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Abstract 
 

Improving visual field tests for populations with advanced 
glaucoma and visual field loss in the periphery 

 

Catherine Bain 

 

The visual field can extend up to 100° in the temporal visual region; however, in 

patients with glaucoma and other diseases that affect peripheral vision, only the 

central 30° of the visual field is monitored regularly in clinical practice using static 

perimetry. These static tests are rapid and robust against human errors due to their 

testing strategies. However, approximately 80% of the rest of the visual field is less 

regularly examined due to the length of time it takes to measure, using both static 

and kinetic stimuli. Currently, there is not an established automated kinetic test to 

measure the visual field within the same duration, and precision as a central static 

perimetry test.  

The peripheral visual field is important for aspects such as attention, balance, and 

mobility, thus examination of this visual region may provide important information. 

This Thesis focuses on the development and clinical application of automated kinetic 

peripheral visual field tests, designed to rapidly measure the peripheral visual field.  

In the first study, the outer limits of the far peripheral visual field were examined 

using kinetic stimuli by adapting a commercial Octopus 900 perimeter (Haag-Streit, 

Koniz, Switzerland) with an extended fixation device. The results confirmed research 

from a century ago and the distribution of responses provided the framework to 

develop kinetic perimetry strategies.  



Page 7 
 

With this perimeter adaptation, we investigated the effect of cataract surgery on the 

extent of the peripheral visual field and if negative dysphotopsia can be detected. 

This was undertaken in 30 post-cataract surgery patients, using a stimulus that 

moved both inwards towards the fixation point and outwards from the fixation 

point. The results suggested implantation of intraocular lenses reduces the extent of 

the peripheral visual field. Negative dysphotopsia was detected in a patient, with 

shrinkage of the capsular bag being identified as the possible cause.  

Simulations of responses to kinetic stimuli formed a kinetic test that was used to 

measure the outer visual boundary in participants with advanced glaucoma. 

Simulation results showed good precision, and a test duration similar to a static 

central test. Clinical application of this kinetic strategy test in a group of 12 

participants with advanced glaucoma showed faster results than simulation 

estimates, and isopter estimates were precise to within ±4°.  

I investigated the effect of vision loss from glaucoma on postural sway stability. 

Participant postural stability was measured in 11 participants with glaucoma and 12 

aged matched controls, using accelerometers (Xsens MTw, Awinda, Holland). 

Participants viewed different visual scenes, to compare the role of central and 

peripheral visual fields on stability. The impact of proprioceptive feedback on 

stability and the contribution of vision was measured by using different standing 

surfaces. The results of this study confirmed a decrease of postural stability with 

vision loss, an increased reliance on proprioceptive feedback in glaucoma 

participants, and lack of input of the peripheral visual field outside of 60° on 

standing balance. 
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1 Chapter 1: Thesis motivation and outline 
 

The design of perimetry methods, to measure the extent and sensitivity of the visual 

field have developed greatly over time such as for example the development from 

early Bjerrum screens (Riddoch 1917), which used manual kinetic stimuli, to 

computerised automated kinetic perimetry devices such as the Octopus perimeter 

(Haag Streit AG, Koeniz, Switzerland). Despite this development in technology, 

difficulties remain in visual field acquisition because these tests are notoriously 

challenging for the patient, particularly if they suffer substantial vision loss (Chauhan 

et al., 2008)(Mönter, Crabb et al. 2017). One way to account for the degree of 

difficulty perceived by an individual with poor visual performance, is to reduce the 

test duration. An example of such a test is the Swedish Interactive Testing Algorithm 

(SITA) Fast on the Humphrey Field Analyser (HFA, Carl Zeiss Meditec, Dublin, CA).  

   The current standard method used to examine the visual field of a patient with 

glaucoma is static perimetry using the SITA standard test strategy on a HFA. 

However, this method only measures up to 30° of the visual field, representing only 

approximately 20% of vision (Bengtsson, Olsson et al. 1997). Thus, there remains a 

substantial area of vision that is left unexamined in patients. For detecting the early 

stages of glaucoma, this central static strategy method is favourable, however is 

difficult to undertake, and highly variable in its results when used in patients with 

substantial vision loss (Bengtsson and Heijl 1998, Artes, O'Leary et al. 2014). 

   In view of the current limitations of contemporary perimeters, there is a need for 

research developments designed to improve visual field assessments, for instance 

duration, and to increase the reliability of testing strategies. This is essential not only 

for monitoring glaucoma progression in the more advance stages, but also to 
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individuals. This research will potentially influence the importance of peripheral 

visual field, and the role it plays in everyday life activities. It will also provide support 

for the use of peripheral visual field tests more frequently within a clinical 

environment. 

1.1 Thesis outline 

Chapter 1 introduces glaucoma, an ocular disease which causes severe and 

irreversible damage to visual function, and is prevalent in an older population. It will 

describe the pathophysiology of Primary Open-Angle Glaucoma, as this is the most 

common form (Cook and Foster 2012), the prevalence, the incidence and risk factors 

across different populations and ethnicities, and additionally the current treatment 

strategies for the disease. It will also examine the effects glaucoma has on other 

visual functions and everyday activities, such as reading and balance. This chapter 

will also discuss the current perimetry methods (static and kinetic) used to measure 

the extent of the visual field. It will also cover the pattern of visual field damage 

caused by glaucoma. An overview of advanced glaucoma will follow to cover aspects 

such as the progression to this stage of the disease and the risk factors associated 

with it. The problems with current monitoring strategies used for individuals with 

advanced vision loss will be described as well as alternative measures which could 

be used to improve the monitor of the progression of vision loss in advanced 

glaucoma. 

Chapter 2 presents the design and built of an extended fixation device, which can bit 

fitted and calibrated with Octopus 900 perimeter. This device offers the possibility 

to measure a greater area of the peripheral visual field. By building devices such as 
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this, a commercial perimeter can be adapted to compensate for the design and 

limitations of the perimeter bowl when measuring the peripheral visual field. 

Chapter 3 discusses the design and implementation of a new kinetic perimetry visual 

field test, designed to measure the furthest limits of the far-peripheral visual field in 

a group of healthy individuals. This is due to current limitations caused by the 

perimetry bowl shapes, which limit the extent of the peripheral visual field that can 

be measured. This kinetic perimetry test uses ascending and descending methods of 

limits to determine a spatial threshold in which a true isopter location would be 

located. 

Chapter 4 investigates the performance of the new quick far-periphery kinetic 

perimetry test on post-cataract surgery participants. The aim of this study was to 

measure the peripheral visual field threshold in patients who had had cataract 

surgery to define the possible effects of an IOL on the extent of the temporal visual 

field. This experiment also attempted to locate negative dysphotopsia, which 

sometimes occurs after cataract surgery. This aftereffect is poorly understood and 

there is currently no conventional quick perimetry method to identify it. Using the 

new far-periphery kinetic test the position of the shadow in the temporal visual field 

was mapped. 

Chapter 5 is a simulation chapter and is built upon the results in chapter 3. Kinetic 

perimetry tests are lengthy, thus participants tend to experience fatigue, causing 

response errors. This chapter aimed to describe the response behaviour by 

participants in a kinetic perimetry test. Using this distribution of response, we 

simulated a number of different kinetic strategies, differing on number of responses 

and how an isopter position was quantified. These strategies would help develop a 
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new kinetic algorithm that will allow measurement of the outer peripheral visual 

region within a short test duration while maintaining a high level of accuracy and 

precision. This test is designed for individuals with advanced vision loss, who 

currently find central static visual field tests difficult to undertake. 

Chapter 6 discusses the performance of the new kinetic test strategy (designed in 

chapter 5) in a glaucoma population, and its suitability to be used in a clinical 

environment. The performance of the test is measured in terms of its test re-test 

variability and the test duration compared to current static visual field tests. This 

chapter also identifies the clinical relevance of measuring the temporal inferior 

visual fields, in terms of postural sway measurements in the glaucomatous 

population. 

Chapter 7 describes an experiment which investigated the relationship between 

vision loss caused by glaucoma, and postural sway. This study aimed to provide 

relevance of the peripheral visual field for balance control and also the overall 

impact of vision loss on postural sway instability. This experiment used multiple 

surface and visual conditions and compared these results to control participants. 

Chapter 8 sums up the work in the thesis, noting the novel contributions to the field 

of work, and gives suggestions for future work. 

1.2 Glaucoma 

1.2.1 Definition 

Glaucoma is defined as a group of ocular disorders connected by common features 

including optic nerve head changes and visual field loss (Quigley, 2011). It is often, 

but not always, associated with increased intraocular pressure caused by 
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impediments in drainage of the aqueous humour fluid. As a result, glaucoma can 

lead to progressive vision loss and blindness (Boland et al., 2013, Thylefors and 

Négrel, 1994, Cook and Foster, 2012). It affected approximately 60 million people as 

of 2010, a number expected to increase to 80 million by the end of 2020, of whom 

approximately 10% of individuals are estimated to be bilaterally blind (Quigley and 

Broman, 2006). 

1.2.2 Classification 

The classification of glaucoma is most often based upon the anatomical structure of 

the angle between the cornea and iris, known as iridocorneal angle. Angle-closure 

glaucoma (ACG) is caused by a narrow angle between the cornea and iris which 

blocks the drainage pathway of the aqueous humour fluid. When the angle is open, 

but there is still a great deal of resistance of the drainage through the trabecular 

meshwork due to a build-up of particles, this is defined as open angle glaucoma 

(OAG). The majority of the time glaucoma presents as a primary disease, meaning no 

other cause, accounting for 92% of all presentations (de Moraes et al., 2016). 

However, it can on occasion be secondary due to trauma, inflammation and 

pupillary block in the eye (de Moraes et al., 2016). 

  Glaucoma is also classified in terms of intra-ocular pressure (IOP) levels. Normal 

tension glaucoma (NTG) is the presence of OAG with an IOP within the normal range 

i.e. 10-24mmHg (Weinreb, Aung et al. 2014). This accounts for an estimated 25-50% 

of glaucoma cases (Weinreb and Khaw, 2004). Ocular hypertension (OHT) describes 

the IOP levels elevated above normal range > 24mmHg, when no structural or 

functional damage is observed. OHT is distinct from glaucoma, but it is estimated 

that 1-2% of OHT patients will go on to develop OAG (Weinreb and Khaw 2004). In 
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those who do, glaucoma tends to progress faster, in terms of increased vision loss, 

thought to be due to the high IOP levels (Ocular hypertension study, OHTS) (Kass et 

al., 2002)(Thakur and Juneja 2018). For the purpose of this thesis, we will only 

discuss in depth the pathophysiology and risk factors of primary open angle 

glaucoma. 

1.2.3 Diagnosis 
The diagnosis of individuals with OAG is extremely important, as both a positive or 

negative diagnosis can produce a severe result for the individual. A diagnosis of OAG 

is undertaken by measurement using visual field tests, ophthalmoscopy, corneal 

thickness and IOP. Other optic neuropathies should also be excluded before 

declaring a diagnosis of OAG (Jacobs, Trobe et al. 2016). Epidemiological studies 

have shown that more than 50% of glaucoma cases remain undiagnosed, even in 

developed countries. This prevelance of undiagnosed population is consistent with 

the lack of cost-effective screening methods for glaucoma (Tielsch, Katz et al. 1994). 

1.2.4  Open-angle glaucoma  

As OAG is asymptomatic (Weinreb and Khaw 2004), there are no reports of pain. The 

only signs of progressing OAG is gradual vision loss and optic nerve head changes, 

thus vision loss can go undetected at first. Structural diagnosis of OAG is determined 

by excavation or cupping of the optic nerve head, termed as glaucomatous optic 

neuropathy (GON), where the retinal nerve fibres die and the cup becomes larger. 

An illustrated representation of GON can be seen in Figure 1.1. OAG is additionally 

characterised by the inhibition of aqueous humour outflow through the anterior 

chamber of the eye, at the iridocorneal angle. This reduced outflow sometimes 

precipitates a rise in IOP (Weinreb, Aung et al. 2014).  
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   OAG is not caused by increased IOP levels, as it has been found that optic nerve 

head damage and visual field loss can occur regardless of IOP level (Foster, 

Buhrmann et al. 2002). As OAG progresses, damage is observed as thinning of the 

neuroretinal rim, to advanced cupping of the optic nerve head (see in Figure 1.1), 

resulting in typical patterns of visual field loss, thought to be due to the death of 

retinal ganglion cells (Smith, Katz et al. 1996, Ratican, Osborne et al. 2018). The 

definitive mechanism of damage to ganglion cell axons is not fully known. OAG 

presents as a bilateral condition, however, the visual field loss is often asymmetric at 

the point of detection (Weinreb et al., 2014, Weinreb and Khaw, 2004).  

 

Figure 1.1: Adapted illustrated image of the anatomy of the optic nerve head. Panel A 

depicts the normal optic nerve head, and panel B shows the structural changes associated 

with glaucomatous optic neuropathy (Weinreb, Aung et al. 2014). 

1.2.5 Epidemiology 
The number of people with glaucoma was estimated at 60 million people across the 

world in 2010 (Cook and Foster 2012). Glaucoma is the second leading cause of 

blindness after cataract (Cook and Foster 2012). However, unlike cataracts once 
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vision loss has occurred, it cannot be restored through treatment. Certain forms of 

glaucoma and its subtypes are more prevalent than others. OAG accounts for at 

least three quarters of cases worldwide (Harasymowycz et al., 2016). However 

prevalence can differ depending on factors such as gender and ethnicity (Cook and 

Foster 2012). Thus, it is said that population-based screening for glaucoma types is 

not recommended due to these factors (Cook and Foster, 2012). 

1.2.5.1 Prevalence 

Prevalence is defined as the percentage of a population that is affected by the 

disease at any given time. This is calculated by comparing the total number of 

people with the disease in the population by the number of the overall population, 

producing a ratio. With an increasing ageing population worldwide, an accurate 

future prediction of prevalence is critical for the development appropriate health 

tailored policies for all populations (Tham, Li et al. 2014). However, prevalence 

differs among different populations. This is due to risk types varying between race 

and countries: for example, individuals who are black have a higher prevalence of 

OAG than individuals who are white (Friedman, Jampel et al. 2006) (see Figure 1.2). 

