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Thesis Abstract 

This thesis presents the outcomes of research work whose focus lies on the development 

and investigation of new approaches in 3 technologies: perimetry, ocular coherence 

tomography and retinal implants for the purposes of vision restoration. The thesis is 

separated in 3 sections: 

Section 1 consists of a series of studies related to perimetry and glaucoma. The initial 

investigation of the rate of VF deterioration in patients with different stages of glaucomatous 

loss showed the relatively low proportion of patients with rapid progression highlighting the 

effectiveness of current treatment plans. However, the large proportion of patients with 

advanced field loss presented for the first time emphasised the need for earlier detection of 

the disease. The following studies focused on the development and evaluation of a new 

computer-based visual field (VF) self-administered test for enhanced case-finding of eyes 

with glaucomatous VF defects. Online VF self-tests were identified and undergone usability 

evaluation to identify design and testing features that are more attractive to users; such a 

feature, for example, was the presentation of multiple stimuli. The results of that study were 

implemented into the design of the new test: a multiple stimulus supra-threshold (i.e. 10dB 

above age-matched normal threshold) algorithm to test a 20 location subset of the 24-2 

pattern with a multisampling (i.e. 3 seen or missed, maximum 5 trials) technique. The 

performance evaluation of the new test reported specificity at 97% and sensitivity at 85-90%, 

depending on the stage of loss. Section 2 introduces the new technology of non-invasive 

angiography by means of ocular coherence tomography. Five studies utilising ocular 

coherence tomography angiography (OCTA) report and discuss the newly acquired 

knowledge of the eyeôs vasculature in pathologies, such as diabetic retinopathy or age-

related macular degeneration. OCTA proved to be a quick and non-invasive mean for 

angiographic analysis,  although drawbacks, such as artefacts or  limitations in image 

acquisition and processing, make it harder to introduce OCTA as a replacement of fundus 

fluorescein angiography (i.e. the clinical standard for the visualisation of the eyeôs 

vasculature). At the end of the section, the potentials of this new technology and future 

research pathways are thoroughly discussed.  
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The last section describes a clinical trial that evaluates the safety and efficacy of the Argus II 

retinal implant in patients with advanced non-exudative age-related macular degeneration. 

The presented results emphasise the structural alterations that the implantation caused and 

the inability of the functional testing to detect any benefits of the Argus II system to the 

implanted eyes. The section concludes with a critical review of the studyôs protocol, 

highlighting its strengths and weaknesses.  
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Executive Summary 

 

Given the special nature of this doctorate work, an executive summary has 

been included to provide further details to the readers on how the undertaken 

work fits together and to clarify the authorôs contribution to each study. 

The reported work spans across a period of approximately 4 years; from 

January 2014 to October 2017. During this period research time was split 

between two research labs: Prof David Hensonôs team with an expertise in 

visual fields (VF) and active collaborations with glaucoma consultants and 

Prof Paulo Stangaôs Manchester Vision Regeneration (MVR) Lab which 

undertakes research in pathologies of the posterior pole (ie. vitreoretinal 

diseases); all research was conducted at Manchester Royal Eye Hospital 

(MREH) premises. 

Research work at the doctorate level during collaboration with Prof Henson 

was an extension and further development of the work undertaken at the 

Masters level in 2012. Initially, the VF database of MREH was utilised to 

investigate rates of VF progression in patients with a sole diagnosis of 

glaucoma. The results showed that patients progress at a relatively slow rate 

under routine clinical management; however, the proportion of those 

presenting with advanced disease for the first time is relatively high. This 

outcome highlighted the issue of detection in glaucoma. The following 

research steps focused on the development of a portable computer-based 

VF self-test that could potentially tackle the above-mentioned issue. 
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Particular focus was given to the usability of the new test. One of the 

undertaken studies investigated online VF self-tests that were available in 

2014, where perimetry experts and lay participants were asked to test 

themselves and identify usability features that they preferred. Those features 

were implemented in the design of the new self-test whose performance was 

evaluated by means of VF defect simulation; a technique that was developed 

by the author. This research process, or in other words this series of studies, 

is presented in Section 1 of this thesis. All research ideas and design, data 

collection, analysis and interpretation belong to the author, with the kind 

guidance of his supervisors. 

Sections 2 and 3 involve the work that was undertaken under the supervision 

of Prof Stanga. The second section, in particular, brings together research 

studies with the recently introduced technology of Ocular Coherence 

Tomography Angiography (OCTA). The MVR Lab was in close collaboration 

with Topcon (Topcon Corp., Tokyo, Japan) that provided its OCTA devices 

for qualitative evaluation of their performance. This provided a great 

opportunity for the author not only to expertise in a different means of a 

pioneering imaging technology (i.e. the OCT) but also to expand his 

knowledge outside the world of glaucoma and into the vitreoretinal diseases. 

In all studies, but one, the authorôs contribution was restricted to the design 

of the study protocols, data collection and statistical analysis. Research 

questions were set by the clinicians of the team as well as a significant 

contribution to the interpretation of the data; given the authorôs initial lack of 

expertise on retinal pathologies. The study involving the measurement of the 

foveal avascular zone and its association with the stage of diabetic 
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retinopathy was an idea of the author with the kind help of Dr Francesco 

Stringa and Prof Paulo Stanga for the interpretation. This second section of 

the doctorate work offered the opportunity to the author to explore the 

benefits and drawbacks of the OCTA technology (thoroughly reported 

through the second section of this thesis), develop critical review over novel 

hardware and software and suggest potential improvements to future 

versions of the technology. 

One of the most important collaborations of the MVR Lab was with Second 

Sight (Second Sight Medical Products Inc., Sylmar, California, USA) and the 

clinical trial for the evaluation of the Argus II Epiretinal Implant in patients 

with advanced non-exudative age-related macular degeneration; MREH 

being the first and only centre worldwide. This collaboration provided another 

great opportunity for the author considering his role in this study. Although 

the study protocols were provided by Second Sight, the author had 

significant contribution into the collection of all structural and functional data, 

the analysis and interpretation, as well as the reporting and decision-making 

for the adoption of different tests and techniques that would suit the needs of 

this clinical trial. Section 3 presents the results of the first 12 months of the 

study and includes a thorough discussion on the study outcomes, highlights 

flaws of the study design and suggests directions for future research on the 

field. 
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Development and Evaluation of a Computer-Based Visual 

Field Self-Test for Glaucoma Screening Purposes 
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1.1 Glaucoma ï óThe Silent Thief of Sightô 

 

Visual perception is considered to be the most significant and important 

sense for humans. The eyes gather approximately 80% of the total 

information that is transmitted to the brain from various sense organs. 

Hence, adequate visual function is highly associated with good quality of life. 

Glaucoma is one of the top three ocular disorders worldwide that can lead to 

severe visual impairment.[1-3] The term of glaucoma describes a group of 

optic neuropathies whose clinical characteristics are the progressive loss of 

retinal ganglion cells (RGCs). It is associated with changes in the structure of 

the optic nerve head (ONH) and the retinal nerve fibre layer (RNFL) and 

specific functional defects to the visual field (VF).[4] It is often, but not always, 

associated with high intraocular pressure (IOP).[5, 6] It is usually slowly 

progressive and in its early stages asymptomatic. Unfortunately, the 

structural and functional damage caused by glaucoma is irreversible. Once 

detected it requires life-long management with medication and/or surgical 

intervention to decelerate, or even stop, further progression of the disease. If 

left untreated it can lead to visual impairment and blindness.[7-12] 

The prevalence of glaucoma increases with advancing age, affecting 1.5% 

over 40 years and 4% over 75 years of age.[13] Important risk factors include 

race and family history of glaucoma; see Figure 1.1 for a detailed list of risk 

factors associated with open-angle glaucoma.[14] After taking into 

consideration these risk factors, the National Health Services (NHS) in the 

UK established schemes that offer free annual eye tests for first degree 
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relatives of glaucomatous patients over the age of 40 and for patients more 

than 60 years of age.[15] 

 

 

Figure 1.1: List of risk factors associated with open-angle glaucoma, Boland 

and Quigley (2007)[14] 

 

 

1.1.1 Pathophysiology of Glaucoma 

The progressive loss of RGCs and gradual degeneration of the optic nerve 

(ON) are the main characteristics of glaucomatous optic disc neuropathies. 

Multiple elements are believed to have an important role in glaucomaôs 
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pathophysiology. According to various theories, factors like elevated IOP and 

vascular dysregulation contribute to the glaucomatous atrophy of one of the 

RGCsô basic compartments, the axons, at the lamina cribrosa.[16] These two 

elements can result in the alteration of the ON microcirculation and cause 

changes in the laminar glial and the connective tissue at the level of the 

lamina.[17] The ñcupping of the optic discò is a characteristic change in the 

ONH and an indication of where RGC axons have been lost (see figure 1.2). 

Death of RGCs in glaucomatous human eyes occurs by apoptosis, a 

programmed cell death process that takes place without any inflammation.[18]  

 

                 

Figure 1.2: Colour photographs of a normal eye (left image) and a 

glaucomatous eye with cup enlargement (right image), Spry and Harper 

(2010)[19] 

 

High IOP seems to have a role in RGC apoptosis; however, it is still unclear 

how important that factor is. There is good clinical evidence showing that an 

IOP reduction often helps to decelerate the progression of degenerative 

structural changes. However not all glaucoma patients present with high IOP. 

Various studies have showed that only one-third to half of the glaucomatous 
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study population presented with elevated IOP at the early stages of the 

disease.[20, 21] On average, 30-40% of patients with glaucomatous VF defects 

have normal values of IOP when diagnosed.[22] Thus, an elevated level of 

IOP is now believed to be a major risk factor for glaucoma, rather than the 

cause of the disease. 

The finding that therapeutic control of IOP in many cases is not sufficient and 

also that glaucomatous changes have been observed in individuals with 

normal IOP suggest a critical role of other factors in the induction and 

progression of degenerative changes. Circumstantial evidences point 

towards an association between vascular insufficiency and glaucoma. A 

positive association of glaucoma has been observed with dysregulations of 

cerebral and peripheral vasculature, such as migraine and peripheral 

vascular abnormalities respectively.[23-26] For the proper understanding of this 

association between glaucoma and vascular deficiency, we need to 

comprehend the differences in the autoregulatory mechanism between a 

healthy and a glaucomatous eye. 

