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This thesis describes the developm ent o f  Dynamic Noise Perimetry (DNP), a novel method 
based on the equivalent noise input technique. The method, specifically targeted to an 
early stage o f OAG, used a 0.5 cycle per degree sine-wave grating presented at 8Hz in 
conjunction with an external noise m ask that was optimised for the stimulus. Equivalent 
noise and sampling efficiency w ere determ ined at various locations within the visual field 
to identify a stage o f  the disease that was analogous to ganglion cell shrinkage, a stage 
which is believed to precede conventional methods o f detection.

A pilot study initially determ ined w hether the spatial parameters o f the mask, in terms o f 
noise check size, were dependent on the spatial and temporal parameters o f the grating 
stimulus. The results showed that the maximal dimensions o f each check, i.e. the critical 
check size, were correlated w ith the drift frequency o f the stimulus. In a second and 
preliminary study, the variation in the critical check size with grating spatial and temporal 
frequency was investigated as a function o f  eccentricity. Critical noise check size, in terms 
of noise checks per cycle, decreased with increasing spatial frequency and drift frequency 
of the stimulus, and with eccentric viewing. These results were used to optimise the critical 
parameters for the noise mask.

Temporal contrast sensitivity, equivalent noise and sampling efficiency were determined at 
various locations in the visual field, in 20 normal individuals and in 10 individuals with 
OAG. Temporal contrast sensitivity was reduced, and equivalent noise levels were 
elevated in early OAG, when com pared with normal individuals. Derivative measures o f 
sampling efficiency and equivalent noise declined with glaucomatous field loss. DNP was 
able to identify individuals w ith OAG, at locations which exhibited abnormal Pattern 
Deviation values and/ or abnorm al retinal nerve fibre layer thickness. DNP clearly 
warrants further development.
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1 Open angle glaucoma

Glaucoma is a leading cause o f blindness and, by 2020, will affect approximately 80 

million people worldwide (Quigley, 1996; Quigley and Broman, 2006). It is a m ulti­

factorial disease involving progressive damage to the optic nerve head (ONH) with 

subsequent visual field loss (Q uigley and Green, 1979; Quigley and Addicks, 1981; 

Quigley et al., 1988; Harwerth et al., 2004). As a consequence o f the field loss, the impact 

on an individual’s quality o f  life increases with increasing severity o f the disease (Gupta et 

al., 2005; Evans et al., 2009; M ills et al., 2009) with the concomitant increase in public 

resource utilisation (Traverso et al., 2005).

The purpose o f this thesis was to develop a novel perimetric technique for the detection o f 

glaucoma, which could identify functional damage prior to that o f existing methods. The 

Candidate designed, developed and tested the technique for the purposes o f this thesis. 

Software was developed w ith the assistance o f Dr Gavin Powell, a software programmer 

working for C ardiff University.

1.1 Classification o f  glaucoma

Glaucoma is either prim ary or secondary in nature. Primary glaucomas are the direct result 

o f complex disease processes (John, 2005). The precise mechanism o f damage is not fully 

understood. Secondary glaucom as occur as a result either o f ocular trauma or o f existing 

disorder/ disease such as cataract or uveal melanoma. The primary and secondary

1



glaucomas are further classified in terms o f an anatomical feature, the anterior chamber 

angle. The angle refers to the junction o f the cornea and iris through which the aqueous 

humour, is able to drain out o f the eye through the trabecular meshwork in order to 

maintain a healthy hydrostatic pressure. The pressure within the eye is referred to as 

intraocular pressure (IOP), and it may be within or without the normal range in the primary 

and secondary glaucomas. An elevated IOP, corrected for central corneal thickness (CCT) 

in the otherwise normal eye, above 21 mmHg, is referred to as ocular hypertension (OHT).

1.1.1 Open angle glaucoma (OAG)

OAG is characterised by an open anterior chamber angle. Aqueous is able to drain freely 

through the trabecular m eshw ork without any form o f obstruction. The disease is initially 

asymptomatic and may be associated with an elevated IOP, although between one third 

and one half o f individuals have norm al IOPs. These individuals are considered to have 

normal tension glaucoma (NTG). The mean normal pressure corrected for the effect o f 

CCT, is considered to be 16 m m Hg with an upper limit o f 21 mmHg (Sommer et al., 

1991b; Bonomi et al., 1998; Gordon et al., 2002; Zeitz et al., 2004). OAG is generally 

bilateral although the disease is not necessarily symmetrical. Progression from normal 

visual vision to blindness occurs over several decades, although progression is faster where 

the OAG is associated with an elevated IOP (Heijl et al., 2009).

1.1.2 Closed angle glaucoma (CAG)

When the flow o f aqueous is partially or fully obstructed, the angle is referred to as closed 

(Varma et al., 2006). C losed-angle glaucoma is more likely when the anterior chamber 

angle is narrow, which is more common in hypermetropic eyes and in Chinese individuals
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(Seider et al., 2009). The obstruction o f aqueous drainage elevates IOP to dangerous 

levels, causing direct injury to the ONH. Angle closure can occur suddenly (termed acute - 

onset) or more gradually (termed sub-acute); both modes are sight-threatening and require 

urgent medical intervention. Certain individuals may be anatomically pre-disposed to 

narrow anterior cham ber angles and are susceptible to closure when the pupil widens in 

low levels o f illumination. CAG is generally treated with pre-emptive surgical intervention 

for eyes considered at risk o f angle-closure (Saunders, 1990; Reibaldi and Uva, 1992; 

Nolan et al., 2007); however, this method may not be best suited to acute angle closure 

glaucoma (Chen et al., 2009).

The breadth o f the topic o f  open angle glaucoma is such that only an overview can be 

given within this thesis, particularly given the context, namely, the development o f a novel 

technique o f perimetry.

1.2 Prevalence

O f the 80 million people who will suffer with glaucoma by 2020, 74% o f these will have 

the open angle form (Q uigley and Broman, 2006). It is believed that half o f all those 

affected with OAG are unaw are that they have the disease (Tielsch et al., 1991), and o f 

those individuals that present with the disease, the severity is linked to the extent o f socio­

economic depravation (Ng et al., 2010).

African-Americans exhibit a significantly higher prevalence o f OAG compared to 

Caucasians. The prevalence amongst African-Americans is 1.23% in those aged 40 to 49
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years and 11.26% in those aged 80 years or older. Caucasian Americans exhibit a 

prevalence o f  0.92% in those aged 40 to 49 years and 2.16% in those aged 80 years or 

older (Tielsch et al., 1991). The prevalence is higher for Hispanic-American (Varma et al.,

2004) and Asian populations (Quigley and Broman, 2006) than for Caucasians. In Latin- 

America, the prevalence is approximately 20% between 80 and 90 years o f age. The 

Chinese exhibit a prevalence o f  around 17% by this age compared to European Caucasians 

with approximately 8% (Quigley and Broman, 2006; Ekstrom, 2008). Despite the 

increased prevalence, African- and Hispanic-Americans both have a lower level of 

awareness o f the condition, when compared with the level o f awareness amongst 

Caucasians (Gasch et al., 2000).

Closed-angle glaucoma (CAG) is more prevalent amongst people o f Chinese origin and 

amongst the Eskimo populations o f  Canada, Alaska and Greenland (Quigley, 1996). 

Greater longevity accounts for the higher prevalence in women, amongst these populations 

for both OAG and CAG; w om en account for 55.4% of OAG and for 69.5% o f CAG 

(Quigley and Broman, 2006; Seider et al., 2009). The Chinese and individuals o f South 

East Asian origin are approxim ately three times more likely to suffer from CAG than from 

OAG (Quigley, 1996). G lobally, only 24% o f primary glaucomas are o f the closed angle- 

form. However, the num ber o f  individuals with CAG who are blind according to the 

W orld Health Organisation (W HO) definition o f blindness i.e. <3/60 is identical to the 

number with OAG due to the increased morbidity o f the latter (Quigley and Broman, 

2006).
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1.3 Neural tissues o f  the retina

The retina is comprised o f three layers o f cells. Several layers o f neurons are 

interconnected by synapses made between axons and dendrites o f each cell layer. 

Photoreceptor cells known as rods and cones are directly receptive to light and are located 

at the outer retina adjacent to the retinal pigment epithelium (RPE). The RPE contains 

melanin which helps to absorb excess light that enters through the pupil. There are 

approximately 130 million photoreceptors distributed across the retina. Approximately 7 

million cones populate the macula which is the central area o f  the retina specialised for the 

interpretation o f detail and colour (De Monasterio and Gouras, 1975; Saeed et al., 2006). 

At the fovea centralis o f the macular, the ratio o f rods to cones is 2:1, beyond the macula 

the ratio increases to 30:1 due to the steep fall in cone density with increasing retinal 

eccentricity (Curcio et al., 1990). The prevalence o f rods increases with eccentricity and 

enables visual function at low light levels (De Monasterio and Gouras, 1975). A review is 

that o f Saeed et al., (2006).

1.3.1 Retinal ganglion cells

There are approximately 1.5 million retinal ganglion cells within the retina. The cells are 

highly concentrated at the central retina, forming several layers at the macula, and are 

more sparsely arranged in the periphery. At the fovea, individual cones converge onto 

individual ganglion cells i.e. the ratio is 1:1. This low convergence preserves high spatial 

resolution at later stages o f  visual processing. At the peripheral retina, there is a high level 

of convergence, with as m any as one hundred and fifty photoreceptors converging on a 

single retinal ganglion cell (RGC) (Curcio and Allen, 1990; Curcio et al., 1990; Rodieck, 

1998). There are four known types o f  RGC within the human retina; midget, parasol,
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bistratified and biplexiform (Watanabe and Rodieck, 1989; Dacey and Lee, 1994; Martin 

et al., 1997). The midget and parasol cells are the most prevalent (Watanabe and Rodieck, 

1989; Curcio et al., 1990; Dacey and Petersen, 1992; Kolb et al., 1992; Rodieck, 1998; De 

Lima Silveira, 2004).

The midget cell has a small dendritic field, a small cell body and a thin axon. Midget cells 

comprise approximately 70% o f the RGC population and are concentrated at the fovea. 

Parasol cells comprise approximately 10% o f the RGC population, and have large 

dendritic fields, large cell bodies and thick axons. Parasol cells are more prevalent in the 

peripheral retina, although both midget and parasol cell axon diameters increase with 

increase retinal eccentricity (W atanabe and Rodieck, 1989; Curcio and Allen, 1990; 

Yamada et al., 1996; W eber et al., 1998; De Lima Silveira, 2004; W eber and Harman,

2005). Midget cells are connected to the photoreceptors via midget bipolar cells, whereas 

parasol cells are connected via diffuse bipolar cells (Kolb et al., 1992). The biplexiform 

cell is the exception, having direct connections with photoreceptors (M ariani, 1982)]. The 

bistratified cell has a small cell body and a thin axon, with a dendritic field o f a similar size 

to the parasol cell (M artin et al., 1997; Rodieck, 1998).

1.3.2 The retinal nerve fibre layer

The retinal nerve fibre layer (RNFL) is made up o f bundles o f retinal ganglion cells and 

their axons that are grouped together in a characteristic distribution (Van Buren, 1963; 

Stone and Johnston, 1981; Quigley et al., 1989; Blumenthal and Weinreb, 2001). There are 

approximately 1.5 m illion RGCs, although the accuracy o f various tissue analysis methods 

are limited by post-m ortem  cell shrinkage and physiological variability between 

individuals (Curcio and Allen, 1990).
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RGC axons which originate from peripheral retinal areas are more superficial within the 

RNFL. All nerve fibres traverse the retina at the ONH, the structure that channels each 

RGC via the lamina cribrosa (LC) o f the ONH and onwards to the lateral geniculate 

nucleus (LGN). The ONH is situated at approximately 15° in the nasal hemi-field o f the 

retina and has a characteristic vertical oval shape measuring approximately 7° by 5°. The 

ONH is responsible for the characteristic blind spot in the temporal aspect o f the visual 

field. Nerve fibres which extend from the macula to the temporal ONH form the 

papillomacular bundle. Nerve fibres from other parts o f the retina arch around the 

papillomacular bundle to reach the ONH (Minckler, 1980; Ogden, 1983; Quigley et al., 

1989). Fibres originating from the peripheral retina are known to have thicker cell axons 

(Quigley et al., 1988) whereas thinner nerve fibres tend to originate from areas adjacent to 

the macula. Nerve fibre bundles becom e increasingly dense as they approach the ONH, as 

they are joined by fibres from other retinal locations (Ogden, 1984).

1.3.3 The retinal vasculature

The central retinal artery, the main arterial blood supply to the retina, emerges from the 

upper nasal quadrant o f the ONH and is situated nasally to the main venous drainage 

vessel, the central retinal vein (Jonas and Fernandez, 1994). The vessels branch into 

characteristic vascular arcades that follow the distribution o f  the RNFL. As they branch 

into smaller capillaries, there is a monotonic decrease in vessel diameter with increasing 

distance from the ONH (M itchell et al., 1997). Arterioles have widest diameters at the 

inferior-temporal ONH margin; the diameters become successively thinner at the superior- 

temporal, superior-nasal and finally the inferior-nasal ONH margin. The venules follow a 

similar pattern (Jonas and Hayreh, 1999).

7



1.3.4 The optic nerve head

The nerve fibre layer becom es thinner with increasing distance from the ONH (Radius, 

1980; Weinreb et al., 1995; Varma et al., 1996). The inferior region of the ONH, referred 

to as the inferior pole, has the highest density o f nerve fibres, many o f which have small 

diameters (Sanchez et al., 1986). Beyond infancy, ONH size is independent o f age (Jonas 

et al., 1989b; Rudnicka et al., 2001). Males have a larger ONH than females (Ramrattan et 

al., 1999). Axial length is the strongest predictor o f ONH size (Rudnicka et al., 2001), 

indicating that size is influenced by refractive error. Highly myopic eyes (beyond -8.00 

dioptres) are characterised by increased axial length and increased ONH size (Jonas et al., 

1988a).

1.3.5 The neuroretinal rim and the optic cup

The neuroretinal rim (NRR) and the optic cup are anatomical features o f the ONH. The 

N RR is formed by the retinal nerve fibres, which coalesce within the ONH. NRR area may 

(Budde et al., 2000; Zangwill et al., 2004b) or may not (Jonas et al., 1989b; Jonas et al., 

1992; Jonas et al., 2004b) increase with ONH size. In African American populations, ONH 

is inversely associated with N RR area (Varma et al., 1994).

The various segments o f  the N RR correspond with specific regions o f the RNFL. The 

superior and inferior quadrants o f the rim correspond with nerve fibres arriving from the 

superior and inferior retinal nerve fibre bundles, respectively. The nasal rim corresponds 

with axons from the nasal nerve fibre layer and the temporal rim corresponds with the 

papillomacular bundle. Axons originating in the extreme periphery o f the retina will lie



more closely to the ONH margin. The shape o f the rim is unaffected by the size o f the 

ONH (Garway-Heath and Hitchings, 1998; Jonas and Budde, 2000).

The optic cup is characterised by the absence o f retinal nerve fibres. Optic cup size 

increases with ONH size (Jonas et al., 1989a). Cup size does not vary with race (Zangwill 

et al., 2004c; Girkin et al., 2005).

1.3.6 The lamina cribrosa (LC)

Axons from the RNFL traverse the LC, a perforated structure o f connective tissue. Most 

axons pass directly through the LC according to the distribution o f the nerve fibre bundle; 

however, some fibres are m ore random ly arranged within the laminar pores (Morgan et al., 

1998). A collagen fibrillar netw ork forms the LC and associated septal plates. These 

structures are at the anterior part o f  the ONH and arise from the scleral collagen fibrils that 

form thick bundles o f  collagen in lamina plates. There are over ten plates stacked together, 

creating pore channels w hich secure the nerve fibre bundles within bundles o f collagen and 

glial tissue. The septal plates are form ed by thick bundles o f collagen that are radially and 

obliquely arranged. The plates have m any oval and round compartments due to the 

branching and regional irregularity in the shape o f the myelinated nerve fibre bundle 

(Morgan-Davies et al., 2004).

The superior and inferior quadrants o f the LC are characterised by a thinner septum and 

larger pores containing thicker bundles o f nerve fibres (Quigley and Addicks, 1981). The 

structure o f the LC is thicker in the nasal quadrant than in the temporal quadrant due to a 

higher proportion o f connective tissue within the nasal LC (Radius and Bade, 1981). Nerve

9



fibre density also varies across the LC. The highest density o f nerve fibres is concentrated 

in the inferior-temporal sector o f  the optic nerve (Mansoori et al., 2010).

The LC has a characteristic U-shaped configuration in which the central region is bowed 

posteriorly when com pared to the periphery (Quigley et al., 1983). The central area o f the 

LC has elastic properties w hich determine its shape under mechanical stress. Acute 

elevation o f IOP increases cup depth and causes reversible bowing o f the LC (Azuara- 

Blanco et al., 1998). The relative flexibility o f the LC varies between healthy individuals 

(Levy et al., 1981), and the flexibility is thought to relate to the proportion o f elastic 

connective tissue present w ithin the LC. Relative proportions o f connective tissue do not 

vary according to race; how ever, the number o f pores and the overall size o f the LC does 

vary according to racial background (Dandona et al., 1990; Jonas et al., 2004a; Morgan- 

Davies et al., 2004).

1.3.7 Pathways to the visual cortex

RGCs project from the retina, via the ONH to a specific layer o f the LGN. M idget cells 

project to the parvocellular (P) layer o f the LGN and parasol cells project to the 

magnocellular (M) layer o f  the LGN. As such, midget and parasol cells are referred to as P 

and M cells, respectively. P and M geniculocortical pathways continue via distinct layers 

o f the LGN and extend to the prim ary visual cortex in the occipital lobe (Perry et al., 1984; 

Shapley, 1990).

The M and P pathways are considered functionally distinct (Maunsell et al., 1990). The P

pathway mediates fine spatial acuity, colour vision, high spatial frequencies and low

temporal frequencies. The pathway terminates in the cortical area known as V4, an area
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related to colour vision processing (Livingstone and Hubei, 1988; Merigan and Katz, 

1990; M erigan et al., 1991b). The M pathway mediates the detection o f low spatial 

frequencies and high temporal frequencies. The pathway is primarily responsible for 

motion perception, term inating in the M iddle Temporal (MT) visual area o f the brain. The 

area MT is responsible for motion processing (Derrington and Lennie, 1984; Newsome et 

al., 1985; Schiller, 1986; De Yoe and Van Essen, 1988; Lennie et al., 1990; Chapman et 

al., 2004).

A third geniculocortical pathw ay is known to connect the bistratified retinal ganglion cells 

to the LGN and the visual cortex. The pathway is a secondary mediator o f colour vision, 

specifically blue-yellow opponent mechanisms, and projects to the interlaminar 

koniocellular layers o f the LGN. The pathway has ganglion cell inputs that are 

predominately in the macula region o f  the retina (Martin et al., 1997; Szmajda et al., 2008) 

and is thought to term inate in the supragranular layers o f the visual cortex (Livingstone 

and Hubei, 1988; Dacey and Lee, 1994; Dacey, 1999).

1.4 Risk factors fo r  OAG

Primary risk factors for OAG are elevated IOP, reduced CCT, age greater than 50 years, a 

positive family history o f  the disease in a first degree relative and Afro-Caribbean descent 

(Gordon et al., 2002). Secondary risk factors include migraine headache, peripheral 

vasospasm. Tertiary risk factors include cardiovascular disease, systemic hypertension and 

diabetes.
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1.4.1 Raised intraocular pressure

Longitudinal studies indicate that raised IOP is an important risk factor for the 

development o f OAG (Sommer et al., 1991a; Tuulonen and Airaksinen, 1991; Quigley et 

al., 1994a; Gordon et al., 2002; Nemesure et al., 2007; Francis et al., 2008). Individuals 

with OHT have developed OAG within a follow-up period o f 10 years (Tuulonen and 

Airaksinen, 1991). The prevalence o f glaucoma increases as a function o f  elevated IOP, 

and the development o f  OAG is associated with both increased IOP and age (Gordon et al., 

2002; Kass et al., 2002; Lee et al., 2003).

1.4.2 Age

There is a greater prevalence o f  blindness in the elderly population (Faubert, 2002). 

Although increasing age is acknow ledged as a risk factor for OAG (Jonas et al., 2004b), 

gradual age-related alterations in the physiology and anatomy o f the eye will increase an 

individual’s susceptibility to develop OAG (Gordon et al., 2002).

With increasing age, the num ber o f  RGCs decreases at an average rate o f 4000 fibres per 

year and diffuse thinning occurs around the ONH (Jonas et al., 1989a; Jonas and Dichtl, 

1996; Baleanu et al., 2009; Sung et al., 2009a). RGCs with thinner axons exhibit increased 

susceptibility to the ageing process (Jonas et al., 1992). It is speculated that the NRR area 

decreases with increasing age (Garway-Heath et al., 1997); however, some studies find no 

such relationship between the two variables (M oya et al., 1999; Ramrattan et al., 1999).

The age-related alterations in various non-collagenous components o f the LC result in 

reduced flexibility o f laminar tissue. Elastin content in the LC increased when comparing
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newborn human tissue to elderly human tissue, whereas total sulphated 

glycosaminoglycans and lipid content decreased (Albon et al., 2000a; Albon et al., 2000b; 

Jonas et al., 2004a). Therefore, the LC loses significant flexibility with age. Following the 

removal o f a mechanical pressure source, the elderly LC is less able to regain its original 

shape. The loss in flexibility o f  the lamina plates suggests that fluctuations o f IOP cause 

increased stress on RNFL axons at the site o f the ONH (Quigley et al., 1991; Albon et al., 

2000a; Albon et al., 2000b).

Blood flow to the retrobulbar ONH is reduced with age (Groh et al., 1996). A decrease in 

retinal and choroidal perfusion occurs at a rate o f 8% per decade. The NRR has decreased 

perfusion at a rate o f 8% per decade at the nasal rim and 4% per decade at the temporal 

rim. These findings are based on D oppler-Flowm eter measurements (Dolman et al., 1980). 

Reduced perfusion may relate to increased resistance within the vascular bed o f the ONH, 

caused by increased density o f  capillaries and reduced blood vessel diameter. The vascular 

changes are thought to relate to altered auto-regulative mechanisms, rather than structural 

thinning o f the RNFL (Poum aras et al., 2004; Boehm et al., 2005).

Alterations in the m orphology o f  the trabecular meshwork occur with age. The pore size o f 

the trabecular m eshwork decreases with age, decreasing aqueous outflow and causing a 

slight increase in IOP over time (Sacca et al., 1998). Raised IOP will subsequently affect 

tissues that are already m ore susceptible to injury as a result o f the ageing process.

1.4.3 Family history

A positive family history refers to an individual with a first-degree relative with OAG (i.e.

a sibling or parent), and indicates a predisposing risk o f developing the disease (Leske et
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al., 2001; Klein et al., 2004; Coleman and Miglior, 2008). The proportion o f individuals 

with OAG that have a first-degree relative with the condition is approximately one third 

(Vernon, 1991; Leske et al., 2001), although estimates indicate that up to 60% of 

individuals have familial OAG (Green et al., 2007). A positive family history increases the 

risk o f developing OAG by three-fold, and family history is considered as significant a risk 

factor as age (W eih et al., 2001a). As a risk factor, family history may be linked with 

familial IOP levels (W eih et al., 2001a, b; Klein et al., 2004). The risk associated with a 

positive family history has been shown to extend to individuals with OHT, where 

approximately 40% o f individuals with OHT have a positive family history o f OAG 

(Zangwill et al., 2004c).

1.4.4 Ethnicity

African-American ethnicity is a risk factor for OAG (Gordon et al., 2002). The reasons for

increased risk in this population are unclear although it is postulated that a larger

horizontal and vertical cup-to-disc ratio is a contributing factor (Gordon et al., 2002). The

Baltimore Eye Survey found that African-Americans have larger ONH areas, larger cup

areas and larger cup-to-disc areas than their Caucasian counterparts (Varma et al., 1994).

Some authors argue that increased ONH area is a poor risk factor for OAG and for NTG

(Quigley et al., 1999). The ONH topography o f African-Americans exhibits a deeper

maximum cup depth than that o f  Caucasian-Americans (Girkin et al., 2005). African-

Caribbeans in a Canadian urban population showed increased risk factors for development

of OAG, including higher levels o f IOP and thinner CCT (Fansi et al., 2009). African-

Americans have significantly thinner central corneas (521.0pm) than Caucasians

(550.4pm); Japanese individuals have thinner central corneas (531.7pm) than Chinese

(555.6pm), Filipino (550.6) and Hispanic individuals (548.1pm) (Aghaian et al., 2004).
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Older individuals, individuals with OAG and those suspected to exhibit OAG had thinner 

central corneas than healthy adults. Individuals with reduced CCT exhibit more 

progressive visual field loss and increased vertical and horizontal cup-to-disc ratios than 

those with a CCT in the normal range (Herndon et al., 2004; Kim and Chen, 2004). It is 

suggested that OAG suspects have a thicker CCT when compared with normal individuals 

(Brandt et al., 2001). However, in those with OAG, a thicker CCT is associated with less 

severe field loss (Sullivan-M ee et al., 2006; Lin et al., 2009).

1.5 Clinical aetiology o f  OAG

The precise aetiology o f glaucom atous damage is still unknown (Agarwal et al., 2009; 

Caprioli and Zeyen, 2009). Clinical and experimental studies have shown that IOP-related 

damage occurs at the level o f  the ONH (Radius, 1987; Quigley et al., 1991; Burgoyne et 

al., 2005; W eber et al., 2008).

1.5.1 Mechanical damage theory

OAG is characterised by m echanical damage to the ONH due to the impact o f raised IOP 

(Radius and Bade, 1981; Quigley et al., 1983). Glaucomatous ONH damage is 

characterised by ‘cupping’, a pathological increase in the size and depth o f the optic cup 

(Jonas and Budde, 2000; Jonas et al., 2004a). Glaucomatous cupping corresponds with a 

thinning o f the NRR. This thinning is a direct manifestation o f nerve fibre loss, which may 

appear focally or concentrically as the cup size increases (Quigley and Addicks, 1981; 

Burgoyne et al., 2005). Diffuse patterns o f NRR loss are believed to be more common than
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focal loss (Emdadi et al., 1998; Garway-Heath and Hitchings, 1998), although patterns of 

loss become less clear with advancing disease (Jonas and Budde, 2000).

ONH cupping and posterior bowing o f the ONH occurs with transient experimental IOP 

elevation. The early phase o f this cupping is reversed when IOP is reduced to normal 

levels (Pederson and G aasterland, 1984). Imaging techniques have shown an increase in 

NRR area following the therapeutic reduction o f IOP in OAG and OHT (Tan and 

Hitchings, 2004). Other im aging studies have shown that the variation in cup floor 

topography is reduced in OAG, especially in the superior and inferior regions o f the floor 

o f the cup (M organ-Davies et al., 2004). Post-mortem histological studies o f the human 

ONH have revealed a propensity for focal glaucomatous damage at the superior and 

inferior poles o f the ONH (Q uigley and Addicks, 1981; Quigley et al., 1982). Neuronal 

death at the LGN occurs as a result o f retrograde degeneration (Yucel et al., 2001; Yucel et 

al., 2003).

Compression o f  the LC is associated with morphological alterations o f the optic cup. 

Moderate IOP elevation in prim ates causes a compression o f the laminar sheets and a 

backward-bowing o f the LC (Q uigley et al., 1983; Azuara-Blanco et al., 1998). The 

laminar sheets collapse due to a pressure differential across the LC caused by raised IOP 

and a gradual decrease in pressure w ithin the LC. At an advanced stage o f  OAG, there is 

distension o f the LC pores, associated with a loss o f supportive connective tissue (Miller 

and Quigley, 1988). Although a larger ONH may favour a more pronounced bowing o f the 

LC (Jonas et al., 1999), ONH size, itself, is not believed to relate to risk o f OAG (Jonas et 

al., 1991; Caprioli, 1992). The elasticity o f the LC is decreased in OAG; however, the 

physiological process o f ageing is also likely to impair LC elasticity (Azuara-Blanco et al., 

1998; Morgan-Davies et al., 2004). The rearrangement o f the extracellular matrix may
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occur due to the migration o f astrocytes in response to elevated IOP (Morgan, 2000). In 

laser-induced prim ate OAG, posterior to the LC, a partial loss o f axonal myelin has been 

observed together with diffuse axon loss (Radius and Pederson, 1984).

The RNFL is affected by the mechanical pressure o f raised IOP (King et al., 2000). 

Progressive injury to RNFL axons is compounded by impaired axoplasmic transport of 

neurotrophic factors (Flayreh et al., 1979). Elevated IOP causes extracellular fluid to 

permeate axonal m em branes, creating passive intracellular fluid flow. The increased 

intracellular fluid levels are thought to dilute the adenosine triphosphate (ATP) 

concentration and subsequently disrupt axonal transport o f neurotrophic factors (Band et 

al., 2009). Brain-derived neurotrophic factors are required for the development and 

survival o f axons and the interruption induces an inflammatory response that ends in RG C 

death (Levin and Gordon, 2002).

The mechanical forces exerted by raised IOP are known to impact the autoregulation 

processes o f the retinal vasculature (Robinson et al., 1986). Retinal stretching affects the 

integrity o f the blood retinal barrier and results in leakage o f vaso-dilating factors into the 

retina (Moore et al., 2008; Leske, 2009). A subsequent disruption o f autoregulation has 

been identified due to the im pairm ent o f  vasoconstriction agents (Buckley et al., 2002). 

The sensitivity and reactivity o f  retinal vessels is reduced following transient IOP 

elevation.

1.5.2 Vascular damage theory

Raised IOP is not the sole cause o f glaucomatous damage. Decreased ocular blood flow is

known to be an equally im portant predictor o f retinal ganglion cell loss (Satilmis et al.,
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2003). Blood flow within the choroid and anterior ONH is supplied by the posterior ciliary 

vessels. Ocular blood flow is negatively correlated with IOP for individuals with OAG 

who exhibit m oderate to severe glaucomatous damage (Hitchings, 1991). Vascular 

abnormality is indicated by the increased variance in mean para-papillary blood flow for 

individuals with OAG when com pared with normal individuals (Deokule et al., 2009).

Central retinal vein occlusion, branch retinal vein occlusion and ONH haemorrhage (at the 

level o f the nerve fibre layer) are also associated with OAG (Sonnsjo and Krakau, 1993; 

Beaumont and Kang, 2002; Fingeret et al., 2005). Haemorrhages at the ONH are 

considered to be a risk factor for OAG (Jonas and Hayreh, 1999; Soares et al., 2004; 

Grieshaber et al., 2006) and are associated with progressive visual field loss (Prata et al., 

2009). Chronic increase in vascular flow resistance may also impair neural tissue function 

(Sonnsjo and Krakau, 1993; G arhofer et al., 2004; Riva et al., 2004; Visontai et al., 2005).

Retrobulbar circulation is com prom ised in OAG (Rankin et al., 1996; Broadway et al., 

1999; Liu et al., 1999). Individuals with OHT exhibit a reduced blood supply to the retina 

(Trew and Smith, 1991; Em re et al., 2004; Poumaras et al., 2004). Blood flow parameters 

are generally reduced in OAG and OHT (Hafez et al., 2003). The vascular damage theory 

and its role in the pathophysiology o f OAG is supported by the increased prevalence of 

conditions such as coronary heart disease, systemic hypertension and migraine in 

individuals with OAG (Fuchsjager-M ayrl et al., 2004).

Vascular impairment is increasingly likely with age (Grodrum et al., 2002). There is an 

increased prevalence o f  retrobulbar circulatory abnormalities in the senile sclerotic ONH 

(Nicolela et al., 1996), and reduced blood flow in the LC and neuroretinal rim (Embleton
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et al., 2002). A ge-related decline o f retrobulbar blood circulation is comparable to the type 

o f retrobulbar circulatory dysfunction that occurs in OAG (Harris et al., 1994; Harris et al., 

2000).

1.5.3 Oxidative stress

Neuronal metabolism is dependent upon the regulation o f intracellular ion concentrations 

and the permeability o f  cellular membranes. W hen metabolic functions are impaired, there 

is an increase in intracellular concentrations o f cellular oxidants and free radicals (Izzotti et 

al., 2009). This causes enhanced permeability o f cell membranes and is referred to as 

oxidative stress. Cellular oxidants such as nitric oxide (NO) are known to be produced in 

response to raised IOP, as a result o f the activation o f astrocytes (Hernandez, 2000; 

Morgan, 2000). Increased intracellular concentrations o f nitric oxide (NO) can lead to 

continuous calcium ion (Ca2+) influx, which has a role in initiating a process o f cell death 

called apoptosis (W einreb and Levin, 1999). Large concentrations o f NO ions encourage 

apoptosis within cultured ganglion cells o f the rat (Morgan et al., 1999; Moreno et al., 

2004; Sacca and Izzotti, 2008).

Oxidative stress is norm ally regulated by enzymes that catalyse the conversion of 

superoxide radials to hydrogen peroxide. However, this activity is upregulated in neurones 

that are cultured under hydrostatic pressure (Samdani et al., 1997a; Samdani et al., 1997b). 

Studies modelling OAG in rat exhibit a significant decline in the antioxidant mechanism 

following a lengthy period o f raised IOP (Moreno et al., 2004). Superoxide radicals also 

elevate lipofuscin production, the accumulation o f which promotes increased oxidative 

stress and cellular apoptosis (Brunk and Terman, 2002; Ghanem et al., 2010).

19



Oxidative stress has a role in other mechanisms o f damage. As discussed, the ONH is 

particularly susceptible to an impaired blood supply in OAG (Harris et al., 1994; Embleton 

et al., 2002; Satilmis et al., 2003). Increased oxidative stress can also result from re­

perfusion o f blood supply following a period o f ischaemia (Osbourne et al., 2004).

1.5.4 Apoptosis in OAG

Cell death in OAG is believed to occur via apoptosis (Quigley et al., 1994b; Garcia- 

Valenzuela et al., 1995). A com prehensive review of apoptosis is that o f Elmore (2007). 

Apoptosis is a genetically controlled process o f cell death which occurs in a number of 

optic nerve diseases. It is also a physiological process that occurs as part o f normal retinal 

development (Ilschner and W aring, 1992; Jacobson and McCarthy, 2002), in which 

defective or redundant cells are destroyed to improve tissue function in the mature retina. 

Individual cells undergo a process o f shrinkage before eventually breaking down into 

vesicles known as apoptic bodies (Nickells, 1999). The components o f the dying cell are 

then absorbed by surrounding cells or macrophages. The entire process occurs without an 

inflammatory response within the host tissue (Wyllie et al., 1980; W eber et al., 1998; 

Yucel et al., 2001; Elmore, 2007). This process is considered to involve a stage o f cell 

shrinkage, which is believed to precede eventual cell death (Morgan et al., 2000; W eber et 

al., 2000; Yucel et al., 2001; M organ, 2002; Guo et al., 2005).

Although the activation o f apoptosis is thought to occur in response to a range o f stimuli,

neuronal death has been attributed to a loss o f neurotrophic support (Oppenheim, 1991)

and over-exposure to amino acids such as glutamate (Lipton and Rosenberg, 1994). These

factors are known to play a role in the aetiology o f OAG (Nickells, 1999). Brain-derived

neurotrophic factor is critical for cell survival (Johnson et al., 1986; Levin and Gordon,
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2002) and its interruption is known to occur as a result o f IOP elevation (Hayreh et al., 

1979). The upregulation o f glutamate receptors creates a cascade that raises intracellular 

calcium ions, one o f the oxidative free radicals to promote apoptosis (Weinreb and Levin, 

1999). Glutamate levels are elevated in the vitreous o f individuals with OAG and in 

monkeys with experim entally induced OAG (Dreyer et al., 1996; Bunting et al., 2009).

In contrast to the process o f  shrinkage and vesicular disposal that occurs with apoptosis, 

an alternative mechanism o f  cell death, called necrosis, involves cytoplasmic swelling and 

the rapid degradation o f  cell organelles (Jacobson and McCarthy, 2002). DNA 

defragmentation occurs and there is eventual disruption o f tissue homeostasis, resulting in 

an immune-response. Necrosis has been linked to acute injury to the ONH (Bien et al., 

1999), and is thought to occur when a rapid response to tissue injury is required. Both 

processes can occur sim ultaneously within the same tissue. The stimulation o f glutamate 

receptors is known to trigger either an apoptotic or a necrotic response (Vorwerk et al., 

1999a). Following experim ental dam age to the visual cortex o f the adult rat, both apoptosis 

and necrosis have been identified at the level o f the LGN (Kalil and Fedynyshyn, 1998) 

and both processes also occurred following pressure-induced ischaemia o f the ONH 

(Buchi, 1992). In cases o f  rapid cell death, where apoptotic vesicles cannot be easily 

disposed by surrounding tissue, some cells will undergo necrosis (Wyllie, 1992). When 

both types o f cell death occur, each appears to follow a different time course, in which 

neurons that die soon after insult will do so via necrosis and those neurons that die at a 

later stage will do so by apoptosis (W eber et al., 2000).
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1.5.5 Normal tension glaucoma

As was discussed earlier, up to 50% o f  those suffering from OAG have ‘norm al’ IOP 

levels, defined as w ithin the range o f  11 mmHg to 21 mmHg (Sommer et al., 1991b; 

Bonomi et al., 1998; Gordon et al., 2002; Kass et al., 2002). The pathophysiology of 

normal-tension glaucom a (NTG) is likely to differ from the structural alterations 

associated with elevated IOP (Araie et al., 1994; Duijm et al., 1997; Yamazaki and Drance, 

1997; Hayreh, 2001).

NTG has been linked to ischaem ic disorders o f the vascular system which are thought to 

be associated with migraine and vasospasm (Phelps and Corbett, 1985; Gasser and 

Flammer, 1987). Vessel density and diameter is altered at a late stage NTG (Spraul et al., 

2002). Disorders o f the vascular system may occur independently o f IOP as blood flow 

parameters are equally affected in high tension OAG and NTG (Logan et al., 2004). High 

tension OAG and NTG exhibit lower blood velocity, blood flow and blood volume 

parameters when com pared with norm al individuals (Harris et al., 2000; Sekeroglu et al., 

2009). Vascular dysfunction m ay precede structural damage in individuals with high 

tension and NTG (Logan et al., 2004) although structural thinning o f the RNFL has been 

identified in association with reduced retrobulbar blood flow velocities for individuals with 

OAG (Harris et al., 1994; Harris et al., 2000; Januleviciene et al., 2008; Moore et al.,

2008).

The significance o f  ocular haem odynam ics and perfusion pressure in OAG has been 

extensively reviewed (Hayreh, 2001; Leske, 2009). The blood supply to the ONH is 

proportional to the perfusion pressure, a factor dependent on mean arterial blood pressure 

(BP) and IOP. BP is com paratively more important than IOP in affecting perfusion
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pressure. For IOP alone, a much greater increase would be required to affect ONH blood 

flow in a healthy individual. Resistance to blood flow is inversely proportional to the rate 

o f flow. An auto-regulatory m echanism  increases the resistance when perfusion pressure is 

low (by increasing vascular tone) to maintain a constant rate o f blood flow to the ONH. 

However in the case o f  defective autoregulation (where a constant rate o f blood flow is not 

regulated), even IOP values within the normal range (e.g. as with NTG) may reduce blood 

flow to the ONH by affecting perfusion pressure (Hayreh, 2001; Gherghel et al., 2004).

Defective retrobulbar blood flow velocities have been identified in NTG in the absence of 

structural alterations to retinal vessels (Plange et al., 2003a; Plange et al., 2003b). 

Anomalies o f  retrobulbar blood flow identified in NTG are not found in high tension OAG 

further indicating that raised IOP is not a prerequisite for vascular dysregulation 

(Yamazaki and Drance, 1997). Individuals with NTG have slower choroidal 

haemodynamics when com pared with groups with OHT and high tension OAG (Duijm et 

al., 1997).

Autoregulation is reduced with age in diabetes mellitus, in arterial hypertension, in arterial 

hypotension, in hypercholesterolem ia and with regional endothelial disorders (Hayreh et 

al., 1986; Hayreh et al., 1991; Haefliger et al., 1994; Hayreh et al., 1994). Vascular 

dysregulation in both OAG and NTG can be associated with systemic factors (Emre et al.,

2004) given that increased systemic vascular resistance is exhibited by individuals with 

NTG (Harris et al., 1994; Poum aras et al., 2004; Stalmans et al., 2008). Auto-immune 

disorders have also been postulated as a cause o f  glaucomatous neuropathy (Wax et al., 

1994; Sigal, 1999; Joachim  et al., 2009).
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Progressive visual field loss in NTG occurs in the absence o f elevated IOP (Araie et al., 

1994). Individuals with NTG exhibit more visual field loss in the inferior hemi-field than 

individuals with high tension OAG, suggesting different mechanisms o f damage (Zeiter et 

al., 1992). Patterns o f retinal nerve fibre loss (which may or may not correspond to visual 

field defects) are also known to differ between NTG and high tension OAG (Matsuno et 

al., 2001; Matsumoto et al., 2003).

