,

Study design

This prospective cohort study was approved by the
Southern Adelaide Clinical Hwman Research Ethics
Committee (SAC HREC) and adheres to the Revised
Declaration of Helsinki. The study design is summarised
in lig. 1. Lhe research is being conducted at the Depart-
ment of Dphlthalmology al Flinders University, the QIMR
Berghofar Medical Research Institute and Seonix Bio
under separate ethics approvals and agreements.

Methods

Study objectives and hypatheses

The study will apply PRS testing in 1000 individuals over
the age of 50 years from the general population, and then
examine a subset of individuals across the PRS spectrum
with the aim of ascertaining all cases of glancoma and
AMD. We will prospectively assess the clinical validity
of a PRS in stratifying high and low risk individuals, and
hypothesise Lthat there will be a higher prevalence ol glau-
coma and AMD in the high risk PRS groups compared to
the middle and low risk groups.

Participants

Participant recruitment methods are compliant with the
Health Cuare Act 2008, A minimum of 1000 individu-
als over the age of 50 years will be invited to participata.

Glaucoma and AMD prevalence increases with age, with
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Data QC
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Qiagen DNeasy
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Sample QC
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Library prep

QiaSymphony

Reporting

X

QC/Ancestry/sex
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Method: Craig et al.

(2020) Nature Gen.

Fig. 2 Flowchart of PRS calculation framework

prevalence rates commonly reported from 50 years of age
[1, 2, 12]. Consequently, identifying early or established
disease in individuals across the risk spectrum will be
easier for individuals within this age range. Exclusion cri-
teria include age under 50 years, or an inability to provide
written informed consent. Individuals already diagnosed
with glaucoma and/or AMD will not be excluded, nor
will they be targeted. Recruitment will be unselected to
include individuals of any ethnicity.

Potential participants will be identified using several
approaches. All eligible individuals who participated
in a questionnaire-based study of individuals without

glaucoma assessing attitudes towards polygenic risk test-
ing for glaucoma will be invited to participate in this
study [30]. A flyer advertising the project will be displayed
in public and private outpatient clinics, and sporting ven-
ues and community clubs, provided to social/community
organisations and distributed via email to these groups.
Presentations about degenerative eye disease will be
given to community organisations to promote interest
and stimulate recruitment from the general population.
Individuals in outpatient clinics will be approached in
person and invited to participate if the inclusion criteria
are met. Demographic and health information recorded
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for each participant will include past medical, ocular and
medicalion history, Individuals with a personal or [am-
ily history of glaucoma or AMD may be more likely to
respond to advertisements, however selection bias will
largely be mitigated by wide and non-selective recruit-
ment from all other avenues.

Participation reguirements

Participation requires individuals to provide a hlood
sample (2% 9m] CDTA tubes) or a saliva sample (Ora-
gane 0G-500 collection tube, DNA Genotek, Ottawa,
Ontario, Canada). A subsct of participants will be invited
to undergo a detailed eve examination for glaucoma and/
or AMD. Eye examinations will be performed on 100
individuals each in the bottom 10%, top 10%,. and middle
80% of the PRS distribulions for glancoma and AMD.
Individuals undergoing eye examinations will be ran-
domly sclected within their respective PRS grouping. [n
total 300 participants will be examined for each disease,
with a maximum ol 600 participants being examined. In
practice, some participants will be selected to be exam-
ined for both their glavcoma and AMD PRS resulls, so
the number of participants undergoing eye examinations

will be less than 600.

Genetlc studles

The labaratory protocol is summarised in Fg 2.
Genomic DNA will be exlracled using column-lbased
DNA purification protocols (Qiagen DNeasy) from either
blood or saliva samples. Both blood and saliva will be
considered viable alternatives for DNA extraction. De-
identified samples of extracted DNA will be provided to a
genotyping provider for array-based genotyping. Samples
will e genolyped on Tlumina GSA v3 arrays, wilh geno-
type imputation performed locally with Minimac3 using
the 1000 Genomes data as a reference panal. Tm putation
and derivation of glaucotna PRS values will be performed
in the laboratory of S.M. using the multitrait analysis of
OWAS [MTAG) glaucoma PRS described in detail else-
where, [20] and the pipelines developed Ly Seonix Bio.
All individuals will have their PRS percentile determined
from the relevant 1000 Genomes population, [31] with
individual ancestry based on estimates from principal
components derived from the genome-wide genetic
data. Depending on the distribution of ancestries within
the cohorl, 4 sul-analysis may then be perlformed com-
paring outcomes betwesn European and non-European
groups. ITmputation and derivation of AMD PRS values
will also be performead by 5.M. using a MTAG AMD PRS
described in detail elsewhere [25, 26].