The high metabolic demands of the vital parts in a healthy eye are met by the 

constant blood flow in the retina and the ONH. For the maintenance of a 

constant rate of blood flow an efficient autoregulatory mechanism operates 

over a wide range of day-to-day fluctuations in ocular perfusion pressure that 

is dependent on both the systemic blood pressure and IOP.[27] These 

autoregulatory mechanisms are not as vigorous in aging individuals as in 

youth. Therefore, deficient autoregulatory mechanisms leading to ischemia 

may contribute to the development of glaucomatous neuronal damage with 

increasing age. Glaucoma patients have been shown to have a chronically 
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reduced ONH and retinal blood flow, especially in people being diagnosed 

with low systemic blood pressure leading to reduced ocular perfusion 

pressure.[28-30] Thus, reduced diastolic perfusion pressure is now recognised 

as another significant risk factor for glaucoma.[31] The progressive decline in 

cerebral and ocular perfusion that has been observed with increasing age 

supports the definition of glaucoma as an age-related disease.[32, 33] 

 

 

1.1.2 Classification and Types of Glaucoma 

There is, actually, no simple mutually exclusive classification system for 

glaucoma; that in part reflects the lack of understanding of the 

pathophysiologic processes. Types of glaucoma can be classified in many 

ways. For instance, classification can be based on aetiology (primary and 

secondary), occurrence type (chronic and acute) and the outcome of 

gonioscopy (open- and close- angle) and IOP measurement (normal and 

hyper- tension).[34] Primary glaucoma, either open-angle (POAG) or 

close-angle (PACG), accounts for over 90% of the total glaucomatous cases 

observed worldwide.[35] 

The time of onset may also be used to specify the type of a glaucomatous 

condition. Glaucoma cases of late onset are the most common and the 

average age of detection is approximately 65 years of age.[34] Those of early 

onset include congenital or developmental glaucoma cases with the most 

representative condition being juvenile open-angle glaucoma (JOAG); a rare, 
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often inherited condition that affects 1 in 10,000 infants and develops after 

the 3rd year of life.[36] Lastly, glaucoma can be classified as genetic or 

acquired.[34] Congenital or infantile glaucoma is evident either at birth or 

within the first few years of life. 

There are three broad types of glaucoma: POAG, PACG and secondary 

glaucoma. American Academy of Ophthalmology defines POAG as ña 

progressive, chronic optic neuropathy in adults in which IOP and other 

currently unknown factors contribute to damage and in which, in the absence 

of other identifiable causes, there is a characteristic acquired atrophy of the 

ON and loss of RGCs and their axons. This condition is associated with an 

anterior chamber angle that is open by gonioscopic appearanceò therefore 

allowing aqueous to access the trabecular meshwork. POAG is the most 

common type of glaucoma in Europe accounting for more than 80% of 

primary glaucoma cases.[37] 

As mentioned above, the closure of the anterior chamber caused by multiple 

mechanisms is associated with PACG. Pupil block is an important factor for 

the pathogenesis of the majority of PACG patients. The pressure in the 

posterior chamber is higher than the anterior chamber causing the bowing of 

the iris, therefore blocking the trabecular meshwork and the outflow of the 

aqueous humor. As a result, IOP is elevated which can potentially lead to the 

damaging of the RGC fibres.[38-40] 

Secondary glaucoma includes conditions such as pigmentary glaucoma, 

pseudoexfoliative glaucoma and uveitic glaucoma. Pigmentary glaucoma is 

associated with pigment dispersion syndrome which is an iris and ciliary 
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body disorder. The mechanical pigment liberation from iris pigmented 

epithelium causes the clogging of the angle and the reduction of the aqueous 

outflow. Glaucoma secondary to pseudoexfoliation syndrome (PXF) is called 

pseudoexfoliative glaucoma and is caused by the accumulation of 

fibillogranular material that reduces the outflow of the aqueous humor. 

Cases with blunt trauma to the globe can lead to raised IOP and traumatic 

open-angle glaucoma. There are various mechanisms that act on this type of 

secondary glaucoma; from angle scarring and physical damage to the 

obstruction of the aqueous outflow by debris. Uveitic glaucoma is associated 

with various uveitic conditions in the anterior or intermediate part of the eye. 

As expected, there is reduction in the aqueous outflow either by trabecular 

changes or trabecular obstructions. Other secondary types of the pathology 

are neovascular glaucoma, which is associated with irregular vessel growth, 

and aphakic glaucoma which develops in aphakic patients, mostly after 

cataract surgery. [19] 

 

 

1.1.3 Epidemiology of Glaucoma 

Glaucoma affects more than 60 million people worldwide with an estimated 

8.4 million people being blind due to the disease (table 1.1). Women are 

affected more than men representing 59% of all glaucomatous cases, while 

the Asians are the largest group affected, comprising 47% of the total 

population with all types of glaucoma and 87% of PACG. The prevalence of 
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glaucoma is projected to increase due to population growth and longer life 

expectancy; it is estimated that, by 2020, 76 million people will be affected by 

the disease while 11.2 million will be severely visually impaired.[35, 41] 

 

World 

region 

Total 

glaucoma 

Total population 

>40 

Ratio glaucoma to population 

>40 

China 15,782,196 593,278,000 2.66% 

Europe 12,064,740 541,993,000 2.23% 

India 11,944,896 468,426,000 2.55% 

Africa 6,458,023 149,408,000 4.32% 

Latin 

America 
5,677,158 169,215,000 3.35% 

SE Asia 4,257,620 178,899,000 2.38% 

Japan 2,662,446 72,007,000 3.70% 

Middle East 1,618,718 110,094,000 1.47% 

World 60,465,796 2,283,320,000 2.65% 

Table 1.1: Number of people worldwide with glaucoma  in 2010, Quigley et 

al (2006)[35] 

 

Glaucoma is the second leading cause of blindness globally, after cataract.  

2010 estimates reported that 4.5 million people were blind due to POAG and 
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3.9 million were blind due to PACG; the risk of blindness being greater for 

PACG than POAG.[37] 

It is estimated that in the UK about 2% of people over 40 years of age have 

POAG and this number rises to approximately 10% in people over 75 years 

of age. There are approximately 480,000 people affected by POAG in 

England and around 10% of total UK blind registrations are due to 

glaucomatous optic neuropathy. The number of people affected by glaucoma 

is expected to rise with changes in UK population demographics.[42] 

 

 

1.1.4 The Structure ï Function Relationship in Glaucoma 

It seems reasonable to assume a relationship between the amount of RGC 

loss and degree of visual dysfunction. The classic teaching is that for the 

assessment of a glaucoma patient a clinician should look for an agreement 

between structural changes at the ONH and functional changes to the VF. 

When this is identified, glaucoma can be confidently diagnosed. If there is a 

mismatch then other diagnoses should be considered. Although the site of 

primary damage is still in debate, loss of a group of nerve fibres and death of 

the corresponding RGCs will typically produce defined scotoma that should 

match the topography of the dysfunctional retinal nerve fibres. However, 

clinical cases have shown that it does not always work this way in early 

cases and clinicians can find that the match between the structural 
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appearance and the functional loss is not always as good as might have 

been expected.[43] 

Early research work reported that structural loss occurs before functional 

changes in vision can be detected.[44-46] However, the frequently quoted 

notion, that at least 25% of RGCs are lost before any functional loss is 

evident, has been challenged by many later reports. Studies by Harwerth et 

al. used primates with experimentally induced glaucoma to demonstrate that 

there is a linear relationship between structure and function when both are 

plotted on a log scale[47] and that the relationship strengthened significantly 

when retinal eccentricity was taken into account.[48] However, this study, 

along with other studies, used primates where glaucomatous damage ranged 

from mild to very severe. A study of longitudinal VF change in glaucoma 

found a poor relationship between perimetry and optic disc change and 

concluded that function and structure provide largely independent measures 

of progression.[49] Nonetheless, while there may be a significant association 

between these two parameters when looking at a wide range of field loss, 

when we look at patients with early damage it is clear that the relationship 

between the two measures is less obvious.[50] The ideal diagnostic test would 

show a significant relationship between psychophysical threshold and RGC 

density in early glaucoma or, more impressively, in normal subjects.[51]  

The different test strategies employed for perimetry and imaging provide an 

inherent problem in combining and comparing structure and function. As VFs 

are normally reported on a logarithmic scale and the nerve fibre layer on a 

linear scale, the relationship between the two is unlikely to be linear. A small 

change in sensitivity thresholds represents a much greater change than the 
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associated nerve fibre layer changes measured in microns on a linear scale. 

Typically, in early stages of glaucoma, structural loss appears greater than 

functional loss, while in advanced cases it seems as if functional loss still 

progresses when further structural loss is no longer apparent. However, 

more sensitive techniques for the assessment of early functional loss and 

better measurement of individual RGCs might produce different results with 

the two running in parallel. What is more, RGC dysfunction prior to actual 

death of the cell may play an important role in cases where functional loss 

appears to occur first.[43] 

The sensitivity of diagnostic tests to early glaucomatous damage depends on 

relative variation of results in healthy controls and initial structural and 

functional status. A study from Gonzalez-Hernandez et al. (2009) examined 

the structure-function relationship of glaucoma in 228 controls and 1007 

glaucoma suspects and glaucoma patients of different severity.[52] They 

observed that when the analysis is performed independently for the initial 

and advanced stages of glaucoma no curvilinear relationship is 

demonstrated. Furthermore, scatter plots between mean RNFL thickness 

and mean VF sensitivity showed the inter-individual morphological variability 

in early stages of the disease, thus reducing the strength of the association 

between structural and functional loss (figures 1.3 and 1.4). They concluded 

that the determination of the degree of functional damage based on 

structural data is not possible; patients with very mild or no functional 

damage demonstrate morphological values which are close to normal. 

Therefore, it is better to detect glaucoma by looking for changes over time, 
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assessing both structure and function of a glaucomatous patient or a 

glaucoma suspect. 

 

 

Figure 1.3: Scatter plot of the whole sample between mean sensitivity (MS) 

ï standard automated perimetry (SAP) and mean retinal nerve fibre layer 

(RNFL) thickness ï Heidelberg Retinal Tomograph, Gonzalez-Hernandez et 

al. (2009)[52] 
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Figure 1.4: Scatter plots of mean sensitivity (MS) vs retinal nerve fibre layer 

(RNFL) thickness in cases with MS higher (left) and lower (right) than 22.42 

dB ï breakpoint identified by piecewise linear regression. The high variability 

in structural measurements among individuals at early glaucoma stages is 

obvious, Gonzalez-Hernandez et al. (2009)[52]  

 

 

1.1.5 Diagnosis and Monitoring of Glaucoma 

The diagnosis of glaucoma is based upon the identification of typical 

structural changes at the ONH with corresponding functional evidence of 

damage to the VF. The assessment of more than one parameter is essential 

for the early diagnosis of the disease. Those with isolated early structural 

changes or early VF loss are classified as glaucoma suspects, and they are 

followed-up at specific time intervals to monitor their status before being 

discarded (i.e. disease-free) or diagnosed (i.e. disease onset). The National 

Institute for Health and Clinical Excellence (NICE) in the UK has published 
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guidelines for the screening and monitoring of glaucoma. In these guidelines, 

NICE recommends the assessment of the ON structure, the VF function and 

the IOP along with central corneal thickness measurement and the 

appearance of the anterior chamber angle for the correct diagnosis of 

glaucoma and recognition of eyes at risk of developing the disease.[42]  

Direct ophthalmoscopy offers a magnified view of the optic disc, but the view 

is not stereoscopic with limited ability to see changes in the depth of tissues 

at the ONH. The NICE recommendation for the assessment of the ONH is to 

use stereoscopic slit lamp biomicroscopy. The examination should include 

the dilation of patientôs pupil for the accuracy of the assessment as ocular 

co-pathology may be missed. NICE accepts that stereophotography 

accompanied with bio-microscopic slit lamp examination is not always 

practical. However, it recommends the obtaining of an optic disc image at 

diagnosis for baseline reference. The variability in inter-observer agreement 

of the optic disc assessment has driven research and clinical practice 

towards more objective assessment techniques such as the confocal 

scanning laser ophthalmoscopy (Heidelberg Retina Tomograph; HRT) and 

Ocular Coherence Tomography (OCT). 