Although NTG is believed to follow a mechanism o f damage that is distinct from high 

tension OAG, individuals w ith N TG  exhibit a lower CCT when compared with individuals 

with either OHT or OAG (G unvant et al., 2008).

1.5.6 Selective loss theory

Histological and psychophysical studies provide evidence for preferential loss o f large 

diameter RGCs in early stage OAG (Quigley et al., 1987; Glovinsky et al., 1991b; 

Glovinsky et al., 1993; A nderson and O'Brien, 1997). However, these findings have been 

challenged (Vickers et al., 1995; V ickers et al., 1997; Morgan et al., 2000; Ansari et al., 

2002b).

Histological studies using laser photocoagulation have concluded that magnocellular

RGCs may be preferentially dam aged in the early stages o f glaucoma (Quigley et al.,

1987; Quigley et al., 1988; G lovinsky et al., 1991a; Anderson and O'Brien, 1997). At the

fovea, preferential dam age o f  larger fibres was shown to correlate with the degree o f nerve

fibre loss (Glovinsky et al., 1993). At the mid-peripheral retina, selective loss was most

apparent at a stage o f 50% overall cell loss (Glovinsky et al., 1991a). Magnocellular fibres

at the LGN are also preferentially affected in chronic IOP elevation in monkey, but not in
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acute IOP elevation (Dandona et al., 1991). A post-mortem analysis o f glaucomatous 

human eyes also found that the larger nerve fibres (thought to be magnocellular fibres) 

were lost more extensively than smaller nerve fibres (Quigley et al., 1988). Selective 

magnocellular loss has also been observed at the level o f the LGN (Chaturvedi et al.,

1993).

One possible explanation for the selective loss theory is that magnocellular cells may 

encounter early dysfunction due an inherent reduced redundancy, owing to their small 

populations (Johnson, 1994). It has also been suggested that magnocellular cells are more 

susceptible to damage due to regional vulnerability at the LC o f the ONH (Quigley et al., 

1988). The superior and inferior poles o f the ONH are generally traversed by larger 

diameter fibres extending to the peripheral retina, and these areas of the nerve correlate 

with the first site o f glaucom atous dam age (Quigley and Addicks, 1981; Quigley et al., 

1982). This finding is consistent with the view that a preferential mechanism o f loss is 

more likely to occur am ongst peripheral nerve fibres, rather than peri-foveal nerve fibres, 

since peripheral regions o f the retina contain a greater proportion o f large-diameter nerve 

fibres (Quigley et al., 1987; Quigley et al., 1989). Preferential loss o f superior ONH axons 

occurs in the experimental m ouse model (M abuchi et al., 2004). However, given that the 

LC is absent in the mouse ONH, this may relate to the anatomical position o f the central 

artery and central vein.

The selective loss theory o f  retinal ganglion cell loss in OAG is contradicted by the 

distribution o f loss across both parvocellular and magnocellular pathways at the level o f 

the retinal ganglion cells, suggesting a non-preferential mechanism o f loss in monkey 

OAG (Morgan et al., 2000). This finding is consistent with histological studies using
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cytochrome oxidase biochem istry as a measure o f metabolic activity in each pathway, 

which indicate non-preferential loss at the level o f the LGN, (Crawford et al., 2000; Yucel 

et al., 2000; Yucel et al., 2003), and the visual cortex (Crawford et al., 2001; Harwerth et 

al., 2002).

Psychophysical investigation o f individuals with OAG has involved the comparative 

assessment o f parvocellular and magnocellular function. For example, assessment o f the 

magnocellular pathway is based on its role in motion processing (Newsome et al., 1985; 

Newsome and Pare, 1988; M erigan et al., 1991a) and the segregation o f parvocellular and 

magnocellular contributions to the area MT (Maunsell et al., 1990). It should be noted that 

psychophysical testing aim ed at a specific pathway may not activate that pathway alone, as 

the pathways are not always functionally distinct (Logothetis et al., 1990). Resolution 

acuity for phase-reversed sinusoidal gratings is impaired in individuals with OAG and 

OHT, than the resolution acuity o f stationary gratings, when compared to normal 

individuals (Anderson and O 'Brien, 1997). Given that the stationary gratings are more 

specific to the parvocellular pathw ay and that temporally modulated gratings are more 

sensitive to the m agnocellular pathway (Derrington and Lennie, 1984), this finding 

supports the view that preferential loss o f magnocellular pathway occurs for individuals 

with OAG and OHT.

Psychophysical studies have conflicted with the selective loss theory (Morgan, 1994; 

Ansari et al., 2002b; M cK endrick et al., 2004). Individuals with OAG have reduced 

sensitivity to both magno- and parvo-orientated stimuli, suggesting that both pathways are 

equally affected in OAG. Functional deficits o f both pathways are also indicated by studies
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using automated perim etry and electrophysiology (Graham et al., 1996; Yucel et al., 2003; 

Harwerth et al., 2004).

Chromatic stimuli are thought to mediated primarily by the parvocellular pathway

(Livingstone and Hubei, 1988), yet studies show that red-green opponent pathways are

affected in OAG (Greenstein et al., 1996; Porciatti et al., 1997; Takeuchi et al., 2003),

suggesting that both pathways are involved in glaucomatous loss. The koniocellular

pathway (Martin et al., 1997) is known to mediate blue-yellow opponent mechanisms 

(Dacey and Petersen, 1992; Dacey and Lee, 1994), and this pathway is affected in early 

stages o f functions glaucom atous dam age (Johnson et al., 1993a, b).

The hypothesis that glaucom atous cell damage is specific to cell size and type is based on 

histological analysis o f cell size distributions (Quigley et al., 1989; Glovinsky et al., 

1991a). However, the classification o f  cell type according to size should be considered in 

the context o f m orphological cell changes in OAG. A number o f studies have identified 

ganglion cell shrinkage in the prim ate model o f glaucoma (Weber et al., 1998; Morgan et 

al., 2000; Yucel et al., 2001; W eber and Harman, 2005). Shrinkage o f ganglion cells as 

part o f a postulated m echanism  o f  cell death may account for increased prevalence o f 

small-diameter RGCs in histological studies o f  OAG (Yablonski and Asamoto, 1993; 

Morgan, 1994; M organ et al., 2000; Ansari et al., 2002a; Morgan, 2002). Therefore, an 

absence o f large-diam eter RGCs can be misinterpreted as evidence for preferential loss.
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1.6 Conventional methods fo r  the detection o f OAG

1.6.1 Evaluation of the ONH in OAG

Optic cup size relative to the size o f the ONH in terms o f NRR thickness is a primary 

indicator o f glaucomatous damage. Increased cup size occurs as the NRR recedes, and is 

characteristic o f individuals with OAG (Pederson and Anderson, 1980; Fingeret et al.,

2005). The ONH is usually exam ined following dilation o f the pupil, either by slit lamp 

biomicroscopy or by digital photography. Stereo-imaging permits a magnified and three- 

dimensional evaluation o f  the ONH (Tielsch et al., 1988; Varma et al., 1992; Girkin et al., 

2004). The gold standard, however, is digital stereo imaging (DSI). This technique enables 

a floating cursor in three-dim ensional space which facilitates the accurate delineation of 

Elschnig’s Rim and, thereby, the accurate rendition o f the planimetric description o f the 

ONH characteristics. DSI exhibits improved sensitivity for the detection o f OAG over 

other imaging techniques (M organ et al., 2005). The technique can also be adapted to 

include stereo flicker chronoscopy for the identification o f change in the appearance o f the 

ONH over time. Flicker chronoscopy is highly sensitive and highly specific for 

distinguishing normal individuals from individuals with OAG (Barry et al., 2000; Morgan 

et al., 2005). The identification o f  the abnormal ONH is also confounded by normal 

variations in ONH morphology and, given that between-clinician agreement is an accepted 

source o f variability, the differentiation o f subtle abnormalities can be particularly difficult 

in the early stages o f  OAG.
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1.6.2 Standard Automated perimetry (SAP)

Threshold perim etry determines the differential light threshold at the given locations 

within the visual field i.e. the minimum stimulus luminance necessary to evoke a ‘seen’ 

response by the observer. The output at each stimulus location is expressed as the 

reciprocal o f the threshold in terms o f sensitivity.

The current gold standard for visual field assessment is the Humphrey Visual Field 

Analyzer II (HFA) (Carl Zeiss M editec, Dublin, CA). The instrument uses a Goldmann III 

stimulus which has an area o f 4mm and subtends a visual angle o f 0.471°. The 

background luminance o f the HFA is lOcdnf and the maximum stimulus luminance is 

3183cdm '2. The decibel (dB) is the unit o f sensitivity for which 0.1 log units is equal to 1 

dB. A high decibel value indicates high sensitivity (Anderson and Patella, 1999).

Threshold perim etry o f  the central field is usually based on one o f two stimulus grids: 24-2 

or 30-2, which examine the visual field out to 21° and 27°, respectively. An inter-stimulus 

separation o f 6° is used, with stim uli located 3° on either side o f the horizontal and vertical 

meridians. The inter-stimulus distance allows the instrument to detect a scotoma with a 

diameter o f 8.4° with 100% probability. However, the probability o f detection falls to 79% 

for a scotoma that measures 6° in diam eter (Fankhauser and Bebie, 1979). The instrument 

may fail to detect small glaucom atous defects or the physiological blind spot due to the 

resolution limit o f the technique (Heijl, 1993).

The standard algorithms for estimating threshold are the SITA (Swedish Interactive 

Threshold Algorithm) Standard and FAST algorithms, which are analogous to the older 

Full Threshold and FASTPAC algorithms, respectively. The SITA standard algorithm
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utilises a 4-dB step size and the SITA Fast algorithm a 4dB step size. The SITA algorithms 

optimise the thresholding strategy by utilising two likelihood functions for each stimulus 

location. The likelihood functions are based upon the responses o f normal individuals and 

individuals with OAG (Bengtsson et al., 1998; W ild et al., 1999). As the observer responds 

to the various stimuli the shape o f the response function at each stimulus location will 

change with increasing num bers o f responses (Bengtsson and Heijl, 1998). The threshold 

estimate is determined from the height o f  the function at the given location (Wild et al., 

1999). Thresholds are adjusted following the end o f the examination to reflect all 

responses given by the observer. Final threshold is based upon a frequency-of-seeing curve 

at a 50% probability (Bengtsson and Heijl, 1998; Bengtsson et al., 1998).

Sensitivity can be represented in terms o f the Total Deviation (TD) and the Pattern 

Deviation (PD) maps. The TD map exhibits the difference between the measured 

sensitivity at the given location and the corresponding age-corrected normal value. The PD 

map is based upon a com parable difference in sensitivity; however, it is corrected for 

abnormalities in the height o f  the visual field using the general height adjustment (Asman 

et al., 2004a) which is defined as the 7th highest positive/ least negative deviation o f the 56 

locations (15th percentile) corresponding to the Program 24-2 grid (Anderson and Patella, 

1999). The TD and the PD probability maps express the respective deviations in terms of 

probability values relative to the distribution o f the deviations in the normal population. 

The Deviation maps allow the clinician to distinguish generalised visual field loss from 

localised visual field loss.

Glaucomatous visual field loss typically presents as a paracentral defect and/ or a defect in 

the nasal extremities o f the central field which does not cross the horizontal mid-line

30



(W erner and Drance, 1977). The field loss increases in depth and then encroaches into the 

immediate surrounding regions o f the visual field, eventually becoming an arcuate and 

then a hemifield defect. The field loss in one hemifield is usually in advance o f that in the 

other hemifield and the field loss in one eye is usually in advance of that o f the other eye 

(W erner and Drance, 1977).

Given the characteristic appearance o f visual field loss in OAG, additional techniques such 

as the Glaucoma Hem ifield Test (GHT) have been developed as an aid to identify visual 

field loss (Asman and Heijl, 1992). The GHT classifies the likelihood o f glaucomatous 

visual field loss by com paring the num ber and probability level o f the PD map above and 

below the horizontal midline.

7.7  Digital imaging

1.7.1 Confocal scanning laser topography

Confocal scanning laser ophthalm oscopy obtains a number o f high resolution two- 

dimensional sectioned im ages o f  the ONH and its surrounding tissue. These sections are 

accumulated to form a three-dim ensional topographical image o f the ONH called the 

reflectance image which is a pixelated map derived from the reflectance o f the features o f 

the ONH and the peripapillary region. Lighter areas represent greater reflectance, e.g. the 

optic cup, and darker areas indicate least reflectance (Burgoyne, 2004; Girkin et al., 2005; 

Zangwill et al., 2005). The Heidelberg Retinal Tomograph (HRT III) (Heidelberg 

Engineering GmbH, Dossenheim, Germany) is the ‘gold standard’ for confocal scanning
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laser tomography o f the ONH. The HRT has achieved high sensitivity and specificity for 

the detection o f OAG com pared with techniques o f structural imaging (Bathija et al., 1998; 

Artes and Chauhan, 2005; Burgansky-Eliash et al., 2007; Mowatt et al., 2008; Moreno- 

Montanes et al., 2009).

The utility o f the technique was initially confounded by the variability in the ONH size and 

the physiological distribution o f the RNFL amongst normal individuals (Kono et al., 1999; 

Artes and Chauhan, 2005; Burgansky-Eliash et al., 2007). The diagnostic accuracy of 

scanning laser tom ography for OAG is dependent upon ONH size and the stage o f OAG. 

The sensitivity and specificity o f  HRT is improved with a linear discriminant function 

known as the M oorfields Regression Analysis (MRA) (Burgansky-Eliash et al., 2007; 

Hewitt et al., 2009) which utilizes prior knowledge o f the NRR and ONH size to 

statistically normalises these two dim ensions (Jonas et al., 1988b; Foster et al., 2002; Ford 

et al., 2003). The MRA Report illustrates the NRR area relative to the expected range for a 

normal population (G arway-Heath et al., 2000b; Girkin et al., 2005; Strouthidis et al.,

2009) The diagnostic perform ance is less satisfactory for ONH diameters greater than 

3.1mm (Hoesl et al., 2009). Techniques for evaluating progression o f the ONH derived by 

the HRT exhibit only m oderate correlation with functional loss measured by SAP (Hudson 

et al., 2007; Strouthidis et al., 2010).

1.7.2 Optical Coherence Tomography

Optical Coherence Tom ography (OCT) measures RNFL thickness by obtaining cross-

sectional images o f the peripapillary retina, created by analysing the intensity o f laser

echoes reflected from the retinal tissue (Hougaard et al., 2007; Leite et al., 2010). Optical

reflectance creates a resulting profile o f  tissue depth which is referred to as an A-Scan. The
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single cross-sectional A-Scans are gathered linearly across the tissues to form a single 

cross sectional image, referred to as a B-Scan. The resolution and scan quality o f the image 

is based on the num ber o f A-Scans and the acquisition speed o f the instrument. Parallel B 

Scans are used to create a three-dimensional image o f the ONH.

Early OCT technologies were referred to as time domain OCT (TD-OCT) which enabled 

an in-vivo resolution o f  10pm (Huang et al., 1991; Fercher et al., 1993). M odem OCT 

technologies, based upon spectral domain OCT (SD-OCT) are referred to as high speed 

and/ or high resolution and possess an image acquisition speed which is 60- to 110-times 

faster than TD-OCT. An axial resolution o f 5 to 7pm is achieved in the current 

commercially available devices but up to 2 to 3 pm has been achieved in the research 

setting (Park et al., 2009; M ansoori et al., 2010). SD-OCT is able to acquire a B-Scan 

which contains 2048 A -Scans at an acquisition rate o f 55,000 A-Scans per second 

(Wojtkowski et al., 2005; W ollstein et al., 2005).

The ONH, macular and peripapillary tissue are scanned for measurement o f RNFL 

thickness. The Stratus OCT (Carl Zeiss Meditec, Inc, Dublin, Ca) has shown clinical 

utility for assessment o f m acular RNFL defects (Ip et al., 2002; Degenring et al., 2004; Ko 

et al., 2004). As can be expected, peripapillary RNFL measurements are more sensitive 

than macular thickness for the detection o f OAG (Williams et al., 2002; Greenfield et al., 

2003; Guedes et al., 2003; W ollstein et al., 2004; Mori et al., 2010). Measurement o f 

RNFL thickness exhibits good test-retest reliability (Funaki et al., 2002; Budenz et al., 

2005; Sehi et al., 2007) and the technique is a more sensitive tool for the detection o f OAG 

when compared with HRT III (Leung et al., 2009).
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Good agreement is present between visual field loss and RNFL thickness determined by 

OCT (W illiams et al., 2002; M edeiros et al., 2005; Park et al., 2009). RNFL thickness 

measurements exhibit good concordance between fellow eyes of individuals with OAG 

(Bertuzzi et al., 2009). The Stratus OCT, a TD-OCT used in this thesis, also exhibits good 

agreement between structural and functional deficits in OAG (Budenz et al., 2005; 

Harwerth et al., 2007; Hougaard et al., 2007). The Stratus OCT software provides normal 

limits for each o f two RNFL scanning protocols. The first is based upon three regular 

resolution scans (FAST RNFL thickness) and the second is based upon a single high 

resolution scan (RNFL thickness). Diagnostic sensitivities for the FAST RNFL thickness 

and RNFL thickness protocols are 72% and 77% respectively, with specificities o f > 95% 

for each protocol or 73% and 81% for the RNFL thickness protocol (Moreno-Montanes et 

al., 2009). The moderately high sensitivities indicate that there is further room for 

development o f RNFL thickness m easurem ent (Hougaard et al., 2007). OCT scan quality 

deteriorates in the presence o f  m edia opacities (Burgoyne, 2004). The diagnostic power o f 

the Stratus OCT for OAG varies even within the range o f scan quality deemed as 

acceptable by the m anufacturer (Sung et al., 2009b). The stage o f OAG also influences the 

diagnostic capability o f  SD-OCT (Leite et al., 2010).

1.7.3 Scanning laser polarimetry

Scanning laser polarimetry (SLP) measures RNFL thickness by assessing the retardation of

polarised light scatter, based on bifringence at the RNFL (Zangwill et al., 2004a). The

extent o f retardation provides a measure o f RNFL thickness (Weinreb et al., 1990). When

compared with other im aging techniques, SLP exhibits limited sensitivity in discriminating

between normal individuals and individuals with OAG (Zangwill et al., 2001). The GDx

VCC (variable corneal compensation; Carl Zeiss Meditec, Dublin, CA) has shown greater
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accuracy in discriminating between normal individuals and those with OAG (Greenfield et 

al., 2002; W einreb et al., 2003; Reus and Lemij, 2004a; Tannenbaum et al., 2004) and has 

detected RNFL thinning in OAG in the absence o f perimetric field loss (Reus and Lemij, 

2004b). The discrim ination capability o f  the GDx VCC for OAG is independent of scan 

quality within the range recom mended as acceptable by the manufacturer i.e. a Quality 

Score > 8 (Sung et al., 2009b).

Limitations o f SLP include atypical bifringence patterns (ABP) in older individuals (Bagga 

et al., 2005), unreliable im aging o f large areas o f peripapillary atrophy and limited 

effectiveness for individuals with nystagmus (Burgoyne, 2004). ABP create artefacts in 

RNFL images and are thought to be caused by an insufficient signal-to-noise ratio (Bagga 

et al., 2005). The Enhanced Corneal Compensation (ECC; GDx-ECC, Carl Zeiss Meditec) 

has been developed to address this issue. Associations between RNFL thickness and visual 

field loss for individuals with OAG are stronger with the ECC technology when compared 

with the VCC technology (Bow d et al., 2007).

1.8 Visual Electrophysiology

Unlike automated perim etry, electrophysiology techniques are not dependent on the 

subjective responses o f  the individual. The pattern electroretinogram (PERG) (Neoh et al., 

1994; Maddess et al., 2000; Bayer and Erb, 2002; North et al., 2009) and multifocal visual 

evoked potential (mVEP) (Graham  et al., 1999; Korth et al., 2000; Punjabi et al., 2008) are 

two methods that have been used for the detection o f OAG.
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The visual evoked potential (VEP) measures electrical signals produced in the visual 

cortex, whilst an individual views a specific stimulus. The stimulus may be a flash or a 

pattern (Graham et al., 1999; Bach, 2001; Graham et al., 2005). Luminance and 

wavelength may vary for a flash, whilst size and contrast may vary for a pattern. Foveal 

activity is largely represented due to cortical magnification factors and the responses of 

central retinal fibres. A localised stimulus is presented to elicit local responses within the 

central visual field; a m ethod referred to as Multifocal VEP (mVEP) (Graham et al., 1999; 

Graham et al., 2005; Punjabi et al., 2008). VEP response amplitudes are reduced in 

individuals with OAG, when com pared with normal individuals (Schmeisser and Smith, 

1989; Korth et al., 2000; Hood et al., 2005; Balachandran et al., 2006). For individuals 

with OAG, studies indicate that mVEP is consistent with measures o f SAP (Balachandran 

et al., 2006), and structural measures o f RNFL thickness with the HRT (Punjabi et al., 

2008).

The electroretinogram (ERG) is another technique for the assessment o f retinal function. 

The technique provides a record o f the summed electrical activity from the various layers 

o f the retina. The response to a patterned stimulus produces the Pattern ERG (PERG). 

Studies show that PERG responses are altered in individuals with OAG (W anger and 

Persson, 1983; Papst et al., 1984; Porciatti and von Berger, 1984; Bowd et al., 2009a), and 

in OHT (Porciatti et al., 1987; Bach and Speidel-Fiaux, 1989; North et al., 2009). PERG 

recordings have com parable sensitivity to SAP (Bach, 2001) and other functional methods 

for the detection o f OAG (Graham  et al., 1996; Maddess et al., 2000). PERG abnormalities 

in OAG precede conventional visual field loss (Hood et al., 2005; Ventura et al., 2005). 

However, in distinguishing norm al individuals from individuals with OAG, the sensitivity 

and specificity o f  PERG is less than that o f  SAP (Bowd et al., 2009b). A measurement
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paradigm for OAG detection called PERGLA (Lace Elettronica, Pisa, Italy) exhibits 

sensitivity and specificity values o f 76% and 59% respectively, for classifying normal 

individuals and individuals with OAG. In comparison, SAP exhibits sensitivity and 

specificity values o f 83% and 77%, respectively (Bowd et al., 2009b). Although 

electrophysiological sensitivity losses have been identified in both OAG and OHT, 

findings are not always consistent with structural measures o f RNFL thickness (North et 

al., 2009; Sehi et al., 2009).

1.9 New methods o f  perimetry

SAP stimulates several types o f  RGCs within the retina. Therefore, the method is likely to 

have reduced sensitivity to early RGC loss due to considerable overlap in the receptive 

fields o f the different types o f  RGCs (Delgado et al., 2002). The major classes o f RGCs are 

known to be responsive to different types o f stimuli. The parasol cells o f the magnocellular 

pathway are known to play a pivotal role in motion perception, favouring low spatial and 

high temporal resolution (Ogden, 1984). As is discussed in Sections 1.3.7 and 3.1.3, the 

midget cells o f the parvocellular pathway play a role in colour perception, favouring high 

spatial and low temporal resolution. M idget cells are far more prevalent than parasol cells, 

particularly at the central region o f  the retina (Dacey and Petersen, 1992). Bistratified 

ganglion cells contribute to the koniocellular pathway and are believed to play a role in 

short wavelength colour perception in the visual field (Dacey and Lee, 1994).

Novel psychophysical stimuli have been developed to isolate specific RGC populations 

within the visual pathway (Kelly, 1981a; Heron et al., 1987; Sample et al., 1988; Johnson
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and Samuels, 1997). By using the characteristics o f magnocellular, parvocellular and 

koniocellular pathways, a variety o f stimuli have been developed in an effort to detect 

early signs o f OAG. The pathway-specific stimuli are designed to preferentially activate 

each respective cell type. This is contrary to SAP, in which a broad-spectrum stimulus is 

used to assess visual function. Novel perimetry techniques use chromatic, spatio-temporal 

stimuli.

1.9.1 Short Wavelength Automated Perimetry

Short-Wavelength Automated Perim etry (SWAP) was developed for assessing the short- 

wavelength sensitive m echanism  that is compromised in several forms o f ocular disease 

including diabetic macular oedem a (Hudson et al., 2003) OAG (Wild, 2001; Hudson et al., 

2003; Sample et al., 2006b; Boel et al., 2008; Fogagnolo et al., 2008) and some neuro- 

ophthalmic disorders (W ild, 2001). OAG is associated with deficits in the red-green 

(Karwatsky et al., 2004) but more so in the blue-yellow spectrum (Drance et al., 1981; 

Adams et al., 1982; Sample and W einreb, 1990; Johnson et al., 1993a; Greenstein et al., 

1996; Castelo-Branco et al., 2004) i.e. the koniocellular pathway o f the visual 

system(Casagrande et al., 2007). SW AP stimulates the koniocellular pathway generally 

with a narrow-band blue Goldm ann V stimulus (peak sensitivity at 440nm) on a broad- 

band yellow background with luminance o f  lOOcdm' . The yellow background adapts the 

long- and medium-wavelength sensitive pathways and saturates the rod response, so that 

the stimuli are prim arily detected by the short-wavelength receptors (Wild, 2001; 

Ruppertsberg et al., 2003; Szmajda et al., 2008).

SWAP exhibits higher between-individual variability than SAP, indicating that the

reference limits for norm ality are wider for SWAP than for SAP. Thus, greater deviations
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from the normal value at any given location will be required for SWAP than for SAP to 

indicate abnormality (W ild et al., 1995; Blumenthal et al., 2000). Indeed, the current 

algorithm for SIT A SWAP exhibits wider reference intervals than either SIT A Standard or 

SITA FAST (Bengtsson and Heijl, 2006b; Bengtsson and Heijl, 2006a). The within-test 

variability i.e. the short-term fluctuation (Wild et al., 1995; Hutchings et al., 2001), and the 

between-test variability, i.e. the long term fluctuation (Hutchings et al., 2001) are both 

greater for SWAP than for SAP. The latter indicates that the apparent deterioration in the 

visual field, between exam inations, must be greater for SWAP than for SAP to achieve 

statistical significance. In addition, SWAP exhibits a profound and residual learning effect 

for those individuals experienced in SAP. Therefore, apparent field loss from initial 

examinations may relate to inexperience rather than functional damage and the preliminary 

results should be interpreted with caution (Wild et al., 2006).

SWAP exhibits an age-related decline which is more pronounced than that o f SAP (Wild 

et al., 1998). The decline can be attributed to a gradual loss o f clarity in the media and/ or 

increasing light scatter arising from cataract (Wild, 2001).

1.9.2 High-pass resolution perimetry

High-pass resolution perim etry (HPRP) is believed to selectively target the parvocellular

pathway (Frisen, 1992). The m ethod involves ring-shaped stimuli that are presented on a

photopic background at different locations within the visual field (Frisen, 1989; Wall et al.,

2004b; Sample et al., 2006b). The stimulus ring has a bright core with a luminance of

25cdm'2 and is surrounded by dark borders with a luminance o f 15cdnf2. The ring is high-

pass filtered to removed low spatial frequency information (Delgado et al., 2002). In a

longitudinal study, HPRP detected glaucomatous progression at a median o f 12 months
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earlier than SAP, in individuals with early to moderate OAG (Chauhan et al., 1999). HPRP 

exhibits moderate agreement with Frequency Doubling Technology (FDT) and SWAP, for 

the detection o f OAG, however the method is generally less sensitive than FDT (Sample et 

al., 2006b). The clinical utility o f HPRP is limited by the fact that it cannot be standardised 

across different instruments (Chauhan et al., 1999) and the test is unable to delineate a 

small scotoma, or the location o f the blind spot due to the large angle subtended by the 

target ring (Birt et al., 1998).

1.9.3 Critical Flicker Frequency

Critical Flicker Frequency (CFF) is a measure o f the highest temporal frequency at which 

a stimulus o f fixed contrast is detected as flickering. Flicker perimetry is considered more 

sensitive than SAP, for the detection o f OAG (Lachenmayr et al., 1989; Lachenmayr and 

Gleissner, 1992) and is considered to be more immune to the effects o f image degradation 

arising from optical defocus and light scatter arising from cataract (Lachenmayr and 

Gleissner, 1992; M atsumoto et al., 1997; Anderson et al., 2009). CFF is elevated in 

individuals with OHT and OAG, w hen compared with normal individuals (Tyler, 1981). It 

is hypothesised that that this elevation is due to a selective loss o f RGCs that mediate high 

temporal frequencies (Holopigian et al., 1990).

1.9.4 Temporal Modulation Perimetry

Temporal M odulation Perim etry (TMP) is a measure o f contrast thresholds for grating 

stimuli, modulated at fixed temporal frequencies. TMP declines with age (Casson et al., 

1993; Willis and Anderson, 2000). TMP discriminates individuals with OAG from normal
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individuals (Yoshiyama and Johnson, 1997) and is considered to be more effective than 

SAP (Hot et al., 2008).

1.9.5 Motion perimetry

Motion is a visual function that is mediated by the magnocellular stream (Ogden, 1984). 

There are a number o f  methods for assessing motion, several o f which use random dot 

stimuli (Burgess and Barlow, 1983; Wall and Ketoff, 1995; Barton et al., 1996). In this 

method, an individual is asked to distinguish the coherent motion o f a group o f dots from 

the random motion o f a background pattern o f dots. The measured response o f the 

individual is the motion threshold, which is the minimum percentage o f dots correctly 

judged to be moving in a particular direction against the noisy background (Joffe et al., 

1997). MAP stimuli are thought to reduce the presence o f cues relating to form and 

position in the judgem ent o f  displacem ent and direction. Stimulus form and position are 

likely to elicit responses from parvocellular systems (Nakayama and Tyler, 1981). 

Individuals with OAG exhibit motion deficits when assessed with random-dot stimuli 

(Trick et al., 1995; Bosworth et al., 1997; Joffe et al., 1997; Bosworth et al., 1998) and are 

less able to localise m otion stim uli (Silverman et al., 1990; Bullimore et al., 1993; Wall 

and Ketoff, 1995). However, M AP is moderately sensitive (Silverman et al., 1990; Wall 

and Ketoff, 1995; Bosworth et al., 1997) and poorly specific (Joffe et al., 1997) for the 

detection o f OAG relative to other novel forms o f perimetry (Sample et al., 2000; Delgado 

et al., 2002; Monhart, 2007). M AP exhibits less between-test variability than SAP (Wall et 

al., 2009).
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1.9.6 Frequency Doubling Technology

FDT is based on the phenom enon o f the ‘frequency doubling illusion’ (Kelly, 1966; Kelly, 

1981a). W hen a grating o f low spatial frequency, usually less than 1 cycle per degree, 

undergoes high temporal counter-phase reversal greater than 15Hz, its perceived spatial 

frequency appears to double. Visual thresholds can be assessed by increasing the temporal 

frequency o f the flicker, or by maintaining the temporal frequency and reducing the 

contrast (Spry et al., 2001). The frequency doubling illusion can be detected beyond the 

limits o f conventional flicker thresholds (Kelly, 1966) and is thought to activate a non­

linear subset o f m agnocellular cells called M y cells (Kelly, 1981a; Maddess and Henry, 

1992; Maddess et al., 1998). These cells comprise only 15% - 25% of the M-cell 

population i.e. only 1.5% - 2.5%  o f the total RGC population. My cells are thought to be 

responsive to high temporal frequency and low spatial frequency patterns. If  the frequency 

doubling illusion activates a very sparse population o f the M-cells, early damage in OAG 

may be more easily detected due to a reduced redundancy within the My system (Johnson, 

1994; Alward, 2000).

For threshold measurements w ith FDT, there is speculation as to whether the observer 

perceives the spatial structure o f  the stimulus, or only an amorphous flicker (Hogg and 

Anderson, 2009). Several studies indicate that no spatial structure is apparent at threshold 

(Richards and Felton, 1973; M addess and Henry, 1992), yet others suggest the contrary 

(Anderson and Johnson, 2002; M cKendrick et al., 2003). FDT perimetry requires the 

observer to respond to any stimulus that flickers or shimmers or contains gratings 

(Anderson and Johnson, 2003), yet a response to a grating stimulus, as measured with 

orientation-thresholds, results in a 0.1 log unit threshold difference, when compared with a 

response to flicker (Quaid et al., 2005). Therefore, thresholds based on ‘form’ (i.e. the
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grating) may be a cause o f unexpected threshold elevation in normals (Flood and 

Flanagan, 1998). Some studies find no difference between orientation thresholds and 

detection thresholds o f frequency-doubled stimuli (Vallam and Metha, 2007; Hogg and 

Anderson, 2009) and suggest that differences in thresholds may result from inappropriate 

psychophysical methodology. Detection and orientation-thresholds of frequency-doubled 

stimuli are considered identical with hard-edged or Gaussian-windowed targets (Hogg and 

Anderson, 2009).

Individuals with OHT and ‘early-stage’ OAG exhibit reduced contrast sensitivity to the 

frequency-doubled illusion when compared with normal individuals (Sponsel et al., 1998; 

Maddess et al., 1999; Cello et al., 2000). FDT shows greater sensitivity and specificity 

than SAP in differentiating individuals with OAG from normal individuals (Racette et al.,

2008) and when compared w ith other novel methods o f perimetry (Sample et al., 2006a; 

Nomoto et al., 2009). However, the technique is only moderately specific (Medeiros et al.,

2004) and the predictive capability o f  FDT has been questioned (Costa, 2004) particularly 

in terms o f repeatability (Tafreshi et al., 2009).

The underlying rationale for using the frequency-doubled stimulus has been questioned 

(White et al., 2002). The frequency doubling illusion may be attributed to “a cortical loss 

o f temporal phase discrim ination”, rather than functionality o f My cells. Therefore the 

rationale for the technology is the subject o f continued debate (Hot et al., 2008).
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1.10 Time to detection

Substantial RGC loss is known to occur prior to detection with conventional SAP (Quigley 

et al., 1982; Quigley et al., 1989). Studies indicate a curvilinear relationship between RGC 

loss and sensitivity loss by SAP. However, sensitivity loss (in terms o f dB) for SAP is not 

present for up to 60% o f  RGC loss (Harwerth et al., 1999). This finding suggests that there 

are substantial reserves w ithin the RGC population which can maintain functional 

sensitivity to broad-spectrum  stimuli, despite extensive structural damage (Garway-Heath 

et al., 2000a; Harwerth et al., 2002). The relationship between structure and function in 

OAG improves when retinal eccentricity is considered as an input parameter (Harwerth et 

al., 2004). A structure-function relationship has not yet been proven for early stage OAG. 

To assess the efficacy o f any new  detection tool, early OAG is the most important stage of 

the condition to model (Anderson, 2006).

1.10.1 The relationship between RGC density and visual function

The degree o f sensitivity at any given location o f the visual field should be proportional to 

the number o f RGCs at the corresponding location for any level o f structural damage 

(Quigley et al., 1989; K errigan-Baum rind et al., 2000; Harwerth et al., 2002; Harwerth et 

al., 2004). In moderate OAG, RNFL thickness is inversely related to sensitivity (Harwerth 

et al., 2004; Harwerth and Quigley, 2006). This relationship does not hold for early OAG, 

in which a decline in RNFL thickness precedes sensitivity loss (Sommer et al., 1991a; 

Bowd et al., 2000; M atsum oto et al., 2003; W ollstein et al., 2005; Bagga et al., 2006). In 

late-stage OAG, sensitivity loss can occur in the absence o f any further reduction in RNFL 

thickness (W ollstein et al., 2005).
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An improved structure-function relationship for SAP is present in the monkey model of 

OAG (Harwerth et al., 2004; Harwerth et al., 2007). It has been hypothesised that SAP 

exhibits reduced sensitivity to early RGC loss when compared with structural measures, 

due to the greater m agnitude o f the between-individual variability for SAP compared with 

that for structural measures such as OCT. The coefficient o f variation (CV) for TD-OCT is 

half that derived by SAP, suggesting that OCT is more likely to interpret subtle deficits as 

outside o f the normal distribution o f RNFL thickness (Harwerth et al., 2007).

1.10.2 Cell shrinkage hypothesis

Histological studies o f the m orphology o f normal and glaucomatous eyes in the primate 

model o f OAG indicate reductions in both the dendritic field and the cell soma size for 

both parasol and the midget RGCs (W eber et al., 1998; W eber and Harman, 2005). Further 

evidence o f cell shrinkage exists in both the magnocellular and parvocellular layers o f the 

LGN (Weber et al., 2000; Yucel et al., 2001). Studies involving retrograde labelling of 

primate RGCs with horseradish peroxidase found similar reductions in cell soma size and 

concluded that cell shrinkage occurs as an intermediary stage, prior to ganglion cell death, 

in the primate model o f OAG (M organ et al., 2000; Weber and Harman, 2005).

If ‘sick’ RGCs undergo cell shrinkage during a cascade o f events analogous to apoptosis,

they may subsequently be m istaken as part o f the remaining midget cell count. Cell counts

that are based upon size may erroneously elevate the apparent prevalence o f midget cells

in the glaucomatous retina, thereby inferring a preferential magnocellular loss (Morgan et

al., 2000; Morgan, 2002). The selective loss hypothesis seems less plausible in this regard.

In the absence o f  selective loss o f the M-pathway, psychophysical tests that target

magnocellular or koniocellular function may prove to be more sensitive for the detection
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of OAG due to the reduced redundancy o f their relatively sparse cell populations (Johnson,

1994). However, neither a selective loss nor a reduced redundancy is a necessary pre­

requisite for psychophysical testing o f these pathways. Regardless o f these hypotheses, a 

narrow-band stimulus which targets a particular subset o f ganglion cells is likely to be a 

more sensitive detection tool than a broad-spectrum stimulus which activates the majority 

o f retinal ganglion cells.

1.10.3 Neuroprotection

OAG initiates a sequence o f  RGC degeneration and re-modelling, comparable to 

physiological processes such as apoptosis. It is unclear whether the apoptotic process can 

be reversed at an intermediary stage. Improved RGC function has been reported in studies 

where elevated IOP in OAG was reduced to normal levels (Ventura and Porciatti, 2005). 

This finding suggests that there m ay be a window of opportunity for neuroprotective 

therapies. RGCs cannot be regenerated after cell death, but ‘sick’ cells may respond to 

neuroprotective agents.

Agents that are directed to the retina m ay be able to block apoptotic pathways and prevent

cell death (Nickells, 1999; O sbom e et al., 1999; Osbome et al., 2004) or reduce the

likelihood o f secondary degeneration o f  neurons (Vorwerk et al., 1999b; Hatwick, 2001).

One possible method involves the regulation o f increased intracellular glutamate levels

through the use o f glial-derived neurotrophic factors (Naskar et al., 2000; Saragovi et al.,

2009). Raised levels o f intracellular calcium cause cell death via the activation o f several

enzymes (Stys and Lesiuk, 1996; Garthwaite et al., 1999). Therefore inhibitors o f these

enzymes may help to protect ganglion cells. An auto-protective mechanism known to

involve gamma-aminobutyric acid (GABA) and adenosine has been reported in studies o f
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the rat optic nerve. The inhibition o f agents that remove either GABA or adenosine, via the 

use o f uptake inhibitors, increase the post-insult survival o f axons (Fern et al., 1994; Fern 

et al., 1995). For the assessment o f these agents and their clinical utility, a method is 

needed for the detection o f OAG at a stage o f the disease in which the prevailing 

pathology involves cell shrinkage, rather than cell death.

There is a pressing need to develop a tool that is more effective for the detection o f the 

early stages o f glaucomatous damage, both from an imaging perspective and a functional 

perspective. This thesis is predicated upon the hypothesis that an intermediary stage of 

RGC dysfunction, which involves RGC shrinkage, may correspond to changes in the 

levels o f internal neural noise and the sampling efficiency o f the visual system. Using 

narrow-band stimuli that are em bedded in two-dimensional spatio-temporal noise, this 

thesis describes the developm ent o f  a tool to identify a reversible stage o f OAG.
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2 Introduction to visual noise

2.1 The contrast sensitivity function

The human contrast sensitivity function (CSF) illustrates the sensitivity o f the eye to a 

range o f spatial frequencies. The CSF at high spatial frequencies is attenuated by the optics 

o f the eye (Smith and Ratcliff, 2009) and by factors such as pupil size, retinal illuminance 

and optical defocus (Cam pbell and Green, 1965; Deely et al., 1991; Radhakrishan and 

Pardhan, 2006). The attenuation in the CSF at low spatial frequencies is attributed to the 

effects o f lateral inhibition (Schade, 1956; Rovamo et al., 1993b; Ghosh et al., 2006). The 

attenuation is dampened (seen as a flattening o f the lower end o f the CS function) when 

the number o f grating cycles is kept constant and the spatial frequency is reduced (Savoy 

and McCann, 1975; Kukkonen, 1994). The CSF has been extensively reviewed in the 

literature (Pardhan, 2004; Smith and Ratcliff, 2009).