Thus population prevalence differing incurs limitations for studies to provide an 

accurate overall estimation of OAG prevalence (due to differing population ages, 

race and geographical regions etc.), resulting in a challenging approach to 

monitoring OAG trends for future reference.     







Page 32 
 

over the decades (Leske, 2007). The number of patients receiving treatment for 

glaucoma (e.g. drops/surgery), also increases with age, where patients aged 85 years 

and above, are 13 times more likely to receive glaucoma therapy then those aged 

between 40 to 64 years (Cook and Foster, 2012). 

1.2.6.1.2  Ancestry 

As ascertained, different cultures/ancestry are at more risk of developing glaucoma, 

more notably different forms of the glaucoma such as  ACG over OAG (Friedman, 

2007). The Barbados study (Leske et al., 1994) is a prime example which identified 

the relationship between race and prevalence of glaucoma. They identified that 1 in 

11 adults, older than 50 years present with OAG in their study population, with this 

ratio increasing to 1 in 7 when adults are over the age of 70 years and from a black-

Caribbean ethnicity.  

   An individual of African American descent has an increased risk of developing 

glaucoma (59%) in comparison to other ethnicities (Gordon, Beiser et al. 2002). This 

is thought to be due to African races having a significantly larger ONH, and generally 

a higher IOP level (Weinreb and Khaw 2004, Leske, Wu et al. 2008). They also more 

frequently present with bilateral glaucoma (Boland and Quigley, 2007). The onset of 

glaucoma has also shown to develop earlier in Africans in comparison to other 

ethnicities, such as Chinese and Hispanic (Gordon, Beiser et al. 2002).  

1.2.6.1.3 Gender 

 Gender is a potential risk factor for OAG, however with many contradictory 

theories. Studies such as Mark (2005) found that females have a higher risk of ACG 

than males. This is was also found in OAG cases, however was only related in 

females who had early onset of menopause (Hulsman, Westendorp et al. 2001). One 
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theory predicts that female sex hormones may affect the shape of the ONH, with 

these hormones also influencing IOP levels (Drance, Anderson et al. 2001, Patel, 

Harris et al. 2018). Another suggests it is a decreased exposure to estrogen which 

increases the risk of developing OAG (Vajaranant et al., 2010). Thus, with the ever 

changing hormonal cycles of females, this increases the potential risk of the onset of 

glaucoma. An additional role that gender plays is the increased longevity of age in 

females in comparison to males (Barford, Dorling et al. 2006). 

1.2.6.2 Genetic factors 

Statistics show a higher risk of developing glaucoma if a first-degree relative has 

glaucoma. Prevalence within the family for OAG is estimated at 10.4% in siblings, 

and 1.1% in offspring of individuals with OAG (Wolfs, Klaver et al. 1998, Runyal and 

Din 2018). A positive family history has be found in as much as 60% of patients 

(Tielsch, Katz et al. 1994, McNaught, Allen et al. 2000, Green, Kearns et al. 2007). 

The population attributed risk of glaucoma is 16.4%, taking into account risk for 

relatives and individuals with no family history (Wolfs et al., 1998).  

   When identifying inheritance as a risk factor, there are numerous theories in 

regard to what affected genes lead to an increased risk of glaucoma. It is said 

approximately 3% to 5% of OAG is attributed to a defect in the MYOC coding of 

myocillin (Leske 2007), whereas other studies have identified mutations on the 

OPA1/OPTN genes for normal tension glaucoma (Wiggs 2007). However, these gene 

defects only account for a small percentage of the population with OAG, thus OAG 

likely arises due to a combination of genetics and other factors. 
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1.2.6.3 Systemic factors 

1.2.6.3.1 Vascular 

Studies have listed vascular risk factors as having positive links to an increase risk of 

developing OAG. Such conditions include systemic hypertension and atherosclerosis, 

and vasospasm (Bonomi et al., 2000). Blood pressure, has a well-known association 

with IOP levels (Wu, Nemesure et al. 2006). The fluctuation of ocular perfusion 

pressure (blood pressure minus IOP)   causes perfusion at the ONH (Caprioli et al., 

1987), thus it is suggested that IOP is more relevant than blood pressure itself in the 

increased risk of glaucoma development. There is also an association of the vascular 

role with migraines and ocular blood flow (Leske, 2007), with a migraine causing a 

rise in IOP and reducing ocular blood flow around the eyes. 

1.2.6.3.2 Diabetes 

Diabetes is an additional systemic factor, supported and unsupported for the 

association with OAG (de Voogd et al., 2006). Diabetes causes microvascular 

changes and has a strong association with high IOP levels. The high IOP is caused due 

to retinal vessels becoming damaged due to blood sugar levels and as a response to 

hypoxia (Zhao, Cho et al. 2015). New weak vessels are then formed due to VEGF 

factors (Osaadon, Fagan et al. 2014). These VEGF factors can travel to front of the 

eye and cause the formation of new blood vessels on the iris, resulting in blockage of 

aqueous humour flow (Zhao, Cho et al. 2015). However the direct relationship of 

diabetes and OAG has been hard to distinguish across studies (Leske 2007). A 

number of large studies are debating this question through the use of cross-

sectional and case control studies such as the Ocular Hypertension Treatment Study 
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(Gordon, Beiser et al. 2002) which actually found that diabetes mellitus was 

protective against development of OAG, research is still undecided. 

1.2.6.4 Ocular factors 

1.2.6.4.1 IOP 

The most important risk factor known to increase the risk of OAG is IOP. The 

relationship between OAG and IOP is best interpreted in population based incidence 

levels. A prominent example is from the longitudinal Barbados study (Leske, Wu et 

al. 2007) where incidence levels increased as baseline IOP levels increased. High IOP 

levels are defined as greater than 24mmHg, and individuals who present with an IOP 

above these levels are diagnosed with ocular hypertension (Leske, 2007). However 

glaucomatous damage may occur at any level of IOP, and only 5% to 10% of the 

population present with high IOPs (Leske 2007), thus a high IOP cannot directly be 

associated with OAG ( see in Figure 1.4). 

 

Figure 1.4: Image of cross sectional diagram of eye and points affected by increased 

pressure, adapted from Nariani et al, (2016). 
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(Racette, Wilson et al. 2003, Herndon, Weizer et al. 2004) with the argument that a 

thinner corneal is a strong predictor of an individual developing OAG who also has 

ocular hypertension (Gordon, Beiser et al. 2002). The Barbados incidence study also 

inferred that ethnicity can differ in corneal thickness (Leske, Wu et al. 2007). 

However, issues identified with cornea thickness as a risk factor of OAG are from 

readings from tonometry, leading to clinicians underestimating IOP, thus the 

relationship between corneal thickness and IOP is unclear. 

1.2.6.4.4  Optic nerve head 

The size and ratio of cupping of the ONH can be a predictor and risk factor for 

developing glaucoma. With the structural measures of the ONH correlating with a 

loss of visual function in some patients (Boland and Quigley, 2007). Structural 

features which relate to a higher risk of glaucoma are a larger disc, resulting in a 

reduce ability to withstand stress (Boland and Quigley 2007). Although with a larger 

ONH, there is a greater number of nerve fibres, reducing the affect that damage has 

on vision loss (Quigley, Coleman et al. 1991, Jonas, Schmidt et al. 1992),Varma et al, 

(1995) found that individuals of African ethnicity have larger optic discs but with 

fewer nerve fibres, thus a greater risk of functional vision loss.     

1.2.7 Physiology of Open-angle glaucoma 

The physiology of glaucoma differs dependant on the type. OAG is not fully 

understood but current research suggests a relationship between intraocular 

pressure and retinal ganglion cell death, resulting in ONH damage and visual field 

loss. This section will discuss two pathophysiological theories on the cause of 

damage in OAG. 
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allows for activation of glial cell degeneration, through astrocytes changing the axon 

environment and producing milieu which prevents the survival of healthy retinal 

ganglion cells (Abu-Amero, Morales et al. 2006)(Weinreb and Khaw, 2004). This 

theory relates with other research (Gordon, Beiser et al. 2002), where the reduction 

of IOP even when within normal limits, reduces the progression of OAG. 

 

Figure 1.5: Aqueous Humour Drainage Pathway of eye with open-angle glaucoma 

(Weinreb, Aung et al. 2014) 

1.2.7.2 Vascular theory 
The vascular theory suggests that damage caused to the ONH is caused by reduced 

ocular blood flow, either through increased IOP or other systemic factors such as 

systemic hypertension (Yanagi, Kawasaki et al. 2011). As blood flow is reduced, this 

may incur tissue hypoxia which produces increased reactive oxygen species which 

can damage the ONH. Oxidative stress also causes an increase in endothelin-1, 

which is known to play a role of the death of retinal ganglion cells, and documented 

within individuals with OAG (Yanagi, Kawasaki et al. 2011, Weinreb, Aung et al. 

2014). An additional aspect to the vascular theory is the decrease of cerebrospinal 

fluid pressure in the optic nerve subarachnoid space (Weinreb, Aung et al. 2014). 
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vision is getting worse, resulting in them being less confident in undertaking certain 

activities. However on occasion there is no evidence from tests to suggest 

progression of vision loss. Thus, the mental health of patients should be monitored 

as well as their vision. However there is relatively little work on quality of life and 

visual disability currently, but there is a growing interest (Crabb, Smith et al. 2013, 

Murata, Hirasawa et al. 2013). 

   Another questionnaire to measure quality of life, is the Activities of Daily Vision 

Scale (ADVS), which measures how difficult an individual feels certain daily tasks are. 

These types of measures are effective at observing different types of vision loss and 

how they related with activities such as walking/balance performance (Murata, 

Hirasawa et al. 2013). Freeman et al, (2008) found that when using the ADVS 

questionnaire, individuals with bilateral glaucoma reported more difficulties than 

those with unilateral glaucoma. 

   Studies that utilise these types of questionnaires have provided evidence that 

patients with glaucoma struggle with activities such as reading, and that vision loss 

has an effect on their mobility (Ramulu, 2009). Additional findings have also related 

glaucoma to the increased levels of depression and other mental health issues (de 

Moraes et al., 2016). However, these questionnaires are only useful for detecting 

the aspects of visual functions that glaucoma patients feel they struggle with. These 

answers are subjective to a number of factors such as  for example mental health at 

the time of questioning (Jampel, Schwartz et al. 2002). Measuring these visual 

functions would provide a more reliable performance of these tasks, and the effect 

that glaucoma has on them.  
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which is concerned with detecting spatial characteristics in the surrounding visual 

world (Berencsi, Ishihara et al. 2005). 

1.3.4 Central visual field 

The central visual field is measured from the point of fovea central fixation, up to 

30°. This area of the eye has the largest in-take of light, focusing it at the retina, with 

the highest sensitivity at the fovea. This is due to the majority of retinal ganglion 

cells located in this area (Gibson 1950)(Hannibal, Christiansen et al. 2017). The fovea 

makes up 3° of the central visual field and the macular makes up to 10°. The central 

visual field in terms of motor control is said to be responsible for distinguishing 

physical characteristics of environmental objects (Berencsi, Ishihara et al. 2005). 

1.3.5 Glaucomatous visual field loss 

A visual field defect or vision loss is referred to as a loss of light sensitivity across the 

whole or part of the visual field (Cook and Foster 2012). Vision loss in glaucoma 

patients is irreversible, with most patients unaware of the loss of vision until the 

later stages of the disease, when it has an effect in everyday functions such as 

reading (Jampel, Schwartz et al. 2002). 

1.3.5.1 Patterns of visual field loss 

Although there is not set pattern of visual field loss across all glaucoma patients, 

typically loss occurs around the arrangement of the retinal nerve fibre layers as they 

pass through to the optic disc (Shaarawy, Sherwood et al. 2014). Those fibres, which 

enter at the temporal retina, are at most risk of damage, thus vision loss occurs 

more frequently in the superior hemisphere. Glaucomatous visual field loss is usually 

bilateral but mostly asymmetric between eyes, where one eye presents with twice 

as much damage as the other (Quigley, 2011). This damage usually starts around 10° 
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perimetry is to confirm that visual function is not below the normal range through 

quantification (Heijl, Patella et al. 2012). Static threshold measurements are 

sensitive to shallow depression of the visual field, which increases detection of early 

glaucoma deficits compared to manual tests such as confrontation (Johnson, Keltner 

et al. 1979, Heijl, Lindgren et al. 1989). 

1.4.1.1 Testing grid patterns 

The most common testing patterns for this type of static perimetry are 30-2, 24-2 

and 10-2, consisting of grids with 76, 54, 73 and 68 testing locations (see in Figure 

1.9). The 30-2 tests the central 30° of the visual field made up of 76 locations, 

formed on a square matrix of 6°, displaced from the horizontal and vertical midlines 

by 3°. The 24-2 programme consists of 54 test locations, extending to 24°, apart 

from two points, which are located 27° nasally. It benefits from being faster than the 

30-2, and has less interference from the lens rim artefact which can sometimes 

show as vision loss in the larger 30-2 test, thus has become more generally used in 

practice (Heijl and Krakau 1975, Guo, Kwon et al. 2017). The 10-2 testing pattern is 

generally used for patients with specific ocular diseases, such as macular 

degeneration or advanced glaucoma. This grid pattern has test points space equally 

2° apart (Heijl, Patella et al. 2012). 

 

Figure 1.9: Grid patterns for 24-2 and 30-2 static automated perimetry. 
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1.4.1.2 Threshold estimation in static perimetry 
When using static perimetry, the procedure of estimating the threshold value can 

have an effect on both the duration and detail of the test. Adaptive threshold 

strategies have been developed to use in static perimetry based upon efficiency in 

accuracy and precision, and the following section will discuss the most frequently 

used (Turpin, McKendrick et al. 2002). 