The use of RNFL measurements for the diagnosis of glaucoma has 

increased considerably, since the development of OCT imaging techniques. 

Originally called optical coherence interferometry, OCT was firstly introduced 

in 1991[53]. A large number of studies reporting the diagnostic accuracy of 

TD- OCT have shown higher specificities, approximately 90%, than 

sensitivities, typically ranging from 70% to 90%.[54-58] A few more studies 

comparing time- and spectral-domain OCT (TD- and SD-OCT, respectively) 
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have reported similar or slightly better diagnostic accuracy with the latter.[59-

63] 

The confocal scanning laser ophthalmoscopy, developed by Heidelberg 

Engineering (Heidelberg, Germany), uses a diode laser beam that scans the 

ONH and provides measurements of ONH topography. It then generates a 

number of stereometric parameters, such as rim area, cup area, cup-to-disc 

ratio etc. The device has good glaucoma discriminatory ability, which is 

comparable to optic disc assessment by glaucoma experts.[64, 65] The latest 

version of this technology, the HRT III, offers a large normative database and 

advanced analytical tools, such as the Moorfields Regression Analysis[66] and 

the Glaucoma Probability Score[67], which improve the diagnostic accuracy of 

the instrument[68]. Nonetheless, the severity of VF loss has a significant 

influence on the diagnostic performance of all imaging instruments (both 

HRT III and OCT), with more severe stages being associated with higher 

sensitivity.[69] 

The evaluation of the functional status in a suspected eye is essential for the 

diagnosis of glaucoma. The clinical method for the assessment of a patientôs 

VF is called perimetry. NICE recommends the most widely used technique 

for VF testing, the Standard Automated Perimetry (SAP), with central 

thresholding test. Perimetry is invaluable to glaucoma management as it is 

the only method to reflect functional changes. An agreement between 

functional and structural changes/loss gives more confidence to glaucoma 

diagnosis, whereas a mismatch might indicate other ocular disorders. As 

functional changes are at the epicentre of this study, more details on the 

evaluation of VFs are given in section 1.1.7. 
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Goldmann applanation tonometry (slit lamp mounted) is considered to be the 

reference standard in IOP measurement. As mentioned previously, high IOP 

has been identified as an important risk factor for developing glaucoma but 

cannot be used to accurately discriminate between normal subjects and 

patients with glaucoma or quantify the disease severity. The normal upper 

limit of IOP is taken to be 21 mmHg.[70] However, numerous studies have 

reported on the positive relationship between age and IOP value and also 

the higher prevalence of increased IOP in black populations in comparison to 

whites. There are also diurnal changes in IOP, where IOP normally peaks 

early in the morning with a trough in the afternoon. These changes have 

been reported to be more evident in open-angle glaucoma (OAG) patients 

than normal-tension glaucoma patients and normal subjects.[71] Another 

shortcoming of IOP measurement alone for glaucoma detection is the 

influence of central corneal thickness and the anterior chamber configuration 

on IOP values. Therefore, NICE recommends supplementary tests to 

measure the central corneal thickness and assess the configuration and 

depth of peripheral anterior chamber. 

Precise knowledge of the state of the anterior chamber angle is essential for 

the diagnosis of angle closure glaucoma. The process of gonioscopy 

involves the use of a goniolens (or gonioscope) in cooperation with a slit 

lamp to gain a view of the anatomical angle formed between the eyeôs 

cornea and iris. This iridocorneal angle defines the type of the disease 

(open- or closed- angle glaucoma) and its management. Recent 

developments in OCT have also allowed the use of this technique for the 

assessment of the anterior chamber angle. Central corneal thickness has 
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been identified as a risk factor for converting from ocular hypertension (OHT) 

to OAG.[5] The measurement of corneal thickness, also called corneal 

pachymetry, has been proven to be an indicator of glaucoma development 

when combined with standard measurements of IOP. The process of corneal 

pachymetry involves ultrasonic and optical methods with contact and non-

contact techniques. NICE guidelines recommend the measurement of central 

corneal thickness by both contact and non-contact methods, although it 

recognizes that contact measurement techniques may be associated with 

potential corneal injury or transmission of infection.[42] 

Glaucoma is a lifelong condition with variable clinical features. Thus, 

follow-up is required to evaluate rates of progression, long-term risk of 

impairment and suitability of current management. The maintenance and 

availability of reliable records is necessary for the coherent continuity of the 

health care. NICE recommends the assessment of four parameters in a 

single visit: 1) the IOP levels, 2) the structural appearance of the ONH, 2) the 

visual function and 4) the configuration of the anterior chamber depth.[42] The 

process of examination is the same as that for diagnosis, apart from the 

parameter of iridocorneal angle where, given that gonioscopyôs accurate 

results have been recorded on diagnosis, Van Herrickôs test is preferred for 

follow-up assessment due to its time-effective advantage. If a change in the 

ONH status is observed, a new image should be obtained for the patientôs 

records for future assessments and comparisons. Central corneal thickness 

measurement is repeated only in cases where a change is suspected, e.g. 

following laser refractive surgery or at onset or progression of corneal 

pathology .[42] 
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1.1.6 Management and Treatment in Glaucoma 

Treatment for glaucoma seeks to control the disease with no evidence of 

progression or progression at a rate which will preserve adequate visual 

function for the rest of the patientôs life. It is focused on the only factor that 

can be modified, the IOP. In some cases, no treatment may be needed due 

to the static state of the disease while in others a more aggressive approach 

is required to confront a rapidly progressive condition. The main aim when 

treating glaucomatous patients is the lowering of IOP levels to a clinically 

pre-determined ótarget pressureô. This target IOP is established on the basis 

of current IOP level, severity of disease at diagnosis and rate of disease 

progression and is subject to modification during follow-up. Other factors, 

such as age and life expectancy are also taken into account.[72] 

IOP can be lowered either by medication or surgery. Medication is the first 

line treatment for most cases. There are five main classes of drug available: 

prostaglandin analogues, beta-blockers, sympathomimetics, miotics and 

carbonic anhydrase inhibitors. They achieve lowering of the IOP in the 

affected eye either by reducing the production of the intraocular fluid 

(aqueous humour) or by increasing the rate of outflow. The positive effect of 

different IOP reduction medications was reviewed by a meta-analysis of trials 

conducted by Vass et al. (2007).[73] Numerous studies and clinical trials have 

provided evidence showing the positive benefits of decreased IOP upon 

rates of progression and a delay in conversion from OHT to POAG.[8, 74-76] 

However, there is still a significant proportion of cases who despite achieving 

target levels in IOP continue to progress. Inversely, there are patient 
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subgroups that show no progression without any treatment. These findings 

indicate the presence of other factors that might contribute to the progression 

of the disease; further details on the theories behind potential mechanisms in 

the disease have been discussed earlier in section 1.1.1. An on-going 

placebo-controlled randomized clinical trial that is undertaken in the UK 

further investigates the effect of medical treatment on glaucoma.[77]  

When drug delivery is not enough and target IOP has not been achieved, the 

option of surgery can be offered. Surgical treatments can be classified as 

penetrating and non-penetrating, all of which aim to lower IOP. NICE 

recommends trabeculectomy as a penetrating surgical procedure and deep 

sclerectomy and viscocanalostomy as non-penetrating. There are also laser 

techniques available for treating glaucomatous eyes, such as argon or 

selective laser trabeculoplasty (ALT; SLT). These two techniques are quite 

similar and involve the trabecular meshwork. The theory behind this 

treatment is that ALT and SLT are thought to activate trabecular cells, thus 

improving outflow through the trabecular meshwork. 

 

 

1.1.7 Evaluation of Function 

The assessment of the functional status of a glaucomatous eye is essential 

for the diagnosis and management of the disease. This section will provide 

an in-depth view on the clinical methods used to assess visual function. 
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The VF is defined as a three-dimensional space from which light can enter 

the eye and stimulate a visual response. The normal eyeôs VF extends 

approximately 60Ǔ nasally, 100Ǔ temporally, 60Ǔ superiorly and 70Ǔ inferiorly.[78] 

According to the Imaging and Perimetry Society (IPS), ñthe measurement of 

visual functions of the eye at [various] locations in the VF areaò is called 

perimetry. A perimeter is an instrument designed to measure the VF by 

examining the differential light sensitivity.[79] The differential light sensitivity 

varies across the VF with the peak sensitivity occurring at the fixation point in 

photopic conditions, decreasing rapidly in the 10Ǔ around fixation and then 

more gradually towards the periphery.[80] RGC fibres transmit the visual 

signal through the sclera at the ONH, typically 10-15Ǔ nasally to fixation. At 

this location, there are no photoreceptors, creating a normal absolute 

scotoma, the ñblind spotò. Any damage to the visual pathway, such as 

glaucoma and optic neuritis, will affect the VF. Currently, the standard 

method of VF evaluation is SAP and can be undertaken with a range of 

perimeters including the Humphrey Field Analyzer (HFA), Octopus and 

Henson perimeters. 

 

 

1.1.8 History of Perimetry 

Albrecht von Graefe, in 1856, was probably the first person to report a 

quantitative VF analysis by examining his patientôs VFs with the movement of 

a small stimulus along a flat surface; this examination procedure is termed 

campimetry.[81] The first perimeter with a complete bowl and control of the 
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background luminance was described in 1872.[82] The first multiple-stimuli 

technique for VF examination was introduced by Harrington and Flocks.[83] 

They designed an automated tangent screen on which several supra-

threshold stimuli could be presented at different locations of the field of 

vision, while the patient had to report how many stimuli had been detected. 

Landmarks for the development of static supra-threshold perimetry were the 

development of the Friedmann Visual Field Analyzer and computer driven 

Henson Central Field Analyzer 2000. 

The Swiss ophthalmologist Hans Goldmann introduced his bowl perimeter in 

1945; this instrument set a new standard for perimetry by controlling many of 

the parameters known to affect the VF (figure 1.5). A decade later, Armaly 

and Drance, created a form of quantitative static perimetry on the Goldmann 

perimeter. A below-threshold stimulus was presented in the VF and its 

intensity was increased in constant steps, until it was reported as seen by the 

patient. It soon became obvious that this technique had advantages over 

kinetic examinations, although manual static perimetry was a demanding 

task for the examiner and patient. In the 1970s, Heijl and Krakau in Sweden, 

as well as Spahr and Fankhouser in Switzerland, contributed to the 

development of improved instrumentation.[84-86] Spahr et al. introduced the 

Octopus Perimeter (Interzeag, Switzerland), the first computerised static 

perimeter which became commercially available in 1978. Two years later, 

Humphrey Systems (Dublin, CA.) presented the HFA (Carl Zeiss Meditec 

Inc., Dublin, CA), which has, through its popularity, set a standard for SAP. 
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Figure 1.5: Goldmannôs bowl perimeter (left); modern perimetric devices ï 

the Humphrey Field Analyzer (HFA; Carl Zeiss Meditec, Inc., Dublin, CA) 

(right) 

 

During the last three decades SAP has gradually replaced kinetic techniques 

for the investigation of the fields of vision. Research concentrated on the 

development of threshold algorithms that produce reliable estimates of the 

sensitivity, while keeping the time of the investigation as low as possible. The 

various algorithms/strategies that are currently available are explained in 

detail in section 1.1.12. 
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1.1.9 Classification of Perimetry 

Perimetry can be broadly classified into two types: Kinetic and Static. In 

kinetic perimetry the intensity of the stimulus is kept constant while it is 

moved, usually from a non-seeing area to a seeing area, across the VF. The 

patient is expected to respond and report when the stimulus is first noticed; 

this location is then recorded on a VF chart. By moving the stimulus across 

the VF, areas of VF defect will be detected when the stimulus appears to 

vanish. The speed of the stimulus should be standardised, typically 2-4 

degrees per second.  