2.1.1 Causes of contrast sensitivity reduction

The contrast sensitivity decline with age can be attributed to both neural and optical factors 

(Pardhan, 2004; Gardiner et al., 2006; Lord, 2006; Falkenberg and Bex, 2007). A linear 

decline o f contrast sensitivity occurs for the medium to high spatial frequencies (Derefeldt 

et al., 1979; Ross et al., 1985; Pardhan, 2004). Glare reduces contrast sensitivity at the 

higher spatial frequencies indicating that the attenuation is optical in nature (Paulsson and 

Sjostrand, 1980; M cKendrick et al., 2007), and is influenced by the ageing o f the 

crystalline lens and senile miosis (W right and Drasdo, 1985; Pardhan et al., 1993). 

Lenticular opacities can also reduce contrast sensitivity at low spatial frequencies (Elliott 

et al., 1989; Pesudovs et al., 2004). One study suggests that senile miosis is not a
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contributor to the age-related contrast sensitivity loss (Sloane et al., 1988). There is strong 

evidence o f a neural basis for the decline in contrast sensitivity (Thayaparan et al., 2007; 

Powers, 2009). Neural loss affects the CSF at lower spatial frequencies (Hyvarinen et al., 

1983a, b; Falkenberg and Bex, 2007).

Contrast sensitivity is im paired in OAG (Arden and Jacobson, 1978; Anderson and 

O'Brien, 1997; M cKendrick et al., 2004; McKendrick et al., 2007) both at low 

(McKendrick et al., 2007; Hot et al., 2008) and high spatial frequencies (Chauhan et al., 

1999; Ansari et al., 2002a, b). O ther conditions such as cortical lesions (Bodis-Wollner, 

1972; Bodis-W ollner and Diam ond, 1976; Hayes and Merigan, 2007), amblyopia (Hess 

and Howell, 1977; Hood and M orrison, 2002; Zele et al., 2007) and cataract (Arundale, 

1978; Elliott et al., 1989; D atta et al., 2008) also exhibit attenuation o f the CSF. In clinical 

practice, contrast sensitivity is com m only either measured with the Vistech Contrast 

Sensitivity Test System (Ginsburg, 1984; Pesudovs et al., 2004) or the Pelli-Robson Chart 

(Powers, 2009). These methods are reviewed by Powers (2009).

The use o f temporally m odulated sine-wave gratings in contrast sensitivity testing is aimed 

at stimulating the m agnocellular stream o f the visual pathway (McKendrick et al., 2003; 

McKendrick et al., 2004; M edeiros et al., 2004; Anderson, 2006). Temporal contrast 

sensitivity (TCS) declines w ith age (Falkenberg and Bex, 2007; Hot et al., 2008) and is 

abnormal in OAG (Falcao-Reis et al., 1990; Yoshiyama and Johnson, 1997; McKendrick 

et al., 2007; Hot et al., 2008; Tafreshi et al., 2009).
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2.2 The measurement o f contrast thresholds

The probability o f seeing a grating stimulus can be considered in terms of the 

psychometric function, given in Figure 2.1. The ordinate describes the relative frequency 

of ‘seen’ responses and the abscissa describes the relative intensity or contrast of the 

presented stimulus. Threshold is defined in terms of the probability that the stimulus is 

seen (Wetherill and Levitt, 1965) and is usually taken either as the 50% or the 75% 

probability.

Stimulus intensity (arbitrary units)

Figure 2.1 A schematic diagram o f the psychometric function, which indicates a 0.5 
probability o f seeing the grating, corresponding to a threshold value o f 5 units (indicated 
by the dotted line).

Experiments for contrast threshold determination often rely upon a two-alternative forced 

choice method in which an individual must choose between two images to decide which 

contains the stimulus. Following the decision input, another set of images are presented at 

a different contrast level. If  the individual chooses correctly, the contrast is lowered for the
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subsequent presentation and if  the individual chooses incorrectly, the contrast is raised. 

This continuous sequence allows threshold to be determined according to the pre-defined 

probability designated to the threshold. This is referred to as the up-and-down rule which 

is based upon a sequential technique for estimating threshold where the final value may be 

considered to be the average o f the contrast levels o f the displayed stimuli (Dixon and 

Mood, 1948). This method was later adapted to the staircase method (Comsweet, 1962). 

At infra-threshold levels, the individual is required to guess, at which point a correct 

response is simply a m atter o f  chance. At this probability level, the individual would 

continue through much o f  the threshold determination without seeing the stimulus with 

any degree o f confidence. This can impact upon motivation levels and attentiveness. 

Therefore, the up-and-down transform ed response rule (Wetherill and Levitt, 1965) was 

developed, in which each response alters the contrast level o f the stimulus until threshold 

is reached.

If a single correct and a single incorrect response is sufficient for this task then the 

designated threshold w ould correspond to a probability o f 0.5. Since threshold must 

correspond to a probability level on the psychometric function, other combinations of 

responses were considered to define the threshold percentage o f correct responses. If the 

number o f incorrect responses required to increase contrast remained stable at 1, then the 

number o f correct responses, ‘n ’, required to lower the contrast level defined the 

probability o f  seeing the grating x, where xn = 0.50. Threshold within the psychometric 

function was therefore considered dependent on the value o f n such that:

x = 0 .5 l/n (4.2)

Where ‘x ’ is the probability o f seeing the grating and ‘n is the number o f correct responses 
required to lower the contrast level.
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Within the context o f a two interval forced choice task, if  n was greater than 1, this would 

ensure that the probability o f seeing the grating was not just a matter o f chance. Therefore 

‘n ’ values o f 2 and 3 corresponded to probabilities o f 0.71 and 0.79 respectively (Wetherill 

and Levitt, 1965).

2.3 Mediators o f  contrast sensitivity

As mentioned in the Section 2.1, contrast sensitivity attenuation in ocular disease can 

occur both with neural and optical factors which each limit perception (McKendrick et al., 

2007; Zele et al., 2007; D atta et al., 2008). The nature o f abnormality, whether it is 

primarily neural or optical, cannot be interpreted from conventional testing o f contrast 

sensitivity. Thus, the detection o f  subtle disease in conditions such as OAG is often 

indistinguishable from physiological age-related sensitivity loss (Pardhan et al., 1996; Pelli 

and Farell, 1999; Pardhan, 2004). This is especially true in the case o f increased light 

scatter arising from cataract, w hich frequently masks underlying neural dysfunction, and 

indicates the need for a more com plex method o f assessing the visual system which would 

clearly differentiate the optical from the neural component. Such an approach would 

provide a more robust link betw een visual function and ocular physiology (Pardhan, 2004; 

Odom et al., 2006).

Visual sensitivity can be considered as a product o f two factors; equivalent noise and 

sampling efficiency (Legge et al., 1987; Pelli, 1990) which can be measured by assessing 

contrast sensitivity on a background o f visual noise (Pelli and Farell, 1999; Pardhan, 2004; 

Falkenberg and Bex, 2007). Equivalent noise is a measure o f internal neural noise or

52



random firing o f  ganglion cells and o f optical factors such as increased light scatter due to 

lens opacity (K ersten et al., 1988; Pardhan et al., 1993; Pardhan, 2004). Sampling 

efficiency is a measure o f neural function at the level o f the retinal ganglion cell (RGC) 

and beyond (Pardhan, 2004; Hayes and Merigan, 2007).

2.3.1 Internal noise

Internal noise describes all physiological activity that occurs in the absence o f an external 

stimulus at any stage o f the visual pathway and is characterised by continual random 

variations in the activity o f  neurons that carry visual information along the visual pathway 

(Pelli et al., 2004; Falkenberg and Bex, 2007). Cells that fire spontaneously, without 

stimulation, generate internal neural noise within the visual system. In the 19th Century it 

was first described by Gustav Fechner as the ‘Augenschwartz’ o f the eye. Seminal work 

has explored the impact o f internal noise on stimulus detection performance (Barlow, 

1956, 1957). Although internal noise occurs at any level in the visual pathway, for the 

purposes o f  vision research it is often considered to be a single source o f noise within the 

visual system. One exam ple at the retinal level would be the spontaneous reaction of 

rhodopsin that occurs in the absence o f light within the cone photoreceptors (Levi et al.,

2005). Therefore, if an external stimulus is to be perceived, its signal energy must be 

sufficient to evoke a visual response that exceeds the level o f internal noise (Pelli, 1990; 

Pelli and Farell, 1999; Levi et al., 2005).

2.3.2 Sampling efficiency

The second mediator o f visual sensitivity is known as sampling efficiency or calculation 

efficiency. It is based on an observer’s ability to accurately interpret the available signal
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information (Legge et al., 1987; Pelli and Farell, 1999; Hayes and Merigan, 2007). 

Sampling efficiency indicates how a ‘real-life’ observer’s ability to detect a stimulus 

compares with that o f a hypothetical ‘ideal’ observer. In addition to internal noise, 

detection performance is limited by sub-optimal sampling efficiency (Burgess and Barlow, 

1983; Hayes and M erigan, 2007; M cAnany and Alexander, 2009). Sub-optimal sampling 

efficiency is attributed to differences between stimulus and receptive field properties i.e. 

incomplete spatial or temporal summation or non-optimal decision strategies (Legge et al., 

1987; Pardhan et al., 1996; Falkenberg and Bex, 2007). By definition, an ‘ideal’ observer 

is able to precisely interpret stim ulus information and achieve optimal sampling efficiency 

(Abbey and Eckstein, 2006). It follows that both internal noise and sampling efficiency 

define the limits o f visual sensitivity.

2.4 External visual noise

The measurement o f sam pling efficiency is carried out in the presence o f an externally 

added visual noise stimulus. This external noise source is not inherent to the stimulus, but 

is usually superimposed upon the stimulus to eliminate the uncertainty o f other parameters 

(Pelli, 1990; Pardhan, 2004; Odom et al., 2006). External visual noise elevates the 

detection threshold, com pared to the threshold in the absence o f noise and is therefore a 

measurable limit to detection. Such a property is a requirement for accurate measures o f 

equivalent noise and sam pling efficiency (Yates et al., 1998; Falkenberg and Bex, 2007).

Contrast thresholds in the presence o f  externally added noise are therefore limited by two 

factors; the external and the internal visual noise sources. The extent to which the stimulus
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is ‘masked’ can be investigated by adding external visual noise to the given stimulus. 

When external visual noise image is used to reduce the visibility o f an underlying stimulus, 

the noise image is referred to as a mask. The addition o f external noise is required to 

estimate the amount o f internal noise in the visual system, a measure referred to as 

equivalent noise (Pelli and Farell, 1999; Pardhan, 2004; McAnany and Alexander, 2009). 

Therefore, the term equivalent noise is considered analogous to the internal noise o f the 

visual system.

External noise can vary both spatially and temporally. Depending upon the task, two types 

o f noise patterns are generally used. W hen the stimulus comprises a sine-wave grating, it 

can be masked by another sine-w ave grating that varies from the stimulus in spatial or 

temporal terms (Jamar and Koenderink, 1985; Matsuura et al., 2008). This noise image 

effectively masks the underlying stimulus. A more common type o f noise mask resembles 

a checkerboard pattern that varies random ly in terms o f luminance, both temporally and 

spatially (Kukkonen et al., 2002; Rovam o et al., 2003; Hayes and Merigan, 2007). Such a 

noise mask may vary in one or two spatial dimensions. When produced on a computer 

monitor, the two dimensional im age comprises discrete ‘packets’ o f luminance. These are 

usually screen pixels that are assigned random luminance levels, from one pixel to the 

next. An example o f static pixel noise that is purely spatial, with no temporal component, 

is presented in Figure 2.2.
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Figure 2.2 An example o f a static two-dimensional noise mask. Note that the pixels vary 
randomly in luminance across the image and that each pixel has a finite size that can be 
considered to be an individual check.

The external noise image can also be varied temporally such that the luminance o f each 

pixel or check will fluctuate over time and space. This type o f noise is referred to as 

spatio-temporal or dynamic noise (Radhakrishan and Pardhan, 2006; McAnany and 

Alexander, 2009).

2.5 Noise Spectral Density

The parameters o f a noise mask may be quantified in terms o f contrast and check size; or,

if the mask is dynamic, in terms o f check duration. The contrast of a noise mask is not

dependent on the maxima and minima luminance values, as is the case with a sine-wave

grating. Therefore, contrast is not expressed in terms of Michelson units (Michelson, 1927)

as this does not account for the distribution o f luminance over space. When all o f the

luminance values within a noise mask are distributed randomly around a mean, it is

referred to as a Gaussian noise mask, and it is the spread of the values that provide the best

estimate of the contrast o f the image (Kukkonen et al., 1993; Hayes and Merigan, 2007;

McAnany and Alexander, 2009). This latter contrast measure is referred to as the root
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mean square (rms) contrast. The squares o f each o f the local contrasts are averaged across 

the area o f the stimulus thereby accounting for its relative size. The square-root of the 

average contrast provides the rms contrast o f the mask (Kukkonen, 1994). The strength of 

an external noise m ask is referred to as the noise spectral density. The spectral density of 

two-dimensional pixel noise (Ne) is the product o f the noise check area (A) and the root

mean square contrast o f  the noise (Crms) squared.

Ne = A x C j  (2.1)

Therefore, the strength o f  a static noise mask is altered by varying the pixel size, the 

contrast o f the noise, or both (Kukkonen, 1994). As was previously stated, the check 

luminance o f a spatio-temporal m ask varies over space and time. This latter element, the 

duration o f the noise check, is the length o f time that an individual noise check remains at 

a particular luminance level. The spectral density o f dynamic noise is defined as:

Ne A x  Crms X t check (2 -2 )

Where A is the area o f the noise check, Crms is the root mean square contrast o f the noise 

image and tcheck is the duration o f  noise check luminance.

Increasing any one o f  these variables will increase the theoretical noise spectral density 

and, hence, the strength o f  the noise mask (Kukkonen et al., 1999; Kukkonen et al., 2002).
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In practical terms, there are limits to the application o f an external noise mask. The 

parameters that define noise spectral density may only be increased up to a point, beyond 

which the mask becomes ineffective at reducing the visibility o f an underlying stimulus; 

e.g., if  the noise check size becomes too large, the stimulus will become more visible 

through each noise check. The same is true if  check duration lasts too long. An external 

noise image has a limited bandwidth within which it can effectively mask a particular 

stimulus. The bandwidth o f  the noise mask is defined by the spatial and temporal 

parameters o f the signal (Kukkonen, 1994; Rovamo et al., 2000; Rovamo et al., 2003). 

Increasing check size or duration in an effort to strengthen the mask has the practical 

consequence o f reducing the bandw idth o f the mask. An external noise mask that is 

capable o f masking all the spatial and temporal frequencies o f a stimulus is referred to as 

‘w hite’ noise. White noise has a constant spectral density that describes its masking power. 

For the purposes o f psychophysical research, an external noise mask is only described as 

‘w hite’ when it falls within the same frequency range as the stimulus (Rovamo et al., 1992; 

Kukkonen, 1994; K ukkonen et al., 2002). Once the stimulus is known, the spatial and 

temporal parameters o f  the external noise mask may be experimentally determined to 

ensure two outcomes. Firstly, that the external noise mask is the limiting factor in 

determining signal detection threshold and therefore can be considered as ‘w hite’. 

Secondly, with optimal spatial and temporal masking parameters, there is efficient use of 

the dynamic contrast range o f  a com puter monitor.

Optimal mask parameters are determined by measuring signal detection thresholds in the 

presence o f various noise masks. Evaluating the response function o f the detection 

threshold against noise check size determines the optimal spatial parameter and evaluating 

against check durations will determine the optimal temporal parameter. Increasing both
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spatial and temporal parameters, independently, will initially cause the detection threshold 

to rise and the practical noise power to increase, up to a critical point. At this critical point, 

the threshold reaches a maximum, beyond which, increasing either the check size or the 

check duration causes the threshold to fall (Nasanen et al., 1993; Kukkonen et al., 1995; 

Kukkonen et al., 2002). Even though the theoretical noise spectral density increases 

infinitely with check size and duration, the bandwidth o f the external noise will no longer 

encompass the parameters o f  the stimulus and, henceforth, the stimulus becomes easier to 

see. The individual check size is too large and the underlying stimulus is visible within 

each check, creating a phenom enon known as the ‘window effect’ (Harmon and Julesz, 

1973). Furthermore, when the check duration is too long, the check luminance stays 

constant for long enough to allow the stimulus to be sampled more easily, i.e. it becomes 

more visible (Kukkonen et al., 2002).

The rms contrast o f G aussian noise is the only parameter that will increase the 

effectiveness o f the noise mask. However, for a computer generated noise mask, rms 

contrast is limited by the capabilities o f  the monitor and the graphics card. Given that the 

stimulus is shown in the presence o f  the external noise, the combination o f stimulus and 

mask must utilise a lim ited range o f grey levels, depending on the bit value o f the 

hardware (Pelli and Zhang, 1991; Colombo and Derrington, 2001). In signal detection 

tasks, there is often a lim ited contrast range available for the noise mask. This provides 

further incentive for spatial and temporal noise parameters to be optimised, so that the 

resultant noise mask will require less rms contrast for it to be effective (Nasanen et al., 

1993; Kukkonen, 1994; Kukkonen et al., 1995; Kukkonen et al., 2002).
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2.5.1 The signal to noise ratio

The signal to noise ratio (SNR) (Nagaraja, 1964; Pelli, 1990; Odom et al., 2006) is a 

constant defined by the ratio o f  stimulus energy at threshold to noise spectral density. 

When a stimulus is em bedded in an external noise mask, the energy required to see the 

stimulus at threshold increases in direct proportion to the noise spectral density (Pardhan, 

2004; Pelli et al., 2004; M cAnany and Alexander, 2009). A constant SNR is a requirement 

for estimating equivalent noise and sampling efficiency. When the SNR is constant, the 

external noise image is considered ‘w hite’. Although the contrast o f the noise mask can be 

increased, the extent o f the increm ent is limited by the dynamic range o f the monitor, 

especially when assessing the contrast thresholds o f individuals with ocular disease. When 

the critical spatial and tem poral param eters o f a dynamic noise mask are exceeded, the 

signal will become increasingly visible, causing the SNR to fall.

Critical check size is m easured in terms o f checks per grating cycle, and as has been 

described in this Section, critical check size is influenced by the temporal and spatial 

parameters o f the underlying stimulus. For low to medium spatial frequency gratings i.e. 1 

to 4 cycles per degree, the critical check size is 4.2 checks per cycle (Kukkonen et al.,

1995). However, for sine wave gratings o f 64 cycles per degree, the critical check size falls 

to 2.6 checks per cycle. These findings indicate that critical check size is inversely related 

to the spatial parameters o f the grating. Critical check duration, in terms o f noise frames 

per flicker cycle, decreases with increasing flicker frequency from 8.3 at a flicker 

frequency o f 1.25 Hz, to 1.6 at a flicker frequency o f 20Hz (Kukkonen et al., 2002). 

Therefore, it can be inferred that critical check duration is inversely related to the temporal 

flicker frequency o f the grating. The influence o f temporally drifting gratings on the 

critical parameters o f a noise mask has yet to be investigated.
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2.6 The equivalent input noise technique

Measures o f internal noise and sampling efficiency have been obtained by adopting proven 

psychophysical methods. The method is collectively referred to as the equivalent input 

noise technique and is described in seminal papers (Barlow, 1957; Mumford and Schelbe, 

1968; Pelli, 1981; Burgess and Colbom e, 1988) and is commonly used in studies o f visual 

function (Pardhan, 2004; Falkenberg and Bex, 2007; Hayes and Merigan, 2007; McAnany 

and Alexander, 2009). To m easure the noise within an amplifier, which can be considered 

analogous to the visual system, a series o f calibrated noise levels are introduced at the 

input, whilst measuring the output noise level (Legge et al., 1987; Pelli, 1990). The output 

is a combination o f the input (external) and the internal noise. The output noise versus the 

input noise describes the properties o f  the amplifier. The result is illustrated schematically 

in Figure 2.3.

In the example illustrated in Figure 2.3, at low levels o f input or external noise, the internal 

noise o f the amplifier dom inates the output; hence the curve is initially flat. Throughout 

this stage, the external noise strength is insignificant compared to the internal noise o f the 

system. Eventually, the external noise source exceeds the internal noise o f the amplifier, 

after which, the output noise level rises to a sampling efficiency o f 100%, suggesting a 

slope o f 1. A ‘real-life’ observer always exhibits a sub-optimal sampling efficiency, 

indicating a slope steeper than 1. As the slope steepens, the sampling efficiency declines. 

Sampling efficiency, therefore, measures how well the ‘real-life’ observer interprets the 

stimulus with increasing noise (Simpson et al., 2003a; Simpson et al., 2003b; Karwatsy et 

al., 2006).
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The equivalent noise input technique has been applied to the measurement of visual 

thresholds (Pelli et a l ,  2004; Odom et al., 2006; Hayes and Merigan, 2007). Stimulus 

contrast detection thresholds are measured in the presence of external noise to determine 

the equivalent noise and the sampling efficiency. The external noise level is plotted against 

the contrast energy threshold for the detection of an underlying stimulus. An example of 

the stimulus is a sine wave grating, shown in Figure 2.4. The paradigm is based upon the 

assumption that a single external noise source will dominate all internal noise i.e. the noise 

is considered to be ‘w hite’ and to be within its critical spatial and temporal limits. In the 

equivalent noise input technique, the strength of external noise is deliberately increased 

until it exceeds the amount o f  internal noise, thereby becoming the limiting factor in 

determining threshold.

Output Noise, Nout

O /O

,..o.

Input Noise, N

Figure 2.3 The properties o f an amplifier, based upon the seminal methods of Mumford & 
Schelbe (1968). The output noise (Nout) is measured for a variety of levels of input noise 
(Neq). The output follows a characteristic profile that can be used to evaluate the internal 
noise of the amplifier.
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Figure 2.4 An example o f a stimulus, a sine wave grating, that can be used within the 
equivalent input noise technique.

The visibility of the sine wave grating is reduced in the presence of the external noise 

mask. An example of the sine-wave grating in the presence of a noise mask is shown in 

Figure 2.5.

Figure 2.5 The same sine-wave grating as illustrated in Figure 2.4 with a superimposed 
external noise mask. Note that the grating is visible, indicating that the grating contrast is 
above threshold.

In summary, detection performance is characterised by two factors: the level of equivalent 

noise and the sampling efficiency with which the stimulus information is gathered and 

interpreted. It is important to note that the equivalent noise technique is dependent upon 

several assumptions:
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1. The output noise (Nout) is proportional to the sum of the external (N) and

equivalent noise (Neq), where k is a constant.

Nout =  k  (N +Neq) (1.3)

2. The level o f detection performance increases with the increase in contrast of

the stimulus.

3. The equivalent noise level is considered to be contrast invariant such that it

remains independent o f  the stimulus contrast.

Specifically, equivalent noise is assumed to be independent o f external noise and stimulus 

contrast, thereby allowing the measurement o f equivalent noise with two threshold 

measures at different levels o f  externally added noise (Pelli, 1990; Pelli and Farell, 1999; 

Odom et al., 2006). The advantage o f the technique is in its ability to determine the basis 

for contrast sensitivity loss in ocular disease, which may be due to reduced sampling 

efficiency or elevated internal noise (Pardhan et al., 1993; Pelli and Farell, 1999; Pardhan, 

2004). Knowing the underlying cause o f  sensitivity loss may, in turn, help to develop new 

detection techniques that show better sensitivity to ocular disease than conventional 

technologies.
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2.7 Clinical studies o f  sampling efficiency and internal noise

The equivalent noise technique has been used to assess visual function in amblyopia (Levi 

and Klein, 2003; Pelli et al., 2004; Huang et al., 2007), cataract (Pardhan et al., 1993; 

Pardhan et al., 1996; Bennett et al., 1999) and OAG (Yates et al., 1998; Odom et al., 2006; 

Falkenberg and Bex, 2007).

Sampling efficiency is substantially reduced in amblyopia (Levi and Klein, 2003; Pelli et 

al., 2004) and equivalent noise is elevated when compared with normal controls (Levi and 

Klein, 2003; Pelli et al., 2004). Elevated noise levels have been attributed to optical, rather 

than to neural factors, as indicated by contrast sensitivity decline in cataract, when 

compared with age-matched norm al individuals (Pardhan et al., 1993). These findings are 

consistent with investigations o f  optical defocus (Radhakrishan and Pardhan, 2006) and 

studies o f age-related contrast sensitivity decline (Bennett et al., 1999; Pardhan, 2004; 

Betts et al., 2007). However, the effect o f ageing on equivalent noise levels remains 

unclear. Equivalent noise levels that were elevated with age have been attributed to neural 

as well as to optical sources (Betts et al., 2007). Ganglion cell noise is considered to be a 

neural contributor to the age-related decline in visual function (Pardhan, 2004). Although 

several studies indicate that equivalent noise levels increase with age (Bennett et al., 1999; 

Pardhan, 2004; Betts et al., 2007; Falkenberg and Bex, 2007), other studies have suggested 

that noise levels remain unchanged (Pardhan et al., 1996; Bennett et al., 1999). A neural 

component o f contrast sensitivity loss may explain the decline o f sampling efficiency with 

age (Bennett et al., 1999; Betts et al., 2007; Falkenberg and Bex, 2007).

Externally added noise has been used for the detection o f OAG (Yates et al., 1998; Odom

et al., 2006; Falkenberg and Bex, 2007). A study using radial optic flow stimuli indicates
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that sampling efficiency was reduced in individuals with OAG when compared with age- 

matched individuals (Falkenberg and Bex, 2007). This finding was attributed to RGC loss 

across the visual field. However, equivalent noise levels were comparable with age- 

matched individuals suggesting that RGC activity is not elevated in OAG. The study also 

developed a model o f com plex motion processing using moderate spatial frequency sine 

wave gratings. A direction selective task resulted in reduced detection performance when 

motion inputs were deleted to simulate ganglion cell loss.

An external noise mask was superim posed on low spatial frequency sine wave gratings, 

and modulated at counter-phase flicker to assess contrast sensitivity in individuals with 

OAG patients and age-matched individuals (Yates et al., 1998). The mask exacerbated the 

difference in contrast threshold between the two groups compared with non-masked 

thresholds. This finding also suggests that sampling efficiency is impaired in OAG when 

compared to normal individuals. However, equivalent noise measures were not 

undertaken. Contrast thresholds for high contrast dot and short line segment stimuli have 

been measured in OAG and in normal individuals (Odom et al., 2006). An externally 

added noise mask did not help to differentiate between the two groups.

The existing studies o f  equivalent noise and sampling efficiency in OAG lack consistency 

in their findings for several reasons. The stage o f OAG was either considered ‘relatively 

advanced’ (Falkenberg and Bex, 2007) or ‘early’ (Yates et al., 1998), or the 

pathophysiology o f disease may have varied due to the inclusion o f secondary glaucomas 

(Odom et al., 2006).
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M easures o f equivalent noise and sampling efficiency may provide new insights into OAG 

by characterising a phase o f the disease which involves ganglion cell shrinkage (Morgan, 

2002; Gupta and Yiicel, 2007). The advantage o f this method is based on the hypothesis 

tha t ganglion cell shrinkage precedes cell death. Therefore the stage o f the disease may be 

am enable to neuroprotective therapies. The success o f the equivalent noise technique, in 

identifying OAG at the ‘shrinkage’ stage o f the disease will be dependent on the choice of 

stim ulus used within the thresholding task and the use o f an external noise mask that is 

optim ally  tuned to the underlying stimulus.

G iven  the role o f the m agnocellular pathway in the processing o f motion (Lund et al., 

1976; Maunsell and Van Essen, 1983; Mikami et al., 1986; Newsome et al., 1989; 

M aunsell et al., 1990; B om  and Tootell, 1992; Tootell et al., 1995) and given the apparent 

dam age to the magnocellular pathw ay in OAG (Quigley et al., 1988; Dandona et al., 1991; 

G lovinsky et al., 1991a; Chaturvedi et al., 1993; Glovinsky et al., 1993), a drifting low 

frequency grating may provide the most valuable insight into early glaucomatous damage. 

T he parameters o f  a noise m ask m ust be optimised prior to any clinical investigation for 

tw o  main reasons. Firstly, the noise m ust be considered to be ‘white’ in the vicinity o f the 

underlying stimulus so that it is the dominant source that limits threshold (Rovamo and 

K ukkonen, 1996; Kukkonen et al., 2002). Secondly, to ensure that the external noise mask 

is added to a grating stimulus, without exceeding the dynamic range o f a computer 

m onitor.
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3 Rationale and summary of thesis

The work described in this thesis is a continuation o f studies undertaken within the 

Clinical and Investigative Vision Sciences Group, Cardiff University, led by Professor 

John Wild. The project aimed to build upon, and bring together, two areas o f study. Firstly, 

the psychophysical investigation o f spatial and temporal visual processing and the use of 

visual noise stimuli (Kukkonen et al., 1999; Rovamo et al., 1999; Rovamo et al., 2001; 

Rovamo et al., 2003). Secondly, the development and refinement o f novel methods for 

visual field examination (Asm an et al., 2004b; Wild et al., 2006) and the relationship 

between structure and function in OAG (Morgan et al., 2005; Wild et al., 2005; Hudson et 

al., 2007).

3.1 The early detection o f  OAG

For the prevention o f irreversible visual loss in OAG, there is a pressing need for the 

development o f more sensitive and specific measures o f structure and function which are 

able to identify the disease at the earliest possible stage.

3.1.1 Structural measures of OAG

The theoretical in vivo m axim al resolution o f current technologies for structural imaging is 

approximately 2pm  (W ojtkowski et al., 2005). The parasol ganglion cells o f the RNFL 

have an estimated mean axonal diameter o f 1.97pm and the midget ganglion cells have an 

estimated mean axonal diam eter o f 0.91pm  (Watanabe and Rodieck, 1989; Peterson and 

Dacey, 1998; W eber et al., 2000; W eber et al., 2008), structural techniques may never
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achieve the level o f resolution necessary to detect, in vivo, the onset o f cell shrinkage, a 

process which precedes retinal ganglion cell (RGC) death in OAG (Weber et al., 2000; 

Morgan, 2002; Gupta and Yiicel, 2007). The intermediary stage o f cell shrinkage may be 

amenable to neuroprotective therapies that can halt or reverse the process o f cell death 

(Nickells, 1999; Osborne et al., 2004; W eber et al., 2008).

3.1.2 Functional measures of OAG

It is hypothesised that measures o f  visual function can be developed which detect in vivo 

cell shrinkage in OAG prior to cell death. The efficacy o f current technologies that 

measure visual function is lim ited by several factors. Conventional measures such as 

standard automated perim etry (SAP) detect OAG only when up to 60% of retinal ganglion 

cells are irreversibly dam aged (Quigley et al., 1982; Quigley et al., 1989; Harwerth et al., 

1999; Kerrigan-Baumrind et al., 2000).

3.1.3 The use of pathway-specific stimuli

Although novel methods o f  perim etry, such as Frequency Doubling Technology Perimetry 

(FDT) and Short W avelength Autom ated Perimetry (SWAP), are designed to be more 

sensitive than SAP to glaucom atous damage, they are limited by concerns such as 

specificity (Costa, 2004; Tafreshi et al., 2009), inter- and intra-test variability (Wild et al., 

1995; Blumenthal et al., 2000; Boel et al., 2008) and the impact o f age-related changes in 

the crystalline lens (Swanson et al., 2005; Anderson et al., 2009). FDT (Nomoto et al., 

2009; Tafreshi et al., 2009) and M otion Automated Perimetry (MAP) (Wall et al., 1997; 

Delgado et al., 2002; W all et al., 2009) have shown comparably better sensitivity for the
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detection o f OAG when compared with SAP, whilst specificity tends to be less favourable 

(Nomoto et al., 2009; Tafreshi et al., 2009).

Both FDT and MAP use stimuli that are thought to be mediated by the magnocellular 

stream of the visual pathway, due to its preference for achromatic, low spatial and high 

temporal resolution stimuli (Ogden, 1984; Callaway, 2005). In this way, the responses of 

other major processing stream s are minimised. The parvocellular stream is only responsive 

to chromatic, high spatial and low temporal resolution stimuli (Maunsell et al., 1990; 

Callaway, 2005) and, the koniocellular stream, is a mediator o f blue-yellow opponent 

mechanisms and is sensitive to short-wavelength stimuli (Dacey, 1999; Casagrande et al., 

2007; Szmajda et al., 2008). These major streams can be targeted by pathway-specific 

stimuli in other novel m ethods o f  perimetry. The parvocellular stream is stimulated by 

high-pass resolution perim etry (Chauhan et al., 1999; Westcott et al., 2002; Wall et al., 

2004a) and the koniocellular stream is stimulated by short-wavelength automated 

perimetry (Fogagnolo et al., 2008; Nom oto et al., 2009). It is postulated that more sensitive 

measures o f visual function require the use o f narrow-band stimuli that are specific to 

individual streams within the visual pathway.

The magnocellular pathw ay is thought to be selectively damaged in early OAG. Two 

possible explanations have been proposed. Firstly, the magnocellular pathway may suffer 

preferential loss in early OAG due to the increased susceptibility o f the large diameter 

parasol ganglion cell axons (Quigley et al., 1987; Quigley et al., 1988; Glovinsky et al., 

1991a). The large diam eter cell axons are thought to traverse the LC o f the ONH at a 

location that is particularly susceptible to mechanical damage resulting from IOP levels 

(Quigley and Addicks, 1981; Quigley et al., 1982; Quigley et al., 1988). Secondly, the
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parasol cells o f the magnocellular pathway comprise only 10% of the total population of 

retinal ganglion cells (Perry et al., 1984) suggesting a selective impairment of these cells, 

on the basis o f reduced redundancy (Johnson, 1994), i.e. if  all ganglion cells are affected 

by OAG, the m agnocellular pathway will suffer a greater level o f damage, in proportionate 

terms, owing to its sm aller population o f ganglion cells.

The mechanism for dam age in OAG has been summarised in Chapter 1. There is ample 

evidence that the m agnocellular and parvocellular pathways are equally affected in early 

OAG (Ansari et al., 2002b; M cKendrick et al., 2004; Sample et al., 2006b; McKendrick et 

al., 2007). Such a finding refutes the preferential loss theory but is consistent with the 

reduced redundancy theory.

3.2 The development o f  psychophysical stimuli

The psychophysical investigation o f  visual processing is based upon the seminal role of 

sinusoidal grating stimuli, also known as sine wave gratings, for determining spatial 

contrast sensitivity (Cam pbell and Green, 1965). Human contrast sensitivity as a function 

o f sine wave grating spatial frequency is characterised by the spatial contrast sensitivity 

function (CSF), a bell-shaped curve which peaks between 1 and 3 cycles per degree, 

depending upon the stimulus param eters (Arden, 1978). The CSF is attenuated at higher 

spatial frequencies by optical factors such as pupil size, retinal illuminance and optical 

defocus (Campbell and Green, 1965; Deely et al., 1991). The CSF is attenuated at lower 

spatial frequencies due to the effects o f lateral inhibition (Schade, 1956; Rovamo et al.,
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1993b). This topic has been reviewed in detail (Smith and Ratcliff, 2009) and has also 

been summarised in Chapter 2.

3.2.1 Spatial contrast sensitivity

As was discussed in Section 1 o f Chapter 2, contrast sensitivity declines with age 

(Pardhan, 2004; Gardiner et al., 2006; Lord, 2006; Falkenberg and Bex, 2007). A linear 

decline occurs for m edium to high spatial frequencies (Derefeldt et al., 1979; Ross et al., 

1985; Pardhan, 2004). The low spatial frequencies are comparatively unaffected. These 

findings suggest that optical factors, such as ageing o f the crystalline lens and senile 

miosis, are the primary causes o f  the age-related decline in spatial contrast sensitivity 

(Wright and Drasdo, 1985; Pardhan et al., 1993). However, there is also evidence o f a 

neural basis for the contrast sensitivity decline with increasing age (Thayaparan et al., 

2007; Powers, 2009). A detailed review  is that o f Powers (2009).

Contrast sensitivity is im paired for a range o f ocular diseases, such as OAG (Arden and 

Jacobson, 1978; Anderson and O'Brien, 1997; McKendrick et al., 2007) and disorders such 

as amblyopia (Hess and Howell, 1977; Hood and Morrison, 2002; Zele et al., 2007) and 

cataract (Arundale, 1978; Elliott et al., 1989; Datta et al., 2008). Other conditions, such as 

cortical lesions, also result in contrast sensitivity loss (Bodis-Wollner, 1972; Bodis- 

Wollner and Diamond, 1976; Hayes and Merigan, 2007). Contrast sensitivity is commonly 

measured in clinical practice with the use o f the Vistech Contrast Sensitivity Test System 

(Ginsburg, 1984; Pesudovs et al., 2004) the Pelli-Robson Chart (Elliott et al., 2007) and 

the CSV-1000 charts (H iraoka et al., 2007). A review o f current methods is that o f Powers 

(2009).
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3.2.2 Temporal contrast sensitivity (TCS)

Innovation in com puter processing has increased the number o f contrast sensitivity tests 

that utilise tem porally m odulated sine wave gratings. These tests measure temporal 

contrast sensitivity, a function which also declines with increasing age (Falkenberg and 

Bex, 2007; Hot et al., 2008) and which is impaired in OAG (Falcao-Reis et al., 1990; 

Yoshiyama and Johnson, 1997; M cKendrick et al., 2007; Hot et al., 2008). FDT relies on 

TCS loss in OAG by using temporally modulated grating stimuli (Delgado et al., 2002; 

Sample et al., 2006b; Racette et al., 2008; Tafreshi et al., 2009).

3.3 A novel approach to temporal contrast sensitivity testing

The contrast sensitivity decline in ocular disease is due to both neural and optical sources 

that limit visual perception to stimuli (M cKendrick et al., 2007; Zele et al., 2007; Datta et 

al., 2008). The nature o f  decline, w hether it is primarily neural or optical, cannot be 

interpreted from conventional contrast sensitivity tests, alone, and therefore the detection 

o f subtle disease in OAG is often indistinguishable from physiological age-related decline 

(Pardhan et al., 1996; Pelli and Farell, 1999; Pardhan, 2004). Therefore, the separation o f 

optical and neural com ponents is clinically desirable in age-related conditions such as 

glaucoma, where physiological changes o f the crystalline lens can mask subtle underlying 

neural deficits.
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3.3.1 Internal noise

Contrast sensitivity can be described in terms o f its inverse which is known as threshold. 

This is the minimum contrast energy at which a stimulus can be detected. Visual 

thresholds are limited by a phenom enon seminally known as internal noise (Ni) (Barlow, 

1956, 1957). The Nj o f the visual system describes all physiological activity that occurs in 

the absence o f an external stimulus, at any stage o f the visual pathway. It was described in 

the 19th Century by Fechner as the response o f the visual system to complete darkness (De 

Vries, 1943). Threshold is the m inimal signal energy required to evoke a visual response in 

the presence o f Ni. Therefore, elevated levels o f N , will result in relatively higher contrast 

thresholds.

3.3.2 Sampling efficiency

A second mediator o f visual sensitivity is based upon an observer’s ability to accurately 

interpret the available stim ulus information. This factor is known as sampling efficiency 

(SE) (Legge et al., 1987; Pelli and Farell, 1999; Hayes and Merigan, 2007). SE is a 

measure o f the observer’s ability to detect a stimulus compared to that o f a hypothetical 

‘ideal’. Therefore, reduced sam pling efficiencies will result in relatively higher contrast 

thresholds (Legge et al., 1987; Pardhan et al., 1996; Falkenberg and Bex, 2007).

3.3.3 The equivalent noise paradigm

The measurement o f N; and SE is based upon a psychophysical technique known as the 

equivalent noise paradigm. It is described extensively within the literature (Legge et al., 

1987; Pelli and Farell, 1999; Pardhan, 2004; McAnany and Alexander, 2009). The 

technique is based upon a detection task for determining contrast sensitivity for a given
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stimulus. Tem porally m odulated sine wave gratings are commonly used (Karwatsy et al., 

2006; M cAnany and Alexander, 2009).