1.4.1.2.1 Full threshold 

The aim of Full threshold is to estimate the threshold of sensitivity through step 

down/up (staircase) techniques. Stimuli are presented at a pre-determined location, 

and of selected intensity based on a normative dataset (Artes, Iwase et al. 2002). 

This staircase algorithm is based on the responses to the stimuli. The stimulus 

intensity is adjusted in steps of 4dB, until the first response reversal occurs, where 

the stimulus is then adjusted in steps of 2dB. An estimation of these results is based 

on the last seen stimulus in a given test location, after there have been two 

response reversals (Artes, Iwase et al. 2002). This is the standard method used and 

widely accepted around the world. However this test strategy has a long duration 

and can be hard for patients to undergo (Johnson, Chauhan et al. 1992), with 

inconsistent responses. Increased sensitivity means more noise in the 

measurements thus it is difficult to determine a real change in the visual field from 

fluctuations of the test (Heijl, Lindgren et al. 1989, Artes, Iwase et al. 2002).   

1.4.1.2.2 SITA Standard & SITA Fast 

The SITA (Swedish Interactive Threshold Algorithm) threshold strategies were 

developed to produce the same quality of results which can be obtained with the 

full threshold method, but within a shorter test duration (Bengtsson, Heijl et al. 

1998). Within the SITA test strategies the threshold values and measurement errors 
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eccentricity corrected, and does not represent early visual field loss accurately, 

however is more useful in end stage visual field loss see figure 1.10.  

 

 

Figure 1.10: From left to right: Gray scale plots from two 24-2 grid patterns for right and 

left eye, and 30-2 grid pattern. 

1.4.1.3.2 Probability plots 
The probability plots on the central field printout are the Total Deviation (TD) and 

Pattern Deviation (PD) probability values. The TD probability level is displayed at 

each stimulus location. It is associated with the age-corrected deviation from the 

normal estimated sensitivity of the eye. The difference between this value and the 

normal range is indicated as sensitivities that are worse than the 5th, 2nd, 1st and 

0.5th percentile of the normal range according to age. The PD probability value is 

calculated in the same way as the TD, however it takes into account the overall 

elevation or reduction in sensitivity. This method is useful for detecting localised 

field defects, however is unreliable for distinguishing between diffuse and 

generalised field loss. 
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1.4.1.3.3 Global indices 

The global indices are the Mean Deviation (MD), Pattern Standard Deviation (PSD), 

and the Visual Field Index (VFI). These are a summary of measures of estimated 

sensitivity across all test locations. 

   The MD is the weighted mean difference across all stimulus locations in 

comparison to a healthy age-corrected (threshold sensitivity decreases with age) 

visual field. It is the average of the deviations shown in the TD plot. As the visual 

field worsens the MD becomes increasingly negative, where a MD of -25dB is 

defined as functional blindness. However, the MD can be effected from ocular 

factors such as cataracts. The PSD is again calculated across all stimulus locations, 

and represents more localised defects in the visual field. It is calculated as the 

standard deviation of the TD. It differs from the MD as it becomes more positive 

with the advancing of visual field loss. As previously stated the PSD, becomes 

unreliable when there is advanced visual field loss. 

   The VFI was designed to counteract factors such as cataracts, which can influence 

the appearance of generalised visual field loss (Bengtsson and Heijl, 2008). The VFI 

can be calculated using two different methods dependant on the MD value. When 

the MD is equal to or better than -20dB, VFI is calculated from the sum of the 

sensitivity values at each test location from the PD probability plot. If the MD is 

worse than -20dB then the sum is taken from the TD probability plot. The VFI is 

scored in percentages, with 100% representing a normal sensitivity at each test 

location, 0% is scored when there is absolute loss at a location.    
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   Clinical judgement consists of a simple subjective observation of visual field test 

results over numerous visits (Tanna, Budenz et al. 2012). It is faster than other 

methods due to no need for a computer, and flexible due to clinicians taking into 

account other factors, such as ONH and other non-clinical factors such as time of day 

tests were undertaken. However, this method suffers from inter-observer variability, 

as different clinicians will use different criteria for deciding on progression, and 

agreement between experienced clinicians often does not occur. This is particularly 

hard when observing changes in patients with advanced visual field loss, thus 

unreliable. 

    The classification analysis divides visual field defects into stages. This is based on 

the eccentricity and extent of defect locations. Stages used to define the progression 

of the disease are mild, moderate and severe. There are a number of Standard 

Automated Perimetry (SAP) staging systems that have been developed. One 

common criteria used is by Hodapp, Parish and Anderson. This system considers two 

criteria: the overall extent of vision loss using the MD value, and the number of 

points of reduced sensitivity in the PSD map, with the addition of the proximity of 

the defects to the fixation (Susanna Jr and Vessani 2009). The definition of advanced 

glaucoma, at the beginning of the next section, is chosen from this staging system. 

The Advanced Glaucoma Intervention Study (AGIS) suggested a more continuous 

staging system, where the visual fields of patients were divided into 20 stages, in 

order to increase the likelihood of detecting progression in patients with more 

extensive vision loss (Investigators 1994, Susanna Jr and Vessani 2009). The scoring 

system for this is taken from the TD plot of a HFA Statpac2 package. These 

classification systems are important to divide patients into subtypes and stages to 



Page 63 
 

establish the risk of progression, optimising treatment, and the ability to monitor 

the functional vision. 

   Trend analysis follows the test parameters sequentially over time, to determine 

the magnitude and significance of patterns within the data. The first version of the 

Statpac package (Heijl, Lindgren et al. 1987) that was used on the HFA, determines 

whether the MD of an individual is increasing over time, using a linear regression. 

The first two visual field tests are used as a baseline, and further tests completed 

over time to compare to them. The rate of glaucoma progression is measured with 

the changes of the MD value per year. In the Statpac2 package the first result taken 

from a series of tests is disregarded if it deviates substantially from the trend, 

avoiding any learning effects (Morgan, Feuer et al. 1991). Issues with this package is 

the effect of factors such as cataracts and refractive error on the MD. To reduce 

these effects Bengtsson and Heijl (2008) developed the Glaucoma Progression Index 

(GPI) to evaluate the progression of glaucoma, expressed as a percentage rather 

than in dBs. For advanced damage (MD > -20dB) analysis uses the TD due to define 

this percentage. This test reduces the effects from optical opacity, however suffers 

from large variability in advanced damage groups (Rao, Jonnadula et al. 2013) 

suggesting it is not an effective method for monitoring the progression of visual field 

changes in advanced vision loss. 

   Event analysis or Glaucoma Change Probability (GCP) identifies the threshold 

estimate at any given location of any visual field test examination, and correlates it 

to the original threshold estimates of the first two baseline tests (Morgan, Feuer et 

al. 1991, Leske, Heijl et al. 2003). This result is compared to the test re-test 

variability thresholds in any location, from individuals who have stable glaucoma. 
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Progression is noted as the significant reduction of sensitivity in 3 or more locations 

in the visual field, compared to the two baseline tests, or if visual decay in locations 

is less than 5% of this re-test value. However this analysis has shown to be unreliable 

for determining the rate of progression, influenced by the test re-test variability 

(Artes, O'Leary et al. 2014) 

1.4.2 Kinetic perimetry 

Kinetic perimetry is an alternative method to static perimetry where a spot of light, 

or a solid target is moved from an area of non-seeing (from the periphery) to an area 

of seeing (towards a central fixation point). This trajectory of the stimulus is called a 

vector (Racette, Fischer et al. 2016). The visual field location in which a patient 

responds to a stimulus is recorded as the threshold of their visual field sensitivity 

(Johnson and Keltner 1987, Schwartz, Dobson et al. 1987) and has a sensitivity 

threshold equal to the specific light intensity used along the vector. Further 

responses to the same stimulus intensity on additional vectors are connected to 

form an isopter, known as a boundary of equal sensitivity (Traquair and Scott 1957, 

Racette, Fischer et al. 2016). An isopter is similar in appearance to contour lines 

found on a topography map, which indicates areas of elevation, but isopters are a 

representation of threshold sensitivity in the visual field. Isopters mapped using 

different stimulus intensities together form the hill of vision, where higher threshold 

values indicate greater sensitivity. Any defects to this isopter shape could be 

interpreted as a reduction of sensitivity indicating visual field loss. However defects 

can also be due to anatomical structures intruding on the visual field such as having 

a large nose that reduces the extent of the nasal visual field (Traquair and Scott 

1957).   



Page 65 
 

   To produce a plot which covers the whole area of the visual field, multiple stimuli 

are used of varying intensity. These stimuli are either adjusted by size or luminance 

intensity (Munnerlyn, Joba et al. 1981, Racette, Fischer et al. 2016). This will produce 

a plot of several isopters representing the threshold sensitivity across the visual 

field. Isopter positions can be affected by the velocity of the stimulus trajectory. 

Typically stimuli presented in the periphery are set at a speed of 5°/s, whereas in the 

central visual field, it is suggested that a slower velocity of 1°/s is used due to the 

difference in sensitivity between the two regions (Vonthein, Rauscher et al. 2007). 

1.4.2.1 Goldmann manual kinetic perimetry 

Goldmann manual kinetic perimetry was first introduced in 1945 (Goldmann 1946). 

Its use was to detect visual field damage such as scotomas, in the peripheral and 

central visual field. This was a big step towards quantifying perimetry as it provided 

a uniform setup and procedure for clinicians to follow. It is a relatively short 

procedure and provides a good overview of any profound visual field defects 

(Nowomiejska, Vonthein et al. 2005). It is accepted as a method for monitoring 

progression, stability, or improvement of visual field defects in individuals suffering 

from concentric constriction of the visual field (Grover, Fishman et al. 1998). 

   The background illumination used in manual kinetic perimetry was established as a 

luminance of 10cd/m² (31.4asb). This luminance was established as the minimal 

brightness needed for photopic vision, which depends on the function of rods and 

cones (Heijl et al., 2012).  

   When performing manual kinetic perimetry, the examiner can change the stimulus 

size and intensity used, dependant on their individuals visual condition (low vision), 

through standardised filters. The visual field is recorded on a set chart print out (see 
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Figure 1.12,) whereby responses are marked out by using a pantograph, which 

moves the stimulus intensity selected. The examiner will move the stimulus from an 

area of non-seeing to an area of seeing, at an approximate speed of 5°/s. Between 8-

12 vectors are generally used per isopter, separated by 30-45° but more vectors can 

be used if necessary. Different sizes and contrast filters are selected to map out the 

area of visual field, starting with either the largest or brightest stimulus first. If there 

is a wide spread between two isopters then another filter adjusted stimuli will be 

used to map out that area between them (Pineles, Volpe et al. 2006).   

   

 

Figure 1.12: Manual Goldmann perimetry output, for glaucoma patient with reduced 

superior and nasal visual field. Different colours represent the different stimulus intensities 

used. This example shows a defect in the superior nasal region which extends inferiorly. 

This technique is preferred over static tests when observing larger areas of visual 

field damage, and when trying to define the shape of absolute scotomas 

(Nowomiejska et al., 2005)(Phu, Kalloniatis et al. 2018). There is significant patient 

preference for Goldmann over static perimetry in patients with a wide range of 

glaucomatous visual field loss (Pineles, Volpe et al. 2006, Ramirez, Chaya et al. 
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   The automated kinetic test has the advantage of better comparisons between 

tests due to the digitalisation of the data and the standardised programs used 

(Nowomiejska, Vonthein et al. 2005, Ramirez, Chaya et al. 2008). The device has set 

normative values dependant on age of the patient, which has been established 

during the development of kinetic perimetry (Vonthein, Rauscher et al. 2007). 

1.4.2.3 Goldmann stimuli 

In kinetic perimetry, the stimuli used to map out the visual field varies in size and 

intensity (Racette, Fischer et al. 2016), as can be seen in Tables 1.1 and 1.2. When 

the manual Goldmann perimeter was developed it contained one light source which 

could be adjusted in luminance through filters (Goldmann 1946). The stimuli can be 

adjusted according to greyscale filters, which allow the logarithmic decadal 

gradation of the stimuli luminance to be determined (Racette, Fischer et al. 2016). 

There are two greyscale filters, the first ranges from 1 to 4, adjusting in luminance 

values from 15dB to 0 dB in steps of 5dB. This can also be expressed in terms of 

luminance absorption from 31.5, 100, 315 and 1000asb. The second filter ranges 

from a to e, which equal luminance values of 4dB to 0dB in steps of 1dB. In terms of 

absorption these are 400, 500, 630, 800 and 1000asb. These filters can be 

incorporated into 20 different combinations of stimulus luminance (Racette, Fischer 

et al. 2016). 

Table 1.1: Range of Goldmann sizes shown in millimetres squared area and diameter in 

terms of degrees. 

Goldmann size Stimulus in mm² Stimulus diameter in ° 
I 0.35 0.11 
II 1 0.22 
III 4 0.43 
IV 16 0.86 
V 64 1.72 
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used in conjunction with static central visual fields (Nowomiejska et al., 2014, 

Nowomiejska et al., 2015). 

1.4.3 Reliability of visual field tests in glaucoma 
The variability of using visual field tests to monitor glaucoma is considerably high, 

even with the development of new analysis models to counteract for variability 

factors. Visual field tests can show both intra-test (short term) and inter-visit (long 

term) variability (Heijl 1987). Short term fluctuation is computed from the variability 

of threshold values found on repeated measurements during the same examination 

(Urata, Mariottoni et al. 2020), whereas long term fluctuation or inter-test variability 

is defined as the variability in threshold values among examinations performed over 

time, corrected for short-term fluctuation in the absence of clinically detectable 

pathology (Khan, Ishaq et al. 2017) The more advanced visual field damage a patient 

has, the higher variability (Investigators 1994). The rate of FP during the 

examinations is also high, as seen in De Moraes et al (2016) who found a rate of 57% 

FP on initial testing of glaucoma patients. With repeated testing this percentage did 

declined to 2%. However the increased need for multiple visual field tests increases 

clinician workload and costs to the health sector (de Moraes, Liebmann et al. 2016).  

