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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. IOP 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).1  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.1 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.2 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.3 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.1 Glaucoma subtypes are defined by the morphology of 

the anterior chamber angle and the presence or absence of secondary causes of elevated IOP. 

Traditionally, the normal range of IOP is 10-21mmHg, defined as the mean IOP within two 

standard deviations.4 Elevated IOP therefore means an IOP that exceeds the 97.5th percentile 

for the population under consideration.1 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.5 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 IOP 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.6 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.7 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). 

 

 
Figure 1: The iridocorneal angle8 

 

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 2040.5,9 The global prevalence has been estimated to be 3.54% in 

those over the age of 40 years.5 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.10 POAG is the most common subtype in countries with predominantly European 

ancestry, accounting for 74-80% of glaucoma cases.5,9 

 

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.11 The global 

population of individuals aged over 60 years and 80 years is predicted to double and triple by 

https://paperpile.com/c/Z6gCzu/rVLUq
https://paperpile.com/c/Z6gCzu/cPuWb
https://paperpile.com/c/Z6gCzu/S8Vqa
https://paperpile.com/c/Z6gCzu/3MhVQ+ILnsT
https://paperpile.com/c/Z6gCzu/ILnsT
https://paperpile.com/c/Z6gCzu/DXtQy
https://paperpile.com/c/Z6gCzu/3MhVQ+ILnsT
https://paperpile.com/c/Z6gCzu/pjxMw


 

23 

2050, respectively.12 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.13 In 

Australia, vision impairment results in significant direct and indirect health care costs, ranking as 

the seventh most costly health condition.14 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.14  

 

Without treatment, progression from normal vision to blindness would occur in approximately 25 

years.15 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.16,17 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 aqueous 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.18,19 Outflow of aqueous humour from the eye occurs through the trabecular 

meshwork and uveoscleral outflow pathway, termed the conventional and unconventional outflow 

pathways, respectively.20 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.19,21 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.19 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.20 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.1,20  

 

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.22–24 The vascular theory remains 

controversial, however suggests alterations in ocular blood flow and vascular dysregulation 

contribute to axonal injury and loss.23,25 Ocular perfusion pressure and ocular blood flow remain 

unproven, with studies failing to demonstrate consistent results.26,27 In addition, these vascular 

changes are seen in systemic disorders where individuals do not develop glaucoma, such as 

multiple sclerosis.23,28 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.22 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.29 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.30 Glaucoma 

prevalence and incidence increases with age and POAG is not commonly seen in individuals 

below the age of 50 years.5,31–35 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.31 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.41 The population-based Baltimore Eye Survey also 

identified family history to be an important risk factor for POAG, with associations strongest 

between siblings.42 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.43 Of 149 studied 

diseases, glaucoma was ranked third, and the genetic heritability of glaucoma was estimated to 

be about 70%.43 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.42,44–48 
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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.5,49,50 More specifically, the highest 

reported prevalence of POAG is in sub-Saharan Africa (Figure 2).51 Thinner average CCT has 

also been reported in these populations which may contribute to a higher overall prevalence of 

glaucoma.52,53 

 

 
Figure 2: Global prevalence of primary open-angle glaucoma. 11 

 

Although the presence of increased IOP is not required to diagnose glaucoma, it is the only known 

modifiable risk factor for glaucoma.1 IOP is the internal pressure produced by the aqueous humour 

within the anterior chamber of the eye.19 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.19 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).19 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.42 Several landmark trials have investigated progression and treatment 

https://paperpile.com/c/Z6gCzu/aaiIo+ILnsT+0B5ya
https://paperpile.com/c/Z6gCzu/kABdM
https://paperpile.com/c/Z6gCzu/pTOf6+KnAql
https://paperpile.com/c/Z6gCzu/pjxMw
https://paperpile.com/c/Z6gCzu/23eAV
https://paperpile.com/c/Z6gCzu/AdcR2
https://paperpile.com/c/Z6gCzu/AdcR2
https://paperpile.com/c/Z6gCzu/AdcR2
https://paperpile.com/c/Z6gCzu/13gTa


 

27 

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 IOP, 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.54 The EMGT was the first randomised controlled trial to evaluate the 

outcomes of treatment compared to no treatment in early stage glaucoma.55 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.55 

 

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.56–60 

However the association remains poorly understood and other studies have demonstrated 

conflicting association results.61–63 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.64 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%CI 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).60  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.65 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.66,67 and are 

thought to result from an ischaemic microinfarction injury.68 These haemorrhages appear as 

linear, splinter-like haemorrhages on the outer margin of and perpendicular to the optic nerve 

head.69 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.30 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.70 These findings may be explained by evidence of 

localised RNFL thinning adjacent to disc haemorrhages.71 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.53,72 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 IOP, however can be significantly influenced by corneal biomechanics including 

CCT.73 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.74 

 

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.75–78 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.79 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.80,81 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.80  

 

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.82 The American 

Academy of Ophthalmology currently recommends glaucoma screening at age 40 years, or earlier 

for those with a family history.83 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.84 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.85,86 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.87  

 

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.53,55 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.53 The study demonstrated that ocular 

hypotensive medication was safe and effective in delaying or preventing the onset of POAG in 

individuals with ocular hypertension.54 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.55 The trial demonstrated that the risk 

of progression decreased 10% with each 1mmHg IOP reduction from baseline, and that a 25% 

decrease of IOP from baseline reduced the risk of progression by 50%.88 

 

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.89 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.90 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.91–95 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.96 Variants in the MYOC gene are associated 

with up to 8-36% of early-onset POAG (before age 40 years).97–99 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.100 

 

https://paperpile.com/c/Z6gCzu/KnAql
https://paperpile.com/c/Z6gCzu/qt9S7
https://paperpile.com/c/Z6gCzu/DZUVA
https://paperpile.com/c/Z6gCzu/pqhqu
https://paperpile.com/c/Z6gCzu/1YlRf
https://paperpile.com/c/Z6gCzu/jhBaN
https://paperpile.com/c/Z6gCzu/LmCtV+NwfDw+6ZmPU+Q6RW2+3oAiK
https://paperpile.com/c/Z6gCzu/1QQBE
https://paperpile.com/c/Z6gCzu/tKlFB+lY7HT+nFYV5
https://paperpile.com/c/Z6gCzu/D4pez
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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.101 Optineurin is expressed in 

trabecular meshwork, nonpigmented ciliary epithelium, retina, and brain.101 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.101 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.102  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..101,103 In 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.104  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.101,103 

 

A genetic linkage study found that duplication of the TBK1 gene was associated with familial 

cases of NTG.105 TBK1 has been shown to be expressed in retinal ganglion cells, the retinal nerve 

fibre layer and retinal microvasculature.105 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 number 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 members96  who can benefit from closer surveillance and timely intervention.  

 

https://paperpile.com/c/Z6gCzu/53oML
https://paperpile.com/c/Z6gCzu/53oML
https://paperpile.com/c/Z6gCzu/53oML
https://paperpile.com/c/Z6gCzu/5mjkc
https://paperpile.com/c/Z6gCzu/luovG+53oML
https://paperpile.com/c/Z6gCzu/dikl7
https://paperpile.com/c/Z6gCzu/53oML+luovG
https://paperpile.com/c/Z6gCzu/X9uC5
https://paperpile.com/c/Z6gCzu/X9uC5
https://paperpile.com/c/Z6gCzu/puDbe+Qb2gQ
https://paperpile.com/c/Z6gCzu/1QQBE
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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 frequent in 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.108–112 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.111,113–118 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.108 

Gharahkhani et al. also conducted a large multi-ethnic meta-analysis of GWAS, identifying 44 

novel loci and confirming 83 previously known loci.119 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.120  

 

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  

https://paperpile.com/c/Z6gCzu/CTik2+w46y0+PXnUm+t81Sg+zeb1k
https://paperpile.com/c/Z6gCzu/tTmdv+QQAmx+yWRNe+uOnU1+rFtf4+eYbDD+t81Sg
https://paperpile.com/c/Z6gCzu/CTik2
https://paperpile.com/c/Z6gCzu/jMz3d
https://paperpile.com/c/Z6gCzu/Cci88
https://paperpile.com/c/Z6gCzu/t81Sg+w46y0+xK0hT
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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.122 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,123–126 and between IOP and 

POAG.110,112,124,125,127 However, the genetic underpinnings of IOP and VCDR appear to be 

independent, with little demonstrated evidence of genetic overlap.123 Participants with both IOP 

PRS and VCDR PRS in the top tertile were 7.77 (95% CI, 2.02-19.93, p=2.0x10-5) times more 

likely to have POAG compared with those with both in the bottom tertiles.124 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).125 A higher genetic risk score was associated with a higher maximum IOP 

(p=0.012) and larger VCDR (p=0.010).125 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.125 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=2.1x10-57) times more likely to have POAG compared with 

those in the bottom quintile.112 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.110 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).110 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).110 PRS combining 

all known glaucoma SNPs has shown positive results in stratifying risk for glaucoma. Craig et al. 

https://paperpile.com/c/Z6gCzu/J0Qrn
https://paperpile.com/c/Z6gCzu/hYASS+Cseaq+dPBAW+Yngxp
https://paperpile.com/c/Z6gCzu/Cseaq+ZBV0C+dPBAW+zeb1k+PXnUm
https://paperpile.com/c/Z6gCzu/hYASS
https://paperpile.com/c/Z6gCzu/Cseaq
https://paperpile.com/c/Z6gCzu/dPBAW
https://paperpile.com/c/Z6gCzu/dPBAW
https://paperpile.com/c/Z6gCzu/dPBAW
https://paperpile.com/c/Z6gCzu/zeb1k
https://paperpile.com/c/Z6gCzu/PXnUm
https://paperpile.com/c/Z6gCzu/PXnUm
https://paperpile.com/c/Z6gCzu/PXnUm
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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%CI 3.43-5.17, 

p= 1.4x10-42) as well as more rapid disease progression, and higher treatment intensity.108 

Individuals in the top PRS decile were at 15-fold increased risk of developing advanced glaucoma 

compared to the bottom decile.108 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.128 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%CI 1.13-1.97; 

p=0.005).129 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 8.5.108 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.130 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).131 

 

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. 

 

https://paperpile.com/c/Z6gCzu/CTik2
https://paperpile.com/c/Z6gCzu/CTik2
https://paperpile.com/c/Z6gCzu/6Ovja
https://paperpile.com/c/Z6gCzu/IyzIi
https://paperpile.com/c/Z6gCzu/CTik2
https://paperpile.com/c/Z6gCzu/Mh0sE
https://paperpile.com/c/Z6gCzu/AZqDe
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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.134 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 0.76.121,135 In 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.  

 

https://paperpile.com/c/Z6gCzu/Mh0sE+QRKdZ+6BitT
https://paperpile.com/c/Z6gCzu/SxHEc
https://paperpile.com/c/Z6gCzu/k1gtI+xK0hT
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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.110,136 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 

https://paperpile.com/c/Z6gCzu/PXnUm+vNFQc
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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 non-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 groups137–140 and clinicians141–143 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. 

  

https://paperpile.com/c/Z6gCzu/qrYho+dwHsS+Lt3kq+BM9gL
https://paperpile.com/c/Z6gCzu/aBvoH+aLoEe+AVoVr
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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 Registry 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, 144 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.1 Open-angle glaucoma was defined 

by a glaucomatous optic neuropathy with a CDR of ≥0.7, 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 

https://paperpile.com/c/Z6gCzu/OBll3
https://paperpile.com/c/Z6gCzu/23eAV
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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 participants was performed over several stages through the course of 

recruitment and was performed using Illumina Omni1M, OmniExpress or HumanCoreExome 

arrays (Illumina, 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%.145 

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

Glaucoma Inheritance Study in Tasmania protocol.146 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 ≥0.7 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.5 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. 

https://paperpile.com/c/Z6gCzu/iXee2
https://paperpile.com/c/Z6gCzu/FNzNi
https://paperpile.com/c/Z6gCzu/ILnsT
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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.144 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 A1. The questionnaire was mailed to 2369 of the living ANZRAG participants 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 

questionnaire is provided in Appendix A1.  