To estimate N i and S E , an external source o f noise is introduced within the contrast 

detection task. This external noise source, known as visual noise, can be a pixelated image 

made up o f a series o f  square checks and characterised by random fluctuations in 

luminance over space and time (Radhakrishan and Pardhan, 2006). The visibility o f a sine 

wave grating is reduced when it is displayed in the presence o f visual noise. If the noise 

image obscures the grating entirely, the grating is said to be masked by the external noise 

image.

Threshold is elevated in the presence o f  a noise mask as the grating is more difficult to 

detect. N i, referred to as the equivalent noise (N eq) of the visual system, and S E  can be 

estimated from the MC threshold in the absence o f noise (MC N o) and the MC threshold in 

the presence o f noise (MC N e) (Legge et al., 1987; Pelli and Farell, 1999; Odom et al.,

2006). The advantage o f the equivalent noise technique is the ability to separate optical 

from neural contrast sensitivity loss (Pardhan et al., 1993; Pelli and Farell, 1999; Pardhan, 

2004).

3.3.4 Psychophysical characteristics of the external noise image

The external noise image is defined in terms o f its masking power i.e. its ability to mask

the sine wave grating stim ulus (Rovamo and Kukkonen, 1996; Kukkonen et al., 2002;

Rovamo et al., 2003). The pow er o f  the noise mask is referred to as the noise spectral

density. For a static mask, the spectral density is directly proportional to the size o f the

individual noise check and to the contrast o f the mask (Kukkonen, 1994). Noise contrast is
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measured in terms o f the root mean square (rms), a value which describes the distribution 

of luminance across the image (Kukkonen et al., 1993). W hen the luminance o f the noise 

checks is randomly modulated over time, the noise mask is referred to as a spatio- 

temporal, or dynamic, noise mask (Rovamo et al., 2000; M cAnany and Alexander, 2009). 

In addition to check size and rms contrast, the spectral density o f dynamic noise is 

proportional to the duration o f each noise check. This param eter is the length o f time that 

any particular check remains at one level o f  luminance (Kukkonen et al., 2002). Therefore, 

a high-spectral density dynamic noise mask will have relatively large checks, high rms 

contrast and a long check duration (Kukkonen et al., 1995; Kukkonen et al., 2002).

A noise mask can be made infinitely strong by increasing its check size and/ or contrast 

and/ or duration. However, the masking power o f external noise has practical limits that 

are defined by the underlying stimulus. Comprehensive reviews are those o f Kukkonen et 

al (1995), Kukkonen et al (2002) and Rovamo et al (2003). Noise check size and duration 

can be increased up to a critical point, beyond which the noise image becomes less 

effective at masking the grating. Noise contrast has no such critical point, although 

contrast is limited by the dynamic contrast range o f the computer m onitor (Kukkonen, 

1994; Kukkonen et al., 2002). The equivalent noise paradigm must involve a noise mask 

with optimised spatial and temporal noise parameters to ensure that the noise mask is 

strong enough to reduce the visibility o f the underlying grating.

3.3.5 Clinical application of the equivalent noise paradigm

SE is thought to be a measure o f neural function across the visual pathway (Pardhan, 2004; 

Hayes and Merigan, 2007). Ni is thought to be a measure o f neural noise or random firing
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of RGCs and o f  optical factors such as increased light scatter due to lens opacities (Kersten 

et al., 1988; Pardhan et al., 1993; Pardhan, 2004).

It is hypothesised that RGC death in OAG is preceded by a stage o f RGC shrinkage 

(Morgan, 2002; Gupta and Yiicel, 2007). It is also hypothesised that this process may 

result in increased neural activity which would be manifested as N eq measures that are 

above normal levels. The shrinkage stage o f RGC death may also result in subtly impaired 

cell function, m anifested as SE measures that are below normal levels. As the 

glaucomatous disease process develops further, shrinkage may become more wide spread 

and eventually result in RGC death. SE will continue to fall and to correlate with the extent 

o f cell damage. RGC death will result in a loss o f neural activity in locations o f the retina 

which have suffered more advanced damage. The absence o f neural activity in these 

locations would be indicated by N eq measures that are below normal levels. Therefore, in 

locations o f the retina where RGCs are undergoing shrinkage and are amongst other RGCs 

that are already dead, there w ill be a summation o f both high and low levels o f neural 

activity. These locations will be indicated by normal N eq due to the summed response o f all 

cells. Eventually, with extensive RGC death, N eq levels will indicate an overall depression 

in neural activity, as the dead cells outweigh the response o f the shrinking cells. In 

summary, it is hypothesised that early OAG (prior to RGC death) is characterised by high 

levels o f N eq, and reduced SE when compared with normal individuals. It is also 

hypothesised that as the disease progresses, SE will continue to fall, and N eq will reach 

normative levels. In the late stage o f  the disease, it is hypothesised that both SE and Neq 

will reach sub-normal levels. A schematic o f the hypothesised relationship between Neq 

level, SE and the stage o f dam age in OAG, is illustrated in Figure 3.1.
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Studies indicate that OAG is associated with reduced SE, when compared with age- 

matched controls (Yates et al., 1998; Odom et al., 2006; Falkenberg and Bex, 2007). Neq 

levels were comparable in control and OAG groups (Falkenberg and Bex, 2007) or were 

not measured (Yates et al., 1998; Odom et al., 2006). However, when Neq was measured, it 

was measured in those where the stage o f OAG was ‘relatively advanced’. Therefore, a 

measure of Neq would have reflected the summed response of absent and heighted neural 

activity.

Elevated
Neq

Normal

SE

Depressed

Oh

Early ; Moderate
i

Stage of disease

Advanced

Figure 3.1 Schematic illustrating the hypothesised change in Neq and SE with the 
progression of OAG. N eq is raised in early OAG due to increased neural activity arising 
from RGC shrinkage. Neq then declines to normative levels in moderate OAG due to the 
summed response o f  shrinking and dying RGCs. Thereafter Neq falls as a result of 
depressed neural activity, due to RGC death. SE is at normative levels in early OAG, as 
the RGCs undergo shrinkage, but remain functional. Thereafter, SE falls in moderate and 
advanced stages o f OAG due to continuing RGC death.
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As has been discussed earlier in Section 3.1, an early stage o f OAG will precede the 

detection capabilities o f current structural and functional techniques. Existing studies 

measuring SE and N eq have not identified OAG at a stage that precedes RGC death, a stage 

in which reduced SE should be accompanied by raised levels o f N eq.

3.4 Aims o f  the research

The overall aim o f the research was to develop a novel perimetric method for the detection 

of RGC shrinkage, a stage w hich is believed to precede RGC death in OAG. The basis for 

the method was the use o f  a tem porally modulated sine wave grating, preferentially tuned 

to the response characteristics o f  the m agnocellular pathway, and displayed in the presence 

o f a dynamic noise mask to elicit measures o f N eq and SE.

The specific aims were as follows:

1. To devise the hardw are and the software capable o f displaying the appropriate 

stimuli at any given location w ithin the central field (Chapter 4, Development of 

the hardware and software).

2. To conduct a pilot study to determine the effects o f a temporally modulated sine 

wave grating on the spatial limits o f a dynamic noise mask in the normal eye 

(Chapter 5, The spatial limits o f the dynamic noise mask).
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3. To characterise, in the normal eye, the relationship between the spatial limits of a 

dynamic noise mask and the spatio-temporal parameters o f the sine wave grating 

preferentially tuned to the response characteristics o f the magnocellular pathway 

(Chapter 5, The spatial limits o f the dynamic noise mask).

4. To determine any between-exam ination improvement (i.e. the learning effect), for a 

motion detection and a discrimination task, in MC N0, MC Ne, N eq and SE over the

course o f several visits conducted over a short time period (once weekly for three 

weeks) (Chapter 6, Clinical Application o f Dynamic Noise Perimetry Section 6.4).

5. To describe, in norm al individuals and in individuals with OAG at visit 3, the 

characteristics o f i) M C No and MC N e to the preferentially tuned stimulus 

presented at various locations in the central visual field, for both a motion detection 

task and a motion discrim ination task; and ii) to calculate the corresponding Neq 

and SE measures (Chapter 6, Clinical Application o f Dynamic Noise Perimetry, 

Section 6.8).

6. To determine, in the norm al eye, the age-dependency o f MC No, MC N e, N eq and 

SE derived at visit 3 for each motion task, separately. (Chapter 6, Clinical 

Application o f Dynamic Noise Perim etry Section 6.9).

7. To determine the characteristics o f M C  No, M C  N e, N eq and SE, for each motion 

task for various levels o f  visual field loss in OAG. Secondly, to validate the 

measures o f M C  N 0, M C  N e, N eq and SE in OAG by comparing the findings with a
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corresponding measurement o f  the RNFL thickness (Chapter 6, Clinical 

Application o f Dynamic Noise Perimetry Section 6.10).

3.5 The outcome o f  each study

3.5.1 Aim 1: Development of the hardware and software

The pilot studies utilised existing hardware and software available within the School. The 

display monitor was calibrated according to the methods described in Chapter 4, Section 1. 

Thereafter, a new hardware set-up was required for the more expansive studies using 

dynamic noise stimuli. Software was written by Dr Gavin Powell and hardware was 

designed to enable testing at any location across the central visual field. A staircase 

algorithm was developed from seminal literature (Comsweet, 1962; Wetherill and Levitt, 

1965).

For each study, the m onitor was calibrated to ensure the accuracy o f the displayed 

luminance levels. The equivalent noise technique (Legge et al., 1987; Pelli and Farell,

1999) was adapted to determ ine estimates o f  Neq and SE at any given location across the 

central visual field.

Two test methods were developed. The first was a motion detection task in which the

observer was required to identify which o f two consecutive images contained a sine wave

grating. The second was a motion discrimination task in which the observer was required

to assess the direction o f  motion o f  a sine wave grating within the given single

presentation. In both paradigm s, grating contrast was altered according to the pre-defmed
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algorithm to determine threshold. Software was written for each stage o f the study, and a 

user-interface was developed to control the display monitor. The design and testing of the 

software is described in detail in Chapter 4, Section 2.

3.5.2 Aim 2: The relationship between drifting gratings and dynamic noise

The pilot study showed that for stationary gratings, critical noise check size increased from

3.5 to 3.8 checks per cycle for gratings with spatial frequencies o f 1 and 8 cycles per 

degree (c/deg), respectively (Chapter 5). The findings are comparable with a critical check 

size o f 4.2 checks per cycle for gratings o f 1 to 4 c/deg found by Kukkonen et al. (1995), 

which falls to 2.6 checks per cycle for spatial frequencies up to 64 cycles (Kukkonen et al., 

1995).

Critical check size for a noise m ask in the presence o f drifting gratings (16Hz) decreased 

from 2.4 to 2.0 checks per cycle for spatial frequencies o f 1 and 8 c/deg. The critical noise 

check was inversely proportional to the temporal frequency o f a drifting grating. Critical 

noise limits for drifting gratings have not been investigated in the literature. However, 

studies o f flickering gratings indicate that critical noise check duration is reduced with 

increasing temporal flicker (Rovam o et al., 1996; Kukkonen et al., 2002). The findings of 

this pilot study were accepted for presentation in 2006 at the Annual Conference o f the 

Association for Vision Research and Ophthalmology (ARVO) (Appendix).
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3.5.3 Aim 3: Spatio-temporal relationships between gratings and dynamic 

noise

A preliminary study (Chapter 5) was required to validate findings and to characterise the 

relationship between drifting gratings o f various spatial frequencies and the spatial limits 

of the dynamic noise mask. For sine wave gratings o f 0.5c/deg, the critical check size 

decreased, in terms o f  checks per cycle, with increasing grating temporal frequency. The 

critical check size was larger for gratings that drifted at higher temporal frequencies when 

compared with the maximal check size for masking a slower grating. For a fixed spatial 

frequency, a drifting grating was m ore difficult to detect in the presence o f a dynamic 

noise mask than a stationary grating. Increasing the grating drift rate would confound the 

‘window effect’ which occurs when a grating becomes increasingly visible as noise check 

size increases. The check becom es analogous to a window through which the luminance 

profile o f the grating becom es easier to see (Harmon and Julesz, 1973; Kukkonen et al., 

2002). The perceived spatial frequency o f the grating would change as its temporal 

frequency increases; which in turn alters the spatial cut-off o f the noise mask. Seminal 

literature indicates that perceived spatial frequency changes when gratings are modulated 

at high temporal frequencies (Kelly, 1966, 1981b).

For sine wave gratings o f  2.0 c/deg, the spatial cut-off o f the noise mask was independent 

o f temporal drift frequency. This finding was not consistent with that o f the earlier pilot 

study in which stationary sine wave gratings o f 1 and 8 c/deg were masked down from 3.6 

and 3.5 checks per cycle to 2.4 and 2.0 checks per cycle, respectively, when drifted at 

16Hz. However, for gratings drifting at 16 Hz, there is likely to be significantly more 

disruption to visual processing than would occur if  drifting at 8Hz. For example, the 

frequency doubling illusion occurs at temporal frequencies beyond 16 Hz and thus may
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account for the  substantial impact on the critical spatial cut-off of the noise mask (Kelly, 

1966; Kelly, 1981a).

For low spatial frequency drifting gratings, at 27° eccentricity in the superior nasal visual 

field, the critical check size o f  the noise mask was influenced by the temporal frequency o f 

the underlying stim ulus. Critical check size was lower in terms o f checks per cycle at 27° 

compared w ith  values determ ined for foveal viewing. At 8 Hz, the critical check size at 

27° was 2.0 checks per cycle com pared to 4.0 checks per cycle for foveal viewing. This 

difference can be explained by the decrease in retinal sampling density with increased 

retinal eccentricity  (Rovam o and Virsu, 1979; Virsu and Rovamo, 1979; Melmoth et al.,

2000).

A drifting sine wave grating, with a spatial frequency o f 0.5 cycles per degree and a 

temporal frequency o f 8 Hz was chosen for the clinical investigation o f OAG. This 

stimulus was considered to preferentially activate the magnocellular stream (Willis and 

Anderson, 2000; Ansari et al., 2002b; Callaway, 2005) which is believed to be 

dysfunctional at an early stage o f  OAG (Johnson, 1994; McKendrick et al., 2007; Wall et 

al., 2009). The optim al param eters o f  the dynamic noise mask were determined for the 

grating stim ulus to ensure that the m aximal contrast range o f the monitor was available for 

the m easurem ent o f  N eq and SE in OAG. Although noise check duration was known to 

impact the m asking potency o f  dynamic noise, initial work indicated that increasing the 

duration above the rate o f  30 frames per second tended to reduce contrast thresholds. This, 

in turn, indicated that the software was already operating at the temporal limits o f the 

dynamic noise m ask and that this aspect had been optimised.
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3.5.4 Aim 4: Between examination improvement in performance in normal 

individuals and in individuals with OAG

In absolute terms, MC No, MC N e and SE improved over the course o f the three visits for 

both the detection and the discrim ination task in normal individuals and in individuals with 

OAG. N eq remained broadly constant across the visits in normal individuals but worsened 

in individuals with OAG.

In proportionate terms, MC No, MC N e and SE improved between visit 1 and visit 2 for 

both the detection and discrim ination tasks in normal individuals and continued to improve 

for the discrimination task from visit 2 to visit 3. For the individuals with OAG, the SE 

improved across the three visits.

The improvement in SE and the stability o f N eq is consistent with that o f Gold et al., 

(1991) and is due to improved detection strategies rather than to reduced levels o f neural 

activity.

3.5.5 Aim 5: Derivation of MC N0, MC Ne, Neq and SE at visit 3 in normal 

individuals

In the normal eye, MC No was m axim al for foveal viewing and comparably lower at other 

locations. The inverse held true for MC N e. The noise mask was considered to disrupt 

vision processing m echanism s with foveal viewing. N eq levels in the normal individuals 

were consistent with other studies (Pardhan, 2004; Radhakrishan and Pardhan, 2006). SE 

was also comparable w ith studies o f  motion detection and discrimination tasks (Simpson et
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al., 2003a; Simpson et al., 2003b). This was true o f both the motion detection and 

discrimination tasks.

3.5.6 Aim 6: Age-dependency at visit 3 of MC N0,MC Ne,Neq and SE

An age-related decline was dem onstrated for the measures o f MC No and MC N e for both 

the detection and the discrim ination tasks. N eq increased with age which may, in part, be 

due to physiological changes within the crystalline lens which increase lens scatter and 

create uncertainty within the perceived image (Kersten et al., 1988; Pardhan et al., 1993). 

Increased neural firing m ay also be a significant contributor to raised Neq levels (Pardhan, 

2004; Betts et al., 2007; Falkenberg and Bex, 2007). SE declined with age, reflecting 

reduced RGC function. This is consistent with other studies (Pardhan et al., 1996; 

Falkenberg and Bex, 2007) and can be explained by physiological RGC loss with ageing 

(Kerrigan-Baumrind et al., 2000). Reduced SE and increased levels o f N eq were 

responsible for the decline o f  TCS with age.

3.5.7 Aim 7: Derivation of TCS, Neq and SE in OAG

DNP was able to identify individuals with OAG that exhibited abnormal Pattern Deviation 

probability values (PDAb) and abnorm al RNFL thickness (OAG RNFLAb) at the given 

locations, from an age-m atched group o f normal individuals. MC No was most sensitive of 

all DNP measures, together w ith a derivative o f N eq and SE, referred to as the Signal 

Detection Index (SDI). These findings were true for both the detection and the 

discrimination tasks.
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In some cases, N eq identified individuals with OAG that did not demonstrate PDAb and/ or 

R N F L Ab- However, N eq did not always indentify individuals with P D Ab and/ or R N F L Ab. 

This is consistent with the hypothesis (Section 3 .4 ), which indicates that N eq will rise to 

abnormal levels in early OAG and may appear normal in moderate to advanced OAG. SE 

did not consistently identify individuals with OAG. For individuals with P D Ab and/ or 

R N F L Ab, SE was often w ithin the normal range. This finding was inconsistent with the 

hypothesis, which indicates that SE will decline with structural or functional decline. The 

lack o f sensitivity o f SE is likely to be explained in terms o f the lack of optimisation of the 

noise mask for individuals w ith OAG.

3.6 Further development o f  DNP

The results indicate that a further study is warranted with a larger cohort o f normal 

individuals and individuals w ith OAG to confirm the findings o f the initial case series.

As mentioned previously, the dynam ic noise mask was only moderately effective at 

distinguishing individuals w ith OAG R N F L Ab from age-matched normals. The measures o f 

Neq and SE were less sensitive than was originally hypothesised. As such, the parameters 

of the dynamic noise m ask should be the subject o f further study. An analysis o f the 

harmonics within the noise m ask m ay help to develop the concept beyond the current 

spatial and temporal approach. The m ask should be developed specifically for use for 

individuals with OAG.
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Although the detection and the discrimination task exhibited comparable sensitivity for the 

detection o f OAG, the discrimination task only involved the need for a single stimulus 

presentation; therefore, thresholding time was half that o f the detection task. A minimal 

examination is duration is critically important for perimetry. It is essential that the 

thresholding algorithm should be optimised along the lines of those currently used in 

clinical perimetry, which are based upon a Bayesian approach to estimation o f thresholds, 

such as the PEST and ZEST algorithm (Anderson and Johnson, 2006).

3.7 Study logistics

The thesis commenced in 2004 under the supervision o f Dr Outi Ukkonen with Professor 

John Wild as a secondary advisor. Considerable delays were encountered during the first 

year largely due to the problem s associated with the development o f the software 

necessary for generating the stimuli. The software engineering had been outsourced to an 

individual who had previously collaborated with Dr Ukkonen. At the end o f the first year, 

Dr Ukkonen resigned her position as a Lecturer within the School. Consequently, 

Professor John W ild took over the position o f supervisor. Shortly afterwards, the 

Candidate took six weeks leave o f absence, to be married, and returned in the Autumn of 

2005. Existing software w ithin the School was used for the pilot study to investigate 

critical noise parameters with static and drifting sine wave gratings. The study was 

conducted with the support o f  Professor Jyrki Rovamo. At the end o f 2005, the study was 

accepted for a poster presentation at the Annual Meeting o f The Association for Research 

in Vision and Ophthalmology (ARVO). The introduction o f a new software engineer, Dr 

Gavin Powell, facilitated the development o f several new versions o f software. The



development involved extensive collaboration between Dr Powell and the Candidate, 

which occurred over the following two years, and in which the Candidate designed the 

necessary parameters and the interface for all subsequent studies involving dynamic noise.

Before the clinical studies into OAG could begin, it became apparent that a more extensive 

study was necessary to determine the spatial limits o f a dynamic noise mask. This 

preliminary study was considerably delayed by the development o f new software which 

was designed to handle m ore complex stimuli. The previous hardware had been 

superseded and so it was also replaced. The new software was continually evaluated and 

modified over the first six m onths o f 2006. There were several issues that hindered 

progress. Most notably, the calibration o f the monitor proved to be a particularly time 

consuming process. A proven m ethod for measuring the output o f the monitor was 

followed in an effort to linearise the contrast response. However, the technique indicated 

that the monitor output was not linear. An alternative method was eventually developed by 

the Candidate by determining the optimal display characteristics o f the monitor. The 

output was considerably im proved, although not linear. Therefore a polynomial function 

was developed and program m ed into the software, which finally solved the issue.

As a consequence, the study to determine the spatial limits o f a dynamic noise mask began 

in late 2006 and was com pleted in early 2007. The findings provided the necessary 

parameters for the clinical investigation o f OAG. The clinical investigation o f OAG was 

significantly delayed by further software development issues. The method used for the 

assessment o f individuals w ith OAG required considerably more programming than was 

originally anticipated. The extra programming related to a need for a motion
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discrimination method, and more extensive parameters for the control of noise contrast and 

stimulus location.

In early 2006, it became apparent that the methods being developed for the investigation of 

OAG could have com mercial application. After meetings with Cardiff University Research 

and Commercial Division, it was concluded that the method should be filed as a patent. 

Subsequently, the m ethod was identified by Venture Capital firm Biofusion as a 

commercially viable opportunity for technology transfer to the private sector. This 

precipitated an initial patent filing in the UK. To date, patents have been filed to protect 

the methods described in this thesis in approximately 12 countries or regions, including the 

European Union and the U nited States (Appendix).

In the Summer o f  2006, i.e. two years into the work for the thesis, the author decided to 

apply for a two-year full time M asters Degree in Business and Administration (MBA) to 

be undertaken following the com pletion o f  his PhD. By the summer o f 2006, noise check 

studies were progressing well and the clinical investigation o f OAG was shortly due to 

begin. Therefore, in the Sum m er o f  2006, the author began the process o f applying to 

business school with the aim o f  com m encing in the Autumn o f 2007.

Individuals with OAG were recruited from the Cardiff Eye Unit at The University Hospital 

of Wales and normal controls were recruited from Eye Clinic at Cardiff School of 

Optometry and Vision Sciences. The clinical investigation o f OAG eventually began in the 

Spring o f 2007 and was com pleted at the end o f August 2007.

90



In early 2007, the Candidate was offered a place at the London Business School beginning 

in September o f that year. Although Professor W ild had reservations about the timing of 

the course, the Candidate accepted the offer o f a place as he felt that he would be able to 

complete all experimental work before commencing the MBA. He also expected to w rite­

up his thesis during the first few months o f the MBA programme.

At the beginning o f Septem ber 2007, the Candidate began the Full-time MBA programme. 

Although he had expected to com plete the writing-up of the thesis during the first few 

months o f the MBA program m e, it quickly became apparent that the work-load was far too 

intense and would not allow for the thesis to be written-up, simultaneously with MBA 

studies. Therefore, with the support o f Professor Wild, the Candidate applied to Cardiff 

University for an extension o f  time, and was granted a two-year leave o f absence to 

complete the MBA. Following a successful graduation from the MBA programme, and 

under the supervision o f Professor W ild, the Candidate completed the write-up o f this 

thesis.

Laboratory time was divided between software testing, monitor calibration, noise check 

studies and clinical studies into OAG. Total experimental time exceeded 500 hours, o f 

which data collection was approxim ately 300 hours. M onitor calibration time was divided 

into the measurement o f  lum inance steps for each o f the colour guns, analysis o f output, 

correction o f software, measurem ent o f the contrast response, and analysis and further 

correction o f software.
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4 Development of the hardware and software

4.1 Calibration o f  the CRT display monitor

CRT monitors are popular in perceptual research as their output is generally stable to 

within approximately 1%. Thus a level that is similar to human perceptual thresholds (Olds 

et al., 1999). There is a non-linear relationship between the voltage generated by the 

electron gun o f a CRT m onitor and the measured luminance output o f the graphics card 

(Travis, 1991). The non-linearity can create visual perceptual anomalies to a given 

stimulus. To overcome the non-linearity, the CRT monitor can be calibrated. The voltage 

generated by the CRT is m easured in terms o f screen luminance. The relationship between 

the voltage and screen lum inance is known as a gamma function and the function can be 

used to calibrate the output o f  the display (Stanislaw and Olzak, 1990; Colombo and 

Derrington, 2001).

The properties o f any given m onitor w ill vary with time and so periodic calibration is 

necessary. Stimuli that are presented on the monitor correspond to reference values within 

pre-defined colour Took-up’ tables w ithin the graphics card. Calibration is designed to 

characterise the relationship between the values in the Took up’ tables and the measured 

output (Brainard, 1989).

4.1.1 Calibration of CRT display used within the pilot study

A initial investigative pilot study was performed using a high resolution cathode ray tube 

(CRT) monitor and a VGA (Texas Instruments, TIG A) graphics board driven by a 

Research M achines PC model com puter and a Sony Multiscan 17seII 17” monitor (frame
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rate 60Hz, resolution 640 x 480 pixels). The pixel size was 0.47mm x 0.47mm and the 

average luminance was 50cdm '2.

The luminance response o f  the Sony M ultiscan 17seII monitor was separately measured 

for each o f the three individual colour guns using a Minolta Luminance Meter LS-110 for 

a monitor contrast o f  80% and a monitor brightness o f 90%. These latter settings had 

previously been used for other psychophysical research within the School. The luminance 

was measured, in candelas per square metre, at the geometric centre o f the screen, which 

corresponded to a foveal stim ulus presentation. The photometer was set to measure in 

‘slow’ mode so that transient fluctuations at the level o f the drive voltage could be 

averaged. The colour co-ordinates (CIE, 1932) o f each gun output o f the CRT were also 

recorded to ensure that the colours remained stable over varying luminance values. The 

graphics card generated lum inance values that spanned the index range o f each colour gun 

from 0 to 255 in steps o f 15. The graphics card was instructed to generate the given 

luminance value using software developed previously within the School by Dr Jarmo 

Hallikainen. The software presented the output o f each individual colour gun in discreet 

intervals o f luminance over the entire index range. The screen luminance generated at each 

given index value was again m easured at the centre o f the screen..

A linear luminance output was necessary for the middle section o f the index range as this 

section is responsible for generating luminance levels for low contrast stimuli. To 

investigate the settings that achieved linearity over the widest possible index range, the 

luminance response was separately recorded for each gun over a range o f monitor 

brightness and contrast settings. Luminance measurements were undertaken after a 30 

minute warm up o f the monitor. Five measurements were recorded for each index step o f
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each gun and the median luminance value at each step was plotted against the given index 

level. The luminance o f each colour gun increased exponentially when plotted in linear co­

ordinates. An example o f the function given by the red gun is shown in Figure 4.1. In order 

to find the region o f the response function that could be considered linear, the data were 

plotted in logarithmic co-ordinates and a least-squares line was fitted to the data. The 

logarithmic plot o f the data for the red gun contained in Figure 4.1 is shown in Figure 4.2.

A linear fit was applied to this relationship to verify continued linearity over the 

corresponding measured index range. The goodness o f fit for each colour gun was defined 

in terms o f the Coefficient o f  Determination (R2) and was set at 0.9999.
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Figure 4 .1 The measured luminance (logio) response output for the red gun within the CRT 
monitor.

94



— Log R 
 Linear Fit

1 .0 -

0 .9 -

0 .8 -tr
U)

0 .7 -

0 .5 -

60 80 100 120 140 160 180

Index

Figure 4.2 The logio o f the luminance response function for the red gun for the data shown 
in Figure 4.1.

The three guns showed varying extents o f linearity over each of their respective index 

ranges. The blue gun was linear over the narrowest index range. The red and green guns 

were each linear over a similar but wider index range than the blue gun. The narrow range 

of the blue gun limited the overall range o f achievable grey levels for the stimulus and 

background since the grey levels are dependent upon the combined output o f the red, green 

and blue guns. It also became apparent that the contrast and brightness settings o f the 

monitor influenced the luminance function o f each o f the colour guns. It was considered 

appropriate to measure the output o f only one colour gun against a range of monitor 

settings, given that each set o f red, green and blue colour gun luminance measurements 

would have taken between 4 and 6 hours to collect. The blue gun was selected to 

determine the optimal monitor contrast and brightness settings. The blue gun possessed the 

narrowest linear index range o f all three colour guns and, therefore, dictated the linear 

index range o f the combined red green and blue gun output.



The index range o f the blue gun, over which the desired linearity was achieved, varied for 

each combination o f monitor contrast and brightness settings. An iterative approach was 

used to determine the optimal contrast and brightness setting for the monitor. The results 

of this iterative approach are illustrated in Table 4.1.

CONTRAST

if)
UJ
Z
I -
X
V
I—I
O'
CD

50 60 70 80 90 100

40 30-255 75-180

50 30-255 30-255 40-210

60 30-255 60-255 45-255

70 90-255 75-255 60-255 60-255 60-255

80 75-255 60-255

90 105-255 90-255

100 105-240 105-255

Table 4.1 The linear index range for different contrast and brightness settings. Each index 
range corresponds to an R2 value o f 0.9999. The monitor characteristics were optimal for 
the blue gun at a contrast value o f 80% and a brightness value of 60%.

Examples o f curves describing the luminance output of the blue gun with specific contrast 

and brightness settings are shown in Figures 4.3 and 4.4. Each curve indicates the 

percentage contrast and brightness level o f the monitor with the prefix ‘C ’ and ‘B ’, 

respectively. The greatest index range which had the highest R2 value (between 30 and 255 

index values) was achieved at a contrast level o f 80% and brightness levels between 40% 

and 60% (Figure 4.3). The narrowest index range occurred at the 80% contrast and 100% 

brightness setting (Figure 4.4).
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Figure 4.3 Logio o f the measured luminance for the blue gun plotted against logio o f the 
given index for the 80% contrast and 40% brightness settings.
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Figure 4.4 The logio o f the measured luminance for the blue gun plotted against the logio 
of the given index at 80% contrast and 100% brightness o f the display.
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A brightness setting o f 60% was chosen to ensure that the average screen luminance o f 50 

candelas per square metre was achievable. This level o f luminance was commensurate 

with other studies (Rovamo et al., 1993b; Rovamo and Kukkonen, 1996; Kukkonen et al., 

2002) and avoided the need for lengthy prior adaptation.

With the monitor settings at 80% contrast and 60% brightness, the luminance responses o f 

the red and green colour guns were separately re-measured in order to ensure that each of 

the two guns continued to exhibit a wide index range o f linearity.

The characteristics o f each gun are described by the intercept and gradient o f the 

corresponding linear function o f  the luminance output. The gradient is known as the 

gamma value and it is used to linearise the output o f the given colour gun. The gamma 

value, the intercept and the m axim al luminance value o f each colour gun were then 

referenced by the stimulus generating software. The latter had been developed within the 

School by Dr Jarmo Hallikainen. The gamma correction was applied to the generated 

stimulus and background to calibrate the relationship between the requested output o f the 

graphics card and the lum inance displayed on the CRT screen. The average luminance 

value o f 50 cdm’2 corresponded to an index value within the range o f linearity. For the 

purposes o f the study, the red, green and blue guns were set at equal index values such that 

the background and all stimuli were in greyscale, which varied only in terms o f luminance.

To confirm that the m onitor was calibrated, a sequence o f 10 reference Michelson Contrast 

(MC) levels was generated by the Hallikainen software for a 10cm by 10cm stimulus 

situated at the centre o f  the screen and surrounded by an equiluminant background. The 

software presented the m inim um  luminance followed by the maximum luminance for each
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reference contrast level. The screen luminances at each level o f contrast were measured 

and the corresponding M ichelson Contrast was calculated.

A photometer was setup to measure the luminance o f the square only. The first contrast 

level was 0.512 and levels were halved at each step until a MC level o f 0.001 was reached. 

The higher contrast values tended to be presented most accurately, as the large difference 

between the maximum and minim um  luminance levels tended to offset the relative error. 

For this reason, a m edian value o f three measurements for each luminance level was used 

between contrasts o f 0.512 and 0.128. Whereas moderate contrasts in the range o f 0.064 to 

0.008, the median o f five measurem ents was used. For low contrast levels between 0.004 

and 0.001, the median was based upon nine measurements. At these low contrast levels, 

the maximum and minimal lum inance values were particularly close together (to the order 

o f 0.1 candelas per square metre); therefore, even minor variability in the output o f the 

display resulted in large relative errors.

The median luminance values were used to calculate a series o f MC values defined as the 

‘measured M C ’. These corresponded with the series o f ‘requested M C’ levels generated by 

the graphics card. The logio o f  the measured MC was plotted against the logio o f the 

requested MC. A logarithm ic transformation was used to assess the linearity o f the 

combined colour gun output, essentially the result o f the calibration process. The contrast 

response curve, following the calibration process, is shown in Figure 4.5. A linear fit was 

applied to the data using the function Y = m*X to ensure an intercept o f zero. Where ‘Y ’ 

represented the m easured MC, ‘X ’ represented the requested MC, and ‘m ’ represented the 

gradient o f the slope. The linear fit exhibited an R2 value greater than 0.9999.
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Figure 4.5 The contrast response o f the graphics board following gamma correction.

The high R2 value indicated that the monitor was calibrated. At the desired magnitude of 

the R2 value, the discrepancy between the measured and the requested MC represented a - 

3% deviation at 0.512 and +10% deviation at 0.001. A summary o f the relative error at 

each MC step is shown in Table 4.2.

Any deviation from an optimal goodness o f fit, or a gradient below 0.95, would have 

required a further stage within the calibration process. When the output o f the combined 

colour guns was non-linear, a 3rd order polynomial function was applied to the MC output 

to determine the relationship between the measured and requested MC. This equation was 

used to correct the output o f the graphics card. Thereafter, the measurement of ten MC 

levels was repeated to ensure linearity.
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Requested MC M easured MC Relative error

0.512 0.4945 -3%

0.256 0.2490 -3%

0.128 0.1255 -2%

0.064 0.0642 0%

0.032 0.0307 -4%

0.016 0.0154 -4%

0.008 0.0073 -9%

0.004 0.0042 5%

0.002 0.0021 5%

0.001 0.0011 10%

Table 4.2 The measured MC output o f the graphics card following calibration. Relative 
error increases at lower contrast levels due to minor fluctuations in measured luminance.

4.1.2 Calibration of display used for the preliminary spatio-temporal noise 

study

A second study was devised to characterise the interactions between spatio-temporal noise 

and drifting gratings. The study was performed using a new set of equipment that enabled 

better computing power and a larger screen size. New hardware comprised a high 

resolution cathode ray tube (CRT) monitor (Mitsubishi Diamond Pro, frame rate 70Hz, 

resolution 1024 x 768 pixels) and a high specification graphics board. The Pixel size was 

0.47mm x 0.47mm and the average luminance was 50.0 cdm'2. A head support and chin 

rest was utilised to maintain a fixed viewing distance. A separate numerical keypad was
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installed to enable the subjects to respond to the computer. The software was developed by 

Dr. Gavin Powell and the hardware was arranged as shown in Figure 4.6.

Figure 4.6 Configuration o f the new hardware which comprised a high resolution cathode 
ray tube (CRT) monitor (Mitsubishi Diamond Pro, frame rate 70Hz, resolution 1024 x 768 
pixels) and a high specification graphics board, a head support and chin rest and a separate 
numerical keypad. The CRT monitor is controlled by an operator using the adjacent 
computer (Research Machines) which has a keyboard, mouse and LCD monitor.

Luminance measurements were taken for the three individual colour guns using the 

Minolta Luminance M eter LS-110. These were used to determine gamma values as 

described in Section 4.4. Thereafter, the contrast response o f the curve was measured to 

verify the calibration. It was apparent that the output of the monitor was not corrected by 

the calibration procedure. An example of the contrast response curve after the first 

calibration procedure is shown in Figure 4.7.
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Figure 4.7 Contrast response curve following preliminary calibration. The measured 
contrast deviates below 0.01 M ichelson units.

Background luminance was set so that the red, green and blue colour guns each had index 

values of 127. Equal index values were required to create an equiluminant calibration 

stimulus. Further investigation indicated that the contrast response became more accurate 

when colour gun index values equalled 95. Flowever, the response did not meet the 

accuracy required for detection thresholds at low contrast levels. The contrast response 

curve at an index level o f 95, is shown in Figure 4.8.

To overcome non-linear contract response at the lower end o f the scale, a polynomial 

fitting equation was applied to the response function (Pelli and Zhang, 1991).

Y = 5.27295E-4 + 0.67913X + 0.04237X2 (4.4)

Where ‘Y ’ is the logio o f the measured MC and ‘X ’ is the logio of the requested MC.
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Figure 4.8 Contrast response curve following an adjustment o f the red, green and blue 
(RGB) index level. The measured contrast fluctuates below 0.02 Michelson units.

The polynomial equation defined the output characteristics o f the graphics card. The effect 

o f the polynomial correction, on the contrast response curve, is shown in Figure 4.8. The 

polynomial equation was incorporated into the software. The resulting contrast response 

function is shown in Figure 4.9. The linear fit line demonstrated that the required level of 

accuracy was achieved and the corresponding R value was greater than 0.9999.
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Figure 4.9 Polynomial fitting o f  the contrast response curve used to define the output 
characteristics o f the graphics card.
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Figure 4.10 Final contrast response curve demonstrating successful calibration and 
accurate signal output.
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2The high R value indicated that the monitor was calibrated. At the desired magnitude of 

the R2 value, the discrepancy between the measured and the requested MC represented a - 

2% deviation at 0.512 and 0% deviation at 0.001. A summary of the relative error at each 

MC step is shown in Table 4.3.

Requested MC M easured MC Relative error

0.512 0.502 -2%

0.256 0.239 -7%

0.128 0.120 -6%

0.064 0.060 6%

0.032 0.031 -3%

0.016 0.015 -6%

0.008 0.008 0%

0.004 0.004 0%

0.002 0.002 0%

0.001 0.001 0%

Table 4.3 The measured MC output o f the graphics card following calibration. Relative 
error increases at higher contrast levels is due to minor fluctuations in measured 
luminance.
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4.2 Development o f  software for the new set up o f hardware

4.2.1 The use of random dither

The graphics board produced an achromatic signal of 256 grey levels, corresponding to 8 

bits. Thus, the luminance level o f each pixel varied in relative luminance over a range 

from 0 to 255. Therefore, the achievable contrast range o f the monitor extended from 1 

{(255-0) / (255+0)} to 0.0039 {(128-127) / (128+127)} at the midpoint o f the index range. 

However, each interval w ithin the index range was insufficient for the measurement of 

detection thresholds over the proposed range o f spatial frequencies. At low to medium 

spatial frequencies, a sine wave grating requires a greater range o f grey levels to display 

the changes in luminance across the grating. The number o f available grey levels was 

therefore increased using a m ethod known as periodic dithering (Kukkonen, 1994).

A CRT display produces an achrom atic 8 bit signal by combining the three separate colour 

gun signals. However, at low to m edium  spatial frequencies with moderate to high contrast 

levels, the analogue signal produces step, rather than continuous, changes in grey levels 

across a sine wave grating; this is called quantisation error. The limits o f an 8 bit system 

translate into quantisation steps that are large enough to be seen, especially for high 

contrast gratings, which require a greater number o f grey levels to bridge the gap between 

the maximum and m inim um  contrast levels. The quantisation error can be reduced to 

imperceptible levels by introducing low-strength noise (Aumala, 1996; Iannelli et al., 

2006; Krause, 2006). A random  dithering algorithm ensures that the limited number of 

grey levels does not give rise to visible steps in the variation in luminance level. The 

dither has the effect o f sm oothing contrast edges without degrading the entire image (Petri, 

1996). If the size and contrast o f  the dither signal is kept small enough, the number o f
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grey levels is increased without causing any masking effects. The subsequent grating 

appears to have a smooth transition in the greyscale as the dither cannot be resolved by the 

optical capabilities o f  the human eye (Nasanen, 1989; Kukkonen, 1994).