In static perimetry the stimuli are fixed at predetermined locations but their 

intensity varied to give measures of sensitivity. Most modern perimeters 

incorporate a series of different static tests that test different regions of the 

VF. Static perimetry can also be sub-classified into two techniques of 

investigation: threshold and supra-threshold. In threshold perimetry, an 

estimate of the patientôs differential light sensitivity is obtained at each test 

location and compared with those from a normal population of the same age 

(age-corrected) as the observer. The stimulus intensities, locations and 

timing of presentations are controlled by a computer, according to a 

threshold algorithm. In supra-threshold perimetry the stimuli are presented at 

intensity calculated to be above the threshold of a normal observer. Further 

details are given later in this section; supra-threshold approach being a 

crucial part of the reported PhD project. 
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1.1.10 Psychophysics of Perimetry 

In order to understand the term of threshold, we need to look further into the 

psychophysical background of perimetry. The idea of a ñthresholdò originated 

in the late 19th century when Fechner worked on the relationship between 

stimulus intensity and likelihood of perception.[87] According to his 

ñhigh-thresholdò theory, there is a threshold below which a stimulus is not 

perceived, and above which it is perceived. Psychophysical data 

demonstrate a continuous zone of stimulus intensities between ñdefinite 

perceptionò and ñdefinite non-perceptionò. The high-threshold theory 

explained this transition as an outcome of random fluctuations of the ñtrueò 

threshold. 

In static perimetry, sensitivity is expressed on a logarithmic, 

instrument-specific ratio scale of ñstimulus attenuationò, in decibel (dB) units 

(equation 1). 

 

Ὓ ρπὰέὫ
Ў

Ў
   (1) 

 

The scale shows the relationship between the luminance increment of the 

stimulus (Ўὒ ) to the maximum luminance increment (Ўὒ ) that the 

instrument is capable of producing. Thus, the most powerful stimulus is 

referred to as 0 dB, while a stimulus of 40 dB has been attenuated by 4 log 

units, which accounts for 1/10000 of the maximum luminance increment. Due 
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to the dependence of the scale on the maximum luminance increment, 

sensitivity estimates from different instruments cannot readily be compared. 

Sensitivity and response variability at a specific retinal location are well 

described by the frequency-of-seeing (FOS) curve. A FOS curve shows the 

probability of a positive response for a number of different stimulus 

intensities. These curves are generally S-shaped and their general form is 

given by equation 2. 

 

ὴ Ὢὴ ρ Ὢὴ Ὢὲ ὪὍ  (2) 

 

For yes-no tasks, such as static perimetry, the threshold is usually defined as 

the stimulus intensity at the 50th percentile on the FOS curve (figure 1.6). The 

slope of the curve defines the physiological response variability, or, in other 

words, the width of the transition zone between ñalways perceivedò and 

ñnever perceivedò. False-positive and false-negative rates give information 

on how likely it is that the observer responds even though no stimulus was 

shown (false-positive) and fails to respond in intense supra-threshold stimuli 

(false negative).[88]  
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Figure 1.6: Example of a frequency-of-seeing curve. The curve never 

reaches perfect performance (False Negative rate) and never reaches zero 

value (False Positive rate) 

 

The influence of response behaviour on FOS curves is described by signal 

detection theory (SDT) by Green and Swets in 1966.[89] SDT proposes that 

the observerôs detection system is noisy; thus, there is a baseline neural 

activity even in the absence of a visual signal ï stimulus. The presence of a 

stimulus will increase the level of activity. 

FOS data have been generated from normal, suspect and OAG eyes by 

several research groups.[90-92] They have established that variability 

increases as the sensitivity reduces.[93] In 2000, Henson et al. compared the 

relationship between sensitivity and response variability in the VF of normal 

eyes, eyes and those with optic neuritis, glaucoma and OHT.[94] FOS data 

showed that the relationship between these two parameters was similar 

between the four groups, with the authors concluding that the results 

provided further evidence to support the hypothesis that response variability 

is dependent on functional RGC density. According to this hypothesis, the 
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relationship would be similar in glaucoma and optic neuritis despite the 

different patterns of VF defects and the different mechanism of nerve fibre 

damage.[95]  

 

1.1.11 Current Perimetric Specifications 

Stimulus and Background 

During VF examination individuals are asked to respond to a series of stimuli 

presented in different locations within their VF. The most commonly used 

measure of VF testing in glaucoma is the white-on-white perimetry, where 

achromatic light spots are displayed on a white background. The HFA 

perimeter uses a background level of 31.5 apostilb [asb; equal to ~ 10 

candelas per square metre (cd/m2)] therefore producing photopic conditions 

in which cones are primarily tested. Stimulus intensity varies from 10,000 asb 

to 0.1 asb in the HFA, allowing the machine to measure thresholds over a 50 

dB range. 

Other alternative stimuli/backgrounds have also been developed. 

Blue-on-yellow perimetry (also called short-wavelength automated perimetry; 

SWAP) targets specific visual pathways that are thought to be selectively 

damaged in early glaucoma. Studies have shown that the use of blue stimuli 

on a yellow background is superior to white-on-white perimetry for assessing 

functional damage in early glaucoma. However, SWAP has some limitations 

that prevent a wide adoption of this technique. Media opacities are thought to 
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influence threshold estimations while SWAP demonstrates, in general, higher 

test-retest variability. 

Frequency-doubling technology (FDT) is another variation of perimetry. The 

FDT technology is based on the frequency-doubling effect which occurs 

when a low-spatial-frequency grating is flickered at a high temporal rate and 

results in the gratingôs appearing to have twice its original spatial frequency. 

It is believed that the frequency-doubling concept targets a small subset of 

RGCs (approximately 2% of the total population) that are again thought to be 

selectively damaged in early glaucoma. FDT perimetry uses frequency-

doubling stimuli and contrast thresholds are measured for detection of the 

FDT stimulus.[96] 

Alternative forms and developments of modern perimetry, such as the ones 

mentioned above, aim to improve detection of glaucoma by selectively 

testing specific RGCs. For example, high-pass resolution perimetry (or ring 

perimetry) is presumed to selectively test the parvocellular system.[97] The 

stimuli used in this variation of modern perimetry are rings of variable size 

with dark borders and bright centres. These rings are projected at different 

locations on the screen and create an average stimulus luminance equal to 

the background luminance. The results of this test are believed to 

correspond to the density of RGCs and, concerning glaucoma, ring perimetry 

is comparable to standard perimetry in terms of diagnostic performance.[98] 

In the early 1980s, Prof Fitzke investigated motion displacement thresholds 

in glaucomatous and normal population and developed the first Motion 

Displacement Test (MDT) at the Institute of Ophthalmology, London. He 
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found evidence of elevated motion displacement threshold in defective areas 

of the VF. MDTôs most recent development, the Moorfields MDT (research 

product of collaboration between Moorfieldsô Glaucoma Research Unit and 

Institute of Ophthalmology, UCL) incorporates 31 line stimuli which are 

scaled in size by estimate of RGC density. Moorfields MDT is a 

Windows-based software that fits a 15-inch laptop screen at a test distance 

of 30 cm. The test task is to look at a central spot and press the computer 

mouse each time a line on the screen is seen to move. The aim of the 

Moorfields MDT test development is to offer an affordable, portable and 

sensitive method of case-finding in the community. 

 

Stimuli Distributions 

There are numerous stimuli distribution patterns each of which is selected 

according to the needs of the VF examination; for example, whether 

emphasis should be given at the inferior or superior field, if the test is for 

screening or monitoring purposes etc. The most common stimulus 

distributions are the central 30-2, 24-2 and 10-2 distributions (figures 1.7 and 

1.8). The 30-2 pattern examines the central 30 degrees of VF. It includes 76 

stimulus places located on a square matrix of 6 degrees, displaced from the 

horizontal and vertical midlines by 3 degrees. The 24-2 distribution is simply 

a subset of the 30-2 pattern with 54 locations falling within the central 24 

degrees along with two points at 27 degrees in the nasal field. While the 30-2 

pattern provides the most information for the central VF, the 24-2 test has a 

shorter test time and smaller variability. The appearance of lens rim artefacts 
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at the peripheral points of the 30-2 test, and hence low discriminatory power, 

is another reason that the 24-2 programme is routinely used in most 

ophthalmic clinics.[99] 

 

 

Figure 1.7: Light grey dots represent the 54 locations of the 24-2 stimulus 

distribution, while dark grey dots represent the extra locations included in the 

30-2 distribution. Filled triangle shows the typical location of the blind spot, 

which is normally 1-2 degrees below the horizontal line (example of a right 

eye) 

 

When higher spatial resolution is needed (e.g. patients with small central 

fields), the 10-2 programme can be used to assess the residual visual 

function. The 10-2 pattern examines 68 locations within the central 10 

degrees on a 2 degrees square matrix. Although the 10-2 test is routinely 

used for patients with advanced glaucoma, it is known that the macula (i.e. 

central field) is affected even in early glaucoma. Based on this theory, 
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Traynis et al. hypothesised that some patients might fail a 10-2 test while 

presenting normal 24-2 results.[100] They found that this was the case for 

16% of the glaucomatous eyes they tested, therefore emphasising the poor 

detection of central loss with the 6 degree square matrix and suggesting that 

the 24-2 test is not optimal for detecting early damage of the macula. 

 

 

Figure 1.8: A comparison between the locations of 24-2 and 10-2 

distributions, with the latter being more dense in the central 10 degrees of 

the visual field 

 

Early work has shown that the informational value of each test location in the 

VF is likely to vary. Henson et al. analysed data obtained with a Friedman 

Visual Field Analyzer and showed that stimuli at locations greater than 20 

degrees of eccentricity along with those around the blind spot give the least 

information.[101, 102] This evidence stimulated further work from Wang and 
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Henson to evaluate the diagnostic performance of VF testing for early 

glaucomatous loss with subsets of the 24-2 test pattern (figure 1.9).[103] They 

found that 11 locations (including 2 in the blind spot) did not contribute 

anything to the performance of the 24-2 test. They also presented optimized 

distributions with 10, 20 and 30 locations that retained good diagnostic 

performance. 