Eye examinations
Clinical eye examinations will be performed on 100 indi-

viduals from each of the hottom decile, top decile, and
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the middle 8% of the PR distributions for glancoma and
AMD. Individuals will be selecled using random sam-
pling mathods. Examinations will include best-correctad
visual acuity, TOP {as measured by Goldmann applana-
tion tonometry), corneal pachymetry, 24—-2 Humphrey
automated perimetry, spectral domain optical coherence
tomography ((C1) of the optic disc and macula, fundus
autolluorescence, anterior segment OCT, stereo-dise and
fundus photography [32]. All clinical investigation results
will be reviewed by independent clinicians who will
determine their glaucoma or AMD classification by con-
sensus. Examiners and clinicians reviewing results will be
blinded to individuals’ PRS results, Glaucoma diaghos-
Lic classification will follow previous definitions used in
the PROGRESSA study [33]. Fach eve will he classified
as eilher normal examination, glavcoma suspecl, open-
angle glancoma (OAG) or hon-0OAG (e.g. primary closed
angle glaucoma). For AMD, cach eye will be classified as
either no AMD or normal ageing changes, early AMD,

intermediate AMD, or late AMD.

Sample size and power calculations

Using data from the UK Biobank (age at [CD-10 or self-
reported glaucoma diagnosis), we estimate that -- 3% of
individuals will have a glaucoma diagnosis by the age of
64 years (Fig. 3D in reference [20]), Assuming an equal
representation of subjects across all age groups. and
assuming that 50% ol glaucoma is undiagnosed in the
community, [9] we expect~10% of individuals in the
top decile will have glaucoma, compared to --3% in the
bottom decile. 'The proportion of glancoma suspects is
expected to be more than 2 times the glawcoma cases
based on the same preliminary analyses [9]. Based on the
combined eslimaled incidence of glawcoma plus glau-
coma suspect cases in each group (i.e. 30% in the top
derile va. 9% in the bottom decile), the current sample
size will yield = 95% power {1=0.05) to detect a significant
difference between the top and bottom deciles of the PRS
distribution [(logistic regression of glaucoma status on
PRS decile).

Similar analyses for AMD suggest a disease prevalence
of 0.7% in the hottom decile, and 22.7% in the top decile,
[25] within a general population above 75 years of age
and a discase prevalence of 5%. Australian epidemiologi-
cal studies have estimated an AMD population preva-
lence of 14.3% in individuals aged 49 years and over, |34]
so we expect to be sufficiently powered to detect a signifi-
cant difference between the top and hottom PRS deciles
at =80% power (t=0.05). Based on the same published
analyses, [25] we are also sufficiently powered to detect a
difference between the top PRS decile (AMD prevalence
ol 22.7%) and Lthe bollom PRS decile (AMD prevalence of
0.7%). While these analyses were used for the purpose of
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a power calculation, we acknowledge that the study pop-
ulalion may e younger,

Statistical analyses

For all cases, family history of glaucoma and AMD, gen-
der, and ancestry will be sclf-reported. Genetic ancestry
and biological sex will also be determined from geno-
Lyping array dala. Slatistical analyses will be performed
in R {(RCare Team, Austria). Missing information will be
treated as missing data in analyses. For association anal-
ysis, logistic or linear regression will be used, including
age, genetic sex and genetic ancestry as covariates, Other
confounding variables will be added when clinically and
stalistically appropriate, Appropriale regressions will be
performed to investigate the rate of each glaucoma or
AMD classification across the risk spectrum of the PIS,
and to identify any additional factors which were assori-
ated with these outcomes. An individual will be defined
as a glancoma or AMD case regardless of whether one or
both eyes meet diagnostic crileria.

Study outcomes

The primary outcome will be assessing the prevalence of
glancoma and AMD between the bottom decile, middle
80% and top decile of both respective PRS spectra, We
will assess the clinical sensilivily and specilicity, as well
as the positive and negative predictive values of each of
the glancoma and AMD PRS. Secondary oulcomes will
compare glaucoma suspect cases to their PRS results,
compare disease prevalence with the presence or absence
of warious comorbid conditions, treatment intensity
requirements including Lhe number of cases with action-
able disease, the rate of diagnosed versus undiagnosed
disease, and the prevalence of amily history. Addition-
ally, glancoma and AMD cases may be graded by severity,
and compared to their PRS results.