   Patient factors can affect the outcome of visual field tests reliability. Learning 

effects have been demonstrated in advanced glaucoma patients, with the largest 

difference between first and second examinations (Heijl et al., 2012). These patients 

with greater visual field damage take longer to complete the tests, and produce 

higher FP and FN scores (de Moraes, Liebmann et al. 2016). Fatigue effects are an 

additional factor observed in visual field tests. It has be shown by Heijl and Drance 

(1983) that there is a decrease in threshold sensitivity in relation to test times in 

glaucoma patients. These effects are larger in more defective areas and also 









Page 74 
 

glaucoma can also be defined as having 1 or more points in the central 5° with a 

sensitivity of 0 dB, or multiple points within 5° with a sensitivity less than 15 dB, in 

both the superior and inferior regions (de Moraes et al., 2016). Other researchers 

define advanced glaucoma as total cupping of the optic nerve either with or without 

severe vision loss within 10° of fixation (Gessesse and Damji 2013). This thesis will 

adopt the definition by Hodapp (Hodapp, Parrish et al. 1993) for the classification of 

advanced glaucoma. 

1.5.2 Epidemiology of advanced glaucoma 

1.5.2.1 Prevalence, incidence & prognosis 

There is a scarcity of data on the prevalence of advanced OAG in the general 

population. However it has been suggested from one study that between 10-40% of 

glaucoma patients, will present with advanced visual field damage in at least one 

eye (King, Stead et al. 2011). 

   The predicted incidence of advanced glaucoma in the USA is based upon the 

incidence of glaucoma patients who have gone blind. Out of 100,000 patients, 6 will 

go blind as a result of glaucoma. From these figures it is then predicted that as many 

as 10 times more patients are actually living with advanced glaucoma (de Moraes et 

al., 2016). The rate of progression to advanced glaucoma, in relation to visual fields, 

is a mean loss of 3.6% per year, according to the mean deviation index (MDI) 

(Broman, Quigley et al. 2008, Chauhan, Garway-Heath et al. 2008). However this is 

disputed by early research which suggests a slower rate of 1.3% per year (Kwon, Kim 

et al. 2001). 

   As vision loss progresses in OAG, there is a substantial risk of an individual going 

blind in at least one eye (Fraser, Bunce et al. 1999). WHO (World health 
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organisation) estimated by the year 2010 glaucoma would be the cause of 12% of all 

blindness. Whereas other research suggests that on their last visit to their clinician, 

prior to death (median age at death 88 years), 16.4% of glaucoma patients were 

bilaterally blind, and 42.2% were unilaterally blind (Peters, Bengtsson et al. 2013, 

Peters, Heijl et al. 2015). 

1.5.3 Causes of advanced glaucoma 

It is essential to recognise patients who are at a higher risk of progressing to the 

advanced stage of OAG or blindness, taking appropriate steps to try slow and halt 

the disease. Factors which contribute to the late presentation of the disease, rate of 

progression, and how those factors relate with unsuccessful therapy interventions 

will be discussed. 

1.5.3.1 Late presentation 

One of the most important and highly recognised risk factors for an individual 

developing advanced OAG, is the late presentation of the disease. Late presentation 

is described as when a patient first presents to either an optometrist or GP, with 

substantial visual field loss, and cupping of the ONH. Presenting late with OAG has 

an effect on the prognosis for the patient. Research suggests that when a patient 

presents with already existing advanced vision loss, the deterioration of vision loss is 

predicted to be 11.7 times faster, than if there was little to no vision loss on first 

detection of the disease (Fraser et al., 1999). 

   Initial diagnosis of OAG, when and who it was by, is a key element of late 

presentation. In the UK approximately 90% of all glaucoma cases are referred by 

community optometrists. This leaves approximately 10% who are referred by their 

GP or from hospital departments such as A&E (Sukumar, Spencer et al. 2009). This 
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usually occurs when the patient starts to recognise that their vision is being affected. 

The patients referred by the GP etc. are more likely to present with advanced vision 

loss. This is confirmed by the registration of blind patients, as a result of glaucoma, 

at the Manchester Royal Eye Hospital (MREH). They found a high percentage of 

these patients registered as blind, were directly referred from there GP. This finding 

suggests a poor utilisation of optometrists, and the care they provide by some 

individuals in society, resulting in advanced vision loss (Sukumar et al., 2009). Fraser 

et al, (1999) suggested that the 10% of glaucoma patients who are not referred by 

optometrists, or are not correctly referred, either through wrong diagnosis, or not 

attending a vision test, are 4.5 times more likely to present late, and at a more 

severe stage of OAG. A clinical study in the UK recorded that the number of newly 

diagnosed glaucoma patients identified as having advanced glaucoma was 38% (48 

patients out of a sample of 126) (Ng, Agarwal et al. 2010), this figure further 

supports the prediction of advanced glaucoma prevalence by King et al, (2011). 

   A study by Grant and Burke (1982) calculated that one third of patients who end 

up blind from glaucoma, had already reached this advanced stage before seeking 

medical attention. Elkington et al, (1982) reported that 33% of individuals with 

glaucoma were delaying medical attention. Further research found 10% of those 

with glaucoma were severely visually impaired at first examination, whereas 

Sheldrick et al, (1994) suggested that up to 20% of patients presented with severe 

impairment at first examination. Individuals from an African-Caribbean origin were 

more likely to attend a sight test with advanced glaucoma in comparison to a white 

population (Fraser et al., 1999). This finding suggests that cultural background may 

also play an affect in seeking initial medical attention. These figures imply that the 
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risk of developing or going blind from advanced glaucoma is greater when patients 

do not seek healthcare (e.g. seeing an optometrist regularly or are not referred 

appropriately). 

   An important risk factor for the late presentation of OAG is the socioeconomic 

status of the patient. Fraser et al, (1999) found that individuals from a higher 

socioeconomic background were least likely to present late with glaucoma. This 

finding is further supported by Sukumar et al, (2009), who found a strong 

association between damage at diagnosis and an area-based measure of 

deprivation. The compliance and access of medical care for patients has also been 

linked to socioeconomic status, this is prominently more noted for screening of 

diseases such as cancer. However low attendance to regular eye tests is associated 

with a higher risk of vision loss (Fraser et al., 2001). This implies individuals of low 

socioeconomic status are at greater risk of having vision loss. Compliance, care 

regime of patients, and the increased risk of developing the advanced stage of the 

disease will be discussed more in-depth in the unsuccessful therapy section.   

1.5.3.2 Rapid progression 

There are a number of risk factors that could contribute to the rapid progression of 

OAG. An initial risk factor is the type of glaucoma. As this thesis is observing only 

OAG, I will only discuss different types of this classification. Pseudoexfoliation 

glaucoma is a common identifiable cause of rapid progression. The exact 

composition of the exfoliation material is still unknown, however it is known that it 

causes a chronic accumulation that blocks the anterior chamber, increasing IOP. This 

high level of IOP is what is thought to cause the rapid progression of the disease 

(Shaarawy et al., 2009). The clinical signs are often over looked, resulting in less than 
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approximately 30% of retinal ganglion cells, and relates to over 60% of the visual 

cortex (de Moraes et al., 2016). This program allows 68 test points to be measure 

over a 10° area, thus increasing sensitivity for detecting paracentral damage 

(Racette, Fischer et al. 2016). This can be further improved by replacing the standard 

Goldmann size III stimulus, with the larger size V stimulus, increasing the stimulus 

intensity. By increasing the sensitivity of detecting further vision loss (Gessesse and 

Damji, 2013), and reducing the variability, ensures tests are more reliable for 

detecting progression (de Moraes et al., 2016).  

    Kinetic perimetry, both manual and automated, is an important method for 

monitoring the vision in advanced glaucoma patients. As the visual function of 

patients gradually reduces, the ability to undergo SAP tests becomes increasingly 

harder. Kinetic perimetry is the favoured method when trying to define the edge of 

visual field loss (Nowomiejska, Vonthein et al. 2005). It allows almost the full field of 

vision to be measured, and the shape and extent of the visual field defect can be 

detected, along with any change to this shape over time. Kinetic perimetry is useful 

for monitoring progression in patients suffering from a constricted visual field (e.g. 

from advanced retinal nerve fibre layer loss or hemianopia etc.) (Nowomiejska et al., 

2005). The test-retest variability is lower than that of static perimetry (Nevalainen, 

Paetzold et al. 2008). It is the preferred visual fields testing method by patients with 

advanced glaucoma (60%), due to the patient/examiner interaction, and less 

fatiguing to complete (Nowomiejska et al., 2005, Nevalainen et al., 

2008(Nowomiejska, Kiszka et al. 2018)).  
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follow up visits should increase a level of suspicion that the disease is possibly 

progressing (de Moraes et al., 2016). 

    Richman et al, (2010) compared patients of all glaucoma severity, between visual 

acuity, and contrast sensitivity, using a performance based test (e.g. Assessment of 

Disability Related to Vision -ADREV). The results suggest there is a strongly 

correlation with binocular VA and CS. The ADREV measures the visual function of 

patients, and how their vision affects daily life activities. Studies such as Richman et 

al, (2010), and Haymes et al, (2006) support the use of these tests in monitoring 

glaucoma, especially in the advanced stages when visual fields and ONH assessment 

are not reliable on their own for detecting progression. Kiser et al, (2005) looked at 

the reliability of visual function tests such as VA and CS in severe vision loss patients. 

They examined the variability of these tests to determine whether deviations of the 

measures were indicative of visual change, or just inherited variability (Kiser, 

Mladenovich et al. 2005). They found that both VA and CS results showed 

repeatable measures, thus a deviated score is a likely estimate of glaucoma 

progression in severe vision loss patients.  

1.5.4.3 Optic nerve head progression 

Different forms of photography are used to examine the ONH, such as Fundus 

photography and OCT. Although there is an apparent clinical judgment variability of 

the appearance of the ONH, it is still a widely used method to monitor the 

progression of OAG. Once the disease reaches the later stage, this progressive 

change is difficult to be defined. Aspects such as loss of neuroretinal rim tissue and 

peripapillary nerve fibres make this observed change extremely hard even for well-

trained clinicians (de Moraes et al., 2016).  
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    Disc haemorrhages have been consistently shown in clinical trials and longitudinal 

studies as important predictors of glaucoma progression (de Moraes et al., 2016). 

Two factors that influence the detection are the use of fundus photography of the 

optic disc, and frequency of examination. Due to the nature of disc haemorrhages 

being transient, the frequency of assessment may lead to an increased likelihood of 

detection of advanced glaucoma progression, although it has been shown that disc 

haemorrhages are not always linked to glaucoma progression (Chauhan, Nicolela et 

al. 2009). The incidence of these occurring in the advanced stage are rare, thus 

evidence of one can be a surrogate measure of possible future progression (de 

Moraes et al., 2016). 

   Due to optic disc photography being highly subjective, and subject to poor 

repeatability, it possess a challenge for monitoring progression in advanced 

glaucoma (Artes and Chauhan 2005, Chauhan, Hutchison et al. 2005). Automated 

alternation flicker has been developed to detect small changes in the optic nerve 

structures (Syed, Radcliffe et al. 2011, Syed, Radcliffe et al. 2012). These would 

otherwise be missed when trying to flick between previous images from 

examinations by clinicians (de Moraes et al., 2016). This technique aligns two images 

from different examinations, by identifying vascular intersections and other 

features. It superimposes the images at a subpixel level and alternates the images 

using a user-dictated frequency. Longitudinal studies are still needed to assess the 

reliability of this technique. It could be useful for detecting structural or visual field 

changes in advanced glaucoma.  
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1.5.4.4 Alternative methods for monitoring progression in advanced glaucoma 

Observing a physical change in the structure of the eye, or in visual fields has shown 

to be highly variable, and reliant on clinician judgement. Using alternative methods 

for observing vision loss in conjunction with these current techniques could 

strengthen reliability of suspected progression in advanced glaucoma. A few of these 

alternative methods are used to measure physical performance in patients, as well 

as observing other daily activities such as reading etc. The knowledge of when and 

how glaucoma produces disability allows for the judgement of how aggressively to 

treat a patient (Ramulu, 2009).  

   One method to measure rate of disability, due to vision, is to combine visual fields 

tests from the left and right eye. This is undertaken via an Esterman binocular supra-

threshold field or by overlapping data from individual visual fields. This method is 

prominent when observing reading performance in advanced glaucoma patients. It 

has been shown that patients with bilateral visual field damage have more difficultly 

reading (Ramulu, Swenor et al. 2013). Thus measuring aspects such as reading speed 

at routine follow-up visits could identify possible OAG progression. 

    Postural sway is an additional method recently implemented for examining the 

effects of advanced visual field loss. Postural stability involves the neural processing 

of visual, vestibular and somatosensory inputs (Shabana et al., 2005). The role of 

vision on postural sway can reduce the performance by up 25-75% in normal sighted 

patients. Thus it is suspected that patients who have visible reduce vision from 

advanced OAG will have an increased postural sway. Issues however is the role of 

somatosensory inputs. Advanced glaucoma patients have shown to make better use 

of this input, in the absence of vision (Kotecha, Richardson et al. 2012). Placing them 
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variability are needed to detect the progression to this stage more accurately, with 

the current focus primarily on visual fields.  

   All diagnostic methods currently used to monitor glaucomatous changes become 

more challenging, and less reliable in the late stages of the disease. This is a crucial 

issue as the number of patients diagnosed with OAG estimated to increase in the 

next few years (Tham, Li et al. 2014). This leaves an ever-increasing socioeconomic 

pressure and burden on the current health care system. 

   Developing a visual field test which is patient friendly in terms of duration and 

performance is desirable. Ideally, a visual field test for an advanced glaucoma 

patient should not take any longer than approximately 7 minutes, to counteract for 

factors such as attention and fatigue which can effect results. This could be in the 

form of a kinetic and static combined test, which examines the visual field as a 

whole, but can identify small changes through more sensitive stimuli. The kinetic 

stimuli will monitor the outer bounds of the visual field, which could be correlated 

with the performance of patient balance. The static function will focused on 

potential scotomas located within the rest of the visual field. Incorporating visual 

acuity, and contrast sensitivity could also be of benefit at detecting progression in 

advanced glaucoma, at low cost to the healthcare system. Attributing these aspects 

to the measurement of the visual field of an advanced glaucoma patient, can give a 

better understanding to the risk towards possible falls, thus affecting quality of life. 