 

 

Figure 1.9: Optimal subsets of the 24-2 distributions with 10 (top left), 20 

(top right) and 30 (bottom left) locations. 43 locations (bottom right) 

contribute significantly to the performance of the 24-2 test, Wang and 

Henson (2013)[103] 

 

 

Stimulus Size and Duration 
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A humanôs ability to visually detect targets on a uniform background has 

been described by several laws in the past. One such law is Riccoôs law, 

which describes the relationship between a target area and target contrast 

required for detection (equation 3). Riccoôs law is based on the fact that the 

light energy required to lead to the target being detected is summed over the 

area and is thus proportional to this area. Riccoôs area is the area of 

complete summation; in other words, the largest target/stimulus size required 

for which the multiplication of area and intensity is constant at threshold. This 

region is variable based on the amount of background luminance[104] and 

retinal eccentricity[105]. 

 

ὅέὲὸὶὥίὸ ὃὶὩὥὯ  (3) 

 

As a result, stimulus size has a significant role in perimetry. Stimulus sizes 

were standardised by Goldmann in 1945 (Table 1.2), who based them on an 

estimated relationship between size and intensity, so that each step gives an 

approximately 5dB intensity change. In a HFA the size of standard stimulus 

is Goldmann III, approximately 0.5 degrees. Taking Riccoôs law into account, 

however, it is evident that the conventional stimulus size is smaller than 

Riccoôs area for retinal eccentricities over approximately 15°. Thus, 

thresholds for Goldman III stimuli in SAP are determined by complete spatial 

summation for those retinal regions only. Within 15° of the fovea, thresholds 

for SAP are determined by probability summation as stimuli are larger than 

Riccoôs area. Previous research has shown that there is no observable 
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change in Riccoôs area as a function of age.[106] However, there is a 

significant enlargement of the region in early glaucomatous cases suggesting 

that perimetric stimuli should be capable of adjusting their size as well as 

their contrast, therefore boosting the ñglaucoma signalò within measurement 

noise.[107] 

 

Goldmann size I II III IV V 

Area (mm2) ρτϳ  1 4 16 64 

Table 1.2: Goldmann stimulus sizes 

 

The effect of stimulus size in perimetry has been investigated by various 

studies. Wall et al., in 1997, studied the influence of stimulus size on the 

slope of psychometric function in normal and glaucomatous eyes.[108] They 

concluded that the larger Goldmann V stimulus produced significantly 

steeper FOS curves than sizes III and I. In a more recent study, which tested 

a large number of patients with size III, V and with a method that varies 

stimulus size for a fixed contrast (namely size threshold perimetry), it was 

reported that the number of abnormal locations is the same for all different 

parameters.[109] The study also highlighted the increased variability for size III 

and concluded that the adoption of a single stimulus size is not of great 

importance and new developments in visual perimetric stimulis should focus 

on other properties, such as lower variability, reduced illumination etc. 
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The human visual system responds through the absorption of light photons 

over both space and time. In the temporal domain, summation relates the 

duration of a stimulus to the threshold contrast achieved (i.e. Blochôs law). 

When summation is complete, stimulus duration and contrast are inversely 

related at threshold (equation 4). 

 

ὛὸὭάόὰόί ὈόὶὥὸὭέὲ ὅέὲὸὶὥίὸὯ  (4) 

 

After taking Blochôs law into account, we can assume that stimuli presented 

for longer durations are more likely to be seen as a result of temporal 

summation of information. However, Pennebaker et al. studied the effect of 

various stimulus duration times and concluded that between a range of 0.1 ï 

0.5 seconds the stimulus presentation time had little effect on threshold 

fluctuation in healthy individuals.[110] Most static perimeters take into account 

Blochôs law, which simply states that up to a certain presentation time the 

detection of a stimulus increased with increasing presentation time. More 

specifically, for photopic conditions, the critical duration is below 100 ms. In 

an attempt to provide a common framework for VF measurement, the IPS 

standardised most of the perimetric parameters, including the stimulus 

duration.[79] The typical presentation time is 200 milliseconds; an interval 

longer than the critical duration of Blochôs law, but shorter than the latency of 

a refixation saccade (~250 milliseconds) which would displace the retinal 

stimulus. A recent PhD work, by Padraig Mulholland, investigating temporal 

summation reported a significantly lower critical duration (~30 milliseconds) 
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compared to results from previous studies.[111] Such difference lies in the use 

of different analysis techniques and the assumptions they make concerning 

the degree of partial summation exhibited. Mulholland also reported on 

variations in summation in both the spatial and temporal domain in 

glaucoma, suggesting that stimuli modulating in area, duration and 

luminance may improve the sensitivity of SAP. 

 

1.1.12 Visual Field Testing Algorithms and Strategies 

Threshold methods 

There are numerous algorithms for deriving threshold estimates. Threshold 

algorithms may be adaptive or non-adaptive. In adaptive threshold 

algorithms, the stimulus intensity used on any trial depends on the observerôs 

responses to previous presentations whereas in non-adaptive methods, the 

intensities are pre-determined and independent of the subjectôs response; 

the most common example being the ñmethod of constant stimuliò.[112] Early 

in perimetryôs history adaptive methods were considered more effective than 

non-adaptive, despite the uncertainty about the initial threshold value.[113-115] 

The reason for this favoured view towards adaptive techniques was the 

acknowledgment that stimulus intensities closer to the true threshold value 

are generally more informative than those far from it and test times would be 

shorter. 

One of the first adaptive threshold algorithms to be used in perimetry is 

known as the Full Threshold (FT) algorithm. In the FT algorithm the stimulus 
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is first presented either at a value that is derived from neighbouring threshold 

estimates or, when these are not available, on the basis of normal values. 

The stimulus intensity is then decreased (or increased) according to the 

patientôs response (or non-response) at fixed increments (i.e. 4 dB) until the 

stimulus is not seen (or seen). The step size is then reduced from 4 to 2 dB 

and the direction reversed until the stimulus is seen (or not seen). The 

threshold estimate is taken as the attenuation (dB) of the last stimulus seen 

at that location. This process is called a ñstaircase algorithmò, due to the 

specific increments in the algorithm. The FT algorithm was developed by 

Bebie et al. in 1976.[116] Their algorithm used the mean sensitivity of the 

observerôs age group as a starting level of stimulus intensity and was 

terminated once a response reversal occurred at a stepsize of 2 dB. The 

threshold value is taken as lying between the presentations that mark the 

second reversal; see example in figure 1.10. The method ñ4é2é1ò, as they 

called it, derived from simulations that took into account the response 

variability in normal eyes and was quickly accepted as one of the optimal 

strategies. However, the FT algorithm requires approx. 5 presentations per 

test location and hence is exhausting, when combined with the 24-2 test 

pattern, for most patients (test times often exceeding 10 minutes per eye).  
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Figure 1.10: An example of the ñ4é2é1ò staircase algorithm. Light grey 

down arrows indicate a reduction in stimulus intensity of 4 dB, followed by an 

increase of 2 dB increments (dark grey arrows) after first reversal. A 

correction of 1 dB follows the second reversal for the final result. 

 

The Fastpac algorithm was developed for the HFA to reduce the test times of 

the FT algorithm. The Fastpac algorithm uses steps of 3 dB with a single 

reversal. Although it is faster than the FT method in normal eyes and in 

patients with mild VF loss, it underestimates the severity of VF defects[117] 

and has greater variability. Also, the speed advantage is reduced in cases 

with advanced field loss.[118] 

In pursuit of shorter test times that would increase the accuracy of VF 

testing, perimetric experts and researchers explored the benefits of other 

adaptive procedures, which make use of both previous knowledge about the 

shape of the psychometric function and the observerôs previous responses to 

guide further testing. The advantages of such an approach were discussed in 
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the ó60s by numerous authors, but it was Andrew Watson and Dennis Pelli in 

1983 who introduced a Bayesian adaptive psychometric method.[119] QUEST, 

as they named it, is an efficient method of measuring threshold based on 

three steps: 1) specification of prior knowledge of threshold, including an 

initial probability density function (pdf; details are discussed further below), 2) 

a method for choosing the stimulus intensity of any trial and 3) a method for 

choosing the final threshold estimate. Watson and Pelli introduced a 

Bayesian framework to calculate a current pdf which takes into account prior 

knowledge of the psychometric function and data from previous tests. This 

pdf is then applied on steps 2 and 3. 

The determination of the maximum likelihood threshold for each test location 

requires an initial pdf, which states for each possible threshold the probability 

that any patient will have a threshold at that location (see Figure 1.11). The 

first stimulus is then presented according to that initial pdf (e.g. the median or 

mean of the pdf). The observerôs response to that stimulus is used to modify 

the pdf for the next presentation. This process is repeated until the specified 

terminating criteria have been met; for example when the standard deviation 

of the pdf falls below a fixed value. 
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Figure 1.11: Group of PDFs, one for each threshold level. Broader PDFs in 

low thresholds indicate higher test-retest variability 

 

King-Smith et al evaluated various modifications on the QUEST threshold 

method, particularly on the technique for choosing the intensity of the next 

presentation but also on steps 1 and 3.[120] They concluded that their Zippy 

Estimate by Sequential Testing algorithm (ZEST; a QUEST variant) which 

sets the intensity to the mean of the current pdf provided greater precision 

than the original QUEST method or other simulated variations. 

 

Visual Field Testing Strategies 

Following on from King-Smithôs work several perimeters introduced 

algorithms that adopted some of the maximum likelihood principles. The 

Swedish Interactive Thresholding Algorithm (SITA) was the first to adopt the 

more efficient Bayesian methods to derive threshold estimates of similar 
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precision to the FT and Fastpac algorithms but with substantially fewer 

presentations.[121] The SITA strategy was initially developed for the HFA 

perimeter and estimates threshold sensitivity at each point based on 

observerôs responses to stimuli at that location, as well as responses from 

nearby points. Thus, an assumption is made about the underlying 

psychometric function, placing the stimulus intensity at the next location as 

close as possible to the nearby threshold. FT strategy is still followed for the 

first 4 points tested, one in each quadrant of the VF. At least one reversal 

from decreasing to increasing intensity is obtained for each location. Test 

times in normal eyes are halved from FT tests, with similar or better 

reproducibility.[122, 123] SITA includes variable inter-stimulus intervals, new 

methods for detecting false positives and follows the ñ4-2ò staircase 

algorithm for stimulus intensities. There are two version of the SITA strategy: 

SITA Standard and SITA Fast; the latter having looser terminating criteria, 

shorter test times and greater test-retest variability in areas of low sensitivity. 