Discussion

Glaucoma and AMD are the most commeon causes of
irreversible blindness worldwide |2]. Bolh conditions are
highly heritable, with recognised Mendelian and complex
inheritance |35, 36, 37]. There is a paucity of screening
protocols for both diseases and current guidelines are not
cost-effective, in part due to poor sensitivity or specific-
ity. ‘Lo our knowledge this is the first prospective study
Lo apply PRS Lesting lor glavcoma and AMD in individu-
als from the general population, specifically recruited for
this purpose.

The current NHMRC screening guidelines in Anstralia
lack specific guidance, and are mainly relevant to those
with a family history of glaucoma [16]. PRS testing for
glavncoma is likely Lo e uselul [or those who do nol have
a known family history and have an unrecognised under-
Tying risk. These individuals are less likely to be identified
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early by current screening guidelines given screening at
an earlier age is only recommended [or those wilh a fam-
ily history and people of African ancestry [16]. Thers are
no current sereening guidelines for AMD in Australia.
Detection is reliant on an individual experiencing symp-
toms and sccking ophthalmic review, or opportunistic
recognition of disease during a routine assessment. 1he
findings from this study will assist in Lhe development of
better screening guidelines for glancoma and AMD.

Currently, risk estimation for developing glancoma and
AMD is based on a combination of demographic and
clinical factors, The predictive ability of polygenic risk
models for POAG and AMD are well established, partic-
ularly in European populations, and are summarised else-
where [38]. For glancoma, risk factors include increasing
age, [amily history ol glaucoma, Alrican anceslry, and
elevated IOP [5, 7|. Genetic risk has been largsly esti-
mated through family history alone. A positive fam-
ily history carried a 9-fold risk for first-degree relatives
compared Lo controls in one study, but this required full
examination of all first degree relatives rather than self-
reporl [39]. The accuracy of sell-reported family history
for glancoma has been studied and found to be an unre-
liable measure as many paticnts are unaware of family
members with diagnosed glaucoma, or have erronecus
views as Lo what caused vision loss in relatives [40]. More
recent data indicates that PRS provides a more accurate
representation of risk with family history in an Australian
population based study [20]. Several risk calculators have
been developed to aid clinicians in screening and treat-
ment decisions., however there remains no consensus
regarding oplimal timing and frequency of population
screening for glaucoma [41, 42]. PRS provides a more
accurale estimation of risk than traditional methods
alone, with risk prediction optimised when all factors are
cambined [20]. AMD risk involves an interplay of genetic
and environmental factors, There are several recognised
environmental risk factors including age and smoking,
with sex, ancestry, cardiovascular disease, and diet also
suggesled Lo be implicated [29]. A prediction model
incorporating genetic, demographic and environmental
risk factors was independently associated with incidence
and prevalence of advanced AMD, allwith strong predic-
tive power [43]. Effective risk algorithms incorporating
environmental, clinical and genetic risk factors will need
Lo be developed. While environmental and ¢linical risk
factors may change over time. the genetic contribution
to overall risk will remain constant given genetic disease
liability is fixed from conception. Therefore, an important
benefit of polygenic risk testing is that PRS can be cal-
culated at any stage of life and may be useful to inform
disease prognosis and response Lo Lrealmenl Delore indi-
viduals exhibit vision loss.
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Glancoma genetic testing is currently limited to Men-
delian genes (e.g. MYOC) which explain less Lhan 5% of
adult onset glancoma [10. 11]. PRS testing, however,
captures a much larger component of glancoma genetic
risk. Those with high polygenic risk had a comparable
glaucoma risk to those with the most common Mende-
lian variant (OR 2.77 vs. OR 4.19), as well as being ~15
times more prevalent [10]. Al presenl, genelic Lesting lor
AMD is not recommended and exists predominantly in
research contexts |29, 44, 43] . Direct to consumer lesls
incorporating various PRS tests for both diseases are
available, however these lack prospective evidence dem-
onstrating their effectiveness [46, 47]. ‘lhis study will
assess Lhe clinical validity of PRS Lesling in a sample rep-
resentative of the general population in Australia in order
Lo determine ils applicalion in the community.

We have previously demonstrated strong interest
in polygenic risk testing for glaucoma among various
groups, including those with diagnosed glancoma, those
with & [irsl-degree relative with glancoma, and Lhose
without any personal or family history of the condition
[30, 48]. Although PRS Lesting for glaucoma was Lheoreli-
cally accepted, we identified a mamber of concerns and
potential barriers to implementation, including residing
in a rural location and unwillingness to pay for testing,
There are a number of additional questions which must
first be addressed before PRSs can be integrated into clin-
ical practice.