By measuring balance and vision loss, it could allow identification of specific visual 

field damage, which influences this loss in balance. Overall, these outputs could lead 

to a better understanding of the effects advanced glaucoma has on an individual, 

and how we can better monitor the progression to the benefits of the patient. 
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1.6 Conclusions 
This section of the thesis highlights the current limitations of visual field tests in a 

population with substantive visual field loss. In view of these issues, it is evident that 

more research is required to produce visual field tests which can monitor the 

progression of late stage glaucomatous disease combined with alternative methods 

such as balance tests. It is also critical that the design of perimeters allow for the full 

extent of the visual field to be examined, thus allowing a more in depth picture of 

the effects that different ocular conditions have on the periphery, but also the role 

the periphery has in everyday activities. 

   The overarching aim of this thesis is to develop new visual field test, which can 

measure the outer limits of the peripheral visual field. This visual field test should be 

able to examine visual phenomena within this far peripheral region. The visual field 

tests should be fast, while maintaining precision in the results. The primary objective 

of this Thesis is to examine different methods and strategies of kinetic perimetry, 

and incorporate these findings into a test which can measure the peripheral visual 

field in patients with advanced glaucoma. Moreover, secondary objectives include to 

design a test which helps to identify other peripheral visual field phenomena. This 

test should be robust to patient errors and can be performed within a short time 

duration. Another object of this Thesis will be also to investigate the impact of 

advanced vision loss in both the central and peripheral visual field, caused by 

glaucoma, on postural sway. 
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hemispherical bowl, but the process is automated, and stimuli and test programs 

can be easily adjusted on a connecting computer. 

   One of the main differences between the original perimetry methods and newer 

computerised methods is the extent of the visual field that can be measured. By 

using a hemispherical bowl, which only extends up to 90°, measurements across the 

visual field are limited. With the biological structure of the face, monocular visual 

fields are reduced to approximately 60° nasally, 60° superiorly, and 70° inferiorly 

(Drake and Hetherington 1990). However, from the measurements taken using the 

original Bjerrum screen, it was found that the temporal/inferior regions of the visual 

field can extend past this 90° limit at approximately 100° (Traquair 1924) (Ronne 

1915, Hartridge 1919).  

    The aim of this study was to develop a fixation device, which could be attached or 

incorporated into the bowl of an Octopus 900, to be able to measure a greater 

extent of the visual field. This procedure will allow for replication of early Bjerrum 

screen measurement responses, but in an automated fashion.  

   In this chapter, I discuss the development of this fixation device. This was 

undertaken in collaboration with the School of Engineering, Computing and 

Mathematics at the University of Plymouth. Some of the parts and design for the 

new device were sourced from an already existing OWL robot project 

(https://www.plymouth.ac.uk/research/robotics-neural-systems/plymouth-owl), 

from the centre of Robotics and Neural systems at University of Plymouth.  

https://www.plymouth.ac.uk/research/robotics-neural-systems/plymouth-owl
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2.3 Methods 

2.3.1 Purpose 

The device had to be lightweight and small enough so that it did not encroach on the 

visual field, so that it did not affect the visual field measurements. It also had to be 

automated, to ensure repeated measures were standardised and unaffected by 

human error. The device had to control the direction and presentation of a fixation 

stimulus, with a large range of movement to cover the extent of the visual field. 

2.3.2 Hardware 

The extended fixation device consisted of 3D printed brackets which held a pair of 

MKS DS65k high-speed digital servos motors (MKS Instruments, Inc, UK) that could 

move with a frequency of 333 Hz period. The period of the pulse wave used by the 

Pulse-Width Modulation (PWM) was 3 ms and the pulse had a width between 850 

µs and 2150 µs. This range allows up to 160° of rotation by each servo motor. The 

servos were controlled by a Raspberry Pi (Raspberry Pi Foundation, UK) compute 

module using the library PiGPIO which allows control of the GPIO inputs/outputs on 

the PI module (Figure 2.1). The Raspberry Pi compute module runs an IP server 

program (available as either Python script or C-code program) which creates an IP 

socket over the host USB connection using the Transmission Control Protocol (TCP). 

The script, which determines the position of the motors, waits by a 24-byte packet, 

which holds six 4-digit decimal integer numbers in an ASCII string separated by 

spaces. These are the new servo positions instructed by the host computer. Servo 

positions were calibrated dependent on visual field positions (e.g. for the 

measurements on the 180° horizontal temporal meridian, the servo was positioned 

15° along the X axis in the nasal region). Fixation positions had eccentricities of 15°, 
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21° or 0°, to measure around the whole visual field. The host computer was installed 

with PuTTY (version 0.70), which is an open source software that is available with 

source code. This configures a connection to secure shell (SSH) software package 

whereby a terminal window is opened and the script on the Pi module is securely 

transferred, can be run or adjusted.  

 

Figure 2.1: Technical drawing of circuit set up of raspberry PI module with servo and laser 

diode connections. Resistors allow a 3 Volt continuous current through the laser diode, 

with transistor switch to control on/off of diode. 

A fixation point was created by a 10 mm diameter laser diode (Class 1) with a neutral 

density filter to reduce reflections. A current limiting resistor was also attached to 

the diode, so that it could be operated continuously. This diode was mounted in a 

3D printed holder (Figures 2.2 and 2.3) that could be rotated in horizontal and 

vertical directions by the servos.  
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   The device was mounted on the inside upper left corner of the Octopus 900. The Pi 

module was attached on the front, under the outer shell panel. USB cables 

connecting to the Pi module were fed through an opening and connected to the host 

computer. One USB cable powered the Raspberry Pi and another USB cable was 

used for connecting it to the host (Figure 2.4). 

 

Figure 2.2: Schematic drawing of 3D printed brackets and holder for MKS servos and laser 

diode. Diagram shows front, side, and view from above of servo brackets (green) and laser 

diode holder (white). 

 

Figure 2.3: Technical drawing diagrams of extended fixation device. Diagram shows 

position of servos (red) and laser diode (gold) fitted with 3D printed brackets (green) and 

holder (white). 
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Figure 2.4: Illustrative diagram of position of fixation device and Raspberry Pi module within the Octopus 900. Panel A shows front view with 

connection to host computer. Panel B shows side and internal view of placement of devices. 

A B 
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did not seem to effect fixation in the study this device was applied in, and it should 

also be noted that some observers preferred this small movement as it improved 

concentration and helped to maintain fixation (Engbert and Kliegl 2004, Krauzlis, 

Goffart et al. 2017). Further research is required to determine if the small 

movements of a fixation point could affect overall fixation, however more advanced 

servos could be used in future device developments to counteract for this 

movement. Another issue was that this device was soft mounted to the Octopus 

900. In case of possible movement of the fixation device, fixation positions were 

calibrated before use to ensure reliable results, however this was time consuming. 

Using a hard mount on which the device could be attached and detached from, 

would allow for a more standardised test and enable the possibility of making 

changes to the device and the replacing parts without the need to recalibrate 

fixation positions.  

   The overall performance and feasibility of the extended fixation device was 

assessed. The model that we have developed is both cost effective, and easily 

applied to any perimeter and host computer through open source software. By using 

this simple extended fixation stimulus, future research is not restricted by the 

physical bowl boundaries and test programs currently found in commercial 

perimeters.  
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from the University of Plymouth and followed the tenets of the Declaration of 

Helsinki. Informed consent was obtained from each participant. 

3.2.2 Apparatus 

We used the Octopus 900 automated perimeter (Haag Streit, Switzerland) in this 

study, which has a hemispherical bowl with a radius of 300 mm, and a background 

luminance of 10 cd/m² (Haag-Streit, Koniz, Switzerland).  

   To create new fixation points, a laser diode, with a neutral density filter placed 

over it to dim the diode intensity, was mounted on two motors (MKS D565K servos) 

controlled by a programmable motherboard (Raspberry Pi Model 3), inside of the 

opening of the Octopus 900 (see Chapter 2 for a more detail description of the build 

of the fixation device). Figure 3.1 shows pictures of the montage. The laser device 

was controlled using custom-written scripts in Python programming language 

(Python software Foundation version 3.6.4). We used the Open Perimetry Interface 

(OPI) (Turpin, Artes et al. 2012) and the R programming language (R core team 

2018), to present the kinetic stimuli from the far periphery towards the new fixation 

point projected with the laser diode (see Appendix 1 for R code). Fixation was 

monitored through a separate small video system, consisting of an infrared camera 

that was fixed to the chin and headrest, and a small display unit, which allowed the 

examiner to observe the eye being tested. 
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Figure 3.1: Images of laser diode moved by MKS D565K servos which were control by a 

Raspberry PI model 3. This laser was placed on the inside top left corner of an Octopus 

900. 

3.2.3 Fixation locations 
We produced six fixation points with eccentricities of (15°, 15°), (15°, 0), (0°, 0°), (-

15°, 0°), (-15°, 15°) and (0°, 15°) to measure the whole visual field. Figure 3.2 shows 

the position of the fixation points; these are colour and letter coded with the angles 

of meridians. Depending on the position of the fixation, presentations would only 

appear on certain meridians. A central fixation point was used to measure the 

superior hemisphere due to anatomical features restricting the limits, which can be 

measured when using an extended fixation. 
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Figure 3.2: Left panel shows fixation positions and right panel shows the meridians 

measured per fixation point (colour and letter coded). Labels equal meridian angle in 

degrees. 

3.2.4 Kinetic visual field test 
Kinetic stimuli were presented at 12 meridians (see right panel in Figure 3.2). The 

projected stimuli had sizes and intensities that followed the Goldmann standards. 

Three stimuli were used: I-4e, subtending 0.108°, III-4e subtending 0.43°, and V-4e 

subtending 1.73°. The luminance for all stimuli were 1000 apostilbs or 318.3 cd/m². 

The stimulus moved at a speed of 5°/s. There were 10 stimuli presentations per 

meridian. The order of fixation location and meridians measured were assigned at 

random. 

   Stimuli presentations moved either outwards from the centre so the subject could 

see it at the beginning of the trial, or inwards from the far periphery until the subject 

could see it. Pros and cons for each method of presentation are explained in detail in 

Blackwell (1946), Guilford (1954), Herrick (1965), and Engen (1988), however both 

methods are affected by the error of expectation and error of habituation 

introduced by the observer. For each method, participants were given practice trials 
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until they were comfortable with the test procedure. Participants underwent a total 

of 720 trials, corresponding to 10 repetitions for each of the 12 meridians at each of 

the 3 stimulus sizes and the 2 presentation methods.  

3.2.5 Experimental protocol 

For each participant the left eye was selected. This eye was selected due to the set-

up of previous versions of the extended fixation device, however, testing of the right 

eye would have equally worked using this studies device version. For each 

participant 6 kinetic examinations were performed of the peripheral visual field. All 

tests took place over 3 sessions, with 2 examinations per session, taking 

approximately 1 hour including breaks per session. Altogether, the study procedure 

took approximately 3 hours per participant.  

Participants were briefed on the aim of the study and asked to position themselves 

in front of the perimeter in a comfortable position. A stimulus size, fixation position 

and direction on stimulus presentation were chosen at random to reduce an order 

effect on results. To make the test easier for participants, once a stimulus size and 

direction were chosen, all fixation points were undertaken under these conditions to 

form an isopter before randomly choosing another condition. 

   In conditions where the stimulus would move inward, the start of the presentation 

was positioned far enough out to ensure the participant would not see it straight 

away. The participant was instructed to click the response button when they were 

aware of the stimulus. For the outwards conditions, the starting position was in a 

region where the participant would be able to see the stimulus initially, and the 

participant was instructed to press the response button when they were no longer 

aware of the stimulus. 
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for Goldmann I-4e stimulus to 5° for III-4e (a 7% increase), and only 2° for V-4e (a 3% 

increase). The MIR were significantly different for sizes I (p = 0.002, effect size = 1.3) 

and III (p = 0.002, effect size = 0.8), but not for size V. Figure 3.3 shows individual 

plots of isopters obtained with inwards and outward presentation methods. 

Table 3.1: MIR of size I, III & V for both outward (not seen to seen) and inward 

presentation strategies (seen to not seen). Table shows mean, range and difference 

between MIR for the methods of limits. 

 Mean isopter radius (MIR) 

Stimulus 

size 

Outwards 

Mean 

Outwards 

Range 

Inwards 

Mean 

Inwards 

Range 

Difference 

I-4e 62° 58-68° 71° 67-76° 9° 

III-4e 71° 63-76° 76° 72-81° 5° 

V-4e 75° 67-80° 77° 73-82° 2° 
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Figure 3.3: Examples of 3 participants, colour coded for reference in further plots. These 

plots illustrate the difference between ascending and descending method of limits, for all 

3 stimulus intensities. The isopter derived from the ascending (non-seeing to seeing) 

method of limits is shown in red, for the descending (seeing to non-seeing) method of 

limits it is shown in blue. Error bars indicate the precision of participants represented as 

the median absolute deviation (MAD). 
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Figure 3.4: First column represents the ascending method, and the second column 

illustrates the descending method. Top row: Scatter of responses from the median (V-4e) 

for each participant. Points are colour coded by angle of direction (see Figure 3.2). Light 

grey bar indicates 90% interval, dark grey is 50% interval. Points at 20° on x axis equals 

20+ degrees. Points jittered in Y axis. Middle row: Histogram of overall scatter of 

responses from the median, black line illustrates a normal distribution. Bottom row 

illustrates a cumulative distribution, with dotted middle line representing the 50-

percentile point of detection, and black line the normal distribution. 