 

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.144 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 

https://paperpile.com/c/Z6gCzu/OBll3
https://paperpile.com/c/Z6gCzu/OBll3
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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.144 Additionally, evidence of glaucoma was required to be 

present in the less severely affected eye, demonstrated through glaucomatous visual field defects 

with corresponding optic disc rim thinning, including an enlarged cup-to-disc (≥0.7) or cup-to-disc 

asymmetry (≥0.2) between both eyes.144 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. 

 

Outcome 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 

https://paperpile.com/c/Z6gCzu/OBll3
https://paperpile.com/c/Z6gCzu/OBll3
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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 surveys147 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, 

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

questionnaire. 

 

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. 

  



 

52 

CHAPTER 1: ATTITUDES TOWARDS POLYGENIC RISK TESTING IN 

INDIVIDUALS WITH GLAUCOMA  

PUBLISHED MANUSCRIPT 

The contents of this chapter have been published in a peer-reviewed manuscript of which I am 

the first author: 

Hollitt GL, Siggs OM, Ridge B, Keane MC, Mackey DA, MacGregor S, Hewitt AW, Craig JE, 

Souzeau E. Attitudes towards polygenic risk testing in individuals with glaucoma. 

Ophthalmology Glaucoma. November 2021. doi:10.1016/j.ogla.2021.11.002 

 

My contributions to the manuscript involved the research conception and design (60%), data 

collection including participant recruitment and data entry (90%), generation of a dataset (100%), 

data analysis including statistical analysis (80%), interpretation of the data (60%), and drafting 

the manuscript (100%). Jamie Craig, Emmanuelle Souzeau and Owen Siggs contributed equally 

to the manuscript including study concept and research design (40%), data analysis (10%), 

interpretation of the data (30%), critically revising the contents of the manuscript, project funding 

and supervision. Emmanuelle Souzeau and Bronwyn Ridge contributed equally to data collection 

(10%). Brownyn Ridge, Miriam Keane, David Mackey, Stuart MacGregor and Alex Hewitt 

contributed equally to data analysis (10%), data interpretation (10%), and critically revising the 

contents of the manuscript. The introduction and methods of this manuscript have been edited to 

fit the structure of this thesis. 

  

http://dx.doi.org/10.1016/j.ogla.2021.11.002


 

53 

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 
n = 1169 (49.3%) 

Non-Respondents 
n = 1200 (50.7%) 

p Value 

Age (years) 
Range 
Mean (standard deviation) 
Median 

  
22.7 – 101.8 
75.7 (10.3) 
76.1 

  
20.4 – 108.5 
77.7 (14.5) 
79.7 

p <0.001* 
  

Age at diagnosis (years) 
Range 
Mean (standard deviation) 
Median 
Unknown (excluded from analysis) 

  
20.0 – 89.0 
59.1 (12.8) 
60.0 
n = 80 

  
17.0 – 94.0 
59.2 (14.4) 
60.0 
n =93 

 p = 0.58* 

Gender, n (%) 
Female 
Male 

  
625 (53.5) 
544 (46.5) 

  
662 (55.2) 
538 (44.8) 

 p = 0.43** 
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Ethnicity, n (%) 
European 
Non-European 
-      Asian 
-      Mixed Ethnicity 
-      Middle Eastern 
-      African 
-      Australian Aboriginal 
-      Hispanic 
Unknown (excluded from analysis) 

  
1086 (92.9) 
76 (6.5) 
46 (3.9) 
19 (1.6) 
5 (0.4) 
4 (0.3) 
1 (0.1) 
1 (0.1) 
7 (0.6) 

  
971 (83.1) 
123 (10.5) 
81 (6.9) 
19 (1.6) 
8 (0.7) 
10 (0.9) 
0 (0.0) 
5 (0.4) 
106 (8.8) 

 p <0.001** 

Residency, n (%) 
Urban 
Rural 

  
881 (75.4) 
288 (24.6) 

  
932 (77.7) 
268 (22.3) 

p = 0.20** 

Highest level of education, n (%) 
Primary School 
Secondary School 
Vocational Training 
University 
Unknown (excluded from analysis) 

  
73 (6.3) 
487 (42.0) 
285 (24.6) 
314 (27.1) 
10 (0.9) 

-        -        

Family history of glaucoma 
Positive 
Negative 
Unknown (excluded from analysis) 
Positive: 
-       First-degree 
-       Second-degree 
-       Third-degree 
-       Fourth-degree 
Unknown (excluded from analysis) 

  
768 (63.3) 
389 (33.6) 
12 (1.0) 
  
674 (87.7) 
86 (11.2) 
7 (0.9) 
3 (0.4) 
2 (0.3) 

  
740 (63.2) 
431 (36.7) 
29 (2.4) 
  
647 (87.4) 
74 (10.0) 
12 (1.6) 
3 (0.4) 
4 (0.5) 

 p = 0.12** 

  

  

  
p = 0.26** 
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Glaucoma severity, n (%) 
Advanced 
Non-Advanced 
  
BCVA 
>20/200 

≤20/200 

Unknown (excluded from analysis) 
  
VCDR 
Range 
Mean (SD) 
Median 
<0.9 

≥0.9 

Unknown (excluded from analysis) 

  
534 (45.7) 
635 (54.3) 
  
  
1063 (90.9) 
72 (6.2) 
34 (2.9) 
  
  
0.10 - 1.0 
0.81 (0.13) 
0.80 
728 (62.3) 
409 (35.0) 
32 (2.7) 

  
735 (61.2) 
465 (38.8) 
  
  
987 (82.3) 
179 (14.9) 
34 (2.8) 
  
  
0.2 - 1.0 
0.84 (0.12) 
0.90 
570 (47.5) 
592 (49.3) 
38 (3.2) 

p <0.001** 

  
  
  
p <0.001** 

  
  
  
  
p < 0.001* 

  
  
  
p <0.001** 

Last ophthalmic review, n (%) 
Within 6 months 
6-12 months 
1-2 years 
More than 2 years 
Unknown (excluded from analysis) 

  
886 (77.5) 
182 (15.9) 
60 (5.3) 
15 (1.3) 
26 (2.2) 

-        -        

Frequency of clinical reviews, n (%) 
3 monthly 
6 monthly 
Annually 
Every 2 years 
More than every 2 years 
Unknown (excluded from analysis) 

  
172 (15.1) 
678 (59.3) 
229 (20.0) 
47 (4.1) 
11 (1.0) 
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 ≥0.9 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%CI (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. 

 

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%CI 

(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%CI) P value OR (95%CI) P value  

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

Age at diagnosis (per increasing 

year) 

1.00 (0.99-1.02) 0.487      
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Gender 

-       Male 

-       Female 

  

1.00 

1.15 (0.88-1.50) 

  

  

0.312 

     

European ethnicity 

-       Yes 

-       No 

  

1.00 

1.05 (0.61-1.83) 

  

  

0.857 

     

Residency 

-       Rural 

-       Urban 

  

1.00 

1.44 (1.06-1.83) 

  

  

0.018 

  

  

1.70 (1.15-2.49) 

  

  

0.007 

 

Level of education 

-  Primary School 

-  Secondary School 

-  TAFE/Vocational Education 

-  University 

  

1.00 

0.88 (0.48-1.63) 

0.80 (0.43-0.78) 

0.78 (0.41-1.46) 

0.797 

  

0.682 

0.502 

0.428 

     

Family history 

-  Unaffected 

-  First-degree relative 

-  Other relative 

  

1.00 

1.66 (1.25-2.22) 

1.28 (0.77-2.12) 

0.002 

  

<0.001 

0.338 

  

  

1.06 (0.67-1.68) 

1.39 (0.70-2.73) 

0.638 

  

0.802 

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 

-       Non-advanced 

  

 Best-Corrected Visual Acuity  

(Per improvement of 0.1 on 

decimal scale) 

  

Best-Corrected Visual Acuity 

-       ≤ 20/200 

-       > 20/200 

  

Vertical Cup-to-Disc Ratio (Per 

increase of 0.1) 

  

Vertical Cup-to-Disc Ratio 

-       ≥ 0.9 

-       <0.9 

  

1.00 

1.14 (0.87-1.49) 

  

  

  

1.09 (0.70-1.71) 

  

  

1.00 

1.13 (0.65-1.95) 

  

  

0.67 (0.23-1.92) 

  

  

1.00 

1.19 (0.90-1.57) 

  

  

0.341 

  

  

  

0.698 

  

  

  

0.676 

  

  

0.455 

  

  

  

0.236 
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Last eye check 

-       > 2 years 

-       1 to 2 years 

-       6 to 12 months 

-       Within 6 months 

  

1.00 

0.60 (0.14-2.49) 

1.12 (0.28-4.40) 

1.08 (0.28-4.10) 

0.229 

  

0.479 

0.875 

0.913 

                  

Frequency of eye checks 

-       > 2 years 

-       1 to 2 years 

-       Annually 

-       Every 6 months 

-       Every 3 months 

  

1.00 

1.38 (0.30-6.38) 

1.46 (0.35-6.01) 

1.47 (0.36-5.93) 

1.14 (0.28-4.76) 

0.754 

  

0.684 

0.605 

0.592 

0.854 

     

Pre-diagnosis glaucoma 

awareness 

-       Not aware 

-       Aware 

  

  

1.00 

1.65 (1.26-2.16) 

  

  

  

<0.001 

  

  

  

1.03 (0.67-1.06) 

  

  

  

0.883 

 

Knowledge of glaucoma 

-       No knowledge 

-       Good knowledge 

  

1.00 

1.19 (0.66-2.12) 

  

  

0.565 

     

Perceived severity 

-       Severe 

-       Not severe 

  

1.00 

1.33 (0.62-2.87) 

  

  

0.462 

     

Perceived risk 

-       Not at risk 

-       At risk 

  

1.00 

3.14 (2.15-4.59) 

  

  

<0.001 

  

  

2.05 (1.28-3.29) 

  

  

0.003 

 

Pre-diagnosis worrye 

-       Not worried 

-       Worried 

  

1.00 

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 

-       Interested in PRS 

  

  

1.00 

1.53 (1.11-2.11) 

  

  

  

0.009 

   

 

Interest in test for prognosis 

-       Not interested in PRS 

-       Interested in PRS 

  

1.00 

4.97 (2.47-10.00) 

  

  

<0.001 
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Interest in non-family test 

recommendation 

-       Not interested in PRS 

-       Interested in PRS 

  

  

1.00 

3.67 (2.66-5.06) 

  

  

  

<0.001 

    

  

 

Interest in family test 

recommendation 

-       Not interested in PRS 

-       Interested in PRS 

  

  

1.00 

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, 



 

61 

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. 

  

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.89,108–110,122,137,148–153 For 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.122 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.154,155 In addition, our 

results are comparable to studies on predictive genetic testing in other conditions including 

inherited breast and colorectal cancer.137,148–151,156–158 In 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%.137,150 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.148,149,151,156–158 However, 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 

https://paperpile.com/c/Z6gCzu/CTik2+PXnUm+w46y0+1YlRf+TvnqZ+tdYz9+ILPKq+qrYho+9sdmD+2sB9g+J0Qrn+9GANV
https://paperpile.com/c/Z6gCzu/J0Qrn
https://paperpile.com/c/Z6gCzu/Nnodv+FTwes
https://paperpile.com/c/Z6gCzu/tdYz9+TvnqZ+ILPKq+qrYho+9sdmD+sW7xt+RlkjV+9wpy9
https://paperpile.com/c/Z6gCzu/qrYho+ILPKq
https://paperpile.com/c/Z6gCzu/tdYz9+TvnqZ+9sdmD+sW7xt+RlkjV+9wpy9
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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.108,159 This 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 It 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.147 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.166 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 

https://paperpile.com/c/Z6gCzu/CTik2+HrPVG
https://paperpile.com/c/Z6gCzu/9wpy9+sW7xt+RlkjV+9sdmD+tdYz9+xKhis+JDSzA+jwZeJ+IgN5n+UeoYE+52I3g
https://paperpile.com/c/Z6gCzu/GYIwl
https://paperpile.com/c/Z6gCzu/HcMaw
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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 participants 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 

questionnaires 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.152 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.167 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. 