A periodic dither signal was added to the 8 bit output o f the graphics card. The amplitude 

of the dither was equal to one quantisation step i.e. one level of 256 values. An algorithm 

assigned a random number between -0.5 and 0.5 and added this to the required luminance 

at all locations within the grating. This value was then rounded to the nearest integer. The 

method is explained by equation 4.1 below:

Ch: = round (Ipp+ ((random  (999)/1000.0)-0.5)) (4.1)

Where Ch: is based on the term “character”, which indicates the new pixel luminance 
value with the added dither and ‘Ipp’ is the luminance value at one pixel within the 
grating.

The ensuing luminance profile resulting from the dithering will closely match the desired 

luminance necessary for a smooth grating, giving the appearance o f more grey levels than 

can actually be created by the graphics card. This pseudo-extended range o f grey levels 

enables the signal to exceed the 8 bit capability o f the graphics board. These discrete 

additions o f luminance are averaged by the visual system and result in a more linear 

quantisation o f the grating. The dithering technique has been used throughout the thesis.

4.2.2 Development of the threshold algorithm

For this thesis, it was necessary to devise an algorithm for the determination o f threshold

with and without the noise mask. Such an algorithm required consideration o f the starting
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contrast level, the magnitude o f the contrast change between responses and the end point 

o f the sequence. The starting contrast was required to be as close as possible to the 

expected threshold and the magnitude o f the contrast change was required to reflect the 

logarithmic sensitivity o f  the eye. For these reasons, logarithmic steps were considered 

most appropriate. The length o f the sequence had to balance the increasing accuracy o f the 

threshold estimate against the length o f the sequence and the total length o f the 

examination (Comsweet, 1962).

The staircase algorithm was developed, based on the up-and-down transformed response 

rule (Wetherill & Levitt, 1965). As was discussed in Chapter 2, Section 2, the length of 

thresholding sequence was dependent on the number o f correct responses, referred to as 

‘n ’, required to reduce the contrast o f  the grating. The initial pilot study showed that 

measuring thresholds when three correct responses were required to reduce grating 

contrast (n = 3, probability o f  seeing o f  79%), still caused anxiety amongst individuals. 

Individuals often com plained that they did not ‘see’ the grating for much of the 

examination. Increasing the value o f  n resulted in more awareness at threshold and greater 

levels of motivation. However, these benefits were partially offset by a longer staircase 

procedure. Four correct responses (n = 4) corresponded to a probability o f 0.84 and this 

was used to define threshold for the purposes of the preliminary experiments. This 

rationale was supported by other research (Rovamo et al., 1993a; Kukkonen et al., 1995; 

Rovamo et al., 1996; Kukkonen et al., 2002).

Only one incorrect response was required to increase grating contrast and steps o f 0.1 logio 

units were chosen on the basis o f comparable experiments (Rovamo et al., 1992; Rovamo 

et al., 1993c). The starting contrast o f  the algorithm was at least 0.5 logio units above
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threshold levels determined in pilot experiments. Subsequently, the grating was clearly 

supra-threshold at the start o f all experiments.

During a ‘starting phase’ o f the staircase, a single correct answer reduced the level of 

contrast. This m odification was made to allow a rapid succession to threshold levels 

(Comsweet, 1962). During this starting phase, the first incorrect response did not alter 

contrast (i.e. it was effectively ignored). However, a second incorrect response raised the 

contrast o f the grating. The contrast level which elicited the second incorrect response was 

considered as the first ‘reversal’ o f the staircase. Subsequently, a ‘secondary phase’ o f the 

staircase was initiated, which required a sequence o f four correct responses for a reduction 

in contrast. Each subsequent reversal corresponded with a directional change in the 

staircase, i.e. from a descending trend (consecutive decreases in contrast) to an upward 

trend (an increase in contrast level) and vice versa. Consecutive reversal points were 

usually supra and sub-threshold and it is these contrast levels that were used to determine 

the final threshold value.

Although a greater the num ber o f reversals would lead to a more accurate final threshold 

(Comsweet, 1962; W etherill and Levitt, 1965), in practice the number o f reversals needed 

to be balanced with the time taken to reach threshold. Comparable experiments indicated 

that six to eight reversals were acceptable for determining threshold (Kukkonen et al., 

1995). The staircase algorithm allowed only the last six reversals o f the staircase to 

determine threshold. The first two reversal values were ignored as they may have been 

biased by a run o f accurate guesses, since the probability o f seeing the grating was at first 

50% and only thereafter adjusted to 84%. Figure 4.8 shows an example o f a staircase 

procedure that determined threshold.

110



10

9
'Tn
'c 8Z5
£ 7cc
-t—>
JD 6

50>0 4♦ *(J)03i_ 3
Coo 2
ac 1-*—»03 »_

1

CD X

xxxx xxxx

xxxx xo

xxxx xxo

xxxo

o o 

1

O = incorrect response

xxxo

3

xxxo

5

Subject responses

xxo

7

Figure 4.11 An example o f  the staircase algorithm where 8 reversals determine the length 
of the staircase, and the final six reversals are used to calculate threshold.

The threshold value was defined as the geometric mean o f the final six reversals, o f a 

sequence containing eight reversal points. Collection o f data reduced the likelihood of 

results being skewed by observer error. A single threshold value was never taken as a final 

measure. The final threshold was based on the median o f at least three separate staircase 

procedures. The median was considered more accurate than the mean as it was less 

susceptible to outliers. W ith the exception o f the pre-defined algorithm o f the pilot study, 

this threshold algorithm was used for all subsequent studies within the thesis.
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4.2.3 Development of the operator interface

As part o f the process o f software development, an operator interface was needed to 

control the parameters o f the stimulus and noise images that were presented on the main 

display monitor. For each study, thresholds were determined according to pre-defmed 

variables, which were entered into a windows-based menu. This menu was designed by the 

Candidate and developed by Dr Gavin Powell, to include information that was controlled 

for the purpose o f accuracy and consistency across all experiments. An example of the 

menu is shown in Figure 4.12.

Grating

Contrast (Michelsons)

1® Drift Rate (cydes/sec)

|o .s Frequency (cycles/degree)

|0.5 Duration (secs)

b Width (degrees)

b Height (degrees)
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foTE rime After Response (secs)

|i Threshold Reversals

[4 Correct Responses

R? Audio
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r  on C  Binary <• Gaussan

h Noise Duration (Fps ratio)
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F Distance (cm)
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Figure 4.12 The operator interface menu, used to control stimulus and noise parameters 
throughout the preliminary study of dynamic noise and the clinical study of OAG.
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In addition to stimulus and noise controls, the menu also had inputs for monitor luminance, 

stimulus onset and duration and participant data. At the end of each thresholding sequence, 

all inputs were extracted into log files to ensure that an accurate record of each participant 

threshold was retained. The log files were text summaries that recorded the entire 

threshold sequence, and an extract o f one file is shown in Figure 4.12.

[INITIALS] [DATE] [TIME]
Contrast 0.06
Drift Rate 8
Frequency 0.5
Duration 0.5
Grating Width 4
Grating Height 4
Time Between Presentations 0.6
Time After Presentations 0.3
Threshold Reversals Required 8
Correct Responses Required 4
Audio is ON
Background Red 128
Background Green 128
Background Blue 128
PatientDistance 30
FPS 30
SD Factor 2
Viewing Method Left Eye 
Screen Luminance 50 
Stimulus x position 10.02 
Stimulus y position -8.00 
Time:0.031. M Cont: 0.060000 Correct 
Time:0.000. M Cont: 0.047619 Correct 
Time:0.000. M Cont: 0.037793 Correct 
Time:0.001. M Cont: 0.029994 Correct 
Time:0.000. M Cont: 0.023805 Incorrect 
Time:0.127. M Cont: 0.023805 Correct 
Time:0.000. M Cont: 0.018893 Correct 
Time:0.218. M Cont: 0.014994 Correct 
Time:0.333. M Cont: 0.011900 Incorrect 
Reversal 1
[CONTINUED REVERSALS] 
Threshold: 0.012763 
GOOD Threshold 
SD: 0.003318 
Time: 0:44.032

Figure 4.13 An extract o f one log file from the testing phase o f development, used to 
record all parameter inputs and the sequence o f the thresholding algorithm. These files 
ensured an accurate record o f each measurement.
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The software and hardware were continually tested until the calibration, threshold 

algorithm and interface were considered optimal. Thereafter, the preliminary study of 

dynamic noise was initiated.
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5 The spatial limits of the dynamic noise mask

As has been discussed earlier (Chapters 2 and 3), the internal noise levels of the visual 

system can be estim ated by measuring the contrast detection thresholds o f a sine wave 

grating in the presence o f  an external noise mask (Legge et al., 1987). This method 

requires a noise source that is external to the visual system. A quantifiable source of 

external noise can be created using an array o f pixels in which a two-dimensional pattern 

o f noise checks follows random  variations in luminance in the spatial domain (Pelli, 1981; 

Pelli, 1990). An analogue o f internal noise can be achieved by random temporal variation 

of noise check lum inance w hich produces spatio-temporal, or dynamic, noise. The 

resulting dynamic noise can be quantified spatially and temporally, and in terms of 

luminance, by the size o f  the individual noise checks, the temporal modulation o f the 

checks, and by the differing levels o f  contrast, respectively.

Detection thresholds o f a tw o-dim ensional sine wave grating can be measured in terms of 

contrast and/ or stim ulus energy. Detection thresholds are elevated in the presence o f a 

strong two-dimensional external noise m ask (Burgess et al., 1981; Pelli, 1981; Legge et al., 

1987; Pelli, 1990). The noise m ask only elevates detection thresholds beyond a certain 

noise spectral density. Beyond this density, the ratio o f threshold stimulus energy to noise 

spectral density is a constant, know n as the signal-to-noise ratio (SNR) (Pelli, 1981; Pelli, 

1990). As the spectral density o f the mask increases, stimulus energy at threshold also 

increases, m aintaining a constant SNR (Nagaraja, 1964; Pelli, 1981; Luntinen et al., 1995). 

The strength o f  a noise mask, spectral density, is defined by several parameters; the root 

mean square (rms) contrast, the size o f the noise check and, in the case o f dynamic noise, 

the duration o f the noise check (Legge et al., 1987). An external noise mask can be made

115



more effective by increasing the size o f the noise check, and/ or by increasing the temporal 

duration o f the noise check luminance, and/ or by increasing the rms contrast o f the noise 

image.

To ensure that the noise m ask is the limiting factor in grating detection (i.e. the cause of 

reduced visibility), unm asked contrast detection thresholds need to be elevated by a factor 

of at least three, when m easured in the presence o f the noise mask (Kukkonen, 1994; Pelli 

and Farell, 1999). This three-fold elevation ensures that the internal noise o f the visual 

system accounts for only 25% o f the stimulus energy level, thereby, ensuring that the 

external noise source is the dom inant cause o f threshold elevation. A two-fold elevation 

ensures that 50% o f  the threshold is determined by internal noise, i.e. the internal and 

external noise account for equal degradation o f the stimulus (Kukkonen, 1994).

5.1 Spatial limitations o f  white pixelated noise

The external noise that effectively masks an underlying stimulus is frequently termed 

‘white’ noise. Theoretically, ‘w hite’ noise has a constant spectral density for all stimulus 

spatial frequencies. However, noise can only be considered to be ‘w hite’ within a limited 

spatial and temporal bandwidth, and so the parameters for which this is possible must be 

determined experimentally. W ithin the given bandwidth, the external noise mask is 

considered to be effective. The effective parameters o f spatio-temporal noise are directly 

related to the spatial frequency o f the underlying sine wave grating (Carter and Henning, 

1971; Stromeyer and Julesz, 1972; Pelli, 1981).
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5,2 Aim: Pilot study o f  the spatial limits o f  dynamic noise

Clinical investigations o f  the visual system require a high strength noise mask which is not 

always achievable using a Cathode Ray Tube (CRT) monitor. In the case o f the noise 

checks, the rms contrast is limited by the capabilities o f the monitor and the graphics card, 

especially when the noise checks are superimposed upon a high contrast grating. The 

dynamic contrast range o f the display is limited by a specific number o f grey levels, 

ranging from white to black. The ‘colour’ o f specific checks cannot exceed a certain level 

of grey, which will appear as an absolute level o f black. For example, when the noise mask 

is superimposed onto a sine wave grating, the resultant colour o f each check within the 

image will be the sum o f the noise check colour and the corresponding regions o f the 

underlying grating. If a dark check is superimposed onto a dark segment o f the grating, the 

resultant check will exceed the contrast limits o f the display and will be presented in a 

random colour.

The relationship between the spatial parameters of the noise mask and the spatial 

parameters o f the underlying sine wave grating has been investigated with respect to 

stationary gratings and flickering sine wave gratings (Kukkonen et al., 1995; Rovamo et 

al., 1996). However, the effect o f a noise mask on drifting gratings is unknown, 

particularly with respect to the critical size o f the noise check. It was considered necessary 

to conduct a pilot study into the spatial limits o f a noise check in the presence o f a drifting 

grating.

The purpose o f the study, therefore, was to determine the spatial limits o f noise check size, 

when masking spatially and tem porally modulated gratings, and to compare the outcome 

relative to that o f a stationary grating.
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5.3 Methods

Contrast detection tasks were designed to determine the detection threshold in the presence 

and in the absence o f a spatio-temporal noise mask.

5.3.1 Stimuli

The stimuli consisted o f a square patch o f vertically presented sine wave gratings with 

sharply bordered edges. The gratings were presented at the centre o f the display screen. 

The average luminance o f  the gratings was identical to the average luminance o f the 

surround. Given that further studies were planned for the investigation o f OAG, a grating 

temporal frequency o f 16Hz was chosen for this study based on previous psychophysical 

(Willis and Anderson, 2000; A nsari et al., 2002b) and histological studies o f magnocellular 

stream damage in OAG (W ilson, 1985; Pasternak and Leinen, 1986; Merigan and 

Maunsell, 1990).

The examination was undertaken in the absence o f external illumination to maintain a 

constant screen luminance and to avoid reflections from the screen surface (Krantz, 2000). 

The size o f the stimulus rem ained constant at 4° by 4° and the perceived spatial frequency 

was altered by changing the view ing distance from 29cm to 229cm. The given distance 

was maintained as near as was possible by a chinrest and the resulting spatial frequencies 

were 1 and 8 cycles per degree. The duration and the contrast o f the noise were both kept 

constant. Therefore, the theoretical noise spectral density was considered proportional to 

the check size. To ensure that each noise check changed in luminance at a rate which 

disrupted the underlying grating, noise duration was kept equal to 30 frames per second to 

match the frame rate o f the software. Noise rms contrast was varied between 0.2 and 0.3
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depending upon the stimulus since stationary stimuli were more difficult to mask than 

temporally modulated stimuli. The choice o f noise contrast does not affect the spatial 

limits o f the noise check, however, as the value is dependent on the signal to noise ratio 

(SNR) which is independent o f the noise contrast.

A two-interval forced choice task was used to determine threshold. The two stimulus 

presentations, each lasting 500ms, were separated by 600ms and the individual was 

required to choose the presentation that contained the grating by pressing either number ‘ 1 ’ 

or number ‘2 ’ on a conventional keyboard. Succeeding pairs o f stimuli were presented 

250ms after the previous response. An auditory cue was used to alert the individual to the 

imminent presentation o f  the stimulus. A different auditory signal was used to indicate a 

correct response and provided positive feedback.

The study utilised a twenty seven year old normal individual who was highly experienced 

in psychophysical experiments. The individual underwent a comprehensive ophthalmic 

examination involving refraction, visual acuities, intraocular pressure, anterior segment 

examination, slit lamp biom icroscopy o f  the ONH and fundus, and threshold perimetry of 

the central field. The individual had a distance visual acuity o f 6/5 in both eyes and healthy 

ONHs and fundi. Intraocular pressures were normal. There was a negative family history 

for OAG. The individual wore the full distance refraction for the threshold measurements, 

and the contralateral eye was occluded. Three threshold measurements were obtained for 

the stationary grating and three were obtained for the drifting grating. The results for each 

modality were expressed as the median. The order o f measurements between the stationary 

and the drifting gratings was randomised.
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For both stationary and drifting sine wave gratings, contrast detection thresholds increased 

in proportion to the spectral density o f the pixelated noise mask such that the signal-to- 

noise-ratio (SNR) was constant. However, contrast thresholds eventually declined when 

the dimensions o f the noise check size exceeded a critical size. At this point, the gratings 

became gradually more visible indicating that the noise was no longer effective as a mask.

5.4 Results

The stationary gratings o f 1 and 8 cycles per degree were successfully masked, down to 

3.6 and 3.5 noise checks per cycle, respectively. The stationary gratings o f  1 and 8 cycles 

per degree are shown in Figures 5.1 and 5.2 respectively. Contrast detection thresholds 

were plotted as logio M ichelson units (MC) against logio noise check size (in checks per 

cycle). The drifting gratings o f  1 and 8 cycles per degree were successfully masked, down 

to 2.4 and 2.0 checks per cycle, respectively. It should be noted that all thresholds were 

measured in the presence o f  a noise mask, and that not all Figures are drawn to the same 

scale. The drifting gratings o f  1 and 8 cycles per degree are shown in Figures 5.3 and 5.4 

respectively. Critical noise check values were determined from the intersection between 

the ascending and descending least square lines. Noise check size and therefore noise 

spectral density declined along the abscissa. As such, the negative slope in each Figure 

corresponded to the region in which the SNR was constant and the noise mask was 

considered ‘w hite’. The positive slope in each Figure corresponded to the region in which 

the SNR declined, as the grating became gradually more visible from beneath the noise 

mask. A minimum o f two data points were sufficient for either slope, provided they 

indicated a deviation from a constant SNR.
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Figure 5.1 Logio o f the Michelson Contrast threshold for the stationary sine wave grating 
of 1 cycle per degree against the size o f the noise check (expressed as the number of noise 
checks per grating cycle).
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Figure 5.2 Logio of the Michelson Contrast threshold for the stationary sine wave grating
of 8 cycles per degree presented against the size of the noise check (expressed as the
number of noise checks per grating cycle).
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Figure 5.3 Logio o f the M ichelson Contrast threshold for the drifting sine wave gratings 
(16 Flz) of 1 cycle per degree presented against the size of the noise check (expressed as 
the number of noise checks per grating cycle). Note the scaling of the ordinate is different 
to that in Figure 5.2.
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Figure 5.4 Logio o f the M ichelson Contrast threshold for the drifting sine wave gratings 
(16 Flz) of 8 cycles per degree presented against the size o f the noise check (expressed as 
the number of noise checks per grating cycle). Note the scaling of the ordinate is different 
to that in Figure 5.2.
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5.5 Discussion

This pilot study was conducted to determine whether the temporal drift o f sine wave 

gratings influenced the spatial limits o f a spatio-temporal noise mask.

For stationary gratings, the critical noise check size o f 3.6 and 3.5 for a 1 and 8 cycles per 

degree grating, respectively, was in agreement with the finding o f 4 checks per cycle for 

gratings o f 1-4 cycles (Kukkonen et al., 1995). The latter study found that critical check 

size was inversely proportional to bandwidth, since critical check size fell to 2.6 for spatial 

frequencies up to 64 cycles.

The present study, the m asking effect o f external spatio-temporal noise increased with the 

size o f the noise check, in agreem ent w ith studies o f external pixelated noise (Kukkonen, 

1994; Kukkonen et al., 1995; Rovam o and Kukkonen, 1996). Beyond the critical check 

size, the loss o f masking pow er can be explained by considering the bandwidth o f external 

noise. When the noise check size increases beyond the critical size, its practical masking 

power is reduced in the vicinity o f  the underlying grating (Kukkonen et al., 1995). The 

‘block structure’ o f  noise is believed to account for part o f this phenomenon (Harmon and 

Julesz, 1973). The structure o f  pixelated noise becomes highly visible when check sizes 

are large and masking pow er is lost due to the reduced interaction o f the pixel edges with 

the underlying grating. Instead, the noise checks are processed as ‘windows’ beyond which 

the grating becomes gradually more visible.

Since the findings o f this pilot study were comparable to the findings o f others (Kukkonen

et al., 1995; Kukkonen et al., 2002) in the case o f stationary gratings, it was reasonable to

draw conclusions from the findings associated with drifting gratings. Critical check size
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for the masking o f the drifting grating decreased from 2.4 to 2.0 for respective spatial 

frequencies o f  1 and 8 cycles per degree, modulated at 16Hz. These findings suggest that 

the critical noise check size is proportional to the temporal frequency of a drifting grating. 

The relative difference between the two critical values also suggests an inverse 

relationship with spatial frequency. In fact, this inverse relationship was more prominent in 

the case of drifting gratings, since there was a 0.4 difference in critical check per cycle 

values, compared with a 0.1 difference noted with the stationary gratings. It is possible that 

the bandwidth o f spatio-tem poral noise narrows more rapidly with increasing grating 

spatial frequency when the gratings are temporally modulated, given that critical noise 

check duration is reduced with increasing temporal flicker rate (Rovamo et al., 1996; 

Kukkonen et al., 2002).

In summary, the spatial cu t-off for a two-dimensional, spatio-temporal mask is dependent 

upon the temporal param eters o f  the stimulus. The critical numbers o f checks per cycle 

that mimic ‘w hite’ noise are low er for drifting gratings than for stationary gratings. This 

pilot study justified further investigation o f the relationship between critical noise check 

size and grating drift frequency. G iven that these were the findings o f a pilot study, a 

further preliminary study was developed to validate these findings. The preliminary study 

investigated how critical check size varied with various grating spatial and temporal 

frequencies, and with retinal eccentricity.
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5.6 Aim: Preliminary study o f  the spatial limits o f  dynamic noise

This study was developed to characterise the relationship between the spatial limits of a 

dynamic noise m ask and the spatio-temporal parameters o f a sine wave grating stimulus. 

The influence o f stimulus eccentricity was considered given that glaucomatous functional 

damage manifests as visual field loss (Quigley and Addicks, 1981; Quigley et al., 1982; 

Quigley et al., 1989).

5.7 Methods

The study was undertaken using the apparatus described in Chapter 4, Section 4.1.2. 

Stimuli were generated using software developed by Dr Gavin Powell and the threshold 

algorithm was identical to that described in Chapter 4, Section 4.2.2.

5.7.1 Stimuli

The stimuli consisted o f  a square patch o f vertical sine wave gratings with sharply 

attenuated edges (see Chapter 2, Figure 2.4). The gratings were presented, foveally, (at the 

centre o f the CRT display screen) and in the superior nasal visual field at (-27, +4) in right 

eye format. The average lum inance o f the gratings matched the average luminance o f the 

surround. The room had no source o f illumination apart from the display. The size of the 

stimulus remained constant at 4° by 4° and the viewing distance was kept constant at 

30cm. Distances were m aintained by a chin and headrest.
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Contrast detection thresholds were measured for a range o f temporally drifting (0, 2 and 8 

Hz) sine wave gratings. A maximum temporal frequency o f 8 Hz was chosen to ensure that 

temporal modulation remained visible in the peripheral visual field. Grating spatial 

frequencies were 0.5 and 2.0 cycles per degree at the fovea, and 0.5 cycles per degree at 

the nasal periphery.

5.7.2 Subjects

Four individuals from 22 to 28 years were recruited: MD, JS, RR and CH. All individuals 

were highly experienced in visual psychophysical experiments. The individuals underwent 

a comprehensive ophthalmic exam ination involving refraction, visual acuities, intraocular 

pressure, anterior segment exam ination, slit lamp biomicroscopy o f the ONH and fundus, 

and threshold perimetry o f  the central field. All individuals had corrected distance visual 

acuities of 6/5 in both eyes and healthy ONHs and fundi. Intraocular pressures were 

normal. There was a negative family history for OAG.

5.7.3 Procedure

Each subject was fully corrected with the distance prescription and the dominant eye was 

used. The contralateral eye was occluded. Results were based upon the median o f three 

threshold measurements and the order o f measurements between the stationary and the 

drifting gratings was randomised. The threshold at the fovea was derived from all four 

subjects, whilst that o f  the periphery was derived from three subjects.

Contrast thresholds were measured with and without spatio-temporal noise and the noise- 

masked gratings were determined for a range o f noise check sizes. Noise masked
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peripheral contrast thresholds could not be determined for sine wave gratings o f 2.0 cycles 

per degree as this spatial frequency was difficult to resolve when masked with external 

noise, therefore the masked threshold contrast level exceeded the limits o f the display. 

Noise duration and noise contrast were both kept constant for each type o f grating 

stimulus. Therefore, the theoretical noise spectral density o f noise was considered 

proportional to the check size. The noise duration was kept equal to 30 frames per second, 

matching the frame rate o f the software. The noise rms contrast was set at 0.275 which was 

sufficiently high to mask the gratings at most check sizes, whilst allowing enough dynamic 

range for the underlying stimulus to be presented at supra threshold levels. The median of 

three separate thresholds was taken to indicate the final result for each subject. The median 

is preferred over the mean, as it reduces the impact o f outliers. The order o f measurements 

was randomised for all subjects.

5.8 Results

As with the pilot study, contrast thresholds initially increased in proportion to increasing 

noise strength. As the theoretical masking power o f external noise continued to increase 

with check size, the practical limits were exceeded and the SNR began to fall.

Low spatial frequency sine wave gratings o f 0.5 cycles per degree, drifting at 8.0, 2.0 and 

0.5 Hz are shown in Figures 5.5, 5.6 and 5.7, respectively. Low spatial frequency gratings 

drifting at 8.0 Hz were m asked down to 4.0 checks per cycle (Figure 5.5). Low spatial 

frequency gratings drifting at 2.0 Hz were masked down to 4.4 checks per cycle (Figure 

5.6). Low spatial frequency gratings drifting at 0.5 Hz were masked down to 5.6, noise 

checks per cycle (Figure 5.7).
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0) 0,08
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Noise checks per cycle

CH

Noise checks per cycle

Figure 5.5 Logio of the MC threshold for the drifting sine wave gratings (8 Flz) of 0.5
cycles per degree presented against the size of the noise check (expressed as the number of
noise checks per grating cycle). Subject initials are indicated as MD, JS, RR and CF1.
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Figure 5.6 Logio of the MC threshold for the drifting sine wave gratings (2 Hz) of 0.5
cycles per degree presented against the size of the noise check (expressed as the number of
noise checks per grating cycle). Subject initials are indicated as MD, JS, RR and CH.

129



MD

Noise checks per cycle

Noise checks per cycle

RR

m 0.08

Noise checks per cycle

CH

°  0.04

Noise checks per cycle

Figure 5.7 Logio of the MC threshold for the drifting sine wave gratings (0.5 Hz) of 0.5
cycles per degree presented against the size of the noise check (expressed as the number of
noise checks per grating cycle). Subject initials are indicated as MD, JS, RR and CH.
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Medium spatial frequency sine wave gratings o f 2.0 cycles per degree, drifting at 8.0, 2.0 

and 0.5 Hz are shown in Figures 5.8, 5.9 and 5.10, respectively. Medium spatial frequency 

gratings were all masked down to 2.0 noise checks per cycle.

Low spatial frequency sine wave gratings viewed at the nasal periphery, o f 0.5 cycles per 

degree, drifting at 8.0, 2.0 and 0.5 Hz, are shown in Figures 5.11, 5.12 and 5.13, 

respectively. Low spatial frequency gratings drifting at 8.0 Hz were masked down to 2.0 

checks per cycle (Figure 5.11). Low spatial frequency gratings drifting at 2.0 Hz were 

masked down to 2.8 checks per cycle (Figure 5.12). Low spatial frequency gratings 

drifting at 0.5 Hz were m asked down to 2.9, noise checks per cycle (Figure 5.13)
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Figure 5.8 Logio o f the MC threshold for the drifting sine wave gratings (8 Hz) o f 2.0 
cycles per degree presented against the size o f the noise check (expressed as the number of 
noise checks per grating cycle). Note the scaling o f the ordinate is different to that in 
Figure 5.7. Subject initials are indicated as MD, JS, RR and CH.
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Figure 5.9 Logio o f the MC threshold for the drifting sine wave gratings (2 Hz) of 2.0 
cycles per degree presented against the size o f the noise check (expressed as the number of 
noise checks per grating cycle). Note the scaling o f the ordinate is different to that in 
Figure 5.7. Subject initials are indicated as MD, JS, RR and CH.
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Figure 5.10 Logio of the MC threshold for the drifting sine wave gratings (0.5 Hz) of 2.0
cycles per degree presented against the size of the noise check (expressed as the number of
noise checks per grating cycle). Subject initials are indicated as MD, JS, RR and CH.
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Figure 5.11 Logio o f the MC threshold for the drifting sine wave gratings (8 Hz) o f 0.5 
cycles per degree presented in the nasal periphery at (-27, +4), against the size o f the noise 
check (expressed as the number o f noise checks per grating cycle). Subject initials are 
indicated as MD, RR and CH.
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Figure 5.12 Logio o f the MC threshold for the drifting sine wave gratings (2 Hz) of 0.5 
cycles per degree presented in the nasal periphery at (-27, +4), against the size o f the noise 
check (expressed as the number o f noise checks per grating cycle). Subject initials are 
indicated as MD, RR and CH.
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Figure 5.13 Logio o f the MC threshold for the drifting sine wave gratings (0.5 Hz) of 0.5 
cycles per degree presented in the nasal periphery at (-27, +4), against the size o f the noise 
check (expressed as the number o f noise checks per grating cycle). Subject initials are 
indicated as MD, RR and CH.
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A summary o f  results is shown in Table 5.1. As described in Section 5.7.3, the critical 

check size for each subject is based on their median threshold values. Thereafter, the mean 

of all critical check size values is taken to indicate the critical check size for each set of 

stimulus parameters. Standard deviation values (SD) are calculated as a measure of 

variance from the mean.

TF 0.5 2.0 8.0
Location N F N F N

SF 0.5 0.5 2.0 0.5 0.5 2.0 0.5 0.5 2.0
MD 2.8 5.7 1.9 2.7 3.7 2.0 2.0 4.0 2.0
JS - 5.7 2.0 - 4.9 2.0 - 4.0 1.9
RR 2.8 6.1 1.9 2.6 4.7 2.1 2.0 4.0 2.1
CH 3.0 4.7 2.0 3.0 4.2 2.0 2.0 4.0 2.1

Mean 2.9 5.6 2.0 2.8 4.4 2.0 2.0 4.0 2.0
SD 0.1 0.6 0.1 0.2 0.5 0.1 0.0 0.0 0.1

Table 5.1 Summary o f critical check size data for sine wave gratings with temporal 
frequencies (TF) o f 0.5, 2.0 and 8 Hz, and spatial frequencies (SF) of 0.5 and 2.0 cycles 
per degree located at either the fovea (F) or nasal (N) peripheral visual field.

5.9 Discussion

The preliminary study confirm ed that the spatial limits of a dynamic noise mask are 

dependent on the temporal param eters o f  the underlying stimulus. For a sine wave of 0.5 

cycles per degree, the critical check size (in terms o f checks per cycle) decreased with 

increasing grating temporal frequency. The result was consistent between low spatial 

frequency gratings presented at the fovea and low spatial frequency gratings presented at 

the nasal location o f the visual field. For sine wave gratings o f 2.0 cycles per degree, the 

critical check size was unaffected by increasing grating temporal frequency. However,
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critical check size fell when the grating stimulus was viewed eccentrically, for both grating 

spatial frequencies o f 0.5 and 2.0 cycles per degree.

The spatial limits o f a dynamic noise m ask are influenced by a reduction in noise spectral 

density in the vicinity o f the spatial frequency o f the grating (Kukkonen et al., 1995). For 

drifting sine wave gratings, it is reasonable to conclude that increasing the temporal 

frequency (i.e. the grating drift rate) will confound the ‘window effect’ which usually 

occurs when individual noise checks becom e large enough to see the underlying stimulus 

(Harmon and Julesz, 1973). W hy are drifting gratings more difficult to resolve when 

masked by spatio-temporal noise? The perceived spatial frequency o f the grating can 

change as its temporal frequency increases; this will in turn alter the spatial cut-off o f the 

noise mask. Perceived spatial frequency is known to change when gratings are drifted at 

certain temporal frequencies. An exam ple o f this is the frequency doubling illusion, in 

w hich a low spatial frequency sine wave grating appears to have doubled in spatial 

frequency, when modulated at m oderate to high temporal frequencies (Kelly, 1966, 

1981b). The illusion does not extend to moderate spatial frequency sine waves, which may 

explain why critical check size was unaffected by temporal frequency when masking 

gratings of 2.0 cycles per degree. Seminal work by Kelly (1966) indicates that this 

subjective phenomenon occurs over a limited range o f spatial frequencies. In the latter 

study, the phenomenon only extended up to 2.0 cycles per degree when the grating was 

modulated at temporal frequencies that exceed 18 Hz, which is far higher than the 8 Hz 

within this study.

It should be noted that the results of the pilot study (Section 5.4) contradict the suggestion

that higher spatial frequency gratings are unaffected by temporal drift. Results of the pilot
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study show that a stationary sine wave grating o f 8 cycles per degree was masked down 

from 3.5 to 2.0 checks per cycle, when drifted at 16Hz. For reasons explained, this cannot 

be attributed to the frequency doubling illusion. It is more practical to conclude that 

grating resolution was impaired due to the temporal drift rate o f 16 Hz, when compared 

with the temporal drift o f 8 Hz that was used in the current study. It is reasonable to 

conclude that significantly more disruption to visual processing occurs at a temporal 

frequency o f 16 Hz, when compared with 8Hz.

The critical check size was smaller at the periphery than corresponding values at the fovea. 

At 8 Hz, the critical check size at the periphery was 2.0 checks per cycle versus 4.0 checks 

per cycle at the fovea. In simpler terms, larger checks were capable o f masking the same 

grating stimulus at the periphery, when compared with the fovea. The difference is likely 

to be explained by sine wave grating resolution at the periphery, in the absence o f M- 

scaling (Rovamo et al., 1992). A decrease in sampling density o f retinal ganglion cells is 

known to occur with increased retinal eccentricity (Rovamo and Virsu, 1979; Virsu and 

Rovamo, 1979). For the spatial resolution o f sine wave gratings, increasing eccentricity is 

similar to the effect o f increasing viewing distance (Rovamo et al., 1992). It follows that a 

sine wave grating which appears to be further away will be perceived to have a higher 

spatial frequency. This phenom enon m ay explain why the critical check size values for a

0.5 cycle per degree grating at the nasal periphery, are comparable to critical values for a 

2.0 cycles per degree sine wave grating at the fovea; the 0.5 cycle per degree grating may 

be ‘perceived’ as a 2.0 cycles per degree grating.

The temporal parameters o f a stimulus are known to affect the spatial limits o f a dynamic 

noise mask (Rovamo et al., 1996; Rovamo et al., 2000; Kukkonen et al., 2002). Although



duration was known to impact the masking potency o f dynamic noise, it was found that 

increasing check duration above the current rate o f  30 frames per second, reduced contrast 

thresholds. This indicated that the software was already operating at the temporal limits of 

the noise mask and that this aspect o f the mask was optimised.

Clearly, the pilot and preliminary studies indicate that the optimal parameters o f a spatio- 

temporal noise mask are directly related to the temporal parameters o f an underlying 

stimulus. The results o f these studies can be used to define the parameters o f an effective 

noise mask for a range o f temporally m odulated sine wave gratings. An optimised noise 

mask enables a CRT monitor to be used for further clinical studies without exceeding the 

dynamic range o f the display. This is particularly important for the clinical investigation of 

OAG.
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6 Clinical application of Dynamic Noise Perimetry

It was shown in Chapter 4 that TCS measures were elicited from four normal individuals, 

at the foveal location and in the nasal peripheral field at -24°, 3°, to determine the optimal 

characteristics o f the dynamic noise mask. Clearly, however, there was a pressing need to 

investigate the feasibility o f DNP (i.e. the measure o f M ichelson contrast thresholds in the 

absence of noise (MC No) and in the presence o f noise (MC N e); and equivalent noise 

(Neq) and Sampling efficiency (SE) in normal individuals, with no previous experience of 

psychophysics, with particular reference to the presence o f a learning effect, the effect of 

age and to the establishment o f confidence limits for normality. In addition there was a 

similar need to undertake an identical investigation, in parallel, on a cohort o f individuals 

with varying degrees o f OAG.

The specific aims o f the two studies were:

1. To determine the presence o f  any learning effect on the motion detection and 

motion discrimination paradigms in a group o f normal individuals and in a group 

of individuals with OAG.

2. To determine the effect o f age on the motion detection and motion discrimination 

paradigms in the same group o f normal individuals.

3. To establish appropriate confidence intervals for normality for the motion detection 

and motion discrimination paradigms.
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4. To validate DNP in individuals with OAG for both the motion detection and 

motion discrimination paradigms, in comparison with standard automated 

perimetry and with RNFL thickness as m easured by OCT.

6.1 Cohort

6.1.1 Normal individuals

Twenty consecutively presenting norm al individuals ranging in age from 51 to 84 years 

(mean age 64.25 years, SD 9.61) were recruited from those attending the Eye Clinic at the 

Cardiff School o f Optom etry and Vision Sciences. All individuals underwent 

comprehensive ophthalmic exam ination including ophthalmic history, refraction, 

determination o f visual acuity, threshold perim etry o f the central field, tonometry, anterior 

segment examination and slit lamp biom icroscopy o f the ONH and fundus following 

dilation with 1% Tropicamide. Seven additional younger normal individuals were recruited 

at a later stage to increase the range o f  the age group. The age o f these additional normal 

individuals ranged from 15 to 29 years (mean age 25.29 years, SD 4.86).

Exclusion criteria for all individuals were the presence o f ocular disorder and/ or disease; 

diabetes; a positive family history o f  OAG; any systemic medication known to affect the 

visual field; visual acuity o f  w orse than 6/9 in each eye; intraocular pressures, un-corrected 

for the effect o f central com eal thickness, greater than 21mmHg; and a crystalline lens 

appearance not greater than nuclear colour (NC) 2.0, nuclear opalescence (NO) 2.0, 

cortical (C) 1.0, or posterior subcapsular (P) 1.0 according to the Lens Opacity 

Classification System (LOCS) III (Chylack et al., 1993).
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6.1.2 Individuals with OAG

Ten individuals with OAG were recruited from the C ardiff Eye Unit at the University 

Hospital of Wales, Cardiff. The cohort deliberately comprised 7 individuals with early 

stage OAG and three individuals with advanced OAG. The latter were used to ensure that 

DNP was capable o f identifying locations o f obvious damage. The age range o f the 

individuals with OAG ranged from 51 to 79 years, (mean age 61.04 years, SD 10.04). All 

individuals exhibited an ONH characteristic o f  OAG (including increase in cup size, 

increase in cup to disc ratio, disc asymmetry, changes in the LC, loss o f NRR, pallor, 

evidence o f peripapillary atrophy, vessel changes or disc margin haemorrhage). All 

patients were under the care o f M r James M organ, Consultant Ophthalmologist and were 

being treated with ocular hypotensive medication. The characteristics o f the individuals 

with OAG are described in Table 6.1. OCT and SAP was conducted by the Candidate and 

ONH images were acquired by M r James Morgan.

Exclusion criteria were similar to those for the normal individuals, i.e. an ocular disorder 

and/ or disease, other than OAG; diabetes; any systemic m edication known to affect the 

visual field; visual acuity o f  worse than 6/9 in each eye; and a crystalline lens appearance 

not greater than nuclear colour (NC) 2.0, nuclear opalescence (NO) 2.0, cortical (C) 1.0, or 

posterior subcapsular (P) 1.0 according to the Lens Opacity Classification System (LOCS) 

III (Chylack et al., 1993).

Ethical approval for the study was obtained from the South East Wales Research and 

Ethics Committee. Individuals gave written inform ed consent prior to taking part in the 

study.
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Table 6.1 The optic nerve head, the Pattern Deviation probability map, the RNFL 
Thickness Chart and the Sector and Quadrant Averages for the ten individuals with OAG.
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6.2 Methods

The hardware and software was broadly com parable to those used in Chapter 5. However, 

several modifications were made for the purposes o f the clinical studies. The software was 

upgraded to enable a motion discrim ination paradigm. The previous studies had involved a 

two-presentation motion detection task for threshold determination in which the individual 

indicated whether the stimulus was present in the first or second image. The discrimination 

paradigm allowed a response to be measured on the basis o f one presentation, thereby 

reducing examination duration by approxim ately 50%. For the clinical studies o f normal 

individuals and o f individuals w ith OAG, both the motion detection and the motion 

discrimination paradigm were used. The hardware was correspondingly modified to allow 

individuals to respond to the m otion discrim ination task. This required the assignment o f 

two response buttons from the num erical keypad configured for individual responses.