Another widely used strategy is the Zippy Adaptive Threshold Algorithm 

(ZATA), which is used in the Henson perimeters. The Henson ZATA test 

uses a modified ZEST algorithm. It differs from SITA by using the pdfs for 

deciding test level. It also uses prior VF test thresholds, when available, for 

setting starting test intensities and the use of terminating criteria that change 

through the test according to the patientsô responses. Quite recently, the 

ZEST strategy was also adapted for the FDT and was implemented in the 

new Humphrey Matrix perimeter. Turpin et al, in 2002, developed a new test 

procedure for FDT perimetry that adopts ZEST principles for threshold 

estimations.[124, 125] 



66 
 

Multisampling Supra-Threshold Techniques 

Many clinical applications call for quick, simple, yet reliable VF tests that can 

be performed by patients without the need of training. Conventional supra-

threshold tests are easier to perform as they reduce the number of stimulus 

presentations and therefore test duration. However, supra-threshold 

perimetry is thought to be less able to detect mild VF defects than threshold 

testing. The conventional criterion for defining a VF location as defective is 

when no stimulus is seen twice out of 2 presentations. This criterion may 

reduce false positive errors, but also reduces the ability of the test to identify 

correctly those who have the condition of interest (or in other words the 

sensitivity of the test) by a small, yet significant, amount.[126] 

Paul Artes et al attempted to tackle the issues of sensitivity and variability in 

supra-threshold perimetry by developing an optimal multisampling 

technique.[126] The criterion for the classification of a location as normal or 

defective was 3 seen or missed presentations (3/5), respectively; meaning 

that between 3 and 5 stimuli were required to be presented at each location. 

They evaluated their newly developed technique along a range of defects 

and in comparison with conventional supra-threshold (1/2) and FT strategies. 

They demonstrated that multisampling could be a powerful alternative to 

other strategies as it shows similar sensitivity to that of the FT, which is 

considered the gold-standard, without sacrificing specificity (i.e. the ability of 

the test to identify correctly those without the disease). 
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Multiple-Stimulus Perimetry 

Most of the current clinical VF tests use single-stimulus techniques to obtain 

threshold measurements. These techniques are demanding for patients; it is 

not unusual for individuals to report difficulties in maintaining their attention 

during testing. Wall et al. provided evidence showing that brief lapses of 

attention might be associated with overall reduced sensitivity and increase 

response variability.[108] 

In the ó50s, Harrington and Flocks introduced multiple stimulus perimetry as 

a screening test.[83] During this type of testing up to 4 stimuli are presented at 

each exposure. The patient verbally reports the number of seen stimuli, 

along with their location if this number is smaller than the actual number of 

presented stimuli. Verbal feedback has been shown to be a parameter that 

can contribute to the maintenance of patientôs attention and reduction of 

variability. Recently, Miranda and Henson measured the perimetric sensitivity 

and the response variability of both single- and multiple-stimulus perimetry in 

glaucoma and demonstrated that a multiple-stimulus technique could reduce 

variability by more than 1 dB on average while increasing threshold 

sensitivity by almost 2 dB.[127] Their work showed that changes in both the 

ways that stimuli are presented and patients respond could improve routine 

clinical perimetry. 
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Parameters influencing Perimetry 

Variability in VF testing can be subdivided into short- and long-term (intra- 

and inter-test respectively). Variability during testing can be represented, as 

previously shown, by the slope of the FOS curve. It is observed to be higher 

in defective locations with a standard deviation of approximately 7 dB.[128] 

Inter-test variability has been examined in glaucoma patients tested with both 

conventional (30-2, HFA) and FDT perimetry.[129] Both techniques showed 

larger re-test variability in areas with reduced sensitivity compared with 

normal locations.  

Two factors that influence perimetric outcomes are the stimulus 

characteristics and the observer. Stimulus size has been associated with 

variability, with smaller stimulus sizes (Goldmann I and II) demonstrating 

larger variability compared with larger sizes (Goldmann III, IV, V).[130] In a 

study conducted by Henson et al, a statistical analysis between variability 

and numerous factors showed that significant fluctuations in threshold 

measurement are related to sensitivity (with reduced sensitivity 

demonstrating larger variability), diagnosis and false-negative rate, whereas 

no association was established between variability and factors, such as age, 

eccentricity, fixation losses and false positive rate.[94] 

The observerôs variables that affect the slope of the FOS curve include 

perimetric experience (learning effects), fatigue, and loss of attention. More 

specifically, patients tend to perform better in follow-up tests as they gain test 

experience.[90, 131] The learning effect is usually greatest between the first 

and second test. Therefore, a patientôs first VF result should be interpreted 
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with caution. Patient fatigue may result in decreased retinal sensitivity.[132] It 

has been the limiting factor for attempts to increase the accuracy of testing 

by extending the time of the examination. The fatigue effect on VF testing 

has been confirmed in both normal and glaucoma groups, with the latter 

demonstrating a larger increment of variability.  

 

Visual Field Loss in Glaucoma 

Glaucomatous VF defects can be diffuse, as with cataract cases or patients 

with corneal opacification, or localised.[133] VF loss associated with glaucoma 

is also, especially in its early stages, usually asymmetric about the horizontal 

meridian and typically correlates with the arrangement of the RGC axons 

within the RNFL. 

A typical glaucomatous defect is the nasal step, where an area in the nasal 

VF has reduced sensitivity on one side of the horizontal meridian and normal 

sensitivity on the other. Another characteristic feature of glaucomatous 

functional loss, and a sign of a moderate stage of the disease, is the classic 

arcuate scotoma; a comma-shaped defect arching over the central VF. Other 

typical types of VF defects in glaucoma are: a paracentral defect 10°-20° 

from the blind spot, generalised constriction (tunnel vision) and, of course, 

complete VF loss at the end stages of the disease (figure 1.12).[134] 
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A  

B  

C  

D  

Figure 1.12: Examples of typical glaucomatous defects: A) nasal step, B) 

arcuate scotoma, C) generalised constriction (tunnel vision) and D) full loss 

of visual field. 
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1.1.13 Assessment of Clinical Tests 

There are numerous clinical tests applied for the confirmation or rejection of 

the presence of a disease or to help the diagnostic process. Ideally such 

tests correctly identify all those who are disease-free and all those who have 

the condition of interest. However, most clinical tests fall short of this 

ideal.[135] The terms: true positive, false positive, true negative and false 

negative are fundamental measures of tests efficacy: 

ü True positive: The test is positive and the patient indeed has 

the disease 

ü False positive: The test is positive but the patient does not have 

the disease 

ü True negative: The test is negative and the patient indeed is 

disease-free 

ü False negative: The test is negative but the patient has the 

disease 

 

Sensitivity/Specificity and Other Diagnostic Characteristics 

Test performance is measured by an unbiased comparison of the test result 

against a reference (also called gold-standard or criterion standard). 

Sensitivity and specificity are two key terms when evaluating the 

performance of a diagnostic tool, such as perimetry. Sensitivity describes the 

ability of the test to identify correctly those who have the disease (i.e. the true 

positive rate). Specificity describes the ability of the test to identify those who 



72 
 

do not have the disease; or, in other words, the true negative rate (see Table 

1.3). The ideal test would have a 100% specificity and sensitivity. However, 

in the real world, and for certain purposes, the testôs ability to identify true 

positives might need to be sacrificed for a higher specificity; or vice versa.[136] 

For each test one or a series of cut-off criteria might be used to define when 

a result is normal or defective. For example, for a screening test, any value 

above or below a certain cut-off level might trigger further investigation. No 

matter what is the chosen cut-off value, there will be a number of false 

positive and false negative results. The choice of a particular cut-off point 

depends on the tests objectives: confirm the disease, refute the presence of 

the disease or to screen the population. If the objective is to rule out the 

disease, the test with the fewest false-negatives should be chosen. Such a 

test will present high sensitivity, where nearly all diseased patients will have 

a positive test result. On the other hand, when the objective is to confirm a 

diagnosis, a test with high specificity should be chosen, which will present 

the fewest false-positives.[137] 

Other useful terms that characterise a clinical test are the positive and 

negative predictive value (PPV and NPV respectively). PPV shows the 

likelihood that a patient has the disease given that the test result is positive, 

while NPV reports how likely it is that a patient does not have the disease 

given a negative test result (see Table 1.3). Unlike sensitivity and specificity, 

the PPV and NPV are dependent on the prevalence of the disease in the 

sampled population. For example, consider a population of 1000 people, 

divided equally into diseased and disease-free where the screening test has 

a sensitivity and specificity of 95%. Screening this population would result in 
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475 true positives and 475 true negatives with 25 patients failing the test 

when in fact are disease-free and 25 patients testing negative when they are 

diseased. Therefore, the PPV of this test is also 95%. However, if there are 

950 disease-free people in the population, the number of false positives 

increases to ~48 and the PPV falls to approximately 50%.  

 

 
Gold - Standard 

 

Disease Present D+ Disease Absent D- 

Positive Test T+ True Positive (TP) False Positive (FP) 

Positive Predictive 

Value (PPV) 

Ὕὖ

Ὕὖ Ὂὖ
 

Negative Test T- False Negative (FN) True Negative (TN) 

Negative 

Predictive Value 

(NPV) 

Ὕὔ

Ὕὔ Ὂὔ
 

 

Sensitivity Specificity 

 
Ὕὖ

Ὕὖ Ὂὔ
 

Ὕὔ

Ὕὔ Ὂὖ
 

 

Table 1.3: Calculating sensitivity, specificity, positive and negative predictive 

values of a diagnostic test 
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Screening is defined, by the UK National Screening Committee, as ñthe 

systematic application of a test, or inquiry, to identify individuals at sufficient 

risk of a specific disorder to warrant further investigation or direct preventive 

actionò.[138] The preference of a highly sensitive or specific screening test 

depends on the nature of the disease and its treatment capabilities. For 

example, screening to prevent transmission of a preventable disease (such 

as HIV in blood donors) requires optimal sensitivity. However, when the 

cut-off value is chosen for maximal sensitivity, the compromise is a loss of 

specificity. In this situation, there is a danger of diagnostic facilities being 

overloaded with patients labelled positive by a screening test who do not 

actually have the condition of interest. Reversely, a highly specific test is 

preferred on occasions where the costs or risks of further examination are 

significant, e.g. surgical biopsy. Optimal specificity is also sought when 

screening for diseases with low prevalence in the population tested in order 

to improve the level of correctness of the test result. Nonetheless, a cut-off 

point with the right sensitivity/specificity balance should be chosen after 

assessing for possible costs and benefits, including the assessment of cost-

effectiveness and the potential for harm. 

 

Receiver Operator Characteristic Curves 

An important tool for the evaluation of diagnostic performance is the 

Receiver Operating Characteristic (ROC) curve, a graphical plot which 

demonstrates the performance as the cut-off criteria is varied (figure 1.13). It 

is created by plotting the fraction of true positives out of the total number of 
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positives (i.e. the true positive rate or sensitivity) against the false positive 

rate (or 1 ï specificity), which is the fraction of false positives out of the total 

number of negatives, at various cut-offs. ROC analysis provides the means 

to select the optimal cut-off criteria. The upper left corner of the ROC space 

represents the best possible result, 100% sensitivity and 100% specificity. 

The area under the ROC curve is another useful summary statistic that gives 

a criterion free measure of test performance. An area of 1 represents a 

perfect test, while an area of 0.5 signifies a test which is no better than 

tossing a coin.[139] 

 

 

Figure 1.13: Two Receiver Operating Characteristic (ROC) curves 

demonstrating the diagnostic performance of two tests at different cut-off 

points. The test represented with the dark grey curve performs better than 

the one represented with the light grey curve. The dotted line on the graph 

represents the line of zero discrimination with an area-under-the-curve of 0.5. 
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1.1.14 The Issue of Detection in Glaucoma 

In a recent UK study, that used a large database to estimate the rates of VF 

loss in glaucomatous patients, Saunders et al. reported that more than 90% 

of patients, expected to reach statutory blindness, had at least one eye with 

moderate VF defects at first presentation.[140] Advanced VF loss being 

present at the time of initial diagnosis has been identified as a major risk 

factor for future visual impairment.[141, 142] 

A systematic review on the prevalence of OAG has been undertaken by 

Rudnicka et al.[143] Rudnickaôs review included 46 published observational 

studies reporting on the relationship between OAG prevalence and age. 