Ascending method Descending method 
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3.3.2 Temporal limits of the kinetic visual field 
Figure 3.5 shows the overall mean isopter per stimulus size and the individual 

estimated isopter per observer using the conventional inward method. This also 

shows the inter-individual difference which was found to not be significantly 

different across isopter positions. The point of furthest extent was found on the 

210° meridian. With increasing stimulus intensity resulting in a mean isopter 

position increased, with I-4e at 79°, III-4e 93° and V-4e at 100°.  
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Figure 3.5: Left panel: Mean isopter of the group. Error bars indicate 2 standard 

deviations. Right panel: Isopters to Goldmann size I-4e, III-4e & V-4e stimulus (1.73°, 0.43° 

& 0.108°, 318cd/m2), in 10 healthy observers. 
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3.4 Discussion 
The objective of this study was to develop a method to measure the outer border of 

the far-peripheral visual field. Our results show that it is possible to measure beyond 

90° in the inferior temporal visual field, by using a simple fixation adaption on a 

commercial Octopus 900 perimeter.  

   This study replicated closely the findings of Rönne (1915), with detected stimuli 

within the temporal region on average up to and beyond 100° using the large V-4e 

stimulus. Measurements up to 108° were found on the 180°meridian. The less 

intense stimulus III-4e found detected stimuli between 86° to 100°, thus even with a 

less intense stimulus measurements beyond 90° are feasible. It should be noted that 

these extreme responses were only found in the inferior temporal visual field.  

  When observing the outer border of the visual field in other visual regions, the 

extreme limits are affected by facial features, such as the nose and eyelids. Visual 

regions most affected by facial features are the superior and nasal regions. These 

features differ greatly between observers, thus the measured extent of these 

regions is limited. With extended fixation, the results of the nasal visual region did 

not differ from using a central fixation. This could be explained in terms of the 

extension of the nose blocking light from entering the pupil, thus even with fixation 

extension the nose still blocks light entering the pupil beyond an angle on average of 

60° (Lewis and Maurer 1992). 

   When using a conventional central fixation, the isopter difference between 

stimulus intensities V-4e and III-4e, within 90° are relatively small (Niederhauser and 

Mojon 2002). However, in our study we found on average a 7° difference between 

isopter positions, within an inferior temporal position using the ascending 
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on isopter positions compared to the peripheral visual field (Schiefer, Schiller et al. 

2001). A number of factors in kinetic perimetry could attributed to a spatial 

difference between isopters. A high variability in response times between 

participants is common (Schiefer, Schiller et al. 2001) along with an increase in 

response times with eccentricity and fatigue (multiple test in one day). 

  With the descending method (seeing to non-seeing) the isopters were larger, but 

the responses were more variable in comparison to the traditional ascending (non-

seeing to seeing) method. This can be seen from the MAD of responses, with the 

descending method producing a larger response variability across all stimulus sizes, 

see table 2. Works by Blackwell (1946), Pelli (1980), and Robson and Graham (1981) 

found that the detectability of a stimulus reduces with eccentricity, unless it is 

accounted for by increasing the stimulus intensity. One theory for this increase of 

response variability is the uncertainty factor, where an increase of uncertainty 

reduces stimulus detection (Pelli 1985). A more in-depth explanation of models of 

contrast detection and uncertainty factors can be found in Pelli (1985). These results 

suggest an overall isopter defined using the descending method is less reliable than 

an isopter using the ascending method. Thus, the conventional ascending method 

should be favoured for future measurements in the far-peripheral visual field. 

   This study has shown that it is possible to examine the far-periphery beyond 90°, 

with responses up to approximately 108° found in the inferior temporal region. 

Through the use of the OPI and R code, this procedure can easily be adapted to 

existing commercial perimeters. Precise measurements of the extreme limits of far-

peripheral vision, beyond 90° of fixation, are feasible with a simple modification of 

existing projection perimeters. Established feasibility of this novel kinetic perimetry 
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method could be applied for examining and quantifying any retinal or neurological 

diseases, which affect the peripheral visual field (Mönter, Crabb et al. 2017). For 

future measurements of the far-peripheral region, a strategy using fewer 

presentations, a size V-4e stimulus, and the conventional ascending methods of 

limits, would be suffice define an overall isopter position.    
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4 Chapter 4: Measuring the extent of the peripheral visual field 
and identifying negative dysphotopsia in pseudophakic 
patients. 

 

4.1 Introduction 
Negative dysphotopsia is a rare and poorly understood condition; however, some 

patients do report some form of the phenomenon as a shadow in the periphery, 

right after undergoing cataract surgery (Davison 2000, Osher 2008). Negative 

dysphotopsia was first reported by Davison (2000), where patients self-reported 

observations of dark shadows in a crescent shape, within the temporal side of their 

vision. However, the aetiology of negative dysphotopsia is still under debate and the 

underlying cause still unknown (Henderson, Yi et al. 2016). This phenomenon is 

different from positive dysphotopsia, which presents as optical disturbances in the 

form of light streaks and halos. For a small number of individuals, negative 

dysphotopsia remains persistent, although some patients are eventually able to 

ignore the shadow (Henderson, Yi et al. 2016), or the phenomenon can 

spontaneously resolve itself through neuro-adaption (Masket, Rupnik et al. 2019). 

The latter happens in the majority of cases, once both eyes have undergone the 

cataract surgical procedure (Frank and Gupta 2016, Safran 2017). For others, the 

phenomenon is severe and bares resemblance to retinal detachment and vascular 

occlusion (Bournas, Drazinos et al. 2007). This persistent visual disturbance leads 

some individuals to consider surgical intervention.  

   The aim of cataract surgery is to replace the crystalline lens of the eye, which has 

become cloudy overtime, with a new artificial clear IOL. The procedure is relatively 

uncomplicated, with an extremely high success rate, and results in improved visual 

acuity and contrast sensitivity for patients (Kessel, Andresen et al. 2016). The optical 
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Figure 4.1: Drawing showing how light bypasses the new IOL implanted in an eye Simpson 

(2017). 

   An additional theory for the cause of negative dysphotopsia is based upon the 

design of the IOL. Vignetting occurs when light enters the eye and hits off the edge 

of the IOL, creating a dark area in the periphery of the visual field (Simpson 2015, 

Simpson 2016). This occurrence is thought to be prevalent when an individual has a 

small pupil diameter because some areas of the peripheral retina can be non-

illuminated due to the reduction of light entering the eye (Holladay and Simpson 

2017). Some studies have found that the symptoms of negative dysphotopsia are 

reduced with pupil dilation (Masket and Fram 2011), thus enhancing the idea that 

pupil size has a crucial role in negative dysphotopsia. 

   During cataract surgery a small incision (typically less than 3 mm) is typically made 

in a superotemporal or temporal location of the cornea to remove and replace the 

crystalline lens (Osher 2008), however incisions can be made in alternative positions 

to compensate for corneal astigmatism. A study by Osher (2008) followed up 

patients after cataract surgery to investigate the relationship between the location 

of corneal incision and negative dysphotopsia. All patients in the study had either a 

superotemporal incision made in the right eye, or a temporal incision in the left eye. 

If patients perceived a shadow, they were asked to indicate its location in their visual 





Page 120 
 

   A method used to map the shadow caused by negative dysphotopsia is perimetry. 

Previous studies have attempted to use static perimetry, using the conventional 24-

2/30-2 grid patterns (Narváez, Banning et al. 2005, Kim, Ha et al. 2014). However, 

these tests did not detect negative dysphotopsia probably because the shadow was 

located in the outer visual field, beyond 30°. Lengthy procedures, such as Goldmann 

manual and automated kinetic perimetry, have previously been successful at 

measuring the extent of the shadow, which is usually detected at approximately 

between 60° to 80°in the temporal visual field (Makhotkina, Berendschot et al. 2016, 

Makhotkina, Dugrain et al. 2018, Masket, Rupnik et al. 2019). 

   Makhotkina et al. (2016) used the manual Goldmann technique to establish the 

difference in visual field extent before and after cataract surgery. They found there 

was a small reduction of the visual field in the temporal region. This was more 

noticeable in patients who reported negative dysphotopsia. These patients had 

approximately a 10° reduction in visual field extent in the temporal area. One of 

their patients with negative dysphotopsia was able to see the size V-4e Goldmann 

stimulus at the outer edge of the shadow. The visibility of the stimulus was then 

partially obstructed by the shadow and then the stimulus was visible again on the 

inner edge of the shadow. However, it is unclear whether this is the case for all 

patients, or if the shadow per se is actually the outer edge of their peripheral visual 

field. One reason for this uncertainty is the limitation of perimeters, which can only 

measure the visual field up to 90°, whereas the temporal visual field is extended 

beyond this point, up to approximately 105° (Simpson 2017). This outlines the need 

for an alternative method in order to measure the full extent of the temporal visual 

field in these patients. 
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   Masket et al. (2019) found shadows in the temporal inferior region using kinetic 

perimetry but nowhere else. Their theory was that the superior defect could be 

reduced by the upper eyelid, obscuring the amount of light coming in. 

   The aims of this study was to identify the extent of the temporal visual field of 

pseudophakic patients and compare against an age matched population who has 

not had cataract surgery. This will be undertaken by means of automated kinetic 

perimetry, using an alternative kinetic perimetry technique for detecting the 

presence and the extent of negative dysphotopsia in the temporal visual field.     

4.2  Methods 

4.2.1  Participants 

This study is a retrospective cross-sectional study involving 30 patients (mean age 73 

± 5 years, range 61 to 83 years) who have undergone cataract surgery between 

November 2018 and July 2019. Using convenience sampling, potential participants 

were identified from the routine post-operative cataract clinics of the Royal Eye 

Infirmary and Nuffield Hospital at Plymouth. If the patients met the criteria and 

were willing to participate in the research project, they were invited to attend a 

single study visit at the University of Plymouth Peninsula Allied Health Centre. The 

study obtained HRA and REC approval ref15/SS/0141, and was approved by the 

Ethics Committee of University of Plymouth and adhered to the tenets of the 

Declaration of Helsinki. 

4.2.2 Study criteria 

The inclusion criteria for the study were participants who had undergone routine 

cataract surgery using a standard, sutureless, micro-incision, phacoemulsification 
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technique under topical anaesthesia. They were aged over 18 years and were 

capable of giving the informed consent. The exclusion criteria included amblyopia, 

pupil deformation or a dilated pupil smaller than 5 mm, existent macular pathology 

or other retinal disease, glaucoma, corneal disease, iris abnormalities, and any 

previous corneal or intraocular surgery other than cataract surgery. Moreover, any 

patient who had surgical complications such as posterior capsule opacity or macular 

oedema, was also excluded from participation in the study. 

4.2.3 Procedure 

Each participant attended one study visit approximately 1 to 3 months post-surgery. 

During this visit the eye of the participant the surgery was undertaken on was 

evaluated. Visual acuity (VA) was measured using a ETDRS chart, and pupil size was 

measured under scotopic conditions using an auto-refractor (OPD-Scan lll, Nidek, 

Japan). A custom-made questionnaire (Figure 2, left panel) was used to identify 

participants with a presence of a shadow in their vision. If they did report a shadow, 

they were asked to indicate its location in their visual field and a basic sketch was 

made (Figure 4.2, right panel) based on the description.  
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Figure 4.2: Negative dysphotopsia questionnaire. Left panel shows the questions asked to 

ask patient before undergoing a perimetry test. The right panel shows in detail an 

example of how a sketch was drawn of the negative dysphotopsia as described by the 

patient. This example showed an arc shape shadow in the temporal side of the left eye. 

 

Then, automated kinetic perimetry was performed using an Octopus 900 perimeter 

controlled by the OPI, using a size III-4e stimulus (0.43° diameter, 1000 asb) which 

moved at 5°/s with a background luminance of 31.4 asb, see appendix 2 for R script. 

An extended fixation point was used to allow approximately 100° of the temporal 

field to be measured within the bowl of the Octopus 900, which is usually limited to 

90°.  During the test participants were asked to fixate on a red laser diode, which 

had a neutral density filter applied to it. The point of the laser diode extended 

fixation towards the nasal region. For a more detailed description of the set up 

please see chapter 2. To identify the outer boundary of the visual field and the 

possible inside edge location of a shadow if present, two methods of limits were 

used. The III-4e stimulus was first directed from a non-visible area to a visible area 

(conventional ascending method of limits (AML)) and then from a visible area to a 
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phenomenon at the time of the appointment. When they placed their chin on the 

chin rest in the perimeter, they both were still aware of the line in the side of the 

temporal visual field, while under illumination from the perimetry bowl. In both 

these cases, under the un-dilated pupil size condition, the DML produced a smaller 

isopter at two angles (Figure 4.4). In patient B, the upper lid reduced the superior 

visual field substantially. The results suggested that there was a visual phenomenon 

at a MIP of 71° in patient A and 50° in patient B, which disrupted the kinetic 

stimulus. 

 

Figure 4.4: Diagrams of kinetic perimetry isopters using DML (blue) and AML (red) in the 

un-dilated pupil condition for patients A (left panel) and B (right panel). Points in plot are 

adjusted to account for extended fixation. The light blue and orange bands around 

isopters represent the 90% interval of response variability. Light gray isopter represents 

the age match normative expected values. In panel B, the superior angle (30°) was greatly 

affected by the upper eyelid. 
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   Under dilated pupil conditions (Figure 4.5), both patients were no longer aware of 

the line in their vision. However, for patient A the gap between the DML and AML 

isopters increased, with the MIP of the phenomenon now appearing at 

approximately 62°, whereas for patient B the isopters overlapped in most positions 

suggesting the phenomenon no longer had an effect on the isopter position using 

DML. 

 

Figure 4.5: Diagrams of kinetic perimetry isopters of DML (blue) and AML (red) in the 

dilated pupil condition for patients A (left panel) and B (right panel). In the left panel, 

there is still a gap between isopters suggesting an affect by a visual phenomenon whereas 

in panel B the gap has disappeared suggesting that the visual phenomenon is no longer 

present. 
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4.5 Discussion 
Negative dysphotopsia remains a meaningful concern for patients and surgeons. 

Although the incidence level of this phenomena is low, some individuals who are left 

with a permanent shadow in their vision find it bothersome, and results in a 

secondary surgery such as implantation of a piggyback IOL to try to eliminate it. 