  

  

https://paperpile.com/c/Z6gCzu/2sB9g
https://paperpile.com/c/Z6gCzu/sq1Kq
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2.1 RESULTS 

2.1.1 Demographic 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 

relative 

n = 193 

Optometry 

n = 117 

Community 

n = 108 

TOTAL 

n = 418 

p Value 

Age (years) 

Range 

Mean (standard deviation) 

Median 

Missing 

  

33.0 - 89.8 

61.7 (11.2) 

62.1 

  

21.0 - 89.3 

63.2 (15.4) 

65.4 

n=1 

  

19.4 - 94.6 

61.5 (14.3) 

66.3 

n=1 

  

19.4 - 94.6 

62.1 (13.3) 

63.3 

n=2 

p = 0.573* 

Gender, n (%) 

Female 

Male 

  

134 (69.4) 

59 (30.6) 

  

73 (62.4) 

44 (37.6) 

  

71 (65.7) 

37 (34.3) 

  

278 (66.5) 

140 (33.5) 

p = 0.437✝ 
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Ethnicity, n (%) 

European ethnicity 

Non-European ethnicity 

-    African 

-    Asian 

-    Hispanic 

-    Middle Eastern 

-    Mixed 

Unknown 

  

185 (95.9) 

6 (3.1) 

2 (1.0) 

3 (1.6) 

0 

0 

1 (0.5) 

2 (1.0) 

  

114 (97.4) 

2 (1.7) 

0 

1 (0.8) 

1 (0.8) 

0 

0 

1 (0.9) 

  

98 (90.7) 

9 (8.3) 

0 

3 (2.8) 

1 (0.9) 

2 (1.9) 

3 (2.8) 

1 (0.9) 

  

397 (95.0) 

17 (4.1) 

2 (0.5) 

7 (1.7) 

2 (0.5) 

2 (0.5) 

4 (1.0) 

4 (1.0) 

p = 0.028✝ 

Residency, n (%) 

Urban 

Rural 

Unknown 

  

137 (71.0) 

55 (28.5) 

1 (0.5) 

  

90 (76.9) 

21 (17.9) 

6 (5.1) 

  

88 (81.5) 

16 (14.8) 

4 (3.7) 

  

315 (75.4) 

92 (22.0) 

11 (2.6) 

p = 0.019✝ 

Highest level of education, n 

(%) 

Primary School 

Secondary School 

Vocational Training 

University 

Unknown 

  

  

2 (1.0) 

60 (31.1) 

52 (26.9) 

77 (39.9) 

2 (1.0) 

  

  

4 (3.2) 

43 (36.8) 

39 (33.3) 

31 (26.5) 

0 

  

  

1 (1.0) 

39 (36.1) 

40 (37.0) 

28 (5.9) 

0 

  

  

7 (1.7) 

142 (34.1) 

131 (31.3) 

136 (32.5) 

2 (0.5) 

p = 0.056✝ 

Family History, n (%) 

Positive 

Negative 

Unknown 

Positive (closest affected relative): 

-       First-degree 

-       Second-degree 

-       Third-degree 

-       Unknown 

  

193 (100.0) 

0 

0 

  

193 (100.0) 

0 

0 

0 

  

9 (7.7) 

107 (95.1) 

1 (0.9) 

  

0 

7 (6.0) 

1 (0.9) 

1 (0.9) 

  

7 (7.4) 

87 (80.6) 

14 (13.0) 

  

0 

5 (4.6) 

1 (0.9) 

1 (0.9) 

  

209 (50.0) 

209 (50.0) 

0 

  

193 (92.3) 

12 (5.7) 

2 (1.0) 

2 (1.0) 

p <0.001✝ 

Last eye check, n (%) 

Within 6 months 

6-12 months 

1-2 years 

More than 2 years 

Never 

Missing 

  

63 (32.6) 

82 (42.5) 

41 (21.2) 

4 (2.1) 

1 (0.5) 

2 (1.0) 

  

117 (100.0) 

0 

0 

0 

0 

  

0 

51 (47.2) 

30 (27.8) 

25 (23.1) 

0 

2 (1.9) 

  

180 (43.1) 

133 (31.8) 

71 (17.0) 

29 (6.9) 

1 (0.2) 

4 (1.0) 

p <0.001✝ 
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Frequency of eye checks, n (%) 

3 monthly 

6 monthly 

Annually 

Every 2 years 

More than every 2 years 

Never 

Missing 

  

2 (1.0) 

9 (4.7) 

107 (55.4) 

61 (31.6) 

10 (5.2) 

2 (1.0) 

2 (1.0) 

  

1 (0.9) 

5 (4.3) 

61 (52.1) 

32 (27.4) 

13 (11.1) 

3 (2.6) 

2 (1.7) 

  

0 

2 (1.9) 

43 (39.8) 

34 (31.5) 

22 (20.4) 

6 (5.6) 

1 (0.9) 

  

3 (0.7) 

16 (3.8) 

211 (50.5) 

127 (30.4) 

45 (10.8) 

11 (2.6) 

5 (1.2) 

p = 0.003✝ 

Table 2.1: 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]). 

*denotes p-value calculated using one-way ANOVA. ✝denotes 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.

 

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%CI (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)’. 



 

73 

 

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 

-    Male 

-    Female 

  

1.00 

1.71 (1.01-2.89) 

0.045 1.67 (0.85-3.30) 0.138 

Ethnicity 

-    Non-European 

-    European 

  

1.00 

1.86 (0.56-6.23) 

0.312     

Residency 

-    Urban 

-    Rural   

  

1.00 

1.05 (0.56-1.98) 

  

  

0.877 

    

Education 

-    School (primary or 

secondary) 

-    Tertiary (vocational training 

or university 

  

1.00 

  

1.67 (0.99-2.84) 

  

  

  

  

0.056 

1.28 (0.51-3.24) 0.593 

Family History 

-    Negative 

-    First-degree relative 

-    Other relative 

  

1.00 

2.89 (1.64-5.11) 

0.98 (0.25-3.85) 

<0.001 

  

<0.001 

0.980 

  

  

2.05 (0.76-2.17) 

0.24 (0.03-2.17) 

0.111 

  

0.156 

0.205 

Last eye check 

-    <1 year (0) 

-    >1 year (1) 

  

1.00 

1.15 (0.62-2.12) 

  

  

0.665 

    

Frequency of eye checks 

-    At least annually (0) 

-    Every 2 years or more (1) 

  

1.00 

1.02 (0.60-1.71) 

  

  

0.954 

    

Perceived glaucoma heredity 

-    Non hereditary 

-    Hereditary       

  

1.00 

9.14 (1.47-56.86) 

  

0.018 

1.9 (0.02-193.52) 0.779 
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Perceived severity 

-    Not severe 

-    Severe 

  

1.00 

18.69 (2.05-

170.14) 

  

  

0.009 

14.58 (1.15-185.50) 0.039 

Perceived Risk 

-    Not at risk 

-    At risk 

  

1.00 

2.47 (1.32-4.63) 

  

  

0.005 

1.88 (0.81-4.35) 0.139 

Concern of developing glaucoma 

-    Not worried 

-    Worried 

 

1.00 

5.00 (2.87-8.72) 

  

  

<0.001 

4.37 (2.32-8.25) <0.001 

Interest in obtaining more information 

about the test 

-    Not interested 

-    Interested 

  

  

1.00 

2.04 (1.16-3.59) 

  

  

  

0.013 

1.71 (0.71-4.11) 0.233 

Intention to take appropriate 

measures 

-    Would not change behaviour 

-    Would change behaviour 

  

  

1.00 

5.00 (2.83-8.83) 

  

  

<0.001 

2.39 (1.16-4.95) 0.019 

Advice to children 

-    No 

-    Yes 

  

1.00 

3.00 (1.77-5.08) 

  

  

<0.001 

1.15 (0.25-5.39) 0.860 

Advice to family members 

-    No 

-    Yes 

  

1.00 

2.92 (1.71-4.99) 

  

  

<0.001 

0.49 (0.18-1.32) 0.160 

Personal advice 

-    No 

-    Yes 

  

1.00 

1.34 (0.77-2.33) 

  

  

0.304 

    

Medical advice 

-    No 

-    Yes 

  

1.00 

1.17 (0.64-2.13) 

  

  

0.614 

    

Would rather know 

-    No 

-    Yes 

  

1.00 

6.78 (3.86-11.90) 

  

  

<0.001 

4.52 (2.32-8.83) <0.001 
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Would rather not know 

-    No 

-    Yes 

  

1.00 

0.378 (0.09-1.62) 

  

  

0.190 

    

Anxiety 

-    No 

-    Yes 

  

1.00 

1.55 (0.83-2.89) 

  

  

0.170 

    

Cost 

-    No 

-    Yes 

  

1.00 

1.37 (0.80-2.34) 

  

  

0.254 

    

Follow-up 

-    Yes 

-    No 

  

1.00 

1.29 (0.69-2.38) 

  

  

0.424 

    

Insurance 

-    No 

-    Yes 

  

1.00 

3.44 (1.43-8.27) 

  

  

0.006 

3.11 (0.99-9.79) 0.052 

Employment 

-    No 

-    Yes 

  

1.00 

1.26 (0.56-2.82) 

  

  

0.573 

    

Confidentiality 

-    No 

-    Yes 

  

1.00 

1.89 (0.71-4.98) 

  

  

0.201 

    

Concerns 

-    No concerns 

-    At least 1 concern 

  

1.00 

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). 