Most of these population studies referred to the current poor detection rates 

where approximately half of the participating glaucoma cases were 

previously undiagnosed. In the latest UK study (North London, Reidy et al., 

1998) patients were examined with the 76-point screening test of the HFA. 

The research team defined significant field loss as: 1) an absolute defect 

(missed at 0dB, that is the maximum instrument intensity) within the central 

10 degrees of VF or 2) 2 (or more) absolute defects adjacent to each other or 

3) 3 (or more) absolute defects in one quadrant. The percentage of 

previously undetected cases in this North London study was 75%.[144] 

In a review by King et al. (2011) the percentage of patients first presenting 

with advanced loss in at least one eye was reported to be between 10 and 

39%, with the chronologically latest study giving the highest percentage.[145] 

An important parameter accounting for the poor detection rate of the disease 

is its asymptomatic nature in the early stages. Patients are rarely aware of 
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any symptoms until the field defects start encroaching on the central field 

and affects visual acuity. The detection of cases with early loss relies mainly 

on whether patients seek routine optometric care. Opportunistic case 

detection by optometrists is responsible for over 90% of glaucoma referrals 

within the UK. Those not routinely seeking optometric care are more likely to 

first present with advanced VF loss.[146, 147] Previous studies have also shown 

that one of the strongest risk factors for late presentation is no previous 

family history of glaucoma, meaning that persons who lack previous 

glaucoma experience from their families are less likely to visit their 

optometrist for an eye examination.[141, 142] 

 

Glaucoma screening 

Delayed detection and access to early treatment are main risk factors for 

severe visual impairment. Reasons for delayed access to treatment may be 

related to patient in terms of attendance to testing, system delay leading to 

delayed referral, or process delay in terms of missed detection.[148] The 

public health importance of glaucoma and the reported poor detection rates 

of the disease would seem to provide strong support for the introduction of a 

national screening programme. 

The WHO has set criteria, described by Wilson and Jungner in 1968, for 

reviewing the viability, effectiveness and appropriateness of a screening 

programme.[149] Before adopting a screening test evidence is required that 

the benefits of screening (e.g. reduced visual impairment) outweigh any 

harms (e.g. costs, anxiety etc.). 
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There are very limited data on the annual cost of sight impairment. The 

health costs of severe glaucomatous visual loss have been estimated as 

£935 per year (updated to 2014 prices).[150] The Royal National Institute for 

the Blind has reported that the cost of sight impairment is £12,457 per 

person per year; a figure that includes indirect costs, such as productivity 

losses, costs due to lower employment and premature mortality.[151] Previous 

studies, however, have shown that screening the UK population based on 

age alone was unlikely to be cost effective due to the low prevalence in all 

age groups (i.e. screening at age 40 or 65 or 75). Yet, they suggested that a 

screening programme targeted to higher risk groups, such as individuals with 

family history in glaucoma, ethnic groups or ocular risk factors, might be 

worthwhile.[152-154]  

 

1.1.15 The Potential Of Visual Field Self-Testing ï Study Aim 

A potentially cost-effective approach to screening for glaucoma would be to 

promote methods for self-testing. There is a general trend towards 

self-monitoring of health status that is expected to increase in the near 

future. From heart rate and blood pressure management to the assessment 

of glucose or alcohol levels in blood, more and more patients use 

self-administered devices to check their health status. It is true that 

systematic reviews and individual studies do not fully agree and cannot yet 

confidently determine the specific positive impact on healthcare services and 

costs.[155-158] However, it is widely accepted that it is worthwhile investigating 

this research field to understand the process by which home telemonitoring 



79 
 

works in terms of improving outcomes, identify optimal strategies and the 

duration of follow-up for which it confers benefits. Nonetheless, it has been 

acknowledged that self-monitoring has the potential to reduce the pressure 

placed on secondary care services, but this may lead to increase in services 

elsewhere in the system.[156]  

The field of ophthalmological examination has previously proven to be a 

potential target for self-testing, where numerous self-administered visual 

tests have been developed.The overarching aim of  the research work 

reported in this section was the design and development of a new 

computer-based VF self-test for glaucoma screening purposes. Such a test 

could potentially tackle the issue of poor detection in glaucoma and prove to 

be a cost-effective way for the glaucoma screening of high-risk population 

groups. The following chapters provide, in details, the course of the research 

process that led to the development of VF testing software, which is 

appropriately designed to be self-administered. At the beginning, the VF 

database from the Manchester Royal Eye Hospital (MREH) was utilised to 

primarily investigate rates of glaucomatous VF progression, but also to 

highlight the issue of late presentation. Then, VF tests that are currently 

available online were identified and evaluated to derive useful design 

features that would make the new test user-friendly. A detailed description of 

the final design of the new test is also provided before reporting on the 

outcomes of the testôs diagnostic performance. To conclude, the results and 

findings of this investigational process are debated at the end of the section, 

while discussing the researchôs potential future impact.   
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1.2 The Relationship between Rates of Visual Field Loss 

and Glaucomatous Stage of Loss 

 

Contributions 

During the year of my postgraduate studies (MSc Investigative 

Ophthalmology and Vision Sciences; academic year 2011-2012), and for the 

purposes of my dissertation, I examined the rates of VF loss in 200 eyes with 

advanced defects.  

The research study presented in this chapter is effectively a step further to 

the study design and data analysis of that previous work. There is no overlap 

between the results reported in the MSc dissertation and the research 

outcomes shown here, as a different approach of analysis was adopted. For 

example, patients were included from all glaucomatous stages, their medical 

records were thoroughly examined to ensure no other co-morbidities existed 

while different statistical approaches were tested and utilised for the 

interpretation of the results. 

 

Presentations / Publications 

The outcome of this research has been presented (fully or partially) in a 

number of local (i.e MREH, University of Manchester, Manchester Optometry 

Meeting) and national (UKEGS) meetings. 
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Manuscripts related to this work have been submitted and peer-reviewed in a 

number of journals, such as the Investigative Ophthalmology and Vision 

Sciences, Eye and OPO; however, without success in being accepted. 

Reviewersô invaluable feedback and comments have been taken into 

account to finalise the presentation of the study in this chapter.  
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1.2.1 ABSTRACT 

Purpose: Reported median rates of glaucomatous VF loss, measured with 

the global index Mean Deviation (MD), vary. Most previous reports have 

used populations not ideally suited to examining the relationship between 

rate and severity of VF loss. This study focuses on that relationship using 

data specifically selected to address this question. 

Methods: From a database of 10,646 eyes 100 eyes in each of the first six 

Glaucoma Staging System (GSS2) stages, and 81 in the most severe stage 

were selected. Least squares regression of MD was utilised to estimate rates 

of VF progression and a modified hyperbolic secant model to fit to the 

resulting rates of progression. 

Results: All 681 selected eyes fulfilled the only inclusion criterion; that being 

a diagnosis or suspicion of open-angle glaucoma and no other diagnosed 

eye pathology. Median rate of VF change increased from -0.14dB/year for 

early loss (stages 1-2) to -0.30dB/year for advanced loss (stages 4-5). The 

negative skew of progression rate distributions increased with the extent of 

VF loss. The number of localised absolute defects (0dB), where further 

progression cannot occur, attenuated rates of loss measured with MD. 82% 

of cases with advanced loss (GSS2 stages 4-5) first presented with 

advanced loss. 

Conclusion: Median rate of VF loss increased with the extent of loss. 

However, caution must be exercised when interpreting rates in advanced 

loss, as floor effects may cause a slowing of the rate of change of MD 

unrelated to a true slowing of the disease process.    
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1.2.2 INTRODUCTION 

 

Chronic open angle glaucoma (COAG) usually develops slowly and is 

asymptomatic until it reaches an advanced stage. In the UK the majority of 

COAG cases (~90%) are initially detected by community optometrists who 

opportunistically screen patients attending for other purposes (e.g. refractive 

errors, contact lenses).[159] Once referred, patientsô management requires the 

assessment of visual function (visual field), structure (ONH, RNFL and 

peripapillary region) and IOP at regular intervals to detect any progression or 

risk of progression.  

A high proportion of patients with treated glaucoma show progressive loss 

when monitored over a long period of time.[8] However, published average 

rates of loss vary substantially, ranging from -0.05dB/year to -0.62dB/year.[11, 

160-164] Factors such as age,[11, 160, 165-167] peak IOP,[11, 160, 168] type of COAG 

(hypertensive glaucoma, normal-tension glaucoma, exfoliative etc.),[11, 160] 

length of follow-up, central corneal thickness,[160] type of loss,[169] and type of 

study[166, 170] are sample characteristics known to influence rates of loss. 

A potentially important parameter that could also affect rates of loss is the 

baseline stage of loss. If the rate changes with the baseline stage and the 

stage distribution varies between studies this could account for some of the 

reported differences. Four studies have reported on the relationship between 

rate and extent of loss. De Moraes and Chauhan both reported that there 

was no significant relationship between baseline MD and rate of loss. [160, 166] 

While Boodhna et al. reported an increased rate for advanced VF loss when 
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samples are broken down into 3 VF severity groups but that the overall effect 

is small relative to other factors such as age.[165]  

Most of the reports on VF progression rates come from studies with 

populations that are not ideally suited to examining the relationship between 

rate of loss and extent of VF loss. Populations were often heavily biased 

towards cases of early loss,[140, 166] and included eyes with comorbidities that 

can influence the rate of loss (e.g. age-related macular degeneration (AMD), 

diabetes) which are common in cases of advanced loss. Understanding the 

relationship between the extent of loss and rate of loss is important for the 

setting of follow-up times. It can also aid the clinician when discussing the 

risk of future visual impairment and in the planning of future management.  

This retrospective study examines the relationship between rate of loss, 

measured with the global index MD, in a balanced sample of eyes with a 

clinical diagnosis of glaucoma and no comorbidity likely to affect the VF. 

Specifically, this research project tested the hypothesis that progression 

rates increase with more advanced glaucoma stages. The study also reports 

on the suitability of the global indices MD for the measurement of the rate of 

loss and the stage of loss when patients first present. 
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1.2.3 METHODS 

 

Data extraction and inclusion criteria 

MREH is a teaching hospital offering secondary and tertiary care to referred 

suspect and/or diagnosed glaucoma patients. Over 150,000 VF tests of the 

24-2 pattern acquired with the SITA were successfully extracted from a 

network of 8 HFAs into a Microsoft Excel® Database (Microsoft Office 

Professional Plus 2010, Microsoft, Redmond, Washington, United States). 

From this database, 10,646 eyes with at least 3 years of follow-up and 4 

tests in the last 4 years were extracted for further analysis. Short follow-up 

periods were used to reduce the impact of changes in management and to 

provide clinically relevant data for management decisions. While long 

sequences, often collected over many years, give more reliable statistical 

measures of rate they often cover periods in which there are changes to 

management and do not reflect the needs of clinicians who often have to 

make management decisions on the basis of short sequences. 