   The results of this study found that the visual field in the temporal region is 

reduced by approximately 10° compared against an age match population 

(Vonthein, Rauscher et al. 2007). This finding supports that of Simpson (2017), which 

suggested that light passing through a small IOL cannot produce images at large 

angles. Our findings also closely support the results of Makhotkina et al. (2016) who 

used manual Goldmann perimetry to measure the extent of the visual field before 

and after cataract surgery. They found a decrease of the temporal visual region 

between 1 and 5°. In this study, we found twice as much. This doubling in difference 

could be due to the use of an extended fixation allowing larger visual fields to be 

measured. Makhotkina et al. (2016) also found an increase of the nasal visual field 

region, thus future studies using our automated technique to assess the extent of 

the nasal visual field could provide additional information. Additionally, a larger 

sample is required to increase the reliability of results and to study the clinical 

relevance of our findings of this visual field difference.   

 In this study, we found no effect of pupil size on the extent of the temporal visual 

field. Only this part of the visual field was measured due to previous research 

(Makhotkina, Berendschot et al. 2016) indicating this area for appearance of 

negative dysphotopsia. The DML technique produced slightly larger isopters in both 

pupil conditions compared to the traditional AML technique. This is consistent with 
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5 Chapter 5: Simulating response behaviours to kinetic 
perimetry: an adaptive algorithm 

 

5.1 Introduction 
The objective of kinetic perimetry is to produce an accurate and precise isopter of 

the visual field by using the minimum amount of presentations, and within a 

reasonable testing time. In a clinical environment short test durations are essential. 

An ideal approach would be to produce a strategy which is robust to varying degrees 

of patient response errors. Several approaches have been applied to perimetry in 

recent years in order to obtain a balance between test time and accuracy, but most 

of this work has been done with static rather than kinetic automated perimetry 

(Bengtsson, Olsson et al. 1997, Zeman, McKendrick et al. 2017, Heijl, Patella et al. 

2019). 

   Current automated kinetic perimetry is based upon the earlier manual Goldmann 

kinetic perimetry, where an examiner would manually move a stimulus of set 

intensity and size, from an area of non-seeing to seeing, marking the verbal 

response of the patient on a record sheet. This technique is flexible, but it is hard to 

standardise, and therefore differs between examiners. In recent years a new 

software technique was developed as a computerised automated version of 

Goldmann perimetry, called semi-automated kinetic perimetry (SKP) (Schiefer, 

Schiller et al. 2001) to reduce the need for highly trained examiners, and the test 

could be performed more accurately. This semi-automated kinetic test procedure 

was first available on the Octopus 101 device (Haag Streit AG, Koeniz, Switzerland) 

and is also available on the Octopus 900 (Haag Streit AG, Koeniz, Switzerland). These 

devices offer built-in tests in their software, but also allow for customised programs.  
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   The response variability between the participants from this dataset varies between 

0.5° and 1.2° MAD with a median of 0.8°. To account for the differences, and in 

order to pool the data together, the data was normalised dependent on the 

participants MAD. Figure 5.1 shows the distribution of responses from the isopter 

position before and after normalisation for each participant, along with the 

participants responses pooled together in a histogram and fitted with a Gaussian 

kernel.  

 

Figure 5.1: Scatter of responses around the isopter position for each participant. Numbers 

on y axis to identify participants match those from far-periphery study. Left: Scatter of 

responses around the isopter position for each participant. Light grey bar indicates 90% 

interval and dark grey indicates 50% interval. Histogram underneath shows the overall 

scatter of responses fitted with a Gaussian kernel. Right: Normalised scatter of responses 

around the isopter position for each participant. Histogram fitted with a Gaussian kernel. 

   After normalising the data by each participant, the data was then pooled together 

to show the overall distribution pattern of responses which was used for all the 

simulations.  

Non-normalised Normalised 
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Figure 5.2: Normalised scatter of responses from the isopter position. Left: Distribution of 

responses from the isopter position. Negative values on the x-axis indicate responses 

occurring within the estimated isopter and positive values indicate responses outside of 

the estimated isopter. The distribution is non-normal and has long tails and indicates that 

a vast majority of responses are closely spaced to isopter locations while occasional 

responses occur at larger distances from the isopter. Right: The q-q plot compares the 

distribution of the responses, around the isopter, to a normal distribution. Points deviating 

off the line indicate that some responses occur at large distances, both inside and outside 

the isopter. 

   As seen in figure 5.2 the normalised data does not fit a normal distribution, with 

long tails deviating outside of 10° and -10° from the isopter position. To describe the 

normalised distribution we used a mixture of Gaussian distributions to provide a 

best fit in which the simulations would be based from, see appendix A3 for R script. 

These tails suggest that occasionally responses occur further outside the isopter 

position more often that within the isopter. During a kinetic perimetry test the 

participant is instructed to respond when a target is detectable in their peripheral 

vision, after the participant responds the target disappears, this response is 

suggested as their threshold point of detection. From this distribution it could be 

suggested that further presentations would be expected to fall on or before this 
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Figure 5.6: Examples of simulated isopters with increasing numbers of presentations and 

response variability. The true isopter is shown in grey, the estimated isopter in green, and 

the individual responses around the isopter position in red. The first row shows simulated 

isopters of increasing number of responses of a participant with a low response variability 

of MAD = 1°. Second row, simulated participant with a response variability of MAD = 3°. 

Third row shows participant with a high responses variability MAD = 5°. 
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5.5 Simulation 3: strategy for additional presentations 
We know that the minimum number of presentations needed per meridian is two in 

order to determine an isopter position based on an average. Thus if an isopter was 

compiled of 12 meridians this would mean a minimum of 24 presentations to define 

an isopter. We can also determine from the previous simulations that little precision 

is gained after 4/5 presentations for all levels of response variability, thus a 

maximum of 5 presentations would account for more highly variable observers. The 

next step is to design a strategy to establish a procedure for additional presentations 

within this minimum and maximum presentation limits. 

5.5.1 Strategy 1 

   A strategy which could be applied to kinetic perimetry is to base the number of 

presentations required to define an isopter position on the distance between 

responses. If the distance between the first two responses is greater than a certain 

number of degrees (the criterion), then a third presentation would be required. 

When there are two responses there is one distance between them; however, with 

three responses there are two distances among them to measure. We have 

suggested that if the minimum of the two distances between responses is less than 

the criterion, then no additional presentations are required for that meridian, as 

seen in Figure 5.7. Circumstances where a fourth presentation is required can be 

seen in Figure 5.8. 
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Figure 5.7: Example of third presentation and whether a fourth is required. The first and 

second responses have a large distance between them which is greater than x = 4°. Thus, a 

third presentation is required and is responded to between the two original responses. The 

distances between responses is now 3° and 7°, since the minimum distance is less than x a 

fourth presentation is not required. 

 

Figure 5.8: Example of third presentation and whether a fourth is required. The first and 

second responses have a large distance between them which is greater than x = 4°. A third 

presentation is required and is responded to outside the first two responses. The difference 

between the responses is now 6° and 7°, which is still greater than x, thus a fourth 

response is required. 

   Simulations were conducted in order to determine the value of x, as to determine 

whether a third presentation is required. Simulations of this procedure used the 

distribution of responses in Figure 5.2 with increasing response variability per 10,000 

iterations. 
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Figure 5.9: Simulations of the absolute error from the true isopter with increasing levels of 

criterion value (distance between responses) for additional presentations. Local regression 

lines show absolute median error (grey) and 95th percentile (orange). Numbers on local 

regression lines indicate the mean number of presentations required over 12,000 

iterations for the median and 95th percentile. As the criterion for an additional 

presentation increases the absolute median error increases slightly. As expected, with 

increased response variability the precision around the true visual field is decreased. 

   As previously stated, the strategy of the adaptive algorithm would require a 

minimum of 2 presentations per meridian, and a maximum of 5. From Figure 5.9 we 

can predict that by using a criterion value of 5° for individuals with a high response 

variability, 50% of the time the procedure would only require 3 presentations, with 

an upper limit of 5 presentations at the 95th percentile. For individuals with lower 

response variability the number of presentations required would be less. The 

median absolute error also remains approximately constant with criterion values 

greater than 5° at the 50% percentile, thus little accuracy is achieved by using a 

larger criterion. By using a criterion value smaller than 5° there is a small gain in 

accuracy, however this is at the cost of a greater number of presentations required 

50% of the time, which would incur a longer test duration. See appendix A3.1 for R 

script of strategy 1 simulation.    
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Figure 5.10: Simulations of the absolute error from the true isopter with increasing levels 

of criterion value (distance between responses) for additional presentations, median of 

two responses which meet criterion used to define isopter. Local regression lines show 

absolute median error (grey) and 95th percentile (orange). Numbers on local regression 

lines indicate the mean number of presentations required over 12,000 iterations for the 

median and 95th percentile. As the criterion for an additional presentation increases the 

absolute median error only increases slightly for low response variability. As expected, 

with increased response variability the precision around the true visual field is decreased. 

   From the results in Figure 5.10 we can predict again that by using a criterion value 

of 5° we can define an isopter position using 3 responses at the 50th percentile, and 

5 responses at the 95th percentile for highly variable participants, with these 

numbers reducing for participants with lower response variability. This replicates the 

results of strategy 1, however when using the median of the two closest responses 

to define the isopter position, there is no gain in accuracy even when a large number 

of responses are used. See appendix A3.2 for R script of simulation for strategy 2. 

5.5.2.1 Performance of strategy 2 

By using a criterion value of 5° and the upper and lower limits (2 and 5) of possible 

presentations, the performance of this procedure can be examined. The same 

procedure that was used in strategy 1 was used for this one. The results found that 
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the absolute mean error of the MIR from the true visual field was 0.8° for a response 

variability of 3°. For individual isopter locations this absolute mean error was 2.8° 

with a standard deviation of 3.6°. Full results for other levels of response variability 

can be seen in Table 5.2. 

Table 5.2: Accuracy and precision of simulated isopters using strategy 2, against the true 

visual field. 

 MEAN ISOPTER RADIUS 

(MIR) ERROR 

ISOPTER POSITION ABSOLUTE 

ERROR 

RESPONSE 

VARIABILITY 

Mean SD Mean SD 

1° 0.3° 0.4° 0.9° 1.2° 

3° 0.8° 1° 2.8° 3.6° 

5° 1.3° 1.7° 4.6° 6° 

 

5.5.3 Strategy 3 
In the previous two strategies we used one criterion value to cover all levels of 

participant response variability. However, as we know that a minimum of two 

responses are required on all meridians measured, it is possible to define an 

individual participant criterion value based on these first responses. If we were to 

measure an isopter consisting of 12 meridians then it would first require 24 

responses. From these 24 responses there is 12 measured distances between 

responses. By using the median of these distances we can define an individual 

criterion value where 50% of the meridians would require a third presentation. 

However we already know that this will not produce a good strategy test duration. If 

we define a criterion value by using the median plus the median absolute deviation 

of the distances between responses, then approximately only 25% of the meridians 

would require additional responses. For an illustrative example, see Figure 5.11. 
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Distances = 3, 6, 10, 3, 7, 4, 8, 5, 2, 5, 4, 9 

Criterion = median + mad = 7° 

Figure 5.11: Diagram of strategy 3. 12 meridians consisting of 24 responses, creating 12 

distances between responses. The median and median absolute deviation (MAD) is used to 

define a criterion value for additional responses. In this example the median is 5° with a 

MAD of 2°, thus the criterion for this individual participant would be 7°, thus 3 out of the 

12 meridians would require additional presentations until either a max of 5 presentations 

are used or the distance between two of responses is less than or equal to 7°. 

   Due to the nature of this strategy the criterion value within the simulations cannot 

be predicted exactly like in strategies 1 and 2. See appendix A3.3 for R script 

simulation of strategy 3. 
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Figure 5.12: Simulations of the absolute error from the true isopter with increasing levels 

of criterion value (distance between responses) for additional presentations, median plus 

MAD of first 24 responses used to define criterion, median of all responses used to define 

isopter. Local regression lines show absolute median error (grey) and 95th percentile 

(orange). Numbers on local regression lines indicate the mean number of presentations 

required over 12,000 iterations for the median and 95th percentile. As the criterion for an 

additional presentation increases the absolute median error increases slightly for 

moderate and high response variability, with a more steep increase for low response 

variability. As expected, with increased response variability the precision around the true 

visual field is decreased. 

   From the results in Figure 12 we can predict that by using an adaptive criterion per 

individual we can define an isopter position using 2 responses 50% of the time, and 

approximately 5 responses 95% of the time for a highly variable participant, with 

these numbers reducing with participants of lower response variability. This 

replicates the results of strategies 1 and 2, however when using this strategy we 

cannot predict the criterion value before the test, thus there is the possibility of the 

procedure using a high criterion value, resulting in less precision in comparison to 

the other strategies.  
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5.5.3.1 Performance of strategy 3 

As the procedure of this strategy is adaptive per individual, we cannot directly 

compare the performance of using a specific criterion value like in the other two 

strategies. However, it can be suggested from the results in Figure 5.12 that the 

performance of strategy 3 would be similar to that of strategy 1 with a criterion 

value of 5. Although the decrease of precision is more evident when increasing the 

criterion value compare to the other two strategies.   

5.5.4 Overall strategy preference 

From the results of the three strategies there is very little difference between the 

performances. There is a slight decrease in precision and accuracy in strategy 2 

compare to strategy 1, thus suggesting the first would be more favourable. The 

performance of strategy 3 is difficult to compare to the others, however, due to the 

decrease of precision with larger criterion values compared to strategy 1, it could be 

suggested that for the purpose of this study, strategy 1 performs the best for all 

levels or response variability by using a criterion value of 5°. 

5.5.5 Simulation 4: time performance of adaptive algorithm  

By using strategy 1 as our adaptive algorithm we can estimate the time performance 

of a kinetic perimetry test consisting of 12 vectors. Simulations were conducted of 

10,000 iterations and the mean and range of the number of presentations required 

to define an isopter for all iterations was calculated see table 5.3.  
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Table 5.3: Mean sum of the number of presentations required for isopters compiled of 12 

vectors. 