  

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.137,151 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.169,170 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.108 Glaucoma PRS testing could improve current screening 

strategies given the disease’s high and complex heritability, lack of environmental risk factors,  

https://paperpile.com/c/Z6gCzu/qrYho+9sdmD
https://paperpile.com/c/Z6gCzu/VmxZt
https://paperpile.com/c/Z6gCzu/rH3ha+1aZqr
https://paperpile.com/c/Z6gCzu/CTik2
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asymptomatic nature of early disease, and effectiveness of early treatment options to slow 

disease progression.122 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,171,172 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.89 

 

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.137,148,149,151,161,173,174 These 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 experience175–179 and that 

PRS may not alter perceived risk in these cases.175 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.108 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.80 

https://paperpile.com/c/Z6gCzu/J0Qrn
https://paperpile.com/c/Z6gCzu/SpojY+G6BdK
https://paperpile.com/c/Z6gCzu/1YlRf
https://paperpile.com/c/Z6gCzu/JDSzA+tdYz9+dmRFm+hdHPl+TvnqZ+9sdmD+qrYho
https://paperpile.com/c/Z6gCzu/4VV8V+WSSlG+PKiwW+57x6K+HsRfY
https://paperpile.com/c/Z6gCzu/4VV8V
https://paperpile.com/c/Z6gCzu/CTik2
https://paperpile.com/c/Z6gCzu/t0fOE
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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.165,166 

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 option 

to choose to know of a genetic susceptibility to disease may seem to be valued more than the 

results and their possible implications.182 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 

https://paperpile.com/c/Z6gCzu/HcMaw+52I3g
https://paperpile.com/c/Z6gCzu/ILPKq+nkf5e+BM9gL+iT2Qe+l6OaJ
https://paperpile.com/c/Z6gCzu/l6OaJ
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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.152 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 

https://paperpile.com/c/Z6gCzu/2sB9g
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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 
- Ophthalmologist 
- Optometrist 
- Orthoptist 
- GP 
- Clinical Geneticist 
- Genetic Counsellor 
- Laboratory scientist 
- Other 

 
36 (34.3) 
22 (21.0) 
17 (16.2) 
16 (15.2) 
4 (3.8) 
6 (5.7) 
1 (1.0) 
3 (2.9) 

Age (years) 
- <30  
- 30-39 
- 40-49 
- 50-59 
- 60-69 

- ≥70 

 
17 (16.2) 
31 (29.5) 
29 (27.6) 
18 (17.1) 
7 (6.7) 
3 (2.9) 

Gender 
- Female 
- Male 
- Missing 

 
63 (60.0) 
41 (39.0) 
1 (1.0) 

Personal history of glaucoma 
- No  
- Yes 
- Missing 

 
100 (95.2) 
1 (1.0) 
4 (3.8) 

Ethnicity 
- European 
- Non-European 

- African 
- Asian 
- Middle Eastern 

- Mixed 
 

 
76 (72.4) 
25 (23.8) 
1 (1.0) 
20 (19.0) 
4 (3.8) 
4 (3.8) 
 

Family history of glaucoma 
- No 
- Yes 
- Missing 

Closest affected relative 
- First-degree 
- Second-degree 
- Third-degree 

 
72 (68.6) 
29 (27.6) 
4 (3.8) 
 
15 (55.6) 
11 (40.7) 
1 (3.7) 

Table 3.1: Demographic characteristics of the study sample. 
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Variable Number (%) Variable Number (%) 

Years since completing training 
- Range 
- Mean (SD) 
- Median 

 
1-45 
13.8 (11.5) 
12 

Years practising in profession 
- Range 
- Mean (standard deviation) 
- Median 

 
0-44 
13.3 (10.2) 
12 

Amount of training completed in 
Australia 

- All 
- Most 
- Some 
- None 
- Missing 

 
 
60 (57.1) 
23 (21.9) 
9 (8.6) 
7 (6.7) 
6 (5.7) 

Amount of genetics education during 
training 

- None 
- A little 
- A moderate amount 
- A lot 
- A great deal 
- Response missing  

Non-genetics^ Genetics 

6 (6.6) 
56 (61.5) 
15 (16.5)  
6 (6.6) 
4 (4.4) 
4 (4.4) 

0  
1 (10.0) 
1 (10.0) 
0 
6 (60.0) 
2 (20.0) 

Percentage of patients with 
glaucoma* 

- Range 
- Mean (SD) 
- Median 

 
 
5-99 
43.4 (32.7) 
35.0 

Post-graduate training in genetics 
- No 
- Yes 
- Missing 

 
83 (91.2) 
5 (5.5) 
3 (3.3) 

 
1 (10.0) 
8 (80.0) 
1 (10.0) 

Structure of primary practice 
- Solo practice 
- Single speciality group 
- Multi-speciality group 
- Not applicable/other 
- Missing 

 
11 (10.5) 
29 (27.6) 
46 (43.8) 
14 (13.3) 
5 (4.8) 
 

Primary workplace 
- Private hospital 
- Public hospital 
- Private clinic/practice 
- Public clinic/practice 
- Corporate practice 
- Academic institution/University 
- Laboratory  
- Other 
- Missing  

 
2 (1.9) 
18 (17.1) 
53 (50.5) 
3 (2.9) 
6 (5.7) 
12 (11.4) 
1 (1.0) 
5 (4.8) 
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 
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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. 

 

 
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)?’. 
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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 0 being no knowledge): Glaucoma? Risk factors for open-

angle glaucoma? Diagnosing glaucoma? The genetics of glaucoma? Current screening recommendations for glaucoma?’

Clinician group Ophthalmologists 
n=33 

Optometrists  
n=19 

Orthoptists 
n=16 

Ophthalmic 
n=68 

GP 
n=15 

Clinical 
Geneticists 
n=4 

Genetic 
Counsellors 
n=4 

Genetics 
n=10 

TOTAL 
n=94 

Glaucoma 
Range 
Mean (SD) 
Median 

 
5-10 
8.4 (1.1) 
9.0 

 
6-10 
7.8 (1.1) 
8.0 

 
5-10 
7.3 (1.4) 
7.0 

 
5-10 
8.0 (1.3) 
8.0 

 
1-6  
3.9 (1.9) 
5.0 

 
5-7 
6.3 (1.0) 
6.5 

 
3-6  
4.5 (1.7) 
4.5 

 
3-7 
5.4 (1.6) 
6.0 

 
1-10 
7.0 (2.1) 
7 

Risk factors 
Range 
Mean (SD) 
Median 

 
4-10 
8.2 (1.5) 
8.0 

 
6-10 
8.1 (1.0) 
8.0 

 
0-10 
6.3 (2.3) 
6.5 

 
0-10 
7.7 (1.8) 
8.0 

 
0-6 
3.7 (1.8) 
4.0 

 
5-6 
5.8 (0.5) 
6.0 

 
2-6  
3.5 (1.9) 
3.0 

 
2-6 
4.6 (1.8) 
5.5 

 
0-10 
6.8 (2.4) 
7 

Diagnosis 
Range 
Mean (SD) 
Median 

 
6-10 
8.6 (1.0) 
9.0 

 
6-10 
8.0 (1.0) 
8.0 

 
4-10 
7.0 (1.7) 
7.0 

 
4-10 
8.1 (1.3) 
8.0 

 
0-7 
3.3 (2.2) 
3.0 

 
3-6 
5.0 (1.4) 
5.5 

 
1-3  
2.3 (1.0) 
2.5 

 
1-6  
3.6 (1.8) 
3.0 

 
0-10 
6.8 (2.6) 
8 

Genetics 
Range 
Mean (SD) 
Median 

 
2-9 
5.7 (2.3) 
6.0 

 
1-9 
5.2 (1.9) 
5.0 

 
1-7  
4.0 (2.2) 
4.0 

 
1-9 
5.2 (2.2) 
5.0 

 
0-6 
1.6 (1.7) 
2.0 

 
5-6 
5.8 (0.5) 
6.0 

 
2-6 
4.3 (1.7) 
4.5 

 
2-6 
5 (1.4) 
5.5 

 
0-9 
4.5 (2.5) 
5 

Screening 
Range 
Mean (SD) 
Median 

 
1-10 
7.4 (2.0) 
8.0 

 
5-10 
8.0 (1.5) 
8.0 

 
3-10 
6.5 (2.0) 
7.0 

 
1-10 
7.4 (1.9) 
8.0 

 
0-10  
2.7 (2.6) 
2.0 

 
3-7 
4.5 (1.9) 
4.0 

 
0-4 
2.5 (1.7) 
3.0 

 
0-7 
3.5 (2.0) 
3.0 

 
0-10 
6.2 (2.8) 
7 
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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 
n(%) 

Ophthalmologists 
n=36 

Optometrists  
n=22 

Orthoptists 
n=17 

Ophthalmic 
n=75 

GP 
n=16 

Clinical 
Geneticists 
n=4 

Genetic 
Counsellors 
n=6 

Genetics 
n=10 

TOTAL 
n=105 

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

Any genetic condition 
Yes 
No 
Missing/Not applicable 

 
24 (66.7) 
9 (25.0) 
3 (8.3) 

 
7 (31.8) 
11 (50.0) 
4 (18.2) 

 
5 (29.4) 
11 (64.7) 
1 (5.9) 

 
36 (48.0) 
31 (41.3) 
8 (10.7) 

 
12 (75.0) 
2 (12.5) 
2 (12.5) 

 
3 (75.0) 
0 
1 (25.0) 

 
3 (50.0) 
1 (16.7) 
2 (33.3) 

 
6 (60.0) 
1 (10.0) 
3 (30.0) 

 
54 (51.4) 
34 (32.4) 
17(16.2) 

Eye condition 
Yes 
No 
Missing/Not applicable 

 
28 (77.8) 
5 (13.9) 
3 (8.3) 

 
14 (63.6) 
5 (22.7) 
3 (13.6) 

 
9 (52.9) 
7 (41.2) 
1 (5.9) 

 
51 (68.0) 
17 (22.7) 
7 (9.3) 

 
0 
14 (87.5) 
2 (12.5) 

 
3 (75.0) 
0 
1 (25.0) 

 
2 (33.3) 
2 (33.3) 
2 (33.3) 

 
5 (50.0) 
2 (20.0) 
3 (30.0) 

 
56 (53.3) 
33 (31.4) 
16 (15.2) 

Glaucoma 
Yes 
No 
Missing/Not applicable 

 
25 (69.4) 
9 (25.0) 
2 (5.6) 

 
11 (50.0) 
9 (40.9) 
2 (9.1) 

 
7 (41.2) 
9 (52.9) 
1 (5.9) 

 
43 (57.3) 
27 (36.0) 
5 (6.7) 

 
0 
14 (87.5) 
2 (12.5) 

 
1 (25.0) 
2 (50.0) 
1 (25.0) 

 
1 (16.7) 
3 (50.0) 
2 (33.3) 

 
2 (20.0) 
5 (50.0) 
3 (30.0) 

 
45 (42.9) 
46 (43.8) 
14 (13.3) 

B: Had a patient request a genetic test for: 

Any genetic condition 
Yes 
No 
Missing/Not applicable 

 
12 (33.3) 
18 (50.0) 
6 (16.7) 

 
2 (9.1) 
18 (81.8) 
2 (9.1) 

 
4 (23.5) 
12 (70.6) 
1 (5.9) 

 
18 (24.0) 
48 (64.0) 
9 (12.0) 

 
10 (62.5) 
4 (25.0) 
2 (12.5) 

 
3 (75.0) 
0 
1 (25.0) 

 
3 (50.0) 
1 (16.7) 
2 (33.3) 

 
6 (60.0) 
1 (10.0) 
3 (30.0) 

 
34 (32.3) 
53 (50.5) 
18 (17.1) 

Eye condition 
Yes 
No 
Missing/not applicable 

 
14 (38.9) 
18 (50.0) 
4 (11.1) 

 
2 (9.1) 
17 (77.3) 
3 (13.6) 

 
4 (23.5) 
11 (64.7) 
2 (11.8) 

 
20 (26.7) 
46 (61.3) 
9 (12.0) 

 
0 
14 (87.5) 
2 (12.5) 

 
3 (75.0) 
0 
1 (25.0) 

 
2 (33.3) 
2 (33.3) 
2 (33.3) 

 
5 (50.0) 
2 (20.0) 
3 (30.0) 

 
25 (23.8) 
62 (59.0) 
18 (17.1) 

Glaucoma 
Yes 
No 
Missing/Not applicable 

 
8 (22.2) 
25 (69.4) 
3 (8.3) 

 
1 (4.5) 
18 (81.8) 
3 (13.6) 

 
1 (5.9) 
15 (88.2) 
1 (5.9) 

 
10 (13.3) 
58 (77.3) 
7 (9.3) 

 
0 
14 (87.5) 
2 (12.5) 

 
1 (25.0) 
2 (50.0) 
1 (25.0) 

 
1 (16.7) 
3 (50.0) 
2 (33.3) 

 
2 (20.0) 
5 (50.0) 
3 (30.0) 

 
12 (11.4) 
77 (73.3) 
16 (15.2) 
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C: Referred a patient for a genetic test for: 

Any genetic condition 
Yes 
No 
Missing/Not applicable 

 
16 (44.4) 
14 (38.9) 
6 (16.7) 

 
2 (9.1) 
17 (77.3) 
3 (13.6) 