The extent of field loss (median MD and pattern standard deviation (PSD) of 

last 3 records) was classified with the GSS2 which places eyes into one of 

seven stages: from ónormalô through óborderlineô and then onto 5 levels of 

glaucomatous loss.[171] Eyes were randomly extracted from the subset of 

10,646 eyes to produce a test sample of 100 eyes (1 eye per patient) in each 

of the seven GSS2 stages. Each included eye was subjected to a 2-part 

record review by the author to ensure that the eye had a clinical diagnosis of 

glaucoma, or suspect glaucoma, with no other comorbidity (e.g. cataract, 
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diabetic retinopathy (DR), AMD) likely to affect the VF. Initially, 

correspondence letters from the consultants were reviewed via the digital 

platform of Medisec. Eyes with multiple diagnoses reported in those letters 

were excluded and another randomly chosen eye would be chosen as a 

replacement to ensure that the sample size was 100 eyes. Those eyes would 

go through another thorough review of their medical records to confirm the 

absence of another eye pathology. The number of excluded eyes with 

comorbidity was also recorded to understand how frequently glaucomatous 

eyes have accompanying pathologies. The final sample was composed of 

681 eyes as only 81 eyes with the most advanced loss (stage 5) fulfilled all 

the inclusion criteria.  

 

Data analysis 

Analysis was based upon the global index MD, which is the weighted 

average difference between the sensitivity of an eye at 54 test locations and 

those from a normal age-matched eye. A least squares regression analysis 

of MD values over time was used to derive progression rates expressed in 

dB/year. 

The subjective nature of a VF test introduces some variability to the results 

and sometimes patients will produce a result that is clearly out of line with 

those seen both before and after. Retaining these outliers in a regression 

analysis can have a large impact upon the calculated rate of loss, especially 

if they appear at the beginning or end of the series. Their removal leads to a 

more accurate measure of the rate of loss. Peirceôs criterion is a simple way 
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for the detection of outliers used extensively in the 19th century. [172] It only 

depends on characteristics of the observation data (rather than the actual 

observations), therefore offering high repeatability and independence of 

other processes. This feature makes Peirceôs criteria for outlier identification 

more appropriate for small data sets and the identification of two or more 

abnormal observations. Outliers were subjected to a further criterion of being 

more than 2dB from the estimated value after performing least squares linear 

regression with suspect test point removed (Figure 1.14). This second stage 

was introduced to guard against cases where small deviations are excluded 

solely on the basis of Peirceôs criteria. The above-mentioned method for the 

detection of outliers is, of course, not flawless; its major drawback being the 

fact that Peirceôs criterion does not take into account the distribution of the 

extreme order statistics from a normal distribution. However, this method 

was selected over others for its simplicity and effectiveness in small samples. 
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Figure 1.14: An example of outlier removal with Peirceôs criterion in least 

square regression analysis. A suspect point (middle blue dot in the series) 

would be removed if deviated more than 2 dB (green arrow) from the 

estimated value derived from a regression analysis with the point removed.  

 

For the purposes of establishing the relationship between presenting stage of 

loss and progression, cases in stages 1 and 2 were considered early VF 

loss, while those in stages 4 and 5 were regarded as advanced loss. 

Fitting in the distribution of VF progression rates 

Distributions were fitted with a modified hyperbolic secant, a model that has 

been described and used in the past to describe the distributions of 

glaucomatous rates of VF loss.[120, 173] In brief, this model includes 3 
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modifiable parameters: t which is equivalent to the mode and B and C which 

describe the positive and negative width of the distribution. 

A bootstrap procedure (n=1000) was used on the data within each stage 

before fitting the modified hyperbolic secant. The medians of the three 

parameters for each GSS2 stage were entered into a regression analysis to 

determine if these parameters are significantly altered with disease stage. 

For stages 4 and 5 only all cases were re-classified based on their VF status 

at baseline. The aforementioned fitting method was performed again in order 

to identify any potentially significant differences in the modelôs parameters 

that the classification method could be blamed for. Lastly, the mean number 

of locations with absolute defects (0 dB) was calculated for each stage in 

order to establish the potential impact of these locations on the rate of loss.  

All statistical analyses were undertaken in Microsoft Excel® and MATLAB 

(The MathWorks, Inc., Natick, Massachusetts, United States) while 

distribution histograms and appropriate graphs were generated with R (R 

Foundation for Statistical Computing, Vienna, Austria). The study was 

approved by the local ethical committee and followed the tenants of the 

Declaration of Helsinki. Following the advice of the ethical committee and the 

processes of a clinical audit all patient-identifiable data were removed right 

after exporting the data and prior to their analysis and interpretation and 

were given a study ID number. A separate piece of paper, or ócode sheet' 

was then kept safely at a Central Manchester Foundation Trustôs computer 

as a key. 
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1.2.4 RESULTS 

 

Comorbidity with conditions that can affect MD was common, especially in 

cases with advanced loss. Two hundred and sixty one eyes within the 

database were classified in stage 5. Only 81 met the inclusion criteria of no 

comorbidity likely to affect the VF.  All 681 glaucomatous eyes were included 

in the analyses. Their demographic characteristics are given in Table 1.4. 

The average patientsô age was 72.0 years. The average number of VF tests 

per series was 6.0; (after the removal of outliers). The mean follow-up period 

was 3.7 years. Eighty-two percent of eyes with final loss classified as 

advanced had advanced loss at first presentation. 

Rates of loss for each GSS2 stage are shown in Table 1.5. Higher rates 

were found in those eyes with advanced VF defects. However, the increase 

is small going from -0.14dB/year for early loss to -0.30dB/year for advanced 

loss. Approximately 2% of the total number of eyes (i.e. suspects and 

diagnosed) had a rapid rate of loss (i.e. >2 dB/year). All of the cases with 

rapid rates of loss had defects that fell within GSS2 stages 3-5. Figure 1.15 

gives the distribution of rates of loss for eyes with early and advanced loss. 
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GSS2 

Stage 

Eye 

records 

reviewed 

Number 

of 

included 

eyes 

Male/Female 

ratio 

Age 

(years) 

Mean (SD) 

number of 

field tests 

Mean (SD) 

number of 

follow-up 

years 

Chronic 

open 

angle 

glaucoma 

Angle 

closure 

glaucoma 

Suspect 

glaucoma 

Presenting 

late with 

Advanced 

Glaucoma 

Normal 131 100 1.12 67.1 5.9 (±1.0) 3.7 (±0.5) 35% 1% 64%  

Borderline 128 100 0.88 71.5 6.0 (±1.3) 3.6 (±0.5) 52% 4% 44%  

E
a

rl
y 

1 168 100 1.08 73.2 6.3 (±1.3) 3.7 (±0.6) 72% 4% 24%  

2 208 100 0.96 73.1 6.0 (±1.5) 3.7 (±0.5) 84% 9% 7%  

3 198 100 0.66 73.8 6.1 (±1.4) 3.8 (±0.6) 91% 4% 5%  

A
d

va
n

ce
d 4 215 100 0.85 73.7 6.0 (±1.3) 3.8 (±0.6) 94% 6% 0% 

72% 

  

5 261 81 0.84 72.1 5.8 (±1.3) 3.7 (±0.5) 84% 6% 0% 95% 

Table 1.4: The demographics of the patients included in this study. The eyes involved in this study were classified in 7 different 

stages according to the median of the last 3 visual field test results. 
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GSS2 

Stage 

Median 

(IQR) 

MD (dB) 

Mean (±SD) rate of 

loss (dB/year) 

Median (IQR) 

rate of 

loss (dB/year) 

Max / min 

rate of loss 

(dB/year) 

Percentage with 

rate of loss >2 

dB/year 

Mean (±SD) 

number of 

locations with 

absolute (0dB) 

loss 

Eyes that outlier 

was removed (eyes 

άŦƭŀƎƎŜŘέ ōȅ tŜƛǊŎŜǎΩ 

criterion) 

Normal 0.2 (3.9) 0.05 (±0.40) 0.02 (0.43) -1.20 / 1.10 0% 0.7 (±1.2) 9 (30) 

Borderline -1.5 (3.4) 0.04 (±0.43) -0.02 (0.45) -1.10 / 2.13 0% 0.8 (±0.9) 21 (51)  

E
a

rl
y 

1 -2.9 (2.6) 
-0.12 

(±0.39) -0.14 

(±0.50) 

-0.14 

(0.46) -0.14 

(0.56) 

-0.94 / 1.04 0% 1.0 (±1.0) 14 (43)  

2 -4.6 (6.0) 
-0.16 

(±0.59) 

-0.13 

(0.65) 
-1.57 / 1.85 0% 1.5 (±1.7) 21 (41)  

3 -7.3 (5.9) -0.41 (±0.82) -0.28 (1.00) -3.63 / 1.59 2% 2.9 (±2.6) 21 (35)  

A
d

va
n

ce
d 4 

-13.00 

(10.3) 

-0.46 

(±0.89) -0.52 

(±0.87) 

-0.25 

(0.84) -0.30 

(0.74) 

-3.36 / 2.13 7% 9.2 (±6.7) 24 (39)  

5 
-19.9 

(11.8) 

-0.58 

(±0.85) 

-0.35 

(0.59) 
-4.43 / 0.95 6% 17.9 (±8.0) 23 (32) 

Table 1.5: The results of the linear regression analysis performed on the series of visual field tests from 681 eyes, classified 

according to GSS2.[171] 
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Figure 1.15: Distribution plot of rates of visual field loss in early (GSS2 

Stages 1-2) and advanced (Stages 4-5) glaucoma. Black line is the best 

fitting modified hyperbolic secant. 
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Regression analysis for the three parameters showed significant change for 

two of those parameters, the negative width of the distribution C and the 

mode t (p-value <0.01), while the B parameter (positive width of the 

distribution) did not reach statistical significance (p-value 0.48). 

Figure 1.16 shows the medians of the three parameters for each GSS2 stage 

along with the upper and lower confidence limits (i.e. 97.5% and 2.5% 

respectively). In order to highlight the relative changes in parameters B and 

C, we plotted the ratio of these two parameters (i.e. B over C) across the 

different GSS2 stages. This ratio is approximately 1 for Normal, Borderline 

and early glaucomatous stages indicating that the two parameters are fairly 

similar and therefore the distribution at these stages quite symmetric. For 

moderate and advanced glaucomatous stages the B/C ratio showed an 

increase with increasing stage. 
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Figure 1.16: Median (and upper/lower confidence limits) of the three 

parameters of the best fitting modified hyperbolic secant for each GSS2 

stage. Filled square dots indicate the median of each parameter after re-

classification of GSS2 stages 4 and 5 (advanced glaucoma) according to 

baseline loss. Bottom right plot shows the ratio of B/C parameters across all 

GSS2 stages 

 

1.2.5 DISCUSSION 

 

In this retrospective study, glaucomatous eyes with a range of VF defects 

were randomly selected from a large database of records collected during 

routine management of patients attending a UK NHS eye hospital. The 

median rate of change was greater in patients with more advanced loss. 