6.2.1 Stimuli

Stimuli were comparable to previous studies (Chapter 5) and comprised a square patch (4° 

by 4°) o f vertically orientated sine wave gratings. The edges o f the patch had sharply 

bordered edges. For the purpose o f  the clinical studies, the square patch was located on a 

grid comparable to that o f SAP. The stimulus grid is shown in Figure 6.1. Stimuli were 

offset from the vertical and horizontal meridians by 4° and 2°, respectively, in order to 

reduce the impact o f eye m ovem ents on the threshold at stimuli adjacent to each mid-line. 

The grid included a foveal stimulus and enabled the presentation o f stimuli out to 30° 

horizontally and 24° vertically.
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The average luminance o f the gratings was 50cd/m2, which was identical to the average 

luminance o f the surround. The grating spatial frequency was fixed at 0.5 cycles per 

degree and the grating drift rate was 8Hz. The noise check size was 4 checks per grating 

cycle. The temporal frequency o f the noise mask was determined by the maximal frame 

rate of the monitor, at 30 frames per second. The description o f the validation of the 

optimal check size and duration is given in Chapter 5.

Stimuli were presented at five specific locations within the visual field (0, 0), (+10, +8), 

(+10, -8), (-10, +8) and (-10, -8), representing the fovea and each of the four quadrants of 

the visual field, respectively (Figure 6.1).

(-10, + 8)

(0 , 0)
7

(-10 , - 8 )

7

(+10, +8)

Blind Spot

7

(+10, -8)

Figure 6.1 The stimulus grid for DNP, in right eye format. The stimuli are offset by 4° 
from either side o f the vertical meridian and by 2° from either side o f the horizontal 
meridian. Stimulus locations extend out to 30° eccentrically along the horizontal meridian 
and to 24° eccentrically along the vertical meridian. The five stimulus locations used in the 
clinical studies are indicated. The locations involving to the blind spot are highlighted in 
black.
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6.2.2 Procedure

At the first visit, all individuals underw ent a prelim inary examination as described in 

Section 6.1.1. Threshold perim etry was undertaken using the SITA Standard algorithm and 

Program 24-2 o f the Humphrey Field A nalyzer 750 (Carl Zeiss Meditec, Dublin, CA, 

USA).

At the second visit, individuals com pleted a fam iliarisation session with D N P  using the 

motion detection paradigm. Contrast thresholds were elicited for all stimulus locations in 

the absence o f noise (MC N o) and in the presence o f noise (MC N e). The order o f stimulus 

locations was randomised for all threshold measurements as was the order o f  noise and no 

noise. Thus, a total o f ten thresholds were measured. Individuals wore a near correction for 

the threshold measurements optim ised for the viewing distance o f the screen, which was 

set at 30cm. The dominant eye was used for all threshold measurements and the 

contralateral eye was occluded.

At visits 3, 4 and 5, each individual underw ent DNP for the motion detection paradigm in 

the same manner as for the fam iliarisation session.

At the sixth visit, SAP was repeated for all individuals.

At the seventh visit, individuals com pleted a fam iliarisation session with D N P  using the 

motion discrimination paradigm. Contrast thresholds were elicited for all stimulus 

locations in the absence o f  noise (MC N o) and in the presence o f noise (MC N e). The order 

of stimulus locations was randomised for all threshold measurements as was the order o f 

noise and no noise. Thus, a total o f ten thresholds were measured.
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At visits 8, 9 and 10, each individual underwent DNP for the motion discrimination 

paradigm in the same manner as for the corresponding familiarisation session.

At the last visit, visit eleven, RNFL thickness was determ ined using the Stratus OCT (Carl 

Zeiss Meditec, Dublin, CA, USA), using the 3.4 scan diameter RNFL at a resolution of 

512 scans with software version 4.0.7. For all individuals, signal strength was greater than 

or equal to seven.

Each o f the 11 visits was separated by a m inim um  o f one week and a maximum o f two 

weeks (mean 10.3 days, SD 1.9).

In summary, each individual underw ent a total o f 11 visits. The eight DNP visits each 

lasted approximately one hour.

One normal individual, aged 15 years, failed to complete the discrimination task. One 

individual with OAG, aged 69 years, failed to complete the discrimination task.

The between-examination individual variation in performance (i.e. the learning effect) for 

MC No, MC N e, N eq and SE was separately determined for the motion detection and the 

motion discrimination task for each stimulus location, for each o f the three consecutive 

visits, in the normal individuals and in the individuals with OAG. The learning effect was 

considered in absolute terms across the three visits and in proportionate terms from visit 1 

to visit 2, and from visit 2 to visit 3.
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6.3 Analysis

The visual field print-outs (both from the individuals with OAG and from the normal 

individuals) were assessed by an expert reader, Professor John Wild, to ensure quality 

control of the outcome and to confirm repeatable abnormality. For each set o f visual field 

print-outs, the identity and diagnosis o f  the individual was masked to the reader.

6.3.1 Calculation of sampling efficiency (SE) and equivalent noise (Neq)

SE and N eq are derivatives o f the M C values in the absence o f noise (MC No) and the MC 

values in the presence o f noise (MC N e) and are obtained by the following mathematical 

steps. Firstly, MC No and MC N e were transform ed into signal energy (E th), using equation 

6.1. Eth is a comprehensive m easure o f the stimulus at threshold, based on its size, rms 

contrast, spatial frequency, tem poral frequency and the duration for which it is visible. As 

was described in Chapter 2, Section 2.5, the rms contrast o f a stimulus is a measure of 

local contrast levels across a stim ulus relative to its area. The rms o f the stimulus 

(rmSstimuius) can be derived from  its MC at threshold.

Signal energy, Eth = (rmsstimuius)2 * L2 * T (6.1)

Where L = side length o f a square stimulus (degrees)

And T = stimulus duration (seconds)

Given the pre-defined param eters o f  the stimulus, which included the dimensions o f 4° by 

4°, and the stimulus duration o f 500ms (Chapter 5, Section 5.3.1), the equation can be 

simplified as follows:
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Signal energy, Eth = (M C/V2)2 * 42 * 0.5

= (M C2 /2) * 1 6 * 0 .5  

= 4 * M C2

Given that contrast sensitivity is measured in the absence o f a noise mask (No) and in the 

presence o f a noise mask (Ne), two signal energy values are derived with the DNP method.

The second mathematical step involves the calculation o f the strength o f the noise mask 

which is referred to as noise spectral density (N e). As was discussed in Chapter 2, Section 

2.5, Neis calculated as follows:

2 2Noise spectral density, N e = (rmsn0ise) * p * t (6.2)

Where p = noise check side length (degrees)

And t = noise check duration (seconds)

Given the pre-defined param eters o f the noise mask, including a check side length o f 0.5° 

and check duration o f 1/30 seconds (Chapter 5, Section 5.3.1), the equation can be 

simplified as follows:

Noise spectral density, N e = 0.22 * 0.502 * 1/30

= 3.33 x 10'4

Where check side length is based on 4 checks per grating cycle as determined in Chapter 5.

151



The final step in the derivations o f SE and N eq utilises the calculated values of signal 

energies in the absence o f noise, Eth N 0, and in the presence o f noise, Eth N e, and the noise 

spectral density N e:

S E  = d ’ * N e / ( E thN e - E thNo)  (6 .3 )

Where d ’ = 2 and is based upon the threshold algorithm described in Chapter 4 , Section 

4 .22

N eq = E th N o * (N e / ((E* N e - Eft N o)) (6 .4 )

6.3.2 Derivatives of DNP measures

To improve the detection capabilities o f  MC N 0, MC N e, N eq and SE, two independent 

derivates are proposed. Firstly, the ratio o f the Logi0 o f MC N e and the Logio o f MC No, 

termed the Logio MC Ratio (Logio Ratio). Secondly, another derivative which is based on 

the ratio of SE to N eq, term ed the Signal Detection Index (SDI). Both derivates can be 

summarised as follows:

Logio Ratio = Logio MC N e / Logio MC No (6.5)

SDI = SE / N eq (6.6)

Data from the current study was used to calculate Logio Ratio and SDI for individuals with 

OAG and normal individuals, at each location for the detection and the discrimination task. 

Data were then plotted against the corresponding Pattern Deviation p-value for the given 

location. The derivates o f Logio MC Ratio and SDI were not used to represent data within
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the learning and age studies, as they are proposed only to improve the detection 

capabilities o f DNP in OAG.

6.3.3 Analysis of the results from the normal individuals

For investigation o f the learning effect, absolute performance across the three visits is 

illustrated using Box and W hiskers plots, in which the box indicates the 25th and 75th 

quartiles of the data set, with a central line indicating the median value. The Whiskers 

represent the 5th and 95th percentiles o f the data, and the crosses at the extremes o f the data 

represent the 1st and 99th percentiles. The small square within the box represents the group 

mean.

For the investigation o f the effects o f  age, on each o f the four main DNP outcomes (MC 

N0, MC Ne, N eq and SE), four individuals from the older group o f normal individuals (age 

range 51 to 84 years) were random ly selected and excluded from the analysis in order to 

balance the number o f  individuals betw een the older and younger age groups. Given that 

the investigation o f learning was also considered as a function o f age, these individuals 

were also excluded from the analysis o f the learning effect. As was mentioned in Section 

6.2.2, one normal individual failed to complete the discrimination task. Therefore, a total 

o f 23 normal individuals are represented in the analysis for the detection method and a 

total o f 22 normal individuals are represented in the analysis for the discrimination 

method.

All twenty normal individuals from the older group were included for the determination of

the confidence limits for normality, necessary for the validation o f the DNP technique in

OAG. The younger group o f normal individuals were not included in this analysis.
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6.3.4 Analysis of the results from individuals with OAG

For the investigation o f OAG, measures o f  MC N 0, MC N e, N eq, SE, Logio Ratio and SDI 

for all individuals were each separately plotted against the magnitude o f the Pattern 

Deviation probability level, derived as a function o f RNFL thickness at the given stimulus 

location (Garway-Heath et al., 2000b; Harwerth et al., 2007). The topographical 

correspondence between RNFL thickness and visual field location was considered in terms 

of that proposed by Garway-Heath et al. (2000) and by Harwerth et al. (2007).

6.4 RESULTS: The absolute learning effect fo r the normal individuals

The outcome o f the between-visit variation in performance for MC No, MC N e, Neq and SE 

for each o f the five stimulus locations, foveal viewing, superior-temporally (ST), superior- 

nasally (SN), inferior-temporally (IT) and inferior-nasally (IN), is given in Tables 6.2, 6.4, 

6.6 and 6.8 for the detection task and in Tables 6.3, 6.5, 6.7 and 6.9 for the discrimination 

task. The results are also graphically illustrated in terms o f Box and W hiskers plots 

(Figures 6.2 to 6.9). For each location, a clinically meaningful change was defined as 

greater than 10% o f lowest absolute measure.

6.4.1 The learning effect for the normal individuals for Michelson contrast in 

the absence of noise (MC N0)

The distribution o f MC No across each o f the five locations for the detection task is shown 

in Table 6.2 and Figure 6.2. The median o f  the distribution o f the within-individual 

difference between visits 1 and 3 declined at the ST, IN and IT locations by clinically
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meaningful amounts. The remaining two locations each exhibited clinically identical 

values across the visits.

The corresponding distribution o f  MC N 0 across each o f the five locations for the 

discrimination task is shown in Table 6.3 and Figure 6.3. The median o f the distribution of 

the within-individual difference between visits 1 and 3 declined for foveal viewing and at 

the ST, SN and IT locations by clinically m eaningful amounts.

6.4.2 The learning effect for the normal individuals for Michelson contrast in 

the presence of noise (MC Ne)

The distribution o f MC N e across each o f the five locations for the detection task is shown 

in Table 6.4 and Figure 6.4. The m edian o f  the distribution o f the within-individual 

difference between visits 1 and 3 declined at all locations by clinically meaningful 

amounts.

The corresponding distribution o f  M C N e across each o f the five locations for the 

discrimination task is shown in Table 6.5 and Figure 6.5. The median o f the distribution of 

the within-individual difference betw een visits 1 and 3 declined for foveal viewing and at 

the ST, SN and IT locations by clinically meaningful amounts.

6.4.3 The learning effect for the normal individuals for equivalent noise (Neq)

The distribution o f N eq across each o f the five locations for the detection task is shown in 

Table 6.6 and Figure 6.6. The median o f the distribution o f the within-individual 

difference between visits 1 and 3 declined at the ST and IT locations by clinically 

meaningful amounts.
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The corresponding distribution o f N eq across each o f the five locations for the 

discrimination task is shown in Table 6.7 and Figure 6.7. The median o f the distribution of 

the within-individual difference between visits 1 and 3 exhibited clinically identical values 

for all locations across the visits.

6.4.4 The learning effect for the normal individuals for sampling efficiency 

(SE)

The distribution o f SE across each o f  the five locations for the detection task is shown in 

Table 6.8 and Figure 6.8. The median o f the distribution o f the within-individual 

difference between visits 1 and 3 increased at all locations by clinically meaningful 

amounts.

The corresponding distribution o f SE across each o f the five locations for the 

discrimination task is shown in Table 6.9 and Figure 6.9. The median o f the distribution o f 

the within-individual difference between visits 1 and 3 increased for foveal viewing and at 

the ST, SN and IT locations by clinically meaningful amounts.
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Figure 6.2 Motion detection: Box and Whiskers plot of the distribution of Michelson
contrast thresholds (ordinate) in the absence of the noise mask (MC No) for all 23 normal
individuals as a function o f visits (abscissa).
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Fovea
One

Visit

Two Three
Improvement

Mean 0.012120 0.009116 0.009249 -0.002870
SD 0.013274 0.002591 0.003868 0.012566

Median 0.008470 0.008965 0.008622 -0.000216
25th percentile 0.007242 0.007134 0.006548 -0.001268
75th percentile 0.011822 0.011026 0.010125 0.001038

ST
One

Visit

Two Three
Improvement

Mean 0.018936 0.015607 0.016655 -0.002281
SD 0.006831 0.004576 0.005490 0.005681

Median 0.017017 0.014143 0.014613 -0.001524
25th percentile 0.013035 0.012916 0.012818 -0.005560
75th percentile 0.023198 0.016857 0.018636 0.001652

SN
One

Visit

Two Three
Improvement

Mean 0.017148 0.014868 0.013481 -0.001485
SD 0.009354 0.005256 0.004248 0.005111

Median 0.013447 0.014230 0.012385 -0.000254

25th percentile 0.012329 0.011746 0.011223 -0.001664

75th percentile 0.017619 0.016170 0.014713 0.000974

IN
One

Visit
Two Three

Improvement

Mean 0.017148 0.014868 0.013481 -0.003667

SD 0.009354 0.005256 0.004248 0.006808

Median 0.013447 0.014230 0.012385 -0.001625

25th percentile 0.012329 0.011746 0.011223 -0.003010

75th percentile 0.017619 0.016170 0.014713 0.000229

IT
One

Visit
Two Three

Improvement

Mean 0.020017 0.013118 0.013586 -0.006431

SD 0.015460 0.002631 0.003135 0.014623

Median 0.014805 0.012931 0.013364 -0.001008

25th percentile 0.011395 0.011379 0.011108 -0.007087

75th percentile 0.020139 0.014337 0.015662 0.001008

Table 6.2 Motion detection: The summary statistics, mean, SD, median and interquartile 
range for the Michelson contrast in the absence of noise (MC No) for 23 normal 
individuals at the five given locations. The summary statistics for the distribution of the 
within-individual difference in performance between visits 1 and 3 are given in column 
five. A negative value indicates an improvement across the three visits.
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Figure 6.3 Motion discrimination: Box and Whiskers plot of the distribution of Michelson
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Fovea
One

Visit

Two Three
Improvement

Mean 0.011216 0.011107 0.010000 -0.001216
SD 0.003285 0.003850 0.003723 0.003127

Median 0.010608 0.011409 0.009396 -0.001438
25th percentile 0.008886 0.008348 0.007512 -0.002556
75th percentile 0.013233 0.013653 0.010908 0.000431

ST
One

Visit
Two Three

Improvement

Mean 0.017483 0.016290 0.016436 -0.001048
SD 0.005827 0.004752 0.004689 0.005319

Median 0.015968 0.016151 0.016353 -0.001577
25th percentile 0.013639 0.013802 0.013363 -0.003399
75th percentile 0.021474 0.018090 0.017817 0.002499

SN
One

Visit

Two Three
Improvement

Mean 0.014614 0.015070 0.014568 -0.000627

SD 0.003911 0.004530 0.004887 0.005673
Median 0.013708 0.015354 0.014051 -0.001370

25th percentile 0.012193 0.011668 0.012130 -0.004291

75th percentile 0.016615 0.017489 0.017847 0.001973

IN
One

Visit
Two Three

Improvement

Mean 0.014614 0.015070 0.014568 -0.000047

SD 0.003911 0.004530 0.004887 0.004011

Median 0.013708 0.015354 0.014051 0.000516

25th percentile 0.012193 0.011668 0.012130 -0.001803

75th percentile 0.016615 0.017489 0.017847 0.002081

IT
One

Visit

Two Three
Improvement

Mean 0.015266 0.015268 0.013319 -0.001947

SD 0.005007 0.004585 0.003261 0.005108

Median 0.016151 0.014613 0.011929 -0.001921

25th percentile 0.011223 0.011547 0.011079 -0.005354

75th percentile 0.016987 0.018251 0.015534 0.000118

Table 6.3 Motion discrimination: The summary statistics, mean, SD, median and 
interquartile range for the M ichelson contrast in the absence o f noise (MC No) for 22 
normal individuals at the five given locations. The summary statistics for the distribution 
of the within-individual difference in performance between visits 1 and 3 are given in 
column five. A negative value indicates an improvement across the three visits.
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Figure 6.4 Motion detection: Box and Whiskers plot of the distribution of Michelson 
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individuals as a function of visits (abscissa). Note the marked difference in the scaling of 
the ordinate compared to Figure 6.3.
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Fovea
One

Visit
Two Three

Improvement

Mean 0.217182 0.191250 0.176778 -0.040403
SD 0.104014 0.075100 0.060088 0.084445

Median 0.192740 0.170262 0.149203 -0.017118
25th percentile 0.149321 0.137003 0.134092 -0.074468
75th percentile 0.252004 0.229987 0.225432 -0.000962

ST
One

Visit
Two Three

Improvement

Mean 0.137222 0.117972 0.125676 -0.011546
SD 0.044298 0.029640 0.044675 0.052410

Median 0.126750 0.118415 0.104480 -0.020808
25th percentile 0.110084 0.097867 0.093482 -0.042932
75th percentile 0.155310 0.137995 0.147038 0.015377

SN
One

Visit

Two Three
Improvement

Mean 0.147071 0.131499 0.112670 -0.024367

SD 0.041629 0.052578 0.032574 0.055898
Median 0.144875 0.112249 0.111540 -0.024779

25th percentile 0.115238 0.099541 0.088096 -0.060830

75th percentile 0.169164 0.138258 0.128915 0.023146

IN
One

Visit
Two Three

Improvement

Mean 0.147071 0.131499 0.112670 -0.034402

SD 0.041629 0.052578 0.032574 0.030563

Median 0.144875 0.112249 0.111540 -0.042208

25th percentile 0.115238 0.099541 0.088096 -0.048537

75th percentile 0.169164 0.138258 0.128915 -0.016852

IT
One

Visit
Two Three

Improvement

Mean 0.155767 0.124629 0.114530 -0.041236

SD 0.080258 0.034956 0.035902 0.065748

Median 0.141434 0.114978 0.110648 -0.026153

25th percentile 0.111632 0.100594 0.087592 -0.049800

75th percentile 0.160082 0.138722 0.146592 -0.006023

Table 6.4 Motion detection: The summary statistics, mean, SD, median and interquartile 
range for the M ichelson contrast in the presence o f noise (MC N e) for 23 normal 
individuals at the five given locations. The summary statistics for the distribution o f the 
within-individual difference in perform ance between visits 1 and 3 are given in column 
five. A negative value indicates an im provem ent across the three visits.
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Figure 6.5 Motion discrimination: Box and Whiskers plot of the distribution of Michelson
contrast thresholds (ordinate) in the presence of the noise mask (MC Ne) for all 22 normal
individuals as a function of visits (abscissa).
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Fovea
One

Visit
Two Three

Improvement

Mean 0.203561 0.184085 0.219729 0.016167
SD 0.094717 0.074819 0.137167 0.107307

Median 0.168196 0.181866 0.158995 -0.016533
25th percentile 0.138254 0.125855 0.112812 -0.056611
75th percentile 0.234363 0.197810 0.285497 0.061347

ST
One

Visit
Two Three

Improvement

Mean 0.125090 0.131788 0.128664 0.003573
SD 0.037415 0.058147 0.098330 0.072727

Median 0.121855 0.117708 0.101750 -0.011602
25th percentile 0.098418 0.092263 0.083556 -0.024901
75th percentile 0.143467 0.149584 0.129364 0.002355

SN
One

Visit
Two Three

Improvement

Mean 0.128928 0.112929 0.125651 -0.017115
SD 0.052793 0.038412 0.049740 0.036231

Median 0.113143 0.110648 0.118601 -0.012548
25th percentile 0.094393 0.090170 0.088170 -0.033344
75th percentile 0.160268 0.141701 0.144148 0.003438

IN
One

Visit
Two Three

Improvement

Mean 0.128928 0.112929 0.125651 -0.003277

SD 0.052793 0.038412 0.049740 0.040101

Median 0.113143 0.110648 0.118601 0.002711

25th percentile 0.094393 0.090170 0.088170 -0.017111

75th percentile 0.160268 0.141701 0.144148 0.022216

IT
One

Visit
Two Three

Improvement

Mean 0.121879 0.109500 0.105807 -0.016072

SD 0.039446 0.034007 0.038725 0.048860

Median 0.114978 0.108811 0.107208 -0.020998

25th percentile 0.104834 0.092336 0.088805 -0.036421

75th percentile 0.130225 0.135082 0.126396 0.022317

Table 6.5 Motion discrimination: The summary statistics, mean, SD, median and 
interquartile range for the M ichelson contrast in the presence of noise (MC N e) for 22 
normal individuals at the five given locations. The summary statistics for the distribution 
of the within-individual difference in performance between visits 1 and 3 are given in 
column five. A negative value indicates an improvement across the three visits.
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Figure 6.6 Motion detection: Box and Whiskers plot of the distribution of equivalent noise
(10'7 deg2 sec'1) (ordinate) for all 23 normal individuals as a function of visits (abscissa).
Note the marked difference in the scaling of the ordinate compared to Figure 6.5.
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Fovea
One

Visit
Two Three

Improvement

Mean 24.99 10.31 11.73 -13.26
SD 79.62 7.46 7.99 80.14

Median 5.96 8.42 11.73 2.68
25th percentile 4.29 4.95 4.28 -3.74
75th percentile 11.51 13.04 16.59 8.80

ST
One

Visit
Two Three

Improvement

Mean 88.19 77.04 75.05 -13.14
SD 70.78 58.30 48.76 60.88

Median 59.98 54.93 62.43 14.25
25th percentile 37.54 33.90 39.49 -42.08
75th percentile 138.34 114.41 96.26 23.35

SN
One

Visit
Two Three

Improvement

Mean 69.92 55.68 60.77 6.07
SD 92.23 32.13 41.60 51.52

Median 44.02 43.93 56.24 3.19
25th percentile 21.73 38.25 28.43 -22.83
75th percentile 67.46 71.70 67.91 25.27

IN
One

Visit
Two Three

Improvement

Mean 69.92 55.68 60.77 -9.16
SD 92.23 32.13 41.60 75.95

Median 44.02 43.93 56.24 5.91
25th percentile 21.73 38.25 28.43 -15.37

75th percentile 67.46 71.70 67.91 26.34

IT
One

Visit
Two Three

Improvement

Mean 79.67 44.75 65.84 -13.83

SD 102.34 23.98 61.21 115.67

Median 43.96 36.93 51.66 10.35

25th percentile 23.77 25.57 28.43 -13.69

75th percentile 78.79 63.71 71.05 20.71

Table 6.6 Motion detection: The summary statistics, mean, SD, median and interquartile 
range for the equivalent noise (Neq) for 23 normal individuals at the five given locations. 
The summary statistics for the distribution of the within-individual difference in 
performance between visits 1 and 3 are given in column five. A negative value indicates an 
improvement across the three visits.

166



Im
pr

ov
em

en
t 

in 
pe

rf
or

m
an

ce

1 0 0 -

10 -

One Two Three

1000

100 -

IO -

1000 -

100 -

10 -

One Two Three

IN
1000

100 -

10 -

One Two Three

IT
1000

100 -

J Ta —-...... ........ J

J ' ... J

One Two Three

SN

Fovea

Figure 6.7 Motion discrimination: Box and Whiskers plot of the distribution of equivalent
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Fovea
One

Visit
Two Three

Improvement

Mean 17.24 18.30 15.49 -1.75
SD 19.56 16.76 17.41 25.09

Median 10.73 12.62 12.53 1.80
25th percentile 6.22 5.41 3.49 -4.87
75th percentile 19.79 25.21 17.04 6.95

ST
One

Visit
Two Three

Improvement

Mean 94.54 106.17 111.15 16.61
SD 83.78 141.34 104.33 68.27

Median 66.62 55.15 63.92 -2.69
25th percentile 36.42 32.98 38.14 -17.73
75th percentile 137.33 98.59 124.91 31.51

SN
One

Visit
Two Three

Improvement

Mean 74.88 87.20 73.97 10.47
SD 79.55 76.33 80.12 146.31

Median 43.52 56.45 50.54 -2.43
25th percentile 26.50 30.24 22.78 -36.36
75th percentile 88.63 122.17 97.07 42.53

IN
One

Visit
Two Three

Improvement

Mean 74.88 87.20 73.97 -0.91
SD 79.55 76.33 80.12 66.63

Median 43.52 56.45 50.54 -2.71

25th percentile 26.50 30.24 22.78 -20.51

75th percentile 88.63 122.17 97.07 14.69

IT
One

Visit
Two Three

Improvement

Mean 72.99 80.31 65.42 -7.57

SD 64.61 67.06 59.29 58.66

Median 62.20 55.18 36.68 -4.07

25th percentile 31.40 38.90 22.08 -38.01

75th percentile 90.59 107.99 93.22 17.69

Table 6.7 Motion discrimination: The summary statistics, mean, SD, median and 
interquartile range for the equivalent noise (Neq) for 22 normal individuals at the five given 
locations. The summary statistics for the distribution o f the within-individual difference in 
performance between visits 1 and 3 are given in column five. A negative value indicates an 
improvement across the three visits.
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Figure 6.8 Motion detection: Box and Whiskers plot of the distribution of sampling
efficiency (%) (ordinate) for all 23 normal individuals as a function of visits (abscissa).
Note the marked difference in the scaling o f the ordinate compared to Figure 6.7.
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Fovea
One

Visit
Two Three

Improvement

Mean 0.55 0.66 0.73 0.18
SD 0.40 0.44 0.47 0.37

Median 0.45 0.58 0.75 0.20
25th percentile 0.26 0.32 0.33 -0.01
75th percentile 0.75 0.89 0.93 0.39

ST
One

Visit
Two Three

Improvement

Mean 1.21 1.53 1.43 0.22
SD 0.85 1.00 0.77 0.83

Median 1.06 1.20 1.55 0.49
25th percentile 0.70 0.88 0.79 -0.38
75th percentile 1.41 1.81 1.94 0.67

SN
One

Visit
Two Three

Improvement

Mean 0.97 1.41 1.71 0.16
SD 0.51 0.94 1.01 0.97

Median 0.84 1.35 1.35 0.25
25th percentile 0.59 0.88 1.04 -0.38
75th percentile 1.28 1.72 2.19 0.81

IN
One

Visit
Two Three

Improvement

Mean 0.97 1.41 1.71 0.74

SD 0.51 0.94 1.01 0.93
Median 0.84 1.35 1.35 0.41

25th percentile 0.59 0.88 1.04 0.21

75th percentile 1.28 1.72 2.19 0.81

IT
One

Visit
Two Three

Improvement

Mean 1.12 1.32 1.84 0.72

SD 1.02 0.62 1.59 1.59

Median 0.84 1.27 1.37 0.51

25th percentile 0.67 0.87 0.78 0.12

75th percentile 1.36 1.68 2.23 1.03

Table 6.8 Motion detection: The summary statistics, mean, SD, median and interquartile 
range for the sampling efficiency (SE) for 23 normal individuals at the five given 
locations. The summary statistics for the distribution o f the within-individual difference in 
performance between visits 1 and 3 are given in column five. A positive value indicates an 
improvement across the three visits.
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Figure 6.9 Motion discrimination: Box and Whiskers plot of the distribution of sampling
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Fovea
One

Visit
Two Three

Improvement

Mean 0.63 0.76 0.80 0.17
SD 0.44 0.57 0.65 0.60

Median 0.59 0.51 0.66 0.04
25th percentile 0.31 0.43 0.21 -0.16
75th percentile 0.89 1.06 1.32 0.60

ST
One

Visit
Two Three

Improvement

Mean 1.39 1.61 2.04 0.66
SD 0.78 1.38 1.50 1.02

Median 1.13 1.22 1.63 0.36
25th percentile 0.82 0.76 1.02 -0.07
75th percentile 1.80 2.02 2.50 0.90

SN
One

Visit
Two Three

Improvement

Mean 1.61 2.00 1.55 0.30
SD 1.37 1.71 1.04 0.85

Median 1.32 1.42 1.21 0.23
25th percentile 0.66 0.85 0.82 -0.08
75th percentile 1.91 2.08 2.21 0.67

IN
One

Visit
Two Three

Improvement

Mean 1.61 2.00 1.55 -0.06

SD 1.37 1.71 1.04 1.12

Median 1.32 1.42 1.21 -0.03

25th percentile 0.66 0.85 0.82 -0.52

75th percentile 1.91 2.08 2.21 0.46

IT
One

Visit
Two Three

Improvement

Mean 1.46 1.60 1.65 0.20

SD 0.87 0.81 1.20 1.35

Median 1.31 1.42 1.47 0.23

25th percentile 1.00 0.92 0.93 -0.61

75th percentile 1.55 1.96 1.73 0.75

Table 6.9 Motion discrimination: The summary statistics, mean, SD, median and 
interquartile range for the sampling efficiency (SE) for 22 normal individuals at the five 
given locations. The summary statistics for the distribution o f the within-individual 
difference in performance between visits 1 and 3 are given in column five. A positive 
value indicates an improvement across the three visits.
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6.5 RESULTS: The proportionate learning effect fo r the normal individuals

The apparent between-individual differences in performance for each of the DNP 

measures, evident from the summary statistics in Tables 6.2 - 6.9 and the Box and 

Whiskers plots in Figures 6.2 -  6.9 necessitated a further analysis of the learning effect in 

proportionate terms.

6.5.1 The learning effect between visit 1 and 2 for the normal individuals for 

Michelson contrast in the absence of noise (MC N0)

The proportionate improvement in M C No across each o f the five locations as a function of 

age for the detection task is shown in Figure 6.10. The between-individual differences in 

improvement ranged from approxim ately -/+ 75%. O f the 23 individuals, 11 individuals 

showed a positive improvement for foveal viewing, 19 at the ST location, 11 at the SN 

location, 13 at the IN location and 17 at the IT location.

The proportionate im provement in M C N 0 across each o f the five locations as a function of 

age for the discrimination task is shown in Figure 6.11. The between-individual 

differences in improvement ranged from approximately to -80% to +50%. O f the 22 

individuals, 12 individuals showed a positive improvement for foveal viewing, 13 at the 

ST location, 13 at the SN location, 13 at the IN location and 12 at the IT location.
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6.5.2 The learning effect between visit 2 and 3 for the normal individuals for 

Michelson contrast in the absence of noise (MC N0)

The proportionate improvement in MC N 0 across each o f the five locations as a function of 

age for the detection task is shown in Figure 6.12. The between-individual differences in 

improvement ranged from approximately -80% to +50%. O f the 23 individuals, 12 

individuals showed a positive im provement for foveal viewing, 9 at the ST location, 11 at 

the SN location, 17 at the IN location and 10 at the IT location.

The proportionate improvement in MC No across each o f the five locations as a function of 

age for the discrimination task is shown in Figure 6.13. The between-individual 

differences in improvement ranged from  approximately to -/+85 %. O f the 22 individuals, 

12 individuals showed a positive im provem ent for foveal viewing, 12 at the ST location, 

10 at the SN location, 13 at the IN location and 16 at the IT location.

6.5.3 The learning effect between visit 1 and 2 for the normal individuals for 

Michelson contrast in the presence of noise (MC Ne)

The proportionate improvement in M C N e across each o f the five locations as a function o f 

age for the detection task is shown in Figure 6.14. The between-individual differences in 

improvement ranged from approxim ately -80% to +70%. O f the 23 individuals, 15 

individuals showed a positive im provem ent for foveal viewing, 14 at the ST location, 13 at 

the SN location, 16 at the IN location and 15 at the IT location.

The proportionate improvement in MC N e across each o f the five locations as a function of 

age for the discrimination task is shown in Figure 6.15. The between-individual

174



differences in improvement ranged from approxim ately to -60% to +90%. O f the 22 

individuals, 17 individuals showed a positive im provem ent for foveal viewing, 12 at the 

ST location, 15 at the SN location, 15 at the IN location and 12 at the IT location.

6.5.4 The learning effect between visit 2 and 3 for the normal individuals for 

Michelson contrast in the presence of noise (MC Ne)

The proportionate improvement in MC N e across each o f the five locations as a function of 

age for the detection task is shown in Figure 6.16. The between-individual differences in 

improvement ranged from approxim ately -/+ 60%. O f the 23 individuals, 13 individuals 

showed a positive improvement for foveal viewing, 9 at the ST location, 10 at the SN 

location, 17 at the IN location and 13 at the IT location.

The proportionate im provement in M C N e across each o f the five locations as a function of 

age for the discrimination task is shown in Figure 6.13. The between-individual 

differences in improvement ranged from  approxim ately to -85 % to +75%. O f the 22 

individuals, 12 individuals showed a positive improvement for foveal viewing, 17 at the 

ST location, 12 at the SN location, 8 at the IN location and 11 at the IT location.
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Figure 6.10 Motion detection: The proportionate improvement in performance (ordinate) from visit
1 to visit 2 for Michelson contrast thresholds in the absence of the noise mask (MC N0) as a
function of age (abscissa). A positive value indicates an improvement in performance.
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Figure 6.11 Motion discrimination: The proportionate improvement in performance (ordinate)
from visit 1 to visit 2 for Michelson contrast thresholds in the absence of the noise mask (MC N0)
as a function of age (abscissa). A positive value indicates an improvement in performance.
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Figure 6.12 Motion detection: The proportionate improvement in performance (ordinate) from visit
2 to visit 3 for Michelson contrast thresholds in the absence of the noise mask (MC N0) as a
function of age (abscissa). A positive value indicates an improvement in performance.
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Figure 6.13 Motion discrimination: The proportionate improvement in performance (ordinate)
from visit 2 to visit 3 for Michelson contrast thresholds in the absence of the noise mask (MC N0)
as a function of age (abscissa). A positive value indicates an improvement in performance.
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Figure 6.14 Motion detection: The proportionate improvement in performance (ordinate) from visit
1 to visit 2 for Michelson contrast thresholds in the presence of the noise mask (MC Ne) as a
function of age (abscissa). A positive value indicates an improvement in performance.
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Figure 6.15 Motion discrimination: The proportionate improvement in performance (ordinate)
from visit 1 to visit 2 for Michelson contrast thresholds in the presence of the noise mask (MC Ne)
as a function of age (abscissa). A positive value indicates an improvement in performance.
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Figure 6.16 Motion detection: The proportionate improvement in performance (ordinate) from visit
2 to visit 3 for Michelson contrast thresholds in the presence of the noise mask (MC Ne) as a
function of age (abscissa). A positive value indicates an improvement in performance.
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Figure 6.17 Motion discrimination: The proportionate improvement in performance (ordinate)
from visit 2 to visit 3 for Michelson contrast thresholds in the presence of the noise mask (MC Ne)
as a function of age (abscissa). A positive value indicates an improvement in performance.

183



6.5.5 The learning effect between visit 1 and 2 for the normal individuals for 

equivalent noise (Neq)

The proportionate improvement in N eq across each o f the five locations as a function of 

age for the detection task is shown in Figure 6.18. The between-individual differences in 

improvement ranged from approxim ately -700% to +100%. O f the 23 individuals, 10 

individuals showed a positive improvement for foveal viewing, 13 at the ST location, 11 at 

the SN location, 10 at the IN location and 13 at the IT location.

The proportionate improvement in N eq across each o f the five locations as a function o f 

age for the discrimination task is shown in Figure 6.19. The between-individual 

differences in improvement ranged from  approxim ately to -600% to +100%. O f the 22 

individuals, 8 individuals showed a positive im provement for foveal viewing, 11 at the ST 

location, 11 at the SN location, 8 at the IN location and 9 at the IT location.

6.5.6 The learning effect between visit 2 and 3 for the normal individuals for 

equivalent noise (Neq)

The proportionate im provement in N eq across each o f the five locations as a function o f 

age for the detection task is shown in Figure 6.20. The between-individual differences in 

improvement ranged from approxim ately -800% to 100%. O f the 23 individuals, 10 

individuals showed a positive im provem ent for foveal viewing, 12 at the ST location, 13 at 

the SN location, 9 at the IN location and 7 at the IT location.

The proportionate improvement in N eq across each o f the five locations as a function of 

age for the discrimination task is shown in Figure 6.21. The between-individual

184



differences in improvement ranged from approximately to -500 % to +100%. O f the 22 

individuals, 14 individuals showed a positive improvement for foveal viewing, 10 at the 

ST location, 12 at the SN location, 13 at the IN location and 15 at the IT location.

6.5.7 The learning effect between visit 1 and 2 for the normal individuals for 

sampling efficiency (SE)

The proportionate improvement in SE across each o f the five locations as a function of age 

for the detection task is shown in Figure 6.22. The between-individual differences in 

improvement ranged from approxim ately -100% to +700%. O f the 23 individuals, 15 

individuals showed a positive im provem ent for foveal viewing, 14 at the ST location, 13 at 

the SN location, 16 at the IN location and 15 at the IT location.

The proportionate improvement in SE across each o f the five locations as a function o f age 

for the discrimination task is shown in Figure 6.23. The between-individual differences in 

improvement ranged from approxim ately to -100% to +400%. O f the 22 individuals, 17 

individuals showed a positive im provem ent for foveal viewing, 12 at the ST location, 15 at 

the SN location, 15 at the IN location and 12 at the IT location.

6.5.8 The learning effect between visit 2 and 3 for the normal individuals for 

sampling efficiency (SE)

The proportionate improvement in SE across each o f the five locations as a function o f age 

for the detection task is shown in Figure 6.24. The between-individual differences in 

improvement ranged from approxim ately -50% to 500%. O f the 23 individuals, 13
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individuals showed a positive improvement for foveal viewing, 9 at the ST location, 11 at 

the SN location, 17 at the IN location and 14 at the IT location.

The proportionate improvement in SE across each o f the five locations as a function o f age 

for the discrimination task is shown in Figure 6.22. The between-individual differences in 

improvement ranged from approxim ately to -100 % to +400%. O f the 22 individuals, the 

number of individuals showing a positive im provem ent were 12 for foveal viewing, 16 at 

the ST location, 12 at the SN location, 8 at the IN location and 10 at the IT location.
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Figure 6.18 Motion detection: The proportionate improvement in performance (ordinate)
from visit 1 to visit 2 in terms of equivalent noise (Neq) as a function of age (abscissa). A
positive value indicates an improvement in performance.
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Figure 6.19 Motion discrimination: The proportionate improvement in performance
(ordinate) from visit 1 to visit 2 in terms of equivalent noise (Neq) as a function of age
(abscissa). A positive value indicates an improvement in performance.
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Figure 6.20 Motion detection: The proportionate improvement in performance (ordinate)
from visit 2 to visit 3 in terms of equivalent noise (Neq) as a function of age (abscissa). A
positive value indicates an improvement in performance.
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Figure 6.21 Motion discrimination: The proportionate improvement in performance
(ordinate) from visit 2 to visit 3 in terms of equivalent noise (Neq) as a function of age
(abscissa). A positive value indicates an improvement in performance.
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Figure 6.22 Motion detection: The proportionate improvement in performance (ordinate)
from visit 1 to visit 2 in terms o f sampling efficiency (SE) as a function of age (abscissa).
A positive value indicates an improvement in performance.
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Figure 6.23 Motion discrimination: The proportionate improvement in performance
(ordinate) from visit 1 to visit 2 in terms of sampling efficiency (SE) as a function of age
(abscissa). A positive value indicates an improvement in performance.
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Figure 6.24 Motion detection: The proportionate improvement in performance (ordinate)
from visit 2 to visit 3 in terms of sampling efficiency (SE) as a function of age (abscissa).
A positive value indicates an improvement in performance.
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Figure 6.25 Motion discrimination: The proportionate improvement in performance
(ordinate) from visit 2 to visit 3 in terms of sampling efficiency (SE) as a function of age
(abscissa). A positive value indicates an improvement in performance.
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6.6 RESULTS: The absolute learning effect for individuals with OAG

The outcome o f the betw een-visit variation in performance for MC No, MC N e, N eq and SE 

for each o f the five stimulus locations is given in Tables 6.10, 6.12, 6.14 and 6.16 for the 

detection task and in Tables 6.11, 6.13, 6.15 and 6.17 for the discrimination task. The 

results are also graphically illustrated in terms o f Box and Whiskers plots (Figures 6.29 to 

6.33).