 
2 (11.8) 
11 (64.7) 
4 (23.5) 

 
20 (26.7) 
42 (56.0) 
13 (17.3) 

 
12 (75.0) 
2 (12.5) 
2 (12.5) 

 
2 (50.0) 
0 
2 (50.0) 

 
2 (33.3) 
1 (16.7) 
3 (50.0) 

 
4 (40.0) 
1 (10.0) 
5 (50.0) 

 
36 (34.3) 
45 (42.9) 
24 (22.9) 

Eye condition 
Yes 
No 
Missing/Not applicable 

 
22 (61.1) 
11 (30.6) 
3 (8.3) 

 
4 (18.2) 
15 (68.2) 
3 (13.6) 

 
3 (17.6) 
10 (58.8) 
4 (23.5) 

 
29 (38.7) 
36 (48.0) 
10 (13.3) 

 
0 
13 (81.3) 
3 (18.8) 

 
2 (50.0) 
0 
2 (50.0) 

 
1 (16.7) 
2 (33.3) 
3 (50.0) 

 
3 (30.0) 
2 (20.0) 
5 (50.0) 

 
32 (30.5) 
51 (48.6) 
12 (21.0) 

Glaucoma 
Yes 
No 
Missing/Not applicable 

 
16 (44.4) 
18 (50.0) 
2 (5.6) 

 
0  
19 (86.4) 
3 (13.6) 

 
1 (5.9) 
12 (70.6) 
4 (23.5) 

 
17 (22.7) 
49 (65.3) 
9 (12.0) 

 
0 
13 (81.3) 
3 (18.8) 

 
1 (25.0) 
1 (25.0) 
2 (50.0) 

 
0 
3 (50.0) 
3 (50.0) 

 
1 (10.0) 
4 (40.0) 
5 (50.0) 

 
18 (17.1) 
66 (62.9) 
21 (20.0) 

D: Ordered a genetic test for: 

Any genetic condition 
Yes 
No 
Missing/Not applicable 

 
8 (22.2) 
22 (61.1) 
6 (16.7) 

 
3 (13.6) 
13 (59.1) 
6 (27.3) 

 
2 (11.8) 
10 (58.8) 
5 (29.4) 

 
13 (17.3) 
45 (60.0) 
17 (22.7) 

 
10 (62.5) 
4 (25.0) 
2 (12.5) 

 
3 (75.0) 
1 (25.0) 
0 

 
2 (33.3) 
1 (16.7) 
3 (50.0) 

 
5 (50.0) 
2 (20.0) 
3 (30.0) 

 
28 (26.7) 
51 (48.6) 
26 (24.8)                        

Eye condition 
Yes 
No 
Missing/Not applicable 

 
11 (30.6) 
21 (58.3) 
4 (11.1) 

 
3 (13.6) 
12 (54.5) 
7 (31.8) 

 
2 (11.8) 
10 (58.8) 
5 (29.4) 

 
16 (21.3) 
43 (57.3) 
16 (21.3) 

 
2 (12.5) 
12 (75.0) 
2 (12.5) 

 
3 (75.0) 
1 (25.0) 
0 

 
2 (33.3) 
1 (16.7) 
3 (50.0) 

 
5 (50.0) 
2 (20.0) 
3 (30.0) 

 
23 (21.9) 
57 (54.3) 
25 (23.8) 

Glaucoma 
Yes 
No 
Missing/Not applicable 

 
8 (22.2) 
25 (69.4) 
3 (8.3) 

 
3 (13.6) 
12 (54.5) 
7 (31.8) 

 
2 (11.8) 
10 (58.8) 
5 (29.4) 

 
13 (17.3) 
47 (62.7) 
15 (20.0) 

 
1 (6.3) 
13 (81.3) 
2 (12.5) 

 
0 
4 (100.0) 
0 

 
0 
3 (50.0) 
3 (50.0) 

 
0 
7 (70.0) 
3 (30.0) 

 
14 (13.3) 
67 (63.8) 
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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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)’. 

 

Clinician group Ophthalmologists 
n=34 

Optometrists  
n=20 

Orthoptists 
n=16 

Ophthalmic 
n=70 

GP 
n=15 

Clinical 
Geneticists 
n=4 

Genetic 
Counsellors 
n=5 

Genetics 
n=9 

TOTAL 
n=97 

Range 
Mean (SD) 
Median 

2-10 
5.4 (2.1) 
5.0 

2-8 
4.1 (1.7) 
4.0 

1-8 
4.1 (2.2) 
4.5 

1-10 
4.7 (2.1) 
5.0 

2-7 
4.1 (1.7) 
4.0 

9-10 
9.5 (0.6) 
9.5 

7-9 
8.0 (0.7) 
8.0 

7-10 
8.7 (1.0) 
9.0 

1-10 
5.0 (2.3) 
5.0 
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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). 

 

 
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 
n=36 

Optometrists  
n=22 

Orthoptists 
n=17 

Ophthalmic 
n=75 

GP 
n=16 

Clinical 
Geneticists 
n=4 

Genetic 
Counsellors 
n=6 

Genetics 
n=10 

TOTAL 
n=105 

First-degree relatives 
- Unlikely 
- Likely 
- N/A/missing 

 
2 (5.6) 
26 (72.2) 
8 (22.2) 

 
1 (4.5) 
17 (77.3) 
4 (18.2) 

 
0 
11 (64.7) 
6 (35.3) 

 
3 (4.0) 
54 (72.0) 
18 (24.0) 

 
4 (25.0) 
9 (56.3) 
3 (18.8) 

 
0 
3 (75.0) 
1 (25.0) 

 
0 
4 (66.7) 
2 (33.3) 

 
0 
7 (70.0) 
3 (30.0) 

 
7 (6.7) 
70 (66.7) 
28 (26.7) 

Second-degree relatives 
- Unlikely 
- Likely 
- N/A/missing 

 
10 (27.8) 
18 (50.0) 
8 (22.2) 

 
11 (50.0) 
7 (31.8) 
4 (18.2) 

 
4 (23.5) 
7 (41.2) 
6 (35.3) 

 
25 (33.3) 
32 (42.7) 
18 (24.0) 

 
7 (43.8) 
6 (37.5) 
3 (18.8) 

 
2 (50.0) 
1 (25.0) 
1 (25.0) 

 
1 (16.7) 
3 (50.0) 
2 (33.3) 

 
3 (30.0) 
4 (40.0) 
3 (30.0) 

 
35 (33.3) 
42 (40.0) 
28 (26.7) 

Age >50 years 
- Unlikely 
- Likely 
- N/A/missing 

 
13 (36.1) 
14 (38.9) 
9 (25.0) 

 
11 (50.0) 
7 (31.8) 
4 (18.2) 

 
2 (11.8) 
9 (52.9) 
6 (35.3) 

 
26 (34.7) 
30 (40.0) 
19 (25.3) 

 
4 (25.0) 
9 (56.3) 
3 (18.8) 

 
2 (50.0) 
1 (25.0) 
1 (25.0) 

 
1 (16.7) 
3 (50.0) 
2 (33.3) 

 
3 (30.0) 
4 (40.0) 
3 (30.0) 

 
33 (31.4) 
43 (41.0) 
29 27.6) 

Age >70 years 
- Unlikely 
- Likely 
- N/A/missing 

 
17 (47.2) 
10 (27.8) 
9 (25.0) 

 
12 (54.5) 
6 (27.3) 
4 (18.2) 

 
4 (23.5) 
7 (41.2) 
6 (35.3) 

 
33 (44.0) 
23 (30.7) 
19 (25.3) 

 
5 (31.3) 
8 (50.0) 
3 (18.8) 

 
3 (75.0) 
0 
1 (25.0) 

 
1 (16.7) 
3 (50.0) 
2 (33.3) 

 
4 (40.0) 
3 (30.0) 
3 (30.0) 

 
42 (40.0) 
34 (32.4) 
29 (27.6) 

Asian ancestry 
- Unlikely 
- Likely 
- N/A/missing 

 
11 (30.6) 
15 (41.7) 
10 (27.8) 

 
10 (45.5) 
8 (36.4) 
4 (18.2) 

 
3 (17.6) 
8 (47.1) 
6 (35.3) 

 
24 (32.0) 
31 (41.3) 
20 (26.7) 

 
5 (31.3) 
8 (50.0) 
3 (18.8) 

 
1 (25.0) 
2 (50.0) 
1 (25.0) 

 
1 (16.7) 
2 (33.3) 
3 (50.0) 

 
2 (20.0) 
4 (40.0) 
4 (40.0) 

 
31 (29.5) 
43 (41.0) 
31 (29.5) 

African ancestry 
- Unlikely 
- Likely 
- N/A/missing 

 
8 (22.2) 
19 (52.8) 
9 (25.0) 

 
10 (45.5) 
8 (36.4) 
4 (18.2) 

 
2 (11.8) 
9 (52.9) 
6 (35.3) 

 
20 (26.7) 
36 (48.0) 
19 (25.3) 

 
5 (31.3) 
8 (50.0) 
3 (18.8) 

 
1 (25.0) 
2 (50.0) 
1 (25.0) 

 
1 (16.7) 
2 (33.3) 
3 (50.0) 

 
2 (20.0) 
4 (40.0) 
4 (40.0) 

 
27 (25.7) 
48 (45.7) 
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 



 

99 

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. 

 

 
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 
Geneticist 

Genetic 
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) 

 

 
Healthcare 
professional 

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

Ophthalmologist Optometrist Orthoptist GP Clinical 
Geneticist 

Genetic 
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) 

 

 
Healthcare 
professional 

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

Ophthalmologist Optometrist Orthoptist GP Clinical 
Geneticist 

Genetic 
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? c) Communicate 

polygenic risk test results showing HIGH individual risk?’ Missing values have been excluded. 

 

 
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 majority 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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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 

 

Clinician group Ophthalmologists 
n=36 

Optometrists  
n=22 

Orthoptists 
n=17 

Ophthalmic 
n=75 

GP 
n=16 

Clinical 
Geneticists 
n=4 

Genetic 
Counsellors 
n=6 

Genetics 
n=10 

TOTAL 
n=105 

Genetic testing 
No 
Yes 
Missing/Not applicable  

 
4 (11.1) 
29 (80.6) 
3 (8.3) 

 
1 (4.5) 
18 (81.8) 
3 (13.6) 

 
0  
16 (94.1) 
1 (5.9) 

 
5 (6.7) 
63 (84.0) 
7 (9.3) 

 
0 
15 (93.8) 
1 (6.3) 

 
4 (100.0) 
0 
0 

 
2 (33.3) 
3 (50.0) 
1 (16.7) 

 
6 (60.0) 
3 (30.0) 
1 (10.0) 

 
11 (10.5) 
83 (79.0) 
11 (10.5) 

Interpreting results 
No 
Yes 
Missing/Not applicable 

 
3 (8.3) 
30 (83.3) 
3 (8.3) 

 
2 (9.1) 
17 (77.3) 
3 (13.6) 

 
0  
16 (94.1) 
1 (5.9) 

 
5 (6.7) 
63 (84.0) 
7 (9.3) 

 
0 
15 (93.8) 
1 (6.3) 

 
4 (100.0) 
0 
0 

 
1 (16.7) 
4 (66.7) 
1 (16.7) 

 
5 (50.0) 
4 (40.0) 
1 (10.0) 

 
11 (10.5) 
83 (79.0) 
11 (10.5) 

PRS 
No  
Yes 
Missing/Not applicable  

 
5 (13.9) 
29 (80.6) 
2 (5.6) 

 
0 
19 (86.4) 
3 (13.6) 

 
0 
16 (94.1) 
1 (5.9) 

 
5 (6.7) 
64 (85.3) 
6 (8.0) 

 
0 
14 (87.5) 
2 (12.5) 

 
1 (25.0) 
3 (75.0) 
0 

 
1 (16.7) 
4 (66.7) 
1 (16.7) 

 
2 (20.0) 
7 (70.0) 
1 (10.0) 

 
8 (7.6) 
86 (81.9) 
11 (10.5) 
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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.169,170 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.108 We have previously 

demonstrated strong interest in polygenic risk testing for glaucoma amongst affected and 

unaffected individuals,168,183 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.184,185 Our 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.143,186,187 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 

https://paperpile.com/c/Z6gCzu/rH3ha+1aZqr
https://paperpile.com/c/Z6gCzu/CTik2
https://paperpile.com/c/Z6gCzu/lmsJ8+VmxZt
https://paperpile.com/c/Z6gCzu/kj2Ok+Zw9Za
https://paperpile.com/c/Z6gCzu/bvcLh+Vgc7P+AVoVr
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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,143,188 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.189 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.186 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.190 So too, 

RANZCO recently produced consensus guidelines around the role of targeted genetic testing in 

https://paperpile.com/c/Z6gCzu/AVoVr+YVrzQ
https://paperpile.com/c/Z6gCzu/jApHo
https://paperpile.com/c/Z6gCzu/bvcLh
https://paperpile.com/c/Z6gCzu/GF3Zm
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the clinical management of inherited retinal diseases.191 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.192 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.168,183 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 

https://paperpile.com/c/Z6gCzu/wk71k
https://paperpile.com/c/Z6gCzu/SwEOX
https://paperpile.com/c/Z6gCzu/lmsJ8+VmxZt
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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.137,193–196 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. 