 SUM OF PRESENTATIONS PER ISOPTER 

RESPONSE VARIABILITY Mean Range 

1° 25 24 - 31 

3° 30 24 - 40 

5° 34 25 - 47 

 

 

 

 

 

 

 

 

 

Figure 5.13: Estimated versus true isopters for 3 simulated subjects with response 

variabilities of MAD (1°, 3°and 5°). The light grey curve shows the true isopter and the dark 

blue curve shows the estimated isopter, defined from the median of individual responses 

per meridian (red points). An 80% confidence band is shown in light blue. 

   From these simulations we can predict that for an individual of moderate 

variability (3°), the time taken to define an isopter comprising of 30 responses across 

12 vectors, would take on average approximately 6 minutes (this time is not 

inclusive of false positive presentations). This time frame was calculated using the 

test time results indicated by Mönter et al. (2017) for their kinetic perimetry test, 

which consisted of 16 vectors (3 training stimuli, 48 kinetic stimuli and 6 false-

positives). See Figure 5.13 for graphical output of these simulations. 



Page 156 
 

5.6 Discussion 

Computer simulation of kinetic perimetry strategies allows for the development of 

accurate and precise test strategies. These investigations would not be possible in 

studies with human observers, due to the time it would take to undertake. The 

kinetic test strategy that we have developed has shown to be both accurate and 

precise within the restraints of test duration, and can be applied to a number of 

different patient groups. Doing so would allow to explore response variability, and 

patterns of visual defects within these patient groups. Such comparisons are 

essential within clinical practice/research to identify appropriate test procedures, 

and to understand the limitations of this strategy within certain patient groups, and 

how it can be further improved. 

   From the results of these simulations it can be assumed that between two and 

three presentations is the ideal number to define an isopter position, in terms of 

test duration and performance. To define an average isopter position, a minimum of 

two presentations are required, however this is not always enough. In order to 

determine the need of additional presentations per isopter position, our results 

found that by using the distance between the first two responses per meridian, we 

could maximise the precision of isopter positions while maintaining a suitable test 

duration. From the results of the simulations we found that by using a criterion 

value of 5° of less between responses, we could predict that 50% of the time 

individuals would only require 3 or less presentations to define an accurate isopter 

position, and the 95th percentile requiring 5 or less. As previously shown in the 

results very little precision is gained after 5 presentations, thus this is the maximum 

that would be presented per isopter position. This maximum number also keeps test 
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duration to a minimum without sacrificing accuracy. These results cover individuals 

with a high response variability, and individuals with a lower response variability 

would require less presentations 50% and 95% of the time. See Figure 5.14 for flow 

chart of the adaptive kinetic perimetry algorithm.  
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Figure 5.14: Flow chart of adaptive kinetic strategy. 
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   One of the possible limitations of our simulations is that our model of response 

variability (low, moderate and high) was fixed around all isopter positions. As 

known, response variability increases with vision loss, thus patients may have 

different levels of response variability across their visual field dependent on the 

extent and location of vision loss. The distribution that these results were simulated 

from showed no significant difference of scatter between isopter positions. 

However, these responses were obtained from a group of individuals with healthy 

vision. Due to the nature of our kinetic strategy, using the distance between 

responses as a method for determining additional presentations would account for 

different levels of response variability across the visual field. Additionally, it was 

found that by using a criterion value of 5° we can account for all levels of response 

variabilities.   

   The procedure that we have developed will allow for the extent of the outer 

peripheral visual field of an individual eye, made up 12 vectors, to be measure in 

approximately 5 to 7 minutes on average with a high degree of precision, for all 

levels of response variability. This test duration is feasible in a clinical environment 

and will reduce the effects of fatigue or drop in attention, which is a current issue in 

kinetic perimetry when it is performed manually (Nowomiejska, Vonthein et al. 

2005). However this test time is still long when compared to static perimetry tests 

such as the SITA Fast 24-2 threshold test, which on average takes approximately 4 

minutes per eye.  

   A patient group where observations of the peripheral visual field could be 

important, is in patients with advanced glaucoma. Conventional static perimetry 

methods such as the SITA Fast/Standard 24-3 and 30-2 do not provided reliable 
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Figure 5.15: Simulated partial isopters of the temporal inferior visual field, using the size 

V-4e Goldmann stimulus and of moderate response variability. Dark blue curve indicates 

estimated isopter defined from the median of responses (red points) per isopter position. 

Light blue band contains 80% of responses. Goldmann manual perimetry output shown in 

the background. 

   The next step on from these simulations is to implement the test strategy on real 

observers. When using computer simulations, assumptions are made in regards to 

observer responses, for example attentional lapse and fatigue, which is not always a 

true reflection of real observer response characteristics. Thus in order to truly 

validate this kinetic perimetry strategy, clinical testing is required. In summary, from 

our kinetic perimetry simulations, we suggest that it is possible to effectively 

measure certain regions of the visual field with precision, and within a reasonable 
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clinical test duration by using our adaptive strategy. This adaptive kinetic strategy 

could provide clinically relevant information in regards to the role the peripheral 

visual field has in relation to everyday visual functions, and promote the relevance 

of kinetic perimetry as a diagnostic and therapeutic method of monitoring patients 

with visual field loss.       
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6 Chapter 6: An automated kinetic perimetry algorithm: test-
retest variability of measures of the inferior temporal visual 
field in glaucomatous visual field loss. 

 

6.1 Introduction 
The standard method for measuring the visual field in patients with glaucoma is 

computerised perimetry. Over the years this method has increased in sensitivity in 

terms of detection, and enhanced the reliability of results in follow-up tests 

(Fankhauser, Spahr et al. 1977, Li, Spaeth et al. 1979, Gloor, STURMER et al. 1984, 

Weleber, Smith et al. 2015). Two of the most commonly used computerised 

automated perimeters are the Octopus (Interzeag International, Bern- Koniz, 

Switzerland) and the Humphrey Field Analyzer (Zeiss Humphrey Systems, Dublin, 

California). Both of these perimeters have been found to be superior at measuring 

visual field loss compared to manual methods such as Goldmann manual kinetic 

perimetry, when examining the central 30° of vision (Heijl and Drance 1981, Mills, 

Hopp et al. 1986). 

   Due to the nature of glaucomatous visual field loss, the majority of visual defects 

tends to be found within the central 30° (Schiefer, Schiller et al. 2001); however, on 

occasion the first detectable evidence of glaucomatous visual field loss may occur 

outside of this central area (LeBlanc, Lee et al. 1985). For the purpose of initial 

diagnosis, computerised static perimetry tests are the most favoured method, with 

substantial research behind the development of algorithms, such as the Swedish 

interactive threshold algorithms (SITAs), that are commercially available for the 

Humphrey Field Analyzer (Bengtsson, Olsson et al. 1997, Bengtsson and Heijl 1998). 

These are designed to measure accurately and precisely threshold estimates across 

the central visual field, within a patient friendly test duration. These algorithms are 



Page 164 
 

robust against patient errors and reliable, and multiple tests can be compared to 

track possible disease progression. The balance between accuracy and test time has 

been highly debated and attempted throughout the last several years (Turpin, 

McKendrick et al. 2003). 

   In cases of advanced glaucoma the standard perimetry test, e.g. SITA Standard 24-

2, becomes increasingly hard for the patients, due to the progressive decline in 

contrast sensitivity, and provides little information in regards to visual field loss 

progression once vision loss has reached a certain stage (De Moraes, Liebmann et al. 

2013, de Moraes, Liebmann et al. 2016). At this stage Goldmann manual kinetic 

perimetry can be used to measure the peripheral visual field outside 30°, however it 

has disadvantages, for instance the need for a skilled examiner, test duration and 

standardisation (Nowomiejska, Vonthein et al. 2005, Nevalainen, Paetzold et al. 

2008). Thus, the introduction of a computer-driven kinetic visual field test, 

Automated kinetic perimetry (AKP). This test uses stimuli corresponding to that of 

manual Goldmann device, and is easier to standardise (Schiefer, Schiller et al. 2001). 

Nonetheless this method is currently not widely used outside of specialist centres 

due to the need for a trained examiner. 

   The peripheral visual field plays an important role in everyday functions such as 

walking and driving (Huisingh, McGwin et al. 2015, Simpson 2017), and contributes 

to postural sway (Berencsi, Ishihara et al. 2005, Black, Wood et al. 2008, Black, 

Wood et al. 2011, Kotecha, Chopra et al. 2013). This argument promotes the 

importance of measuring the peripheral visual field, particularly in individuals with 

advanced vision loss due to glaucoma. The process of measuring the entirety of the 

peripheral visual field is lengthy compared to current clinical static programs for the 
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expected norm (Hashimoto, Matsumoto et al., 2015); however, a method to 

replicate this process in automated kinetic perimetry has yet to be established. 

   In this study, we have designed an automated kinetic perimetry algorithm, which 

aims to estimate the outer border of the peripheral visual field. This strategy aims to 

produce measurements with precision and accuracy whilst using the least number of 

presentations possible. As to relate the clinical relevance of the peripheral visual 

field, and to keep test time in line with current static test durations, only the 

temporal inferior visual region will be measured. This study also aims to report on 

the performance of a simple adaptive kinetic algorithm when used on patients with 

moderate to advanced glaucoma. Moreover, the repeatability of this test is 

analysed.  

6.2 Methods 

6.2.1 Participants 

In this study, 12 glaucoma participants (median age 75y, range 69y to 80y) and 12 

control participants (median age 74y, range 68y to 81y) performed the new kinetic 

test twice. The visual field mean deviation (MD), defined from the results of the SITA 

Fast test, in the worse and better eyes of the glaucoma patients was -18 (-8 to -29) 

dB and -8 (-2 to -20) dB. Before attending the study session both groups of 

participants were screened for no history of any other ocular disease, no previous 

eye surgery apart from uncomplicated cataracts or glaucoma related surgery. Ethical 

approval was obtained from the University of Plymouth and followed the tenets of 

the Declaration of Helsinki. 

  All participants at the study session were screened to ensure they had at least -6 

MD moderate visual field loss due to glaucoma (glaucoma participants) in at least 
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the visual fields and statistical analyses were performed in R statistical software 

version 3.4.1. 

6.3 Results 

Table 6.1 shows the median, range of mean deviation, visual acuity, contrast 

sensitivity, and age for both glaucoma and control patients that participated in this 

study. The majority of glaucoma patients had advanced damage, in at least one eye, 

in the central visual field. 

Table 6.1: Summary descriptive of vision and demographic measurements of years (Y), 

visual acuity (VA), contrast sensitivity (CS) and mean deviation (MD). 

PARAMETER GLAUCOMA MEDIAN 

(RANGE) 

CONTROL MEDIAN 

(RANGE) 

AGE, Y 75 (69 to 80) 74 (68 to 81) 

BETTER EYE VA 

(LOGMAR) 

0.08 (-0.04 to 0.34) -0.005 (-0.12 to 0.04) 

WORST EYE VA 

(LOGMAR) 

0.28 (0 to 0.5) 0.06 (-0.08 to 0.2) 

BINOCULAR VA 

(LOGMAR) 

0.08 (0 to 0.38) 0 (-0.08 to 0.02) 

BETTER EYE CS 1.36 (0.84 to 1.52) 1.48 (1.2 to 1.76) 

WORST EYE CS 1.16 (0.48 to 1.36) 1.40 (0.96 to 1.64) 

BINOCULAR CS 1.32 (0.78 to 1.64) 1.6 (1.20 to 1.76) 

BETTER EYE MD -3.60 (-2 to -17) -0.89 (-2.85 to 0.84) 

WORST EYE MD -17.5 (-6 to -29) -2.22 (-4.31 to 1.55) 

   

6.3.1 Central MD versus peripheral visual field MIP 
From our results it can be demonstrated the large scatter of differences between 

central visual field damage and peripheral isopters. This difference in vision damage 

can be seen in Figure 6.2, whereby some individuals can have advanced central 
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visual field loss, but have a normal size isopters for their age group. In contrast, 

others have less central damage, yet a more constricted isopter.  A Spearman rank 

order correlation coefficient of MIP and MD was P = -0.28, suggesting a very small 

negative correlation between the damage of central visual field damage and the size 

of a partial peripheral isopter in the inferior temporal visual field. 

 

 

 

 

 

 

 

 

Figure 6.2: Relationship between the peripheral visual field MIP and the central visual field 

MD. Each point shows the mean of the repeated kinetic visual field test and the MD from 

the 24-2 SITA Fast HFA test. Blue points represent the right eye of participants and orange 

equals the left eye. 

6.3.2 Test-retest variability of adaptive kinetic algorithm 
The results of the test-retest variability of the adaptive kinetic algorithm for the 

peripheral visual field showed that there was no systematic differences, which could 

be a consequence of learning effects. The median test-retest difference was -0.7°. 

The absolute test-retest difference between MIP was 2.4° with approximately 90% 

of differences falling with ± 3.6° (see Figure 6.3). This result suggests the initial 

estimates of the peripheral visual field from the adaptive kinetic algorithm are 

precise.  

° 
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Figure 6.3: Relationship between test-retest differences in MIP and the range of peripheral 

visual field damage (mean of repeated test MIPs). The gray rectangle represents the 90% 

test-retest interval of ± 3.6° in height and the range of mean of MIPs width direction (17° 

to 74°). The red line indicates the median test-retest difference. Blue points represent right 

eyes, orange points indicate left eyes. 

   Figures 6.4, 6.5 and 6.6 show example responses from three individual patients, 

and illustrate the relationship between peripheral and central visual fields and the 

repeatability of the kinetic test, see appendix A4.1 for all participant plots. In these 

plots both the central 24-2 HFA output, and the partial isopter are shown by 

overlaying the grayscale representation on the central visual field with the kinetic 

isopter plot. The individual responses per isopter position are shown as red points 

(white dots within the red dots allow for easier identification of responses). The 

median of these red dots per isopter were used to define the final isopter, shown in 

dark green. The scatter of responses is represented at the MAD multiplied by 2.2 to 


























































































































































































































