6.6.1 The learning effect for Michelson contrast in the absence of noise (MC

N0)

The distribution o f MC No across each o f the five locations for the detection task is shown 

in Table 6.10 and Figure 6.26. The m edian o f  the distribution o f the within-individual 

difference between visits 1 and 3 declined for foveal viewing and at the SN, IN and IT 

locations by clinically m eaningful amounts. The remaining location exhibited clinically 

identical values across the visits.

The corresponding distribution o f  M C No across each o f the five locations for the 

discrimination task is shown in Table 6.11 and Figure 6.27. The median o f the distribution 

of the within-individual difference between visits 1 and 3 declined at the ST and IT 

locations by a clinically m eaningful amount.
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6.6.2 The learning effect for Michelson contrast in the presence of noise (MC

Ne)

The distribution o f MC N e across each o f the five locations for the detection task is shown 

in Table 6.12 and Figure 6.28. The m edian o f  the distribution o f the within-individual 

difference between visits 1 and 3 declined for foveal viewing and at the ST, IN and IT 

locations by clinically m eaningful amounts.

The corresponding distribution o f  M C N e across each o f the five locations for the 

discrimination task is shown in Table 6.13 and Figure 6.29. The median o f the distribution 

of the within-individual difference betw een visits 1 and 3 declined for foveal viewing and 

at the ST, SN and IT locations by a clinically meaningful amount.

6.6.3 The learning effect for equivalent noise (Neq)

The distribution o f N eq across each o f  the five locations for the detection task is shown in 

Table 6.14 and Figure 6.30. The m edian o f  the distribution o f the within-individual 

difference between visits 1 and 3 declined at the ST, SN and IT locations by clinically 

meaningful amounts. At the rem aining locations the median o f the distribution o f the 

within-individual difference betw een visits 1 and 3 increased by a clinically meaningful 

amount.

The corresponding distribution o f  N eq across each o f the five locations for the 

discrimination task is shown in Table 6.15 and Figure 6.31. The median o f the distribution 

of the within-individual difference between visits 1 and 3 declined at increased at all 

locations by clinically m eaningful amounts.
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6.6.4 The learning effect for sampling efficiency (SE)

The distribution o f  SE across each o f the five locations for the detection task is shown in 

Table 6.16 and Figure 6.32. The median o f the distribution of the within-individual 

difference between visits 1 and 3 increased at all locations by clinically meaningful 

amounts.

The corresponding distribution o f SE across each o f the five locations for the 

discrimination task is shown in Table 6.17 and Figure 6.33. The median o f the distribution 

of the within-individual difference between visits 1 and 3 increased for foveal viewing and 

at the ST, IN and IT locations by a clinically meaningful amount.
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Figure 6.26 Motion detection: Box and Whiskers plot of the distribution of Michelson
contrast thresholds (ordinate) in the absence of the noise mask (MC No) across a group of
10 individuals with OAG as a function of visits (abscissa).

198



Fovea
One

Visit
Two Three

Improvement

Mean 0.011484 0.011351 0.010097 -0.001387
SD 0.003297 0.004934 0.001572 0.002745

Median 0.011220 0.010034 0.009820 -0.001830
25th percentile 0.009631 0.008744 0.009063 -0.003174
75th percentile 0.012819 0.011285 0.010672 -0.001457

ST
One

Visit
Two Three

Improvement

Mean 0.037081 0.031567 0.028294 -0.008787
SD 0.022979 0.015883 0.013233 0.013819

Median 0.024953 0.031441 0.021904 -0.001554
25th percentile 0.021048 0.017017 0.017384 -0.013690
75th percentile 0.051738 0.044833 0.040385 -0.000801

SN
One

Visit
Two Three

Improvement

Mean 0.022551 0.021028 0.017677 -0.004873
SD 0.004631 0.007933 0.004886 0.006278

Median 0.021904 0.018538 0.017418 -0.003592
25th percentile 0.019863 0.015172 0.014484 -0.005263
75th percentile 0.023672 0.024907 0.018538 -0.002445

IN
One

Visit
Two Three

Improvement

Mean 0.031317 0.028407 0.024933 -0.006384

SD 0.030582 0.025640 0.022128 0.009117

Median 0.020350 0.019662 0.017787 -0.003974

25th percentile 0.018796 0.016471 0.016023 -0.004625

75th percentile 0.022412 0.025641 0.019117 -0.002099

IT
One

Visit
Two Three

Improvement

Mean 0.040104 0.034591 0.028488 -0.011616

SD 0.031131 0.025734 0.013783 0.021446

Median 0.024871 0.028166 0.028108 -0.008078

25th percentile 0.020966 0.017145 0.016184 -0.009267

75th percentile 0.049115 0.041598 0.039570 -0.001415

Table 6.10 Motion detection: The summary statistics, mean, SD, median and interquartile 
range for the Michelson contrast in the absence o f noise (MC No) for 10 individuals with 
OAG at the five given locations. The summary statistics for the distribution of the within- 
individual difference in performance between visits 1 and 3 are given in column five. A 
negative value indicates an improvement across the three visits.
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Fovea
One

Visit
Two Three

Improvement

Mean 0.011567 0.013060 0.011770 0.000203
SD 0.002657 0.005170 0.002833 0.001448

Median 0.011446 0.011188 0.010672 0.000000
25th percentile 0.010348 0.010606 0.010348 -0.000296
75th percentile 0.012818 0.013073 0.012522 0.000785

ST
One

Visit
Two Three

Improvement

Mean 0.036099 0.034927 0.032157 -0.003941
SD 0.017549 0.016085 0.015320 0.007529

Median 0.036651 0.039530 0.031419 -0.001097
25th percentile 0.019962 0.018443 0.019765 -0.009644
75th percentile 0.047289 0.042259 0.043211 0.000457

SN
One

Visit
Two Three

Improvement

Mean 0.021809 0.021702 0.025438 0.003630
SD 0.006650 0.006379 0.015011 0.016558

Median 0.020620 0.022093 0.019573 -0.000815

25th percentiie 0.017553 0.018992 0.017737 -0.005549

75th percentile 0.026885 0.025300 0.025641 0.002764

IN
One

Visit
Two Three

Improvement

Mean 0.018248 0.019845 0.016805 -0.001443

SD 0.005393 0.007421 0.004048 0.006236

Median 0.018106 0.016951 0.016151 -0.000433

25th percentile 0.014675 0.014758 0.013924 -0.005032

75th percentile 0.020421 0.023269 0.018179 0.000606

IT
One

Visit

Two Three
Improvement

Mean 0.031355 0.027889 0.033066 0.001711

SD 0.014519 0.011853 0.015309 0.011491

Median 0.027599 0.026283 0.033399 0.001779

25th percentile 0.023227 0.020854 0.020534 -0.004898

75th percentile 0.035767 0.035966 0.042692 0.006506

Table 6.11 Motion discrimination: The summary statistics, mean, SD, median and 
interquartile range for the Michelson contrast in the absence of noise (MC No) for 9 
individuals with OAG at the five given locations. The summary statistics for the 
distribution of the within-individual difference in performance between visits 1 and 3 are 
given in column five. A negative value indicates an improvement across the three visits.
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Figure 6.28 Motion detection: Box and Whiskers plot of the distribution of Michelson
contrast thresholds (ordinate) in the presence of the noise mask (MC Ne) across a group of
10 individuals with OAG as a function of visits (abscissa).
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Fovea
One

Visit
Two Three

Improvement

Mean 0.263092 0.234795 0.219265 -0.043827
SD 0.076869 0.059889 0.068144 0.074261

Median 0.291508 0.241210 0.224788 -0.037680
25th percentile 0.195250 0.211266 0.159199 -0.084538
75th percentile 0.321137 0.267773 0.262759 -0.000394

ST
One

Visit
Two Three

Improvement

Mean 0.163348 0.140545 0.127662 -0.035686
SD 0.051055 0.056166 0.026175 0.053743

Median 0.143227 0.126295 0.114978 -0.023913
25th percentile 0.133655 0.118415 0.110602 -0.031990
75th percentile 0.165872 0.148307 0.141959 -0.022824

SN
One

Visit
Two Three

Improvement

Mean 0.167197 0.140644 0.142948 -0.024249
SD 0.084499 0.068660 0.058701 0.064175

Median 0.136014 0.116105 0.153537 -0.005363
25th percentile 0.098218 0.102659 0.107208 -0.065551
75th percentile 0.219088 0.149203 0.160287 0.010636

IN
One

Visit
Two Three

Improvement

Mean 0.185158 0.169792 0.126968 -0.058190
SD 0.083133 0.072319 0.041599 0.076992

Median 0.161716 0.145138 0.127188 -0.032793
25th percentile 0.130553 0.123210 0.095584 -0.051223

75th percentile 0.195608 0.212754 0.148019 -0.027646

IT
One

Visit
Two Three

Improvement

Mean 0.177672 0.170661 0.134046 -0.043626

SD 0.051828 0.067013 0.036207 0.041483

Median 0.181090 0.155244 0.123873 -0.028522

25th percentile 0.140261 0.113366 0.115396 -0.048222

75th percentile 0.216138 0.230989 0.149229 -0.022653

Table 6.12 Motion detection: The summary statistics, mean, SD, median and interquartile 
range for the Michelson contrast in the presence o f noise (MC N e) for 10 individuals with 
OAG at the five given locations. The summary statistics for the distribution of the within- 
individual difference in performance between visits 1 and 3 are given in column five. A 
negative value indicates an improvement across the three visits.
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Figure 6.29 Motion discrimination: Box and Whiskers plot of the distribution of
Michelson contrast thresholds (ordinate) in the presence of the noise mask (MC Ne) across
a group of 9 individuals with OAG as a function of visits (abscissa).

204



Fovea
One

Visit
Two Three

Improvement

Mean 0.212032 0.208460 0.185450 -0.026581
SD 0.070592 0.084999 0.053000 0.075852

Median 0.197410 0.191203 0.181090 -0.016944
25th percentile 0.186346 0.136719 0.157207 -0.047825
75th percentile 0.255141 0.257611 0.217967 -0.005560

ST
One

Visit
Two Three

Improvement

Mean 0.138443 0.125808 0.119898 -0.018545
SD 0.036729 0.034038 0.034067 0.035398

Median 0.129337 0.128987 0.119449 -0.028603
25th percentile 0.111205 0.095827 0.088860 -0.036781
75th percentile 0.160209 0.144028 0.147448 0.007146

SN
One

Visit
Two Three

Improvement

Mean 0.126898 0.134123 0.136005 0.009107
SD 0.032621 0.060460 0.038719 0.036708

Median 0.122864 0.118720 0.138102 0.020714
25th percentile 0.101974 0.095199 0.107345 -0.009652

75th percentile 0.150876 0.151176 0.153298 0.036968

IN
One

Visit
Two Three

Improvement

Mean 0.119969 0.119689 0.129710 0.009741

SD 0.015244 0.070095 0.034823 0.043549

Median 0.124748 0.096241 0.121146 0.005003

25th percentile 0.110061 0.090011 0.118286 -0.011077

75th percentile 0.131676 0.126303 0.134625 0.011988

IT
One

Visit
Two Three

Improvement

Mean 0.134846 0.131264 0.140132 0.005287

SD 0.030512 0.025627 0.063300 0.071417

Median 0.141197 0.130782 0.109520 -0.031957

25th percentile 0.115067 0.123583 0.100969 -0.045984

75th percentile 0.151487 0.140860 0.175136 0.034453

Table 6.13 Motion discrimination: The summary statistics, mean, SD, median and 
interquartile range for the M ichelson contrast in the presence o f noise (MC N e) for 9 
individuals with OAG at the five given locations. The summary statistics for the 
distribution of the within-individual difference in performance between visits 1 and 3 are 
given in column five. A negative value indicates an improvement across the three visits.
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Figure 6.30 Motion detection: Box and Whiskers plot of the distribution of equivalent
noise (ordinate) in the presence of the noise mask (Neq) across a group of 10 individuals
with OAG as a function of visits (abscissa).

206



Fovea
One

Visit
Two Three

Improvement

Mean 8.29 11.38 11.58 3.29
SD 6.16 11.42 8.53 5.10

Median 5.34 7.49 6.94 3.22
25th percentile 3.56 4.75 4.76 0.86
75th percentile 12.74 13.33 19.28 5.57

ST
One

Visit
Two Three

Improvement

Mean 222.81 330.58 208.73 -14.08
SD 236.18 297.85 282.79 312.58

Median 120.38 243.36 125.41 -35.13
25th percentile 85.70 99.88 94.16 -69.69
75th percentile 258.00 469.84 160.83 45.31

SN
One

Visit
Two Three

Improvement

Mean 123.94 132.93 78.03 -45.91
SD 122.08 90.59 55.54 129.42

Median 85.38 101.44 55.08 -8.31
25th percentile 38.62 98.04 43.46 -63.74
75th percentile 150.94 120.58 96.83 11.41

IN
One

Visit
Two Three

Improvement

Mean 117.35 119.12 528.05 410.70
SD 156.10 140.22 1285.97 1134.21

Median 62.03 62.37 67.37 24.87

25th percentile 42.48 49.13 48.84 0.00

75th percentile 107.22 103.65 182.11 74.89

IT
One

Visit
Two Three

Improvement

Mean 305.63 242.81 294.33 -11.30

SD 509.54 285.45 295.76 552.54

Median 141.95 98.14 169.91 -13.15

25th percentile 74.23 65.72 62.34 -67.86

75th percentile 260.67 320.82 468.93 188.73

Table 6.14 Motion detection: The summary statistics, mean, SD, median and interquartile 
range for equivalent noise (Neq) for 10 individuals with OAG at the five given locations. 
The summary statistics for the distribution o f the within-individual difference in 
performance between visits 1 and 3 are given in column five. A negative value indicates an 
improvement across the three visits.
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Figure 6.31 Motion discrimination: Box and Whiskers plot of the distribution of equivalent
noise (ordinate) in the presence of the noise mask (Neq) across a group of 9 individuals
with OAG as a function of visits (abscissa).
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Fovea
One

Visit
Two Three

Improvement

Mean 15.52 25.16 16.32 0.79
SD 16.60 20.71 13.01 16.18

Median 8.08 21.62 8.92 2.06
25th percentile 7.02 7.10 8.36 0.70
75th percentile 14.08 32.48 16.14 4.53

ST
One

Visit
Two Three

Improvement

Mean 491.86 749.02 454.48 -37.38
SD 568.06 913.08 458.20 216.24

Median 292.90 474.92 240.77 29.00
25th percentile 96.00 156.59 210.84 -206.40
75th percentile 584.06 933.96 537.57 147.92

SN
One

Visit
Two Three

Improvement

Mean 121.07 185.44 349.19 228.12
SD 98.29 139.07 584.17 575.70

Median 124.29 213.27 154.91 12.57
25th percentile 37.94 47.93 52.17 -36.86

75th percentile 151.64 312.13 274.62 178.20

IN
One

Visit
Two Three

Improvement

Mean 81.90 255.67 153.63 71.73

SD 43.28 314.48 142.67 125.02

Median 71.73 138.86 135.76 19.85

25th percentile 47.15 59.49 44.85 -9.77

75th percentile 110.08 309.73 228.83 145.74

IT
One

Visit
Two Three

Improvement

Mean 350.93 248.27 413.47 62.53

SD 325.23 206.46 293.78 308.54

Median 237.87 165.48 385.21 103.51

25th percentile 158.80 121.78 209.83 -23.81

75th percentile 374.60 344.71 621.59 220.55

Table 6.15 Motion discrimination: The summary statistics, mean, SD, median and 
interquartile range for equivalent noise (Neq) for 9 individuals with OAG at the five given 
locations. The summary statistics for the distribution o f the within-individual difference in 
performance between visits 1 and 3 are given in column five. A negative value indicates an 
improvement across the three visits.
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Figure 6.32 Motion detection: Box and Whiskers plot of the distribution of sampling
efficiency (%) (ordinate) in the presence of the noise mask (SE) across a group of 10
individuals with OAG as a function of visits (abscissa).
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Fovea
One

Visit
Two Three

Improvement

Mean 0.34 0.48 0.59 0.25
SD 0.24 0.34 0.47 0.30

Median 0.25 0.30 0.37 0.18
25th percentile 0.16 0.23 0.26 0.01
75th percentile 0.47 0.68 0.99 0.51

ST
One

Visit
Two Three

Improvement

Mean 0.86 1.35 1.40 0.54
SD 0.44 0.73 0.62 0.78

Median 0.83 1.22 1.41 0.46
25th percentile 0.63 0.82 0.84 0.21
75th percentile 0.97 2.18 1.84 0.56

SN
One

Visit
Two Three

Improvement

Mean 1.17 1.66 1.61 0.44
SD 0.85 0.95 1.63 1.41

Median 1.51 2.15 1.24 0.12
25th percentile 0.35 0.77 0.67 -0.02
75th percentile 1.94 2.20 1.96 0.35

IN
One

Visit
Two Three

Improvement

Mean 0.73 1.00 1.79 1.06
SD 0.43 0.65 1.29 1.13

Median 0.65 1.04 1.61 0.62

25th percentile 0.45 0.37 0.77 0.32

75th percentile 0.99 1.29 2.83 1.73

IT
One

Visit
Two Three

Improvement

Mean 0.79 1.03 1.49 0.69

SD 0.40 0.63 0.87 0.84

Median 0.60 0.70 1.28 0.40

25th percentile 0.51 0.58 0.82 0.21

75th percentile 1.01 1.31 1.88 0.78

Table 6.16 Motion detection: The summary statistics, mean, SD, median and interquartile 
range for sampling efficiency (SE) for 10 individuals with OAG at the five given locations. 
The summary statistics for the distribution o f the within-individual difference in 
performance between visits 1 and 3 are given in column five. A positive value indicates an 
improvement across the three visits.
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Figure 6.33 Motion discrimination: Box and Whiskers plot of the distribution of sampling
efficiency (%) (ordinate) in the presence of the noise mask (SE) across a group of 9
individuals with OAG as a function o f visits (abscissa).
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Fovea
One

Visit
Two Three

Improvement

Mean 0.59 0.72 0.93 0.34
SD 0.65 0.55 1.08 1.22

Median 0.43 0.51 0.51 0.09
25th percentile 0.26 0.34 0.46 0.06
75th percentile 0.60 1.10 0.68 0.34

ST
One

Visit
Two Three

Improvement

Mean 1.37 2.21 2.02 0.64
SD 0.79 1.31 1.16 1.32

Median 1.19 2.23 1.92 0.27
25th percentile 0.72 1.27 1.27 -0.33
75th percentile 1.97 2.63 2.24 1.53

SN
One

Visit
Two Three

Improvement

Mean 1.33 1.82 1.89 0.56
SD 0.67 1.14 1.40 1.24

Median 1.32 1.82 1.56 0.09
25th percentile 0.75 0.98 0.76 -0.17

75th percentile 1.77 2.66 2.71 0.50

IN
One

Visit
Two Three

Improvement

Mean 1.15 4.11 1.57 0.42
SD 0.28 5.93 0.72 0.67

Median 1.08 2.42 1.76 0.22

25th percentile 1.00 1.32 1.16 0.18

75th percentile 1.12 3.08 1.92 0.77

IT
One

Visit
Two Three

Improvement

Mean 1.56 1.48 1.94 0.39

SD 0.63 0.68 0.86 0.99

Median 1.37 1.39 1.73 0.37

25th percentile 1.16 1.06 1.44 -0.36

75th percentile 1.69 1.87 2.13 0.70

Table 6.17 Motion discrimination: The summary statistics, mean, SD, median and 
interquartile range for sampling efficiency (SE) for 9 individuals with OAG at the five 
given locations. The summary statistics for the distribution o f the within-individual 
difference in performance between visits 1 and 3 are given in column five. A positive 
value indicates an improvement across the three visits.
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6.7 RESULTS: The proportionate learning effect for individuals with OAG

6.7.1 The learning effect between visit 1 and 2 for Michelson contrast in the 

absence of noise (MC N0)

The proportionate im provem ent in MC No across each o f the five locations as a function of 

age for the detection task is shown in Figure 6.34. The between-individual differences in 

improvement ranged from approxim ately -80% to +60%. O f the 10 individuals, 7 

individuals showed a positive im provem ent for foveal viewing, 7 at the ST location, 5 at 

the SN location, 5 at the IN location and 8 at the IT location.

The proportionate im provem ent in M C No across each o f the five locations as a function of 

age for the discrim ination task is shown in Figure 6.35. The between-individual 

differences in im provem ent ranged from approximately to -80% to +50%. O f the 9 

individuals, 3 individuals showed a positive improvement for foveal viewing, 5 at the ST 

location, 3 at the SN location, 3 at the IN location and 8 at the IT location.

6.7.2 The learning effect between visit 2 and 3 for Michelson contrast in the 

absence of noise (MC N0)

The proportionate im provem ent in M C N 0 across each o f the five locations as a function of 

age for the detection task is shown in Figure 6.36. The between-individual differences in 

improvement ranged from  approxim ately -80% to +60%. O f the 10 individuals, 6 

individuals showed a positive im provem ent for foveal viewing, 5 at the ST location, 7 at 

the SN location, 5 at the IN location and 7 at the IT location.
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The proportionate improvement in MC No across each o f the five locations as a function of 

age for the discrim ination task is shown in Figure 6.37. The between-individual 

differences in im provem ent ranged from approximately to -60% to +80%. O f the 9 

individuals, 6 individuals showed a positive improvement for foveal viewing, 3 at the ST 

location, 3 at the SN location, 5 at the IN location and 2 at the IT location.

6.7.3 The learning effect between visit 1 and 2 for Michelson contrast in the 

presence of noise (MC Ne)

The proportionate im provem ent in M C N e across each o f the five locations as a function of 

age for the detection task is shown in Figure 6.38. The between-individual differences in 

improvement ranged from approxim ately -100% to +70%. O f the 10 individuals, 6 

individuals showed a positive im provem ent for foveal viewing, 7 at the ST location, 6 at 

the SN location, 6 at the IN location and 8 at the IT location.

The proportionate im provem ent in M C N e across each o f the five locations as a function of 

age for the discrim ination task is shown in Figure 6.39. The between-individual 

differences in im provem ent ranged from approximately to -70% to +70%. O f the 9 

individuals, 4 individuals showed a positive improvement for foveal viewing, 4 at the ST 

location, 5 at the SN location, 5 at the IN location and 6 at the IT location.

6.7.4 The learning effect between visit 2 and 3 for Michelson contrast in the 

presence of noise (MC Ne)

The proportionate im provem ent in MC N e across each o f the five locations as a function of 

age for the detection task is shown in Figure 6.40. The between-individual differences in
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improvement ranged from approxim ately -70% to +70%. O f the 10 individuals, 7 

individuals showed a positive improvement for foveal viewing, 4 at the ST location, 3 at 

the SN location, 6 at the IN location and 9 at the IT location.

The proportionate improvement in MC N e across each o f the five locations as a function of 

age for the discrimination task is shown in Figure 6.41. The between-individual 

differences in improvement ranged from approxim ately to -70% to +80%. O f the 9 

individuals, 4 individuals showed a positive improvement for foveal viewing, 5 at the ST 

location, 3 at the SN location, 3 at the IN location and 7 at the IT location.

6.7.5 The learning effect between visit 1 and 2 for equivalent noise (Neq)

The proportionate improvement in N eq across each o f the five locations as a function of 

age for the detection task is shown in Figure 6.42. The between-individual differences in 

improvement ranged from approxim ately -900% to +100%. O f the 10 individuals, 6 

individuals showed a positive im provem ent for foveal viewing, 2 at the ST location, 4 at 

the SN location, 4 at the IN location and 8 at the IT location.

The proportionate improvement in N eq across each o f the five locations as a function of 

age for the discrimination task is shown in Figure 6.43. The between-individual 

differences in improvement ranged from approximately to -800% to +100%. O f the 9 

individuals, 3 individuals showed a positive improvement for foveal viewing, 3 at the ST 

location, 5 at the SN location, 3 at the IN location and 8 at the IT location.
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6.7.6 The learning effect between visit 2 and 3 for equivalent noise (Neq)

The proportionate im provem ent in N eq across each o f the five locations as a function of 

age for the detection task is shown in Figure 6.44. The between-individual differences in 

improvement ranged from approxim ately -700% to +100%. O f the 10 individuals, 5 

individuals showed a positive im provem ent for foveal viewing, 6 at the ST location, 7 at 

the SN location, 3 at the IN location and 4 at the IT location.

The proportionate im provem ent in N eq across each o f the five locations as a function of 

age for the discrim ination task is shown in Figure 6.45. The between-individual 

differences in im provem ent ranged from  approximately to -500% to +100%. O f the 9 

individuals, 5 individuals showed a positive improvement for foveal viewing, 5 at the ST 

location, 3 at the SN location, 3 at the IN location and 2 at the IT location.

6.7.7 The learning effect between visit 1 and 2 for sampling efficiency (SE)

The proportionate im provem ent in SE across each o f the five locations as a function o f age 

for the detection task is shown in Figure 6.46. The between-individual differences in 

improvement ranged from approxim ately -100% to +300%. O f the 10 individuals, 7 

individuals showed a positive im provem ent for foveal viewing, 7 at the ST location, 8 at 

the SN location, 7 at the IN location and 7 at the IT location.

The proportionate im provem ent in SE across each o f the five locations as a function o f age 

for the discrimination task is shown in Figure 6.47. The between-individual differences in 

improvement ranged from  approxim ately to -100% to +800%. O f the 9 individuals, 4
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individuals showed a positive improvement for foveal viewing, 6 at the ST location, 5 at 

the SN location, 5 at the IN location and 6 at the IT location.

6.7.8 The learning effect between visit 2 and 3 for sampling efficiency (SE)

The proportionate im provem ent in SE across each of the five locations as a function of age 

for the detection task is shown in Figure 6.48. The between-individual differences in 

improvement ranged from approxim ately -100% to +1000%. O f the 10 individuals, 6 

individuals showed a positive improvement for foveal viewing, 4 at the ST location, 3 at 

the SN location, 6 at the IN location and 10 at the IT location.

The proportionate im provem ent in SE across each o f the five locations as a function of age 

for the discrimination task is shown in Figure 6.49. The between-individual differences in 

improvement ranged from approxim ately to -100% to +1000%. O f the 9 individuals, 5 

individuals showed a positive im provem ent for foveal viewing, 3 at the ST location, 4 at 

the SN location, 4 at the IN location and 7 at the IT location.
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Figure 6.34 Motion detection: The proportionate improvement in performance (ordinate) from visit 1 to visit
2 in terms of Michelson contrast in the absence o f the noise mask (MC N0) as a function of age (abscissa). A
positive value indicates an improvement in performance.
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Figure 6.35 Motion discrimination: The proportionate improvement in performance (ordinate) from visit 1
to visit 2 in terms o f Michelson contrast in the absence o f the noise mask (MC N0) as a function of age
(abscissa). A positive value indicates an improvement in performance.
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Figure 6.36 Motion detection: The proportionate improvement in performance (ordinate) from visit 2 to visit
3 in terms of Michelson contrast in the absence o f the noise mask (MC N0) as a function o f age (abscissa). A
positive value indicates an improvement in performance.
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Figure 6.37 Motion discrimination: The proportionate improvement in performance (ordinate) from visit 2 to
visit 3 in terms of Michelson contrast in the absence o f the noise mask (MC N0) as a function of age
(abscissa). A positive value indicates an improvement in performance.
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Figure 6.38 Motion detection: The proportionate improvement in performance (ordinate) from visit 1 to visit
2 in terms of Michelson contrast in the presence of the noise mask (MC Ne) as a function of age (abscissa). A
positive value indicates an improvement in performance.
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Figure 6.39 Motion discrimination: The proportionate improvement in performance (ordinate) from visit 1 to
visit 2 in terms of Michelson contrast in the presence of the noise mask (MC Ne) as a function of age
(abscissa). A positive value indicates an improvement in performance.
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Figure 6.40 Motion detection: The proportionate improvement in performance (ordinate) from visit 2 to visit
3 in terms of Michelson contrast in the presence of the noise mask (MC Ne) as a function of age (abscissa). A
positive value indicates an improvement in performance.
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Figure 6.41 Motion discrimination: The proportionate improvement in performance (ordinate) from visit 2 to
visit 3 in terms of Michelson contrast in the presence of the noise mask (MC Ne) as a function of age
(abscissa). A positive value indicates an improvement in performance.
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Figure 6.42 Motion detection: The proportionate improvement in performance (ordinate) from visit 1 to visit
2 in terms o f equivalent noise (Neq) as a function o f age (abscissa). A positive value indicates an
improvement in performance. Note the scaling of the ordinate is different to that of Figure 6.41.
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Figure 6.43 Motion discrimination: The proportionate improvement in performance (ordinate) from visit 1 to
visit 2 in terms of equivalent noise (Neq) as a function of age (abscissa). A positive value indicates an
improvement in performance.
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Figure 6.44 Motion detection: The proportionate improvement in performance (ordinate) from visit 2 to visit
3 in terms of equivalent noise (Neq) as a function of age (abscissa). A positive value indicates an
improvement in performance.
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Figure 6.45 Motion discrimination: The proportionate improvement in performance (ordinate) from visit 2 to
visit 3 in terms of equivalent noise (Neq) as a function o f age (abscissa). A positive value indicates an
improvement in performance.
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Figure 6.46 Motion detection: The proportionate improvement in performance (ordinate) from visit 1 to visit
2 in terms of sampling efficiency (SE) as a function of age (abscissa). A positive value indicates an
improvement in performance.
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Figure 6.47 Motion discrimination: The proportionate improvement in performance (ordinate) from visit 1
visit 2 in terms o f sampling efficiency (SE) as a function of age (abscissa). A positive value indicates
improvement in performance.
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Figure 6.48 Motion detection: The proportionate improvement in performance (ordinate) from visit 2 to visit
3 in terms o f sampling efficiency (SE) as a function of age (abscissa). A positive value indicates an
improvement in performance.
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Figure 6.49 Motion discrimination: The proportionate improvement in performance (ordinate) from visit 2
to visit 3 in terms o f sampling efficiency (SE) as a function o f age (abscissa). A positive value indicates an
improvement in performance.
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6.8 RESULTS: Characteristics o f  the DNP measures for normal individuals 
at the third visit

6.8.1 Michelson contrast of normal individuals in the absence of noise (MC N0)

The distribution o f  unmasked thresholds at each location for the detection task at visit 3 is 

shown in Figure 6.50 (top). TCS was highest for foveal viewing (i.e. MC No was lowest) 

and lowest at the ST location (i.e. MC N 0 was highest).

The distribution o f unmasked thresholds at each location for the discrimination task at visit 

3 is shown in Figure 6.51 (top). TCS was also highest with foveal viewing and lowest at 

the ST location.

6.8.2 Michelson contrast of normal individuals in the presence of noise (MC 

Ne)

The distribution o f masked thresholds at each location for the detection task at visit 3 is 

shown in Figure 6.50 (middle top). TCS was worst with foveal viewing, and better but 

similar for the four peripheral locations.

The distribution o f  masked thresholds at each location for the discrimination task at visit 3 

is shown in Figure 6.51 (middle top). TCS was poorest with foveal viewing. The variance 

was highest at the foveal location and higher at the ST location when compared to the 

remaining three locations.
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6.8.3 Equivalent noise (Neq) of normal individuals

The distribution o f  N eq values at each location for the discrimination task at visit 3 is 

shown in Figure 6.50 (middle bottom). N eq was lowest with foveal viewing, when 

compared with the other locations. The ST location exhibited the highest N eq level of all 

locations.

The distribution o f N eq values at each location for the discrimination task at visit 3 is 

shown in Figure 6.51 (middle bottom). The SD exceeded the mean with foveal viewing 

and at the SN and IN locations. The SD at the ST and IT locations were slightly less than 

the mean. These findings indicated the considerable variability in performance between 

individuals which, in turn, suggested that the use o f equivalent noise would be o f limited 

value for the identification o f abnormality.

6.8.4 Sampling efficiency (SE) of normal individuals

The distribution o f SE at each location for the detection task at visit 3 is shown in Figure 

6.50 (bottom). SE was lowest w ith foveal viewing when compared with the other 

locations. The IT location exhibited the highest level o f SE.

The distribution o f SE at each location for the discrimination task at visit 3 is shown in 

Figure 6.51 (bottom). SE was lowest with foveal viewing when compared with the other 

locations. However, the ST location exhibited the highest SE o f all locations, which 

contradicts the sensitivity profile exhibited for the detection task (Figure 6.50, bottom). 

The difference in regional variation between detection and discrimination is likely to be
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related to the between-individual variability given that the highest SE values for both tasks 

also have the highest SDs.

6.8.5 Coefficient o f variation for detection and discrimination data

In order to understand the SD in the context o f the mean, the coefficient o f variation (CV), 

defined as the ratio o f  the SD to the mean, was calculated for MC N0, MC Ne, N eq and SE 

at each location (Table 6.18). The CV for MC N0 indicated that the IT location was less 

variable than foveal viewing for both the detection and the discrimination task. The CV for 

MC Ne with the detection task was comparable at all locations. Elowever, for the 

discrimination task, the CV was significantly higher at the ST location and with foveal 

viewing compared with the rem aining locations, and to the CVs for the detection task. In 

terms of N eq and SE, CVs for both detection and discrimination were unacceptable in 

terms of variability. CVs exceeded 100% for N eq, with the discrimination task.

MC N0 Fovea ST SN IN IT
Detection 0.42 0.33 0.29 0.32 0.23

Discrimination 0.37 0.29 0.32 0.34 0.24

MC Ne Fovea ST SN IN IT
Detection 0.34 0.36 0.28 0.29 0.31

Discrimination 0.62 0.76 0.32 0.40 0.37

Neq Fovea ST SN IN IT
Detection 0.68 0.65 0.71 0.68 0.93

Discrimination 1.12 0.94 1.29 1.08 0.91
SE Fovea ST SN IN IT

Detection 0.64 0.54 0.60 0.59 0.86
Discrim ination 0.82 0.73 0.69 0.67 0.73

Table 6.18 The coefficient o f  variation (%) for the group mean contrast thresholds in the 
absence of the noise m ask (MC No), in the presence o f the noise mask (MC N e), for 
equivalent noise (Neq) and for sampling efficiency (SE).
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238



z  0.020 -|-----------------------------------------------------------------------------------------------------------------------------------------------------

■  mm

I l l L L Li  ■ ■ ■  ■ ■ ■  ■ ■ ■ __ ■ ■ ■

2  0 .0 15

3 0.010

Fov

M ichelson contrast 
I Standard deviation

ST SN

Location

IN IT

- 5  0 .2 50  
z
S 0.200 ro
|  0 .1 50
o
c 0.100 
o
■S 0 .0 50  
. c

■| 0.000
Fov

M ichelson contrast 
Standard deviation

L
ST SN

Location

IN IT

1 50 .00

c g 100.00
C *00_oj 57 
ro tj
>  pj.
‘5 o  crlu '—

5 0 .00  -

0.00
Fov

I M ichelson contrast 

l Standard deviation

U i
ST SN

Location

IN IT

£  25C
«  2.0C
<u
«  1.5C
I t
M l.OC 
c
^  0.5C
E
3 o.oc

Fov
I  M ichelson contrast 
I  Standard deviation

b i h
ST IN IT
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6.9 RESULTS: Characteristics o f  the age-dependency o f the DNP measures 
fo r  normal individuals at the third visit

6.9.1 Age-dependency of Michelson contrast thresholds in the absence of the 

noise mask (MC N0)

The distribution o f MC No for the detection task at visit 3 is shown as a function o f age in 

Figure 6.52. MC No increased with age across all locations as indicated by the gradient of 

the slope.

The distribution o f  MC No for the discrim ination task at visit 3 is shown as a function of 

age in Figure 6.53. MC No increased with age with foveal viewing, at the ST and IT 

locations.

6.9.2 Age-dependency of Michelson contrast thresholds in the presence of the 

noise mask (MC Ne)

The distribution o f MC N e for the detection task at visit 3 is shown as a function o f age in 

Figure 6.54. MC N e increased with age across all locations.

The distribution o f  MC N e for the discrimination task at visit 3 is shown as a function of 

age in Figure 6.55. MC N e increased with age only at the IT location. However, with 

foveal viewing and at the ST location, the age-related trend was influenced by the 

magnitude o f the variability in the younger group o f individuals.
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6.9.3 Age-dependency of equivalent noise (Neq)

The distribution o f N eq for the detection task at visit 3 is shown as a function o f age in 

Figure 6.56. N eq increased w ith age at the ST, SN and IT locations.

The distribution o f N eq for the discrim ination task at visit 3 is shown as a function of age in 

Figure 6.57. N eq increased w ith age at all locations.

6.9.4 Age-dependency of sampling efficiency (SE)

The distribution o f SE for the detection task at visit 3 is shown as a function o f age in 

Figure 6.58. SE declined w ith age at all locations.

The distribution o f SE for the discrim ination task at visit 3 is shown as a function o f age in 

Figure 6.59. SE did not decline w ith age.

6.9.5 Relative age-dependency for detection and discrimination data

In order to understand the m agnitude o f  the age-related slope in the context o f the group 

mean threshold, the relative change per decade (%) was calculated for MC No, MC N e, N eq 

and SE for the detection task at visit 3 (Table 6.19) and for the discrimination task (Table 

6.20).