 

https://paperpile.com/c/Z6gCzu/qrYho+6B6HO+y2Ekf+9wJri+DwuCf
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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.89,197 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) 183 assessing attitudes towards polygenic risk testing for glaucoma were contacted 

and invited to participate in a prospective cohort study (Chapter 8)198 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 

https://paperpile.com/c/Z6gCzu/1YlRf+oBpBV
https://paperpile.com/c/Z6gCzu/lmsJ8
https://paperpile.com/c/Z6gCzu/PYDYx
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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 

questionnaire-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 study183 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.183 

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.183 

 

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

 

4.3 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 

questionnaire 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. 

 



 

115 

Variable n (%) Enrolled 
n = 142 (48.3) 

Declined 
n = 152 (51.7) 

Total 
n = 294 

P value 

Age (years) 
Mean (standard deviation) 
Median (range) 

 
67.6 (7.7) 
66.6 (51.0-87.1) 

 
67.6 (9.6) 
67.2 (50.9-95.5) 

 
67.6 (8.7) 
67.1 (50.9-95.5) 

 
0.954 

Gender (Female) 94 (66.2) 101 (66.4) 195 (66.3) 1.000 

Self-reported ethnicity 
- European 
- Non-European 

- Asian 
- Hispanic 
- Middle Eastern 
- Mixed 

 
138 (97.2) 
4 (2.8) 
1 (0.7) 
1 (0.7) 
1 (0.7) 
1 (0.7) 

 
149 (98.0) 
3 (2.0) 
1 (0.7) 
0 
1 (0.7) 
1 (0.7) 

 
287 (97.6) 
7 (2.4) 
2 (0.7) 
1 (0.3) 
2 (0.7) 
2 (0.7) 

 
0.935 

Residency (Urban) 118 (83.1) 113 (74.3) 231 (78.6) 0.087 

Family history (Positive) 
Number affected relatives 

85 (59.9) 
1.02 (1.2) 

45 (29.6) 
0.47 (0.9) 

130 (44.2) 
0.73 (1.1) 

<0.001 
<0.001 

Highest level of education 
- Primary School 
- Secondary School 
- Vocational Training 
- University 
- Unknown 

 
1 (0.7) 
44 (31.0) 
47 (33.1) 
50 (35.2) 
0 

 
2 (1.3) 
74 (48.7) 
44 (28.9) 
30 (19.7) 
2 (1.3) 

 
3 (1.0) 
118 (40.1) 
91 (31.0) 
80 (27.2) 
2 (0.7) 

 
0.002 

PRS testing intention 
- Likely/Highly likely 
- Unlikely/Highly unlikely 
- Unsure 

 
106 (74.6) 
23 (16.2) 
13 (9.2) 

 
98 (64.5) 
30 (19.7) 
24 (15.8) 

 
204 (69.4) 
53 (18.0) 
37 (12.6) 

 
0.129 

Eye exam frequency 
- Annually or more 
- Less than once a year 

 
90 (63.4) 
51 (35.9) 

 
82 (53.9) 
69 (45.4) 

 
172 (58.5) 
120 (40.8) 

 
0.122 

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%CI 

(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 
ref. Possibly 

No/Yes 

 
 
 
0.967 (0.547-1.709) 
 
1.982 (1.146-3.427) 

 
 
 
0.909 
 
0.014 

 
 
 
 
 
1.949 (1.054-3.605) 

 
 
 
 
 
0.033 

Factors affecting decision to be tested 
 
Take appropriate measures (ref. No) 

Yes 
 

To provide advice to children (ref. No) 
Yes 
 

To provide advice to relatives (ref. No) 
Yes 
 

Personal advice (ref. No) 
Yes 
 

Medical advice (ref. no) 
Yes 

 
Would rather know (ref. No) 

Yes 

 
 
 
2.409 (1.335-4.348) 
 
 
1.622 (1.003-2.623) 
 
 
1.164 (0.734-1.847) 
 
 
1.073 (0.657-1.751) 
 
 
0.880 (0.518-1.495) 
 
 
1.734 (1.068-2.814) 

 
 
 
0.004 
 
 
0.049 
 
 
0.519 
 
 
0.778 
 
 
0.636 
 
 
0.026 

 
 
 
1.585 (0.732-3.431) 
 
 
0.801 (0.431-1.488) 
 
 
 
 
 
 
 
 
 
 
 
1.837 (0.967-3.489) 

 
 
 
0.242 
 
 
0.483 
 
 
 
 
 
 
 
 
 
 
 
0.063 

Concerns about having the test 
 
Anxiety (ref No) 

Yes 
 
Would rather not know (ref. No) 

Yes 
 

Cost (ref. No) 

 
 
 
0.709 (0.431-1.166) 
 
 
0.549 (0.135-2.238) 
 
 

 
 
 
0.176 
 
 
0.403 
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Yes 
 
Attending follow-ups (ref. No) 

Yes 
 
Insurance (ref. No) 

Yes 
 
Employment (ref. No) 

Yes 
 
Confidentiality (ref. No) 

Yes 

1.253 (0.785-1.999) 
 
 
0.798 (0.454-1.402) 
 
 
1.445 (0.794-2.630) 
 
 
0.849 (0.359-2.003) 
 
 
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. 

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.168,183 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.108,110,199,200 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.201 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.80 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.137,193–196 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.137  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%).137 Family 

history was positively associated with participation in the multivariate analysis. Previous studies 

https://paperpile.com/c/Z6gCzu/lmsJ8+VmxZt
https://paperpile.com/c/Z6gCzu/CTik2+uKXrB+PXnUm+7ddHo
https://paperpile.com/c/Z6gCzu/3jLeS
https://paperpile.com/c/Z6gCzu/t0fOE
https://paperpile.com/c/Z6gCzu/qrYho+6B6HO+y2Ekf+9wJri+DwuCf
https://paperpile.com/c/Z6gCzu/qrYho
https://paperpile.com/c/Z6gCzu/qrYho
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have shown that having a family history may influence the perception of risk and the decision to 

undergo testing.202,203 

 

Variability in research methodology and recruitment strategies can also play a role in 

inconsistencies of uptake levels.204,205 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.206 A study on PRS testing for 

colorectal cancer reported an overall uptake of 48%.193 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%.196 In comparison, the 

BARCODE1 study recruited participants for PRS testing for prostate cancer by sending invitation 

letters and recorded an uptake of 26%.194 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,195 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.137 

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.207  Future research should assess whether 

https://paperpile.com/c/Z6gCzu/Uf6Ty+GkwHy
https://paperpile.com/c/Z6gCzu/KT5pF+1HMae
https://paperpile.com/c/Z6gCzu/85Z9w
https://paperpile.com/c/Z6gCzu/6B6HO
https://paperpile.com/c/Z6gCzu/DwuCf
https://paperpile.com/c/Z6gCzu/y2Ekf
https://paperpile.com/c/Z6gCzu/9wJri
https://paperpile.com/c/Z6gCzu/qrYho
https://paperpile.com/c/Z6gCzu/oByDT
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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.162,204,208 Although attitude toward 

testing was previously reported as a strong predictor of test uptake in common conditions 

broadly,207 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.205 The review included 115 studies that had provided 

quantitative analysis of subjective and/or objective predictors of genetic testing interest, 

intentions, or uptake.205 There was a broad variety of genetic testing in the studies included in the 

https://paperpile.com/c/Z6gCzu/jwZeJ+44eFl+KT5pF
https://paperpile.com/c/Z6gCzu/oByDT
https://paperpile.com/c/Z6gCzu/1HMae
https://paperpile.com/c/Z6gCzu/1HMae
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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.205 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.5 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,209 

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.210 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 questions.   

 

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 

https://paperpile.com/c/Z6gCzu/1HMae
https://paperpile.com/c/Z6gCzu/ILnsT
https://paperpile.com/c/Z6gCzu/6nLtP
https://paperpile.com/c/Z6gCzu/wDLRf
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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.211 Genetic 

test results in these circumstances have traditionally been delivered in person, largely by genetic 

counsellors.212 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.213 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.214  

 

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 

https://paperpile.com/c/Z6gCzu/jEXRm
https://paperpile.com/c/Z6gCzu/0OBnw
https://paperpile.com/c/Z6gCzu/zZlyz
https://paperpile.com/c/Z6gCzu/GKF33
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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 technique 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.215 It has been reported that absolute risk is 

usually preferred and more accurately understood by the general population than relative risk.216–

218 However, different ways of communicating risk can result in bias and misinterpretation.219 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.220 Pictographs have 

been reported to be especially effective to convey risk information, as well as bar graphs or pie 

charts.221–224 

 

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.213,225–227 Given reporting PRS results is relatively new area, there was 

variability in design amongst many of the reports viewed.  