Firstly, resalts must lead to actionable and cost-effec-
tive measures, Guidelines will be needed to clarify which
PRS classifications warrant intervention. Lhose identi-
fied to be at high risk for developing glaucoma or AMD
may receive more regular follow-up with an optometrist
or ophthalmologist, allowing lor timely treatmenl inilia-
tion. Treatment may be commenced before the disease
becomes symptomatic. Tarly interventions for glaucoma
may include topical 1OP-lowering medication or laser
therapy. Earlier surgical intervention may be considered
for those with a PRS indicating a likelihood to progress
rapidly or lo advanced disease. While Lrealment oplions
for early AMD are lacking. there are a large number of
treatments under research including various pharma-
ceutical agents, gene therapies and surgical interventions
[49]. Antioxidant supplements based on the Age-Related
Fye Disease Studies (AREDS) may have benefit in those
with inlermediale disease in one or both eyes Lo reduce
the risk of progressing to late AMD, or in those with late
stage disease in only one eve to reduce the risk of devel-
oping it in the other eyve [50]. Smoking is the only estab-
lished modifiable risk factor for AMD, with the risk of
progression to neovascular AMD shown to be double
for Lhose who had ever smoked |51]. Despile there being
few treatment options for AMD, risk factor modification

and antioxidant supplementation may still be valuable
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interventions in high-risk individuals. Progression from
early Lo advanced AMD may occur rapidly and resull in
savere vision loss if treatment is delayed. Using tools such
as an Amsler grid, individuals who are recognised to be
at higher risk of this occurring could be educated to self-
monitor for progression, with a pathway to access rapid
assessment if symptomatic. Conversely, PRS may prevent
unnecessary [ollow-up or lreatment in those presumed
to be at higher risk based on traditional risk prediction
maodels. This may improve the cost-eifectiveness of the
PRS.

Sccondly, it will be critical to develop frameworks
which allow PRS results to be reported and communi-
cated in a meaninglul manner. Pilol reports need Lo be
developad and tested to assess communication prefer-
ences and understanding ol reported resulls among dii-
ferant staksholders, including patients and healtheare
professicnals, We have previously demonstrated that the
preferred method of receiving results may depend on the
resull itsell, so report content and structure will likely
vary depending on risk classification [30, 48]. This study
will form the foundations of [uture research to develop
our understanding of the clinical implementation of PRS
testing for glaucoma and AMD.

Finally, there are a number of health economic ele-
ments which need o be considered belore implementing
PRS into clinical practice. Population-based screening
for glavcoma or AMD s nol currently cost-eflective, so
public health frameworks need to be developed which
allow identification of those at increased risk while also
ensuring adequate access to further treatment. Disease
prevention is at the forefront of public health policy, and
polygenivc risk stratification has the potential to enhance
primary, secondary and Lerliary lacets of this. Ullimately,
enhanced disease screening will minimise the personal
and econamic costs of significant vision Toss. Trmproved
risk stratification will alleviate workload created by over
investigation and treatment of those at high risk calcu-
lated using traditional risk factors, but at low genetic risk,
However, iL will be imporlanl Lo inlegrale genelic risk
with clinical or environmental risk factors. Individuals
with a strong family history would still be recommended
to have regular clinical testing, even if shown to have a
low PRS, due to the influence of Mendelian variants or
other factors not covered by the PRS. We have shown
Lhat [inancial implicalions appear Lo be imporlanl Lo
people and while some are unwilling to pay for testing the
majority of individuals would be prepared to pay varying
amounts [30], Subsidisation may improve uptake, how-
ever will only be an option if it is cost-cffective for the
healthcare system which remains to be demonstrated.

Current PRSs [or glancoma or AMD are Dused on
predominantly European populations and have not yet

been comprehensively tested across other ethnicities.
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Individuals of non-Furopean ancestry are not excluded
[rom the study, although the accuracy of their risk pre-
dictions may be reduced. Better validation of a single
pan-ancestry PR3, or ancestry-specific scores covering all
ethnirities, are a major unmet need to aveid future health
disparities,

ln conclusion, this prospective study aims to demon-
strate the clinical validily of PRS Lo stralily individuals
from the genaral population and identify those who are at
high risk of developing glancoma or AMD. This will help
to move towards the implementation of PRS into clinical
practice and provide an objective screening tool for glau-
coma and AMD. ‘Lhe ability to identify at-risk individuals
will allow [or closer monitoring and timely intervenlion,
and ultimately reduce irreversible vision loss. Further
studies will need Lo look into how PRS testing could alle-
viate some of the sociosconomic burden resulting from
vision loss. The outcomes from this study will form the
basis for future interventional studies to further enable
a shill in the detection, treatment and prevention of dis-
eases with complex inheritance.
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