 

https://paperpile.com/c/Z6gCzu/C2QkX
https://paperpile.com/c/Z6gCzu/fXg4p+H5qeW+aOifS
https://paperpile.com/c/Z6gCzu/fXg4p+H5qeW+aOifS
https://paperpile.com/c/Z6gCzu/gLcI4
https://paperpile.com/c/Z6gCzu/m4DyD
https://paperpile.com/c/Z6gCzu/K40OC+ljueI+VQkfu+Nfmv5
https://paperpile.com/c/Z6gCzu/zZlyz+xEeyX+AshBL+i38Os
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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.228 

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.228 

 

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’.229 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.230  

 

https://paperpile.com/c/Z6gCzu/trLuj
https://paperpile.com/c/Z6gCzu/trLuj
https://paperpile.com/c/Z6gCzu/PGXuk
https://paperpile.com/c/Z6gCzu/aP464
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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.231 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.231 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.232,233 

My Toolbox Genetics is a testing service allowing consumers to access their results through a 

mobile application.234 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.234  

 

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.235,236 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.228 CanRisk is an online tool which combines an individual's PRS with 

personal and family history of breast cancer.237 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.238,239  

 

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.240 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.213 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 

https://paperpile.com/c/Z6gCzu/dWrI1
https://paperpile.com/c/Z6gCzu/dWrI1
https://paperpile.com/c/Z6gCzu/TbZDl+rQZu
https://paperpile.com/c/Z6gCzu/hYgX4
https://paperpile.com/c/Z6gCzu/hYgX4
https://paperpile.com/c/Z6gCzu/QrOiY+Xj2NQ
https://paperpile.com/c/Z6gCzu/trLuj
https://paperpile.com/c/Z6gCzu/Yn4nU
https://paperpile.com/c/Z6gCzu/BBNvY+PBwqr
https://paperpile.com/c/Z6gCzu/Uj9JO
https://paperpile.com/c/Z6gCzu/zZlyz
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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.213 

 

Study (research) Risk format Colour format Included information General 
formatting/other 

 Bell curve - 
relative risk 
 
Pictograph - 
lifetime 
(absolute) risk 

Bell curve  
- Red line indicating 
example of high risk 
- Green line 
representing average 
risk 
Pictograph 
- Pink - empty and solid 
figures 

Interpretation of risk result 
Method 
PRS ranges 
Common variants 
 

Black text 
Simple layout 
 
 

 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 

Information booklet not 
provided to view 
 

Information booklet not 
provided to view 
 

Information 
booklet not 
provided to view 
 

 Pie chart 
Pictograph 
Bar graph 
Scale diagram 
Box plot 
 
Relative risk: 
pie chart, 
pictograph, bar 
graph, box plot 
Absolute risk: 
scale 
diaphragm 

Blue/red - pie 
Blue/red - pictograph 
Yellow/red - pictograph 
Bar graph - red 
Scale diagram - 
orange/red gradient 
Box plot - red 

- Accompanying text 
describing risk in relative and 
absolute terms 

Not described 

 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  

https://paperpile.com/c/Z6gCzu/zZlyz
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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 
- relative risk 
Bar chart - 10 
year risk 

Scale diagram - 
blue/orange/red 
gradient from low to 
high risk 
 
Bar chart - orange base 
risk, blue genetic risk, 
red combined risk 

How to reduce risk 
Find a genetic counsellor 
Activities 
News 

Phone application 

 Text only N/A PRS result 
High risk PRS 
recommendation 

 

Company Risk format Colour format Included information General 
formatting/other 

 Pictograph 
 
Absolute risk 
Remaining 
lifetime risk 
10-year risk 

Multi Pictograph with written 
explanation of result 
Description of condition 
Behavioural change 
recommendations 
General information about 
test 
Scientific details of PRS 
methodology 

Tool illustrating 
the impact of risk 
factors on risk 

 Text 
Line graph - 
breast cancer 
risk (%) vs age 
for individual 
and population 
 
Pictograph - 
5/10/lifetime 
risk 
 

Line graph - blue/black 
Pictograph - pink/black 

Risk category by guidelines 
Mutations 
Inputs 
Extra information 

Multiple tabs 
within web-based 
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 

 Percentage 
remaining 
lifetime risk 
Bar chart - 
population risk 
vs individual 
risk 

Pink/grey/orange Explanation of risk 
Cancer and clinical history 
summary 

4 page report, 
mostly text 

Ambry Genetics - 
AmbryScore236,238,239 

Absolute 
lifetime risk 
(percentage) - 
average or 
increased risk 

Pink/grey   

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.241 

 

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 

https://paperpile.com/c/Z6gCzu/BBNvY+Xj2NQ+PBwqr
https://paperpile.com/c/Z6gCzu/1GTbF
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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,242 graph literacy using the Short Graph Literacy 

Scale and genetic literacy using both the Genetic Literacy Fast Test243 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 question 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,228 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.  

 

https://paperpile.com/c/Z6gCzu/iZL8P
https://paperpile.com/c/Z6gCzu/AJ0DY
https://paperpile.com/c/Z6gCzu/trLuj
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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 
blindness 

Interview time Preference  

≥70 

 

Male European University No 39:22 1. Pictograph 
2. Bell curve 
3. Pie chart 

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. Pie chart 
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. Pie chart 
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. Pie chart 
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) 
Range (0-3) 

 
2.1 (0.9) 
0-3 

Genetic literacy score 
Mean (SD) 
Range (-20 to 46) 

 
24.2 (6.2) 
14-39 

Genetic knowledge  
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Mean (SD) 
Range (0-8) 

7.0 (1.0) 
5-8 

Graph literacy score 
Mean (SD) 
Range (0-4) 

 
2.8 (0.8) 
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..I 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 I 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 I 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 I want to know is what to do with my result. What do I 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.’ 

 

‘I 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 detail 

and emphasis on follow-up or treatment recommendations. One participant felt there was too 

much information included. 

 

‘The section I 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,244 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.168,183 

 

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.245 Studies commonly report lack of 

clinical guidelines as a barrier to PRS implementation.186,246 Although there are currently no 

guidelines for glaucoma which clearly identify follow-up or intervention for each PRS classification, 

https://paperpile.com/c/Z6gCzu/kNRZX
https://paperpile.com/c/Z6gCzu/lmsJ8+VmxZt
https://paperpile.com/c/Z6gCzu/s5Vg3
https://paperpile.com/c/Z6gCzu/tAC6z+bvcLh
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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.247 ,   

 

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.248,249 

 

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.250–252 Our 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.246 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.221,253–255 This 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.256 

However, several studies have demonstrated low confidence in interpreting genomic results 

https://paperpile.com/c/Z6gCzu/U9vyC
https://paperpile.com/c/Z6gCzu/KNYZy+ImplF
https://paperpile.com/c/Z6gCzu/bWZu1+Iq72q+3vDbr
https://paperpile.com/c/Z6gCzu/tAC6z
https://paperpile.com/c/Z6gCzu/yqfOv+K40OC+0jN6P+N1HA3
https://paperpile.com/c/Z6gCzu/D1Ned
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among non-specialists.185,257–262 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.263 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. 

  

https://paperpile.com/c/Z6gCzu/VL4cM+h1Ajo+v3BmE+hj0QX+z2Y6f+UT8Mo+Zw9Za
https://paperpile.com/c/Z6gCzu/2wjiF
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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, I 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 I 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 I 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:S2589-4196(22)00119-3. 

doi: 10.1016/j.ogla.2022.06.009. Epub ahead of print. PMID: 35842105. 

 

I contributed to the study concept and design (25%), data collection (10%), data analysis and 

interpretation (30%), and drafting the manuscript (50%). I 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 and108,110 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.108,128 

  

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.264 

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 ANZRAG144 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 IOP, 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.108 Genotyping was performed on DNA extracted from a peripheral blood sample 

using Illumina Omni1M, OmniExpress or HumanCoreExome arrays (Illumina, 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).265 

  

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.1,2 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.   

https://paperpile.com/c/Z6gCzu/CTik2+PXnUm
https://paperpile.com/c/Z6gCzu/CTik2
https://paperpile.com/c/Z6gCzu/6Ovja
https://paperpile.com/c/Z6gCzu/2blst
https://paperpile.com/c/Z6gCzu/OBll3
https://paperpile.com/c/Z6gCzu/CTik2
https://paperpile.com/c/Z6gCzu/iZ3Jr
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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 

Cohort 

(n = 187) 

Top Decile 

(n = 19) 

Intermediate 

Group 

(n = 149) 

Bottom Decile 

(n = 19 ) 

P-value 

Age at diagnosis 

(years) 

62.64±11.41 59.28±10.79 62.76±11.43 64.48±11.16 P<0.001 

Bilateral 

Trabeculectomy 

(%) 

39.0 52.6 40.2 15.7 P=0.021 

Self-reported sex  

(% Female) 

57.3 54.8 57.8 66.7 P=0.872 

Glaucoma Family 

History (% True) 

62.0 74.4 64.3 57.3 P<0.001 

Highest Recorded 

IOP (mmHg) 

25.39±9.33  26.93±8.26 25.16±8.46  25.29±8.52  P=0.052 

 

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). 
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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 80.9±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.108 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,168 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. 

  

https://paperpile.com/c/Z6gCzu/CTik2
https://paperpile.com/c/Z6gCzu/VmxZt
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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.41 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.266 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 

267–270. Furthermore, 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 108. 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 

https://paperpile.com/c/Z6gCzu/xbspC
https://paperpile.com/c/Z6gCzu/vnzfm
https://paperpile.com/c/Z6gCzu/oQlAc+JK4fE+lLUPW+Ysjgs
https://paperpile.com/c/Z6gCzu/CTik2
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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.100,271 

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.144 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 (Illumina, 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.108 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).265 For clinical translational purposes, the study cohort was stratified into 

https://paperpile.com/c/Z6gCzu/D4pez+sFNQo
https://paperpile.com/c/Z6gCzu/OBll3
https://paperpile.com/c/Z6gCzu/CTik2
https://paperpile.com/c/Z6gCzu/iZ3Jr
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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.272 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.272 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 lme4 

package (version 1.1.28) and statistical tests of significance were performed using the lmerTest 

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.128 

 

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) 

https://paperpile.com/c/Z6gCzu/K9NdG
https://paperpile.com/c/Z6gCzu/K9NdG
https://paperpile.com/c/Z6gCzu/6Ovja
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Gender, male (%)    66 (51.6)    476 (45.3)    393 (44.3)  

Family history of glaucoma (%)    68 (53.1)    625 (59.5)    601 (67.7)  

Number of affected family members with glaucoma (%) 

None    60 (49.2)    425 (42.8)    287 (34.6)  

1    31 (25.4)    275 (27.7)    237 (28.6)  

2    19 (15.6)    129 (13.0)    122 (14.7)  

3     6 ( 4.9)     83 ( 8.4)     85 (10.2)  

4 or more     6 ( 4.9)     82 ( 8.2)     99 (11.9)  

Closest relative affected with glaucoma (%)   

1st degree    48 (39.7)    491 (49.4)    480 (57.8)  

2nd degree    11 ( 9.1)     62 ( 6.2)     51 ( 6.1)  

3rd/4th degree     2 ( 1.7)     15 ( 1.5)     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 IOP (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,273 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 

models 

Family history model 

Effect of a positive 

family history on the 

clinical outcome 

PRS model 

Effect of high-risk 

PRS on the 

clinical outcome 

Combined risk model 

Effect of the 

combination of a 

positive family 

history and a high-

risk PRS on the 

clinical outcome 

Highest-recorded intraocular 

pressure (per 1 mmHg) 

0.92 [-0.09, 1.92] 

P = 0.07 

1.48 [0.51, 2.46] 

P = 0.003 

1.27 [0.19, 2.36] 

P = 0.02 

https://paperpile.com/c/Z6gCzu/naCJJ
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Age at diagnosis (per 1 year) -4.46 [-5.44, -3.48] 

P < 0.001 

-1.48 [-2.44, -0.51] 

P = 0.003 

-3.33 [-4.39, -2.28] 

P < 0.001 

Vertical cup-to-disc ratio 0 [-0.01, 0.02] 

P = 0.42 

0.01 [0, 0.02] 

P = 0.21 

0.01 [0, 0.02] 

P = 0.04 

Mean deviation (per 1 dB) -0.58 [-1.44, 0.28] 

P = 0.19 

-0.81 [-1.64, 0.03] 

0.06 

-1.3 [-2.21, -0.39] 

P = 0.005 

Advanced field loss, defined 

as mean deviation <-15 db 

(odds ratio)a 

1.16 [0.95, 1.42] 

P = 0.14 

1.25 [1.03, 1.52] 

P = 0.02 

1.46 [1.17, 1.81] 

P = 0.001 

Incisional surgery 

(odds ratio)a 

1.40 [1.23, 1.60] 

P < 0.001 

1.36 [1.2, 1.53] 

P < 0.001 

1.47 [1.29, 1.67] 

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.80 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 108 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.270 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.153 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. 

 

https://paperpile.com/c/Z6gCzu/t0fOE
https://paperpile.com/c/Z6gCzu/CTik2
https://paperpile.com/c/Z6gCzu/Ysjgs
https://paperpile.com/c/Z6gCzu/9GANV
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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.270 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.270 Similarly, this study 

showed that family history and PRS were independent measures, explaining on average 10% of 

the effect of first-degree relatives.270 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.108,273 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.130 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.42,47 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.270,274,275 In 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.108We 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.266 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.108 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, but is 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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CHAPTER 8: GENETIC RISK ASSESSMENT OF DEGENERATIVE EYE 
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DIAGNOSIS OF GLAUCOMA AND AGE-RELATED MACULAR 
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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.5,276 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.13 In Australia, vision 

impairment results in significant direct and indirect health care costs, ranking as the seventh most 

costly health condition.14 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.14   

 

Similar to glaucoma, AMD is a common eye condition, with a reported prevalence of 13% in those 

aged over 85 years276 and is predicted to affect 288 million people by 2040.277 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.278 Recognised risk factors for AMD 

include increasing age, smoking and genetic predisposition.276 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,279 while wet AMD is treated with 

intravitreal injections of vascular endothelial growth factor (VEGF) inhibitors, a key modulator of 

neovascularisation.280 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.276 Genetic factors 

may explain variance in disease severity, with heritability estimated at 45-70%.281  

 

Screening for glaucoma and AMD is largely opportunistic, and broad community screening has 

not been demonstrated to be cost-effective.80,81 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.80 

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.282 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.108 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.283 Furthermore, this 

PRS was associated with more rapid disease progression.284,285 The discovery of genetic 

associations has also helped to reveal underlying pathophysiologic mechanisms of AMD, 

exposing potential new treatment targets.286 

 

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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Figure 8.1: Study design  

 
Figure 8.2: Flowchart of PRS calculation framework 

8.2 METHODS 
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8.2.1 Study Design 

This prospective cohort study was approved by the SAC HREC (2020/HRE00968) 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.5,276,277 

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.168 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 

https://paperpile.com/c/Z6gCzu/9kcyC+ILnsT+6XM73
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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 Illumina 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.108 All individuals will have their PRS 

percentile determined from the relevant 1000 Genomes population,287 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 

https://paperpile.com/c/Z6gCzu/CTik2
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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.74 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.144 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,32 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.32 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 (⍺=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,283 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,289 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,283 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 
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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 
- Mean (standard deviation) 
- Median  

 
50 - 99 
70.9 (9.7) 
71 

Gender 
- Female 
- Male 

 
613 (57.7) 
449 (42.9) 

Ethnicity 
- European 
- Asian 
- Hispanic 
- Middle Eastern 
- Mixed ethnicity 
- Unknown 

 
971 (91.4) 
26 (2.4) 
2 (0.2) 
3 (0.3) 
13 (1.2) 
46 (4.3) 

Family history of glaucoma 
- Yes 
- No  
- Missing  

 
285 (26.8) 
708 (66.7) 
70 (6.6) 

Family history of AMD 
- Yes 
- No  
- Missing  

 
159 (15.0) 
800 (75.3) 
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,290 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.290 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).291 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). 

 

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.  

 

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). 

  

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.5 Both 

conditions are highly heritable, with recognised Mendelian and complex inheritance.43,292,293 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.80 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.80 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.136 For glaucoma, risk factors include increasing age, family history of glaucoma, 

African ancestry, and elevated IOP.33,53 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.41 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.146 More recent data 

indicates that PRS provides a more accurate representation of risk with family history in an 

Australian population based study.108 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.72,294 PRS provides a more 

accurate estimation of risk than traditional methods alone, with risk prediction optimised when all 

factors are combined.108 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.286 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.295 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.89,128 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.128 At present, genetic testing for AMD is not recommended and exists predominantly 

in research contexts.197,286,296 Direct to consumer tests incorporating various PRS tests for both 

diseases are available, however these lack prospective evidence demonstrating their 

effectiveness.297,298 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.168,183 Although PRS 

testing for glaucoma was theoretically accepted, a number 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 IOP-

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.299 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.300 

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.301 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.168,183 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.168 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.   

https://paperpile.com/c/Z6gCzu/VmxZt
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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.302 The causes of vision 

loss are broad and vary between demographics, particularly between low- and middle-income 

regions compared to high-income regions.302 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.302 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.303 Of the conditions resulting in vision impairment, glaucoma is the most 

common cause of irreversible vision loss.5 A meta-analysis and systematic review reported a 

worldwide prevalence of primary open-angle glaucoma of 2.4% globally.11 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.10 According to 

Australian statistics, prevalence has been stable since 2007, reflecting the limited impact of 

environmental factors on the development of glaucoma.304  

 

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.305 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.305 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.32 Despite being the most common 

cause of irreversible vision loss worldwide, glaucoma remains under-recognised.60 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.306,307  

 

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 IOP, faster visual field progression, larger cup-to-disc ratio, 

increased need for trabeculectomy, and earlier initiation or escalation of 

treatment.110,112,128,129,273,308,309 Despite 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, 

https://paperpile.com/c/Z6gCzu/iH7pV
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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.139 This 

may stem from lack of knowledge, fear of potential results, and distrust in the healthcare 

system.139 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.137,139,140,209 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.147 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.310 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.166 Similarly, a systematic review found variable changes in lifestyle and 

screening behaviours associated with PRS information.311 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,311 however more positive health 

behaviour is seen in studies where behaviour change theory is considered in communicating 

polygenic risk.312 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.108,120,128 This 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.308 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.108 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,168 highlights the potential utility of genomic risk stratification in this disease.  
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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%.137,193–196 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.162,183,204,208 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.313 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.128  
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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.314–316 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.315 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.217,317  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.316 

 

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.310 

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.318 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.  
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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.141 In a study from the UK, 49% of 

GPs were not familiar with the concept of PRS.143 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.142,186,259,260,262,319–322 Lack 

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.142  

 

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.323 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.324–329 Similar results have been replicated for colorectal cancer, where the addition 

of PRS to existing risk models as improved AUC and risk classification.330–335 Again, the addition 

of PRS to prostate cancer risk models were improved, demonstrating higher AUC and risk 

classification.336–339 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.340 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.349 Over 80% of Australians see a GP for at least one consultation 

each year.349 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.193,310,350–352 Healthcare professionals in this thesis indicated 

https://paperpile.com/c/Z6gCzu/QZpXt
https://paperpile.com/c/Z6gCzu/Mh0sE+xy1bc+Ira3I+gdlHA+EPsqI+1VmVn+NIeK7+HzxtT+kKzk9
https://paperpile.com/c/Z6gCzu/Av9Es
https://paperpile.com/c/Z6gCzu/Av9Es
https://paperpile.com/c/Z6gCzu/rSjWd+NiszM+6B6HO+CqNtL+nBApx


 

186 

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).142,192 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.353 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.142,192 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.244  

 

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.128 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.192 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.244 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 

https://paperpile.com/c/Z6gCzu/SwEOX
https://paperpile.com/c/Z6gCzu/kNRZX
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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.354 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.355 

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 

https://paperpile.com/c/Z6gCzu/LomtS
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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,356 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.310 Several private companies now offer polygenic risk testing. One 

Australian company offers PRS testing for cancer and cardiovascular risk priced at AUD $795.357 

Approximately one in four Australians live in rural and remote areas.358 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.358 These include higher rates of 

hospitalisations, deaths and injury, as well as poorer access to primary health care services.358 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.359 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 

https://paperpile.com/c/Z6gCzu/UK4v3
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replicating human behaviour.360 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.361,362 Several studies are looking developing algorithms for each parameter 

including IOP,363 optic disc photography,364–368 OCT,369–376 anterior segment OCT,377,378 visual 

fields,379–383, and combined approach.384 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.385 The Australian 

government has clear criteria for deciding whether a new population screening program should 

be introduced.385 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.385 

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.385 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’.386 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 

https://paperpile.com/c/Z6gCzu/76Lwp
https://paperpile.com/c/Z6gCzu/dMnTC+wEaaO
https://paperpile.com/c/Z6gCzu/urdPq
https://paperpile.com/c/Z6gCzu/FHQkZ+BMXNI+C6WmR+JwxBE+WCo5G
https://paperpile.com/c/Z6gCzu/mXNFq+8ZRWu+ZOQ0n+8GHov+iLTY3+Ny98a+ZHZ4i+qAzhn
https://paperpile.com/c/Z6gCzu/9Vntn+Y7Bmw
https://paperpile.com/c/Z6gCzu/yn87Y+PoQJi+bVlVX+t1rTD+sXr3H
https://paperpile.com/c/Z6gCzu/8WJxa
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test.386 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.386 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.387 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.388–391 In 

Canada, the Genetics Nondiscrimination Act (2017) prevents genetic test results from being used 

in all insurance policy decisions.389 The UK Code on Genetic Testing and Insurance bans the use 

of all predictive genetic test results, except for Huntington disease.392  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.393 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.138,209 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.184,189,394,395 A study 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.310  Multiple studies have identified the impact of genomic testing on life insurance to be a 

significant concern to consumers.137,193,251,350,352,356 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.396 This includes recognising the importance 

of professional involvement and education, the need for robust evidence, and necessity for 

consumer information and support.396 Government response to testing will continue to evolve, 

and will be unique 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. 

https://paperpile.com/c/Z6gCzu/SAjz3
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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.53 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.54 

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.397 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 

https://paperpile.com/c/Z6gCzu/KnAql
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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.137 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.310 Furthermore, 

patients have expressed an expectation that the PRS test should have an accuracy (of estimating 

disease risk) of at least 90%.310,398 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 

https://paperpile.com/c/Z6gCzu/qrYho
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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.399 

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.137,193,352,400 PRS 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.401 The lack of 

diversity in the studies remains to be a key shortfall.402 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.403 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, I 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
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Appendix A.2: Unaffected individual invitation letters and questionnaire
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Appendix A.3: Healthcare Professionals’ questionnaire 
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APPENDIX B: REPORTING RESULTS QUESTIONNAIRE 
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APPENDIX C: MOCK REPORTS
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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 I 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 I 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). 

2. There are no right or wrong answers. 

3. You do not have to speak in a particular order (focus group only) 

4. You do not have to agree with the views of other people in the group (focus group only) 

5. Do you/Does anyone have any questions? (answers). 

 

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?  

- If yes, did you find it useful? 

- What did you like about the report? 

- What didn’t you like about the report 

 

First Impressions 

- What is 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 I would like to finish by summarising the key ideas that I 

have heard.  
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Is there anything I 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) 

- Can you 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 
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APPENDIX F: SUPPLEMENTARY FIGURES 

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). 
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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)’. 

 

 

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)’.  
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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) 

A lot: 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 questions 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 

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 

-    Would rather know/to prepare for the future 

-    Medical advice - if your doctor or optometrist recommended the test 

  

  

  

  

326 (78.0) 

  

267 (63.9) 

231 (55.3) 

  

145 (34.7) 

270 (64.6) 

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 

-    Would rather not know if at risk 

-    Concerns about cost 

-    Concerns about attending ongoing follow-up appointments 

-    Concerns regarding whether it could affect insurance 

-    Concern regarding whether it could affect employment 

-    Concern regarding confidentiality 

-    No concerns 

  

  

  

  

124 (29.7) 

12 (2.9) 

177 (42.3) 

85 (20.3) 

87 (20.8) 

55 (13.2) 

47 (11.2) 

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 

I 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 

I 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 
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APPENDIX H: FIRST AUTHORED PUBLICATIONS 

 

Publication 1: Attitudes towards polygenic risk testing in individuals with glaucoma 
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Publication 2: Attitudes towards glaucoma genetic risk assessment in unaffected 

individuals 
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Publication 3: High polygenic risk is associated with earlier trabeculectomy in primary 

open-angle glaucoma 
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Publication 4: Genetic Risk Assessment of Degenerative Eye Disease (GRADE): study 

protocol of a prospective assessment of polygenic risk scores to predict diagnosis of 

glaucoma and age-related macular degeneration 
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