For the detection task, and in relative term s MC No and MC Ne increased with age at all 

locations. N eq increased w ith age at all locations except with foveal viewing. SE declined 

with age at all locations except the SN location (Table 6.19).
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For the d iscrim ination  task, in relative terms MC No increased with foveal viewing and at 

the ST location . MC N e declined, indicating an improvement in performance with age at 

all locations excep t the IT location. However, this could be explained by the presence of 

outliers. N eq increased with age at all locations. SE increased with age at all locations 

except the IT location (Table 6.20).
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Figure 6.52 Motion detection: Distribution of Michelson Contrast thresholds in the
absence of noise (MC N0) (ordinate) within the normal eye as a function of age (abscissa).
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Figure 6.53 Motion discrimination: Distribution of Michelson Contrast thresholds in the
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Im
pr

ov
em

en
t 

in 
pe

rf
or

m
an

ce

y = O.OOlx + 0.1237 
R2 = 0.1188Fovea

0.600

0.400

0.200

0.000
20 60 80 100

y = 0.0009x + 0.0764 
R2 = 0.1852

0.600

0.400

0.200

0.000
20 40 60 80 100

y = 0.0003x + 0.1045 
R2 = 0.0411

SN

0.600

0.400

0.200

0.000
4010 80 90 100

- 0.200

y = 0.0008X + 0.0691 
R2 = 0.2727

0.600

0.400

0.200

0.000
10040 60 8020

- 0.200

y = 0.0003X + 0.0982 
R2 = 0.0314

0.600

0.400

0.200

0.000
100804020

- 0.200

Figure 6.54 Motion detection: Distribution of Michelson Contrast thresholds in the
presence of noise (MC Ne) (ordinate) within the normal eye as a function of age (abscissa).
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Figure 6.55 Motion discrimination: Distribution of Michelson Contrast thresholds in the
presence of noise (MC Ne) (ordinate) within the normal eye as a function of age (abscissa).
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Figure 6.58 Motion detection: Distribution o f sampling efficiency (SE) (%) (ordinate)
within the normal eye as a function of age (abscissa).
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MC N0 Detection
Location Fovea ST SN IN IT

Group mean 0.009249 0.016655 0.014705 0.013481 0.013586
Age-related slope 0.000020 0.000100 0.000080 0.000100 0.000080

Coefficient of Determination 0.01 0.25 0.16 0.23 0.27
Relative change per decade 2% 6% 5% 7% 6%

MC Ne

Location Fovea ST SN IN IT

Group mean 0.176778 0.125676 0.122243 0.112670 0.114530

Age-related slope 0.001000 0.000900 0.000300 0.000800 0.000300

Coefficient of Determination 0.12 0.19 0.04 0.27 0.03

Relative change per decade 6% 7% 2% 7% 3%

Nea
Location Fovea ST SN IN IT

Group mean 11.73 75.05 63.38 60.77 65.84

Age-related slope -0.09 0.46 0.67 -0.01 0.41

Coefficient of Determination 0.06 0.04 0.10 0.00 0.02

Relative change per decade -8% 6% 11% 0% 6%

SE

Location Fovea ST SN IN IT

Group mean 0.73 1.43 1.44 1.71 1.84

Age-related slope -0.01 -0.01 0.00 -0.03 -0.01

Coefficient of Determination 0.15 0.11 0.00 0.29 0.01

Relative change per decade -12% -9% 0% -15% -3%

Table 6.19 Motion detection: Age-dependency in terms of relative change per decade (%) 
for Michelson Contrast in the absence of noise (MC N0), in the presence of noise (MC Ne), 
equivalent noise (Neq) and sampling efficiency (SE) for each of the given locations. The 
Coefficient of Determination for the age-related slope is given as an indication ofbetween- 
individual variability.
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MC N0 Discrim ination
Location Fovea ST SN IN IT

Group mean 0.010000 0.016436 0.015683 0.014568 0.013319
Age-related slope 0.000030 0.000020 -0.000020 -0.000030 0.000003

Coefficient of Determination 0.03 0.01 0.01 0.01 0.00
Relative change per decade 3% 1% -1% -2% 0%

MC Ne

Location Fovea ST SN IN IT

Group mean 0.219729 0.128664 0.119159 0.125651 0.105807

Age-related slope -0.002000 -0.002800 -0.000800 -0.001100 0.000400

Coefficient of Determination 0.08 0.29 0.17 0.18 0.03

Relative change per decade -9% -22% -7% -9% 4%

Nea
Location Fovea ST SN IN IT

Group mean 15.49 111.15 92.08 73.97 65.42

Age-related slope 0.31 2.67 1.16 1.11 0.41

Coefficient of Determination 0.01 0.23 0.03 0.07 0.02

Relative change per decade 20% 24% 13% 15% 6%

SE

Location Fovea ST SN IN IT

Group mean 0.80 2.04 1.62 1.55 1.65

Age-related slope 0.01 0.04 0.02 0.02 0.00

Coefficient of Determination 0.11 0.26 0.09 0.08 0.00

Relative change per decade 15% 20% 11% 10% 0%

Table 6.20 Motion discrimination: A ge-dependency in terms o f relative change per decade 
(%) for Michelson Contrast in the absence o f  noise (MC N 0), in the presence o f noise (MC 
Ne), equivalent noise (Neq) and sampling efficiency (SE) for each o f the given locations. 
The Coefficient o f D eterm ination for the age-related slope is given as an indication of 
between-individual variability.
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6.10 RESULTS: DNP outcomes fo r individuals with OAG

6.10.1 Distribution of DNP measures for the detection task at the superior 

temporal quadrant for individuals with OAG and for normal individuals

The 90th percentile o f the distribution for the twenty normal individuals as a function o f the 

Pattern Deviation probability level at the corresponding location (abscissa) is given in 

Figures 6.60 -  6.65 in terms o f M ichelson contrast thresholds in the absence o f noise (MC 

No), in the presence o f noise (MC N o), equivalent noise (N eq), sampling efficiency (SE), 

Logio Ratio and the signal detection index (SDI) (ordinates). O f the ten individuals with 

OAG, six exhibited abnormality by Pattern Deviation probability analysis at the given 

stimulus location (described as PD Ab) and, o f these, two also exhibited abnormality in 

terms of R N F L  thickness at the location (described as PDAb R N F L Ab). The remaining four 

individuals exhibited a sensitivity within the normal range by Pattern Deviation probability 

analysis (described as PDn) and, o f these, two also exhibited abnormality in terms of 

RNFL thickness at the given location (described as PDn R N F L Ab).

O f the ten individuals with OAG, MC N 0 identified five individuals as abnormal: two with 

PDAb RNFLAb, one with PDN RN FLn, one with PDAb RNFLn and one with PDN RNFLAb 

(Figure 6.60). MC N e identified one individual with PDN RNFLAb as abnormal (Figure 

6.61). Neq identified two individuals as abnormal: one with PDAb RNFLn and one with 

PDAb RNFLAb (Figure 6.62). SE identified none o f the individuals as abnormal (Figure 

6.63). Log io Ratio identified three individuals as abnormal: one with PDAb RNFLn, one 

with PDn RNFLAb, and one with PD Ab RNFLAb (Figure 6.64). SDI identified four 

individuals as abnormal: two with PDAbRNFLAb, one with PDn RNFLn and one with PDAb 

RNFLn (Figure 6.65). A summary o f findings is shown in Table 6.21.
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Figure 6.60 Motion detection: M ichelson contrast thresholds in the absence o f noise (MC 
No) for the stimuli in the superior temporal quadrant (ordinate) as a function o f the Pattern 
Deviation probability level at the corresponding location (abscissa). The 90th percentile of 
the distribution o f M ichelson contrast thresholds amongst the 20 normal individuals is 
indicated by the red dotted line. M ichelson contrast thresholds for these 20 individuals are 
indicated by the circles. Individuals with OAG are indicated by the squares. The percentile 
associated with the given RNFL thickness derived from the OCT printout at the given 
stimulus location is indicated by the colour (yellow <5%; red <1%) according to the 
topographical mapping o f Garway-Heath et al (2000) (left half o f the circle/ square 
indicated as G-H) or Harwerth et al (2007) (right half of the circle/ square indicated as H). 
The RNFL Thickness Chart (left), the Sector Averages (middle [top]), the Quadrant 
averages (Middle [bottom]) and the Pattern Deviation probability map (right) are given in 
the bottom panel for the individual exhibiting the contrast threshold indicated by the black 
arrow. The stimulus location for SAP corresponding to that for DNP is indicated by the red 
square.
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Figure 6.61 Motion detection: M ichelson contrast thresholds in the presence o f noise (MC 
Ne) for the stimuli in the superior temporal quadrant (ordinate) as a function o f the Pattern 
Deviation probability level at the corresponding location (abscissa). The 90th percentile of 
the distribution o f M ichelson contrast thresholds amongst the 20 normal individuals is 
indicated by the red dotted line. M ichelson contrast thresholds for these 20 individuals are 
indicated by the circles. Individuals w ith OAG are indicated by the squares. The percentile 
associated with the given RNFL thickness derived from the OCT printout at the given 
stimulus location is indicated by the colour (yellow <5%; red <1%) according to the 
topographical mapping o f Garway-Heath et al (2000) (left half o f the circle/ square 
indicated as G-H) or Harwerth et al (2007) (right half o f the circle/ square indicated as H). 
The RNFL Thickness Chart (left), the Sector Averages (middle [top]), the Quadrant 
averages (Middle [bottom]) and the Pattern Deviation probability map (right) are given in 
the bottom panel for the individual exhibiting the contrast threshold indicated by the black 
arrow. The stimulus location for SAP corresponding to that for DNP is indicated by the red 
square.
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Figure 6.62 Motion detection: equivalent noise (Neq) for the stimuli in the superior 
temporal quadrant (ordinate) as a function o f the Pattern Deviation probability level at the 
corresponding location (abscissa). The 90th percentile o f the distribution o f equivalent 
noise amongst the 20 normal individuals is indicated by the red dotted line. Equivalent 
noise for these 20 individuals is indicated by the circles. Individuals with OAG are 
indicated by the squares. The percentile associated with the given RNFL thickness derived 
from the OCT printout at the given stimulus location is indicated by the colour (yellow 
<5%; red <1%) according to the topographical mapping o f Garway-Heath et al (2000) (left 
half o f the circle/ square indicated as G-H) or Harwerth et al (2007) (right half o f the 
circle/ square indicated as H). The RNFL Thickness Chart (left), the Sector Averages 
(middle [top]), the Q uadrant averages (Middle [bottom]) and the Pattern Deviation 
probability map (right) are given in the bottom panel for the individual exhibiting the 
contrast threshold indicated by the black arrow. The stimulus location for SAP 
corresponding to that for DNP is indicated by the red square.
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Figure 6.63 Motion detection: sampling efficiency (SE) for the stim uli in the superior 
temporal quadrant (ordinate) as a function o f the Pattern Deviation probability level at the 
corresponding location (abscissa). The 90th percentile o f the distribution o f sampling 
efficiency amongst the 20 norm al individuals is indicated by the red dotted line. Sampling 
efficiency for these 20 individuals is indicated by the circles. Individuals with OAG are 
indicated by the squares. The percentile associated with the given RNFL thickness derived 
from the OCT printout at the given stimulus location is indicated by the colour (yellow 
<5%; red <1%) according to the topographical mapping o f Garway-Heath et al (2000) (left 
half of the circle/ square indicated as G-H) or Harwerth et al (2007) (right half o f the 
circle/ square indicated as H). The RNFL Thickness Chart (left), the Sector Averages 
(middle [top]), the Q uadrant averages (Middle [bottom]) and the Pattern Deviation 
probability map (right) are given in the bottom panel for the individual exhibiting the 
contrast threshold indicated by the black arrow. The stimulus location for SAP 
corresponding to that for DNP is indicated by the red square.
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Figure 6.64 Motion detection: Logio Ratio for the stimuli in the superior temporal quadrant 
(ordinate) as a function o f the Pattern Deviation probability level at the corresponding 
location (abscissa). The 90th percentile o f  the distribution o f the Logio Ratio amongst the 
20 normal individuals is indicated by the red dotted line. Logio Ratio for these 20 
individuals is indicated by the circles. Individuals with OAG are indicated by the squares. 
The percentile associated with the given RNFL thickness derived from the OCT printout at 
the given stimulus location is indicated by the colour (yellow <5%; red <1%) according to 
the topographical mapping o f Garway-Heath et al (2000) (left half o f the circle/ square 
indicated as G-H) or Harwerth et al (2007) (right half o f the circle/ square indicated as H). 
The RNFL Thickness Chart (left), the Sector Averages (middle [top]), the Quadrant 
averages (Middle [bottom]) and the Pattern Deviation probability map (right) are given in 
the bottom panel for the individual exhibiting the contrast threshold indicated by the black 
arrow. The stimulus location for SAP corresponding to that for DNP is indicated by the red
square.
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Figure 6.65 Motion detection: Signal detection index (SDI) for the stimuli in the superior 
temporal quadrant (ordinate) as a function o f the Pattern Deviation probability level at the 
corresponding location (abscissa). The 90th percentile o f the distribution o f the Signal 
detection index amongst the 20 norm al individuals is indicated by the red dotted line. 
Signal detection index for these 20 individuals is indicated by the circles. Individuals with 
OAG are indicated by the squares. The percentile associated with the given RNFL 
thickness derived from the OCT printout at the given stimulus location is indicated by the 
colour (yellow <5%; red <1% ) according to the topographical mapping of Garway-Heath 
et al (2000) (left half o f  the circle/ square indicated as G-H) or Harwerth et al (2007) (right 
half o f the circle/ square indicated as H). The RNFL Thickness Chart (left), the Sector 
Averages (middle [top]), the Quadrant averages (Middle [bottom]) and the Pattern 
Deviation probability map (right) are given in the bottom panel for the individual 
exhibiting the contrast threshold indicated by the black arrow. The stimulus location for 
SAP corresponding to that for DNP is indicated by the red square.
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6.10.2 Distribution of DNP measures for the detection task at the superior 

nasal quadrant for individuals with OAG and for normal individuals

The 90th percentile o f  the distribution for the twenty norm al individuals as a function o f the 

Pattern Deviation probability level at the corresponding location (abscissa) is given in 

Figures 6.66 -  6.71, in term s o f  M ichelson contrast thresholds in the absence o f noise (MC 

N0), in the presence o f  noise (MC N 0), equivalent noise (Neq), sampling efficiency (SE), 

Logio Ratio and the signal detection index (SDI) (ordinates). O f the nine individuals with 

OAG, one exhibited PD Ab RN FLAb and the rem aining eight individuals were PDN RNFLn 

at the given location.

O f the nine individuals w ith OAG, M C No identified four individuals as abnormal: one 

with PDAb RNFLAb, and three w ith PD N RNFLn (Figure 6.66). MC N e identified two 

individuals as abnormal: one w ith PD Ab RN FLAb and one with PDn RNFLn (Figure 6.67). 

Neq identified one individual w ith PDN RNFLn as abnormal (Figure 6.68). SE identified 

two individuals as abnormal: one w ith PD Ab RNFLAb and one with PDN RNFLn (Figure 

6.69). Logio Ratio identified one individual with PDN RNFLn as abnormal (Figure 6.70). 

SDI identified one individual w ith PD Ab RN FLAb as abnormal (Figure 6.71). A summary o f 

findings is shown in Table 6.22.
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Figure 6.66 Motion detection: M ichelson contrast thresholds in the absence o f noise (MC 
No) for the stimuli in the superior nasal quadrant (ordinate) as a function o f the Pattern 
Deviation probability level at the corresponding location (abscissa). The 90th percentile of 
the distribution o f M ichelson contrast thresholds amongst the 20 normal individuals is 
indicated by the red dotted line. M ichelson contrast thresholds for these 20 individuals are 
indicated by the circles. Individuals with OAG are indicated by the squares. The percentile 
associated with the given RNFL thickness derived from the OCT printout at the given 
stimulus location is indicated by the colour (yellow <5%; red <1%) according to the 
topographical mapping o f  G arway-Heath et al (2000) (left half o f the circle/ square 
indicated as G-H) or Harwerth et al (2007) (right half o f the circle/ square indicated as H). 
The RNFL Thickness Chart (left), the Sector Averages (middle [top]), the Quadrant 
averages (Middle [bottom]) and the Pattern Deviation probability map (right) are given in 
the bottom panel for the individual exhibiting the contrast threshold indicated by the black 
arrow. The stimulus location for SAP corresponding to that for DNP is indicated by the red 
square.
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Figure 6.67 Motion detection: M ichelson contrast thresholds in the presence o f noise (MC 
Ne) for the stimuli in the superior nasal quadrant (ordinate) as a function o f the Pattern 
Deviation probability level at the corresponding location (abscissa). The 90th percentile of 
the distribution o f M ichelson contrast thresholds amongst the 20 normal individuals is 
indicated by the red dotted line. M ichelson contrast thresholds for these 20 individuals are 
indicated by the circles. Individuals with OAG are indicated by the squares. The percentile 
associated with the given RNFL thickness derived from the OCT printout at the given 
stimulus location is indicated by the colour (yellow <5%; red <1%) according to the 
topographical mapping o f G arway-Heath et al (2000) (left half o f the circle/ square 
indicated as G-H) or Harwerth et al (2007) (right half o f the circle/ square indicated as H). 
The RNFL Thickness Chart (left), the Sector Averages (middle [top]), the Quadrant 
averages (Middle [bottom]) and the Pattern Deviation probability map (right) are given in 
the bottom panel for the individual exhibiting the contrast threshold indicated by the black 
arrow. The stimulus location for SAP corresponding to that for DNP is indicated by the red 
square.
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Figure 6.68 Motion detection: equivalent noise (Neq) for the stimuli in the superior nasal 
quadrant (ordinate) as a function o f  the Pattern Deviation probability level at the 
corresponding location (abscissa). The 90th percentile o f the distribution o f equivalent 
noise amongst the 20 normal individuals is indicated by the red dotted line. Equivalent 
noise for these 20 individuals is indicated by the circles. Individuals with OAG are 
indicated by the squares. The percentile associated with the given RNFL thickness derived 
from the OCT printout at the given stimulus location is indicated by the colour (yellow 
<5%; red <1%) according to the topographical mapping o f Garway-Heath et al (2000) (left 
half of the circle/ square indicated as G-H) or Harwerth et al (2007) (right half o f the 
circle/ square indicated as H). The RNFL Thickness Chart (left), the Sector Averages 
(middle [top]), the Quadrant averages (Middle [bottom]) and the Pattern Deviation 
probability map (right) are given in the bottom panel for the individual exhibiting the 
contrast threshold indicated by the black arrow. The stimulus location for SAP 
corresponding to that for DNP is indicated by the red square.
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Figure 6.69 Motion detection: sampling efficiency (SE) for the stimuli in the superior nasal 
quadrant (ordinate) as a function o f  the Pattern Deviation probability level at the 
corresponding location (abscissa). The 90th percentile o f the distribution of sampling 
efficiency amongst the 20 normal individuals is indicated by the red dotted line. Sampling 
efficiency for these 20 individuals is indicated by the circles. Individuals with OAG are 
indicated by the squares. The percentile associated with the given RNFL thickness derived 
from the OCT printout at the given stimulus location is indicated by the colour (yellow 
<5%; red <1%) according to the topographical mapping o f Garway-Heath et al (2000) (left 
half o f the circle/ square indicated as G-H) or Harwerth et al (2007) (right half o f the 
circle/ square indicated as H). The RNFL Thickness Chart (left), the Sector Averages 
(middle [top]), the Quadrant averages (Middle [bottom]) and the Pattern Deviation 
probability map (right) are given in the bottom panel for the individual exhibiting the 
contrast threshold indicated by the black arrow. The stimulus location for SAP 
corresponding to that for DNP is indicated by the red square.
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Figure 6.70 M otion detection: Logio Ratio for the stimuli in the superior nasal quadrant 
(ordinate) as a function o f the Pattern Deviation probability level at the correspondingth
location (abscissa). The 90 percentile o f the distribution o f the Logio Ratio amongst the 
20 normal individuals is indicated by the red dotted line. Logio Ratio for these 20 
individuals is indicated by the circles. Individuals with OAG are indicated by the squares. 
The percentile associated with the given RNFL thickness derived from the OCT printout at 
the given stimulus location is indicated by the colour (yellow <5%; red <1%) according to 
the topographical m apping o f  Garway-Heath et al (2000) (left half o f the circle/ square 
indicated as G-H) or H arwerth et al (2007) (right half o f the circle/ square indicated as H). 
The RNFL Thickness Chart (left), the Sector Averages (middle [top]), the Quadrant 
averages (Middle [bottom ]) and the Pattern Deviation probability map (right) are given in 
the bottom panel for the individual exhibiting the contrast threshold indicated by the black 
arrow. The stim ulus location for SAP corresponding to that for DNP is indicated by the red 
square.
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Figure 6.71 M otion detection: Signal detection index (SDI) for the stimuli in the superior 
nasal quadrant (ordinate) as a function o f  the Pattern Deviation probability level at the 
corresponding location (abscissa). The 90th percentile o f the distribution o f the Signal 
detection index am ongst the 20 norm al individuals is indicated by the red dotted line. 
Signal detection index for these 20 individuals is indicated by the circles. Individuals with 
OAG are indicated by the squares. The percentile associated with the given RNFL 
thickness derived from the OCT printout at the given stimulus location is indicated by the 
colour (yellow <5%; red <1% ) according to the topographical mapping o f  Garway-Heath 
et al (2000) (left h a lf o f  the circle/ square indicated as G-H) or Harwerth et al (2007) (right 
half o f the circle/ square indicated as H). The RNFL Thickness Chart (left), the Sector 
Averages (middle [top]), the Q uadrant averages (Middle [bottom]) and the Pattern 
Deviation probability map (right) are given in the bottom panel for the individual 
exhibiting the contrast threshold indicated by the black arrow. The stimulus location for 
SAP corresponding to that for DNP is indicated by the red square.
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6.10.3 Distribution of DNP measures for the detection task at the inferior nasal 

quadrant for individuals with OAG and for normal individuals

The 90th percentile o f  the distribution for the twenty normal individuals as a function o f the 

Pattern Deviation probability level at the corresponding location (abscissa) is given in 

Figures 6.72 -  6.77, in term s o f  M ichelson contrast thresholds in the absence of noise (MC 

N0), in the presence o f noise (MC No), equivalent noise (Neq), sampling efficiency (SE), 

Logio Ratio and the signal detection index (SDI) (ordinates). O f the nine individuals with 

OAG, two exhibited PDAb RNFLn, one exhibited PDAb RNFLAb and the remaining six 

individuals were PDn RNFLn at the given location.

O f the nine individuals w ith OAG, MC No identified five individuals as abnormal: one 

with PDAb RNFLn, three w ith PDn RNFLn and one with PDAb RNFLAb (Figure 6.72). MC 

Ne identified two individuals as abnormal: each with PDn RNFLn (Figure 6.73). Neq 

identified three individuals as abnormal: two with PDn RNFLn and one with PDAb RNFLAb 

(Figure 6.74). SE identified two individuals as abnormal: each with PDN RNFLn (Figure 

6.75). Logio Ratio identified three individuals as abnormal: two with PDn RNFLn and one 

with PDAb RNFLAb (Figure 6.76). SDI identified five individuals as abnormal: one with 

PDAb RNFLn, three w ith PDN RNFLn and one with PDAb RNFLAb (Figure 6.77). A 

summary o f findings is shown in Table 6.23.
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Figure 6.72 Motion detection: M ichelson contrast thresholds in the absence o f noise (MC 
No) for the stimuli in the inferior nasal quadrant (ordinate) as a function of the Pattern 
Deviation probability level at the corresponding location (abscissa). The 90th percentile of 
the distribution o f Michelson contrast thresholds amongst the 20 normal individuals is 
indicated by the red dotted line. M ichelson contrast thresholds for these 20 individuals are 
indicated by the circles. Individuals with OAG are indicated by the squares. The percentile 
associated with the given RNFL thickness derived from the OCT printout at the given 
stimulus location is indicated by the colour (yellow <5%; red <1%) according to the 
topographical mapping o f Garway-Heath et al (2000) (left half of the circle/ square 
indicated as G-H) or Harwerth et al (2007) (right half o f the circle/ square indicated as H). 
The RNFL Thickness Chart (left), the Sector Averages (middle [top]), the Quadrant 
averages (Middle [bottom]) and the Pattern Deviation probability map (right) are given in 
the bottom panel for the individual exhibiting the contrast threshold indicated by the black 
arrow. The stimulus location for SAP corresponding to that for DNP is indicated by the red 
square.
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Figure 6.73 Motion detection: M ichelson contrast thresholds in the presence o f noise (MC 
Ne) for the stimuli in the inferior nasal quadrant (ordinate) as a function o f the Pattern 
Deviation probability level at the corresponding location (abscissa). The 90th percentile of 
the distribution o f Michelson contrast thresholds amongst the 20 normal individuals is 
indicated by the red dotted line. M ichelson contrast thresholds for these 20 individuals are 
indicated by the circles. Individuals with OAG are indicated by the squares. The percentile 
associated with the given RNFL thickness derived from the OCT printout at the given 
stimulus location is indicated by the colour (yellow <5%; red <1%) according to the 
topographical mapping o f Garway-Heath et al (2000) (left half o f the circle/ square 
indicated as G-H) or Harwerth et al (2007) (right half o f the circle/ square indicated as H). 
The RNFL Thickness Chart (left), the Sector Averages (middle [top]), the Quadrant 
averages (Middle [bottom]) and the Pattern Deviation probability map (right) are given in 
the bottom panel for the individual exhibiting the contrast threshold indicated by the black 
arrow. The stimulus location for SAP corresponding to that for DNP is indicated by the red 
square.
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Figure 6.74 Motion detection: equivalent noise (Neq) for the stimuli in the inferior nasal 
quadrant (ordinate) as a function o f the Pattern Deviation probability level at the 
corresponding location (abscissa). The 90th percentile o f the distribution of equivalent 
noise amongst the 20 normal individuals is indicated by the red dotted line. Equivalent 
noise for these 20 individuals is indicated by the circles. Individuals with OAG are 
indicated by the squares. The percentile associated with the given RNFL thickness derived 
from the OCT printout at the given stimulus location is indicated by the colour (yellow 
<5%; red <1%) according to the topographical mapping o f Garway-Heath et al (2000) (left 
half of the circle/ square indicated as G-H) or Harwerth et al (2007) (right half of the 
circle/ square indicated as H). The RNFL Thickness Chart (left), the Sector Averages 
(middle [top]), the Quadrant averages (Middle [bottom]) and the Pattern Deviation 
probability map (right) are given in the bottom panel for the individual exhibiting the 
contrast threshold indicated by the black arrow. The stimulus location for SAP 
corresponding to that for DNP is indicated by the red square.
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Figure 6.75 Motion detection: sampling efficiency (SE) for the stimuli in the inferior nasal 
quadrant (ordinate) as a function o f  the Pattern Deviation probability level at the 
corresponding location (abscissa). The 90th percentile o f the distribution o f sampling 
efficiency amongst the 20 normal individuals is indicated by the red dotted line. Sampling 
efficiency for these 20 individuals is indicated by the circles. Individuals with OAG are 
indicated by the squares. The percentile associated with the given RNFL thickness derived 
from the OCT printout at the given stimulus location is indicated by the colour (yellow 
<5%; red <1%) according to the topographical mapping o f Garway-Heath et al (2000) (left 
half of the circle/ square indicated as G-H) or Harwerth et al (2007) (right half o f the 
circle/ square indicated as H). The RNFL Thickness Chart (left), the Sector Averages 
(middle [top]), the Quadrant averages (Middle [bottom]) and the Pattern Deviation 
probability map (right) are given in the bottom panel for the individual exhibiting the 
contrast threshold indicated by the black arrow. The stimulus location for SAP 
corresponding to that for DNP is indicated by the red square.
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Figure 6.76 M otion detection: Logio Ratio for the stimuli in the inferior nasal quadrant 
(ordinate) as a function o f  the Pattern Deviation probability level at the corresponding 
location (abscissa). The 90th percentile o f the distribution o f the Logio Ratio amongst the 
20 normal individuals is indicated by the red dotted line. Logio Ratio for these 20 
individuals is indicated by the circles. Individuals with OAG are indicated by the squares. 
The percentile associated with the given RNFL thickness derived from the OCT printout at 
the given stimulus location is indicated by the colour (yellow <5%; red <1%) according to 
the topographical mapping o f  Garway-Heath et al (2000) (left half o f the circle/ square 
indicated as G-H) or Harwerth et al (2007) (right half o f the circle/ square indicated as H). 
The RNFL Thickness Chart (left), the Sector Averages (middle [top]), the Quadrant 
averages (M iddle [bottom]) and the Pattern Deviation probability map (right) are given in 
the bottom panel for the individual exhibiting the contrast threshold indicated by the black 
arrow. The stimulus location for SAP corresponding to that for DNP is indicated by the red 
square.
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Figure 6.77 Motion detection: Signal detection index (SDI) for the stimuli in the inferior 
nasal quadrant (ordinate) as a function o f the Pattern Deviation probability level at the 
corresponding location (abscissa). The 90th percentile o f the distribution o f the Signal 
detection index amongst the 20 normal individuals is indicated by the red dotted line. 
Signal detection index for these 20 individuals is indicated by the circles. Individuals with 
OAG are indicated by the squares. The percentile associated with the given RNFL 
thickness derived from the OCT printout at the given stimulus location is indicated by the 
colour (yellow <5%; red <1%) according to the topographical mapping o f Garway-Heath 
et al (2000) (left half o f the circle/ square indicated as G-H) or Harwerth et al (2007) (right 
half of the circle/ square indicated as H). The RNFL Thickness Chart (left), the Sector 
Averages (middle [top]), the Quadrant averages (Middle [bottom]) and the Pattern 
Deviation probability map (right) are given in the bottom panel for the individual 
exhibiting the contrast threshold indicated by the black arrow. The stimulus location for 
SAP corresponding to that for DNP is indicated by the red square.
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6.10.4 Distribution of DNP measures for the detection task at the inferior 

temporal quadrant for individuals with OAG and for normal individuals

The 90th percentile o f  the distribution for the twenty normal individuals as a function o f the 

Pattern Deviation probability  level at the corresponding location (abscissa) is given in 

Figures 6.78 -  6.83, in term s o f M ichelson contrast thresholds in the absence o f noise (MC 

No), in the presence o f  noise (MC No), equivalent noise (Neq), sampling efficiency (SE), 

Logio Ratio and the signal detection index (SDI) (ordinates). O f the eleven individuals 

with OAG, two exhibited PDAb RN FL n, one exhibited PDn RNFLAb, one exhibited PDAb 

RNFLAb and the rem aining seven individuals were PDn RNFLn at the given location.

Of the eleven individuals with OAG, MC N 0 identified six individuals as abnormal: two 

with PDn RNFLn, tw o w ith PD Ab RN FLn, one with PDN RNFLAb and one with PDAb 

RNFLAb (Figure 6.78). MC N e identified one individual with PDN RNFLAb as abnormal 

(Figure 6.79). N eq identified five individuals as abnormal: two with PDAb RNFLN, one 

with PDn RNFLAb, one w ith PD N RN FLN and one with PDAb RNFLAb (Figure 6.80). SE 

identified three individuals as abnormal: each with PDn RNFLn (Figure 6.81). Logio Ratio 

identified three individuals as abnormal: one with PDAb RNFLn, one with PDn RNFLn and 

one with PDAb RN FLAb (Figure 6.82). SDI identified six individuals as abnormal: three 

with PDn RNFLn, tw o w ith PD Ab RN FLn and one with PDAb RNFLAb (Figure 6.83). A 

summary o f findings is shown in Table 6.24.
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Figure 6.78 Motion detection: M ichelson contrast thresholds in the absence o f noise (MC 
No) for the stimuli in the inferior temporal quadrant (ordinate) as a function o f the Pattern 
Deviation probability level at the corresponding location (abscissa). The 90th percentile of 
the distribution o f M ichelson contrast thresholds amongst the 20 normal individuals is 
indicated by the red dotted line. M ichelson contrast thresholds for these 20 individuals are 
indicated by the circles. Individuals w ith OAG are indicated by the squares. The percentile 
associated with the given RNFL thickness derived from the OCT printout at the given 
stimulus location is indicated by the colour (yellow <5%; red <1%) according to the 
topographical mapping o f  Garway-Heath et al (2000) (left half o f the circle/ square 
indicated as G-H) or Harwerth et al (2007) (right half of the circle/ square indicated as H). 
The RNFL Thickness Chart (left), the Sector Averages (middle [top]), the Quadrant 
averages (Middle [bottom]) and the Pattern Deviation probability map (right) are given in 
the bottom panel for the individual exhibiting the contrast threshold indicated by the black 
arrow. The stimulus location for SAP corresponding to that for DNP is indicated by the red 
square.
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Figure 6.79 Motion detection: M ichelson contrast thresholds in the presence o f noise (MC 
Ne) for the stimuli in the inferior tem poral quadrant (ordinate) as a function o f the Pattern 
Deviation probability level at the corresponding location (abscissa). The 90th percentile of 
the distribution o f M ichelson contrast thresholds amongst the 20 normal individuals is 
indicated by the red dotted line. M ichelson contrast thresholds for these 20 individuals are 
indicated by the circles. Individuals w ith OAG are indicated by the squares. The percentile 
associated with the given RNFL thickness derived from the OCT printout at the given 
stimulus location is indicated by the colour (yellow <5%; red <1%) according to the 
topographical mapping o f G arw ay-H eath et al (2000) (left half o f the circle/ square 
indicated as G-Ff) or Harwerth et al (2007) (right half o f the circle/ square indicated as FI). 
The RNFL Thickness Chart (left), the Sector Averages (middle [top]), the Quadrant 
averages (Middle [bottom]) and the Pattern Deviation probability map (right) are given in 
the bottom panel for the individual exhibiting the contrast threshold indicated by the black 
arrow. The stimulus location for SAP corresponding to that for DNP is indicated by the red 
square.
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Figure 6.80 Motion detection: equivalent noise (Neq) for the stimuli in the inferior temporal 
quadrant (ordinate) as a function o f  the Pattern Deviation probability level at the 
corresponding location (abscissa). The 90th percentile o f the distribution o f equivalent 
noise amongst the 20 normal individuals is indicated by the red dotted line. Equivalent 
noise for these 20 individuals is indicated by the circles. Individuals with OAG are 
indicated by the squares. The percentile associated with the given RNFL thickness derived 
from the OCT printout at the given stimulus location is indicated by the colour (yellow 
<5%; red <1%) according to the topographical mapping o f Garway-Fleath et al (2000) (left 
half of the circle/ square indicated as G-FI) or Harwerth et al (2007) (right half o f the 
circle/ square indicated as H). The RNFL Thickness Chart (left), the Sector Averages 
(middle [top]), the Quadrant averages (M iddle [bottom]) and the Pattern Deviation 
probability map (right) are given in the bottom panel for the individual exhibiting the 
contrast threshold indicated by the black arrow. The stimulus location for SAP 
corresponding to that for DNP is indicated by the red square.
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Figure 6.81 Motion detection: sampling efficiency (SE) for the stimuli in the inferior 
temporal quadrant (ordinate) as a function o f the Pattern Deviation probability level at the 
corresponding location (abscissa). The 90th percentile o f the distribution o f sampling 
efficiency amongst the 20 normal individuals is indicated by the red dotted line. Sampling 
efficiency for these 20 individuals is indicated by the circles. Individuals with OAG are 
indicated by the squares. The percentile associated with the given RNFL thickness derived 
from the OCT printout at the given stimulus location is indicated by the colour (yellow 
<5%; red <1%) according to the topographical mapping o f Garway-Heath et al (2000) (left 
half of the circle/ square indicated as G-H) or Harwerth et al (2007) (right half o f the 
circle/ square indicated as H). The RNFL Thickness Chart (left), the Sector Averages 
(middle [top]), the Quadrant averages (Middle [bottom]) and the Pattern Deviation 
probability map (right) are given in the bottom panel for the individual exhibiting the 
contrast threshold indicated by the black arrow. The stimulus location for SAP 
corresponding to that for DNP is indicated by the red square.
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Figure 6.82 Motion detection: Logio Ratio for the stimuli in the inferior temporal quadrant 
(ordinate) as a function o f  the Pattern Deviation probability level at the corresponding 
location (abscissa). The 90th percentile o f  the distribution o f the Logio Ratio amongst the 
20 normal individuals is indicated by the red dotted line. Logio Ratio for these 20 
individuals is indicated by the circles. Individuals with OAG are indicated by the squares. 
The percentile associated with the given RNFL thickness derived from the OCT printout at 
the given stimulus location is indicated by the colour (yellow <5%; red <1%) according to 
the topographical mapping o f  Garway-FIeath et al (2000) (left half of the circle/ square 
indicated as G-H) or Harwerth et al (2007) (right half o f the circle/ square indicated as H). 
The RNFL Thickness Chart (left), the Sector Averages (middle [top]), the Quadrant 
averages (Middle [bottom]) and the Pattern Deviation probability map (right) are given in 
the bottom panel for the individual exhibiting the contrast threshold indicated by the black 
arrow. The stimulus location for SAP corresponding to that for DNP is indicated by the red 
square.
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Figure 6.83 Motion detection: Signal detection index (SDI) for the stimuli in the inferior 
temporal quadrant (ordinate) as a function o f the Pattern Deviation probability level at the 
corresponding location (abscissa). The 90th percentile o f the distribution o f the Signal 
detection index amongst the 20 normal individuals is indicated by the red dotted line. 
Signal detection index for these 20 individuals is indicated by the circles. Individuals with 
OAG are indicated by the squares. The percentile associated with the given RNFL 
thickness derived from the OCT printout at the given stimulus location is indicated by the 
colour (yellow <5%; red <1%) according to the topographical mapping of Garway-Heath 
et al (2000) (left half o f the circle/ square indicated as G-H) or Harwerth et al (2007) (right 
half of the circle/ square indicated as H). The RNFL Thickness Chart (left), the Sector 
Averages (middle [top]), the Quadrant averages (Middle [bottom]) and the Pattern 
Deviation probability map (right) are given in the bottom panel for the individual 
exhibiting the contrast threshold indicated by the black arrow. The stimulus location for 
SAP corresponding to that for DNP is indicated by the red square.
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6.10.5 Distribution of DNP measures for the discrimination task at the superior 

temporal quadrant for individuals with OAG and for normal individuals

The 90th percentile o f  the distribution for the twenty normal individuals as a function of the 

Pattern Deviation probability level at the corresponding location (abscissa) is given in 

Figures 6.84 -  6.89, in terms o f M ichelson contrast thresholds in the absence of noise (MC 

No), in the presence o f noise (MC No), equivalent noise (Neq), sampling efficiency (SE), 

Logio Ratio and the signal detection index (SDI) (ordinates). O f the eight individuals with 

OAG, one exhibited PD Ab RN FLAb, four exhibited PDAb RNFLn, two exhibited described 

as PDn RNFLAb and one exhibited PD n RNFLn at the given location.

O f the eight individuals with OAG, M C No identified six individuals as abnormal: one 

with PDAb RNFLAb, three w ith PD Ab RNFLn, one with PDn RNFLn and one with PDn 

RNFLAb (Figure 6.84). MC N e identified three individuals as abnormal: one with PDAb 

RNFLn, one with PD N RN FL n and one with PD n RNFLAb (Figure 6.85). Neq identified 

three individuals as abnormal: one with PD Ab RNFLAb, one with PDAb RNFLn and one 

with PDn RNFLAb (Figure 6.86). SE identified one individual with PDN RNFLn as 

abnormal (Figure 6.87). L o g ]0 Ratio identified one o f the individuals as abnormal (Figure 

6.88). SDI identified six individuals as abnormal: one with PDAbRNFLAb, three with PDAb 

RNFLn, one with PDN RN FL n and one with PDN RNFLAb (Figure 6.89). A summary of 

findings is shown in Table 6.25.
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Figure 6.84 Motion discrim ination: M ichelson contrast thresholds in the absence of noise 
(MC N0) for the stimuli in the superior temporal quadrant (ordinate) as a function of the 
Pattern Deviation probability level at the corresponding location (abscissa). The 90th 
percentile of the distribution o f  M ichelson contrast thresholds amongst the 20 normal 
individuals is indicated by the red dotted line. M ichelson contrast thresholds for these 20 
individuals are indicated by the circles. Individuals with OAG are indicated by the squares. 
The percentile associated w ith the given RNFL thickness derived from the OCT printout at 
the given stimulus location is indicated by the colour (yellow <5%; red <1%) according to 
the topographical mapping o f  Garway-Heath et al (2000) (left half of the circle/ square 
indicated as G-H) or Harwerth et al (2007) (right half o f the circle/ square indicated as H). 
The RNFL Thickness Chart (left), the Sector Averages (middle [top]), the Quadrant 
averages (Middle [bottom]) and the Pattern Deviation probability map (right) are given in 
the bottom panel for the individual exhibiting the contrast threshold indicated by the black 
arrow. The stimulus location for SAP corresponding to that for DNP is indicated by the red 
square.
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Figure 6.85 Motion discrimination: M ichelson contrast thresholds in the presence of noise 
(MC Nc) for the stimuli in the superior temporal quadrant (ordinate) as a function of the 
Pattern Deviation probability level at the corresponding location (abscissa). The 90th 
percentile o f the distribution o f  M ichelson contrast thresholds amongst the 20 normal 
individuals is indicated by the red dotted line. Michelson contrast thresholds for these 20 
individuals are indicated by the circles. Individuals with OAG are indicated by the squares. 
The percentile associated with the given RNFL thickness derived from the OCT printout at 
the given stimulus location is indicated by the colour (yellow <5%; red <1%) according to 
the topographical mapping o f  Garway-Heath et al (2000) (left half o f the circle/ square 
indicated as G-H) or Harwerth et al (2007) (right half o f the circle/ square indicated as H). 
The RNFL Thickness Chart (left), the Sector Averages (middle [top]), the Quadrant 
averages (Middle [bottom]) and the Pattern Deviation probability map (right) are given in 
the bottom panel for the individual exhibiting the contrast threshold indicated by the black 
arrow. The stimulus location for SAP corresponding to that for DNP is indicated by the red 
square.
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Figure 6.86 Motion discrimination: equivalent noise (Neq) for the stimuli in the superior 
temporal quadrant (ordinate) as a function o f  the Pattern Deviation probability level at the 
corresponding location (abscissa). The 90th percentile o f the distribution o f equivalent 
noise amongst the 20 normal individuals is indicated by the red dotted line. Equivalent 
noise for these 20 individuals is indicated by the circles. Individuals with OAG are 
indicated by the squares. The percentile associated with the given RNFL thickness derived 
from the OCT printout at the given stimulus location is indicated by the colour (yellow 
<5%; red <1%) according to the topographical mapping o f Garway-Heath et al (2000) (left 
half of the circle/ square indicated as G-H) or Harwerth et al (2007) (right half o f the 
circle/ square indicated as H). The RNFL Thickness Chart (left), the Sector Averages 
(middle [top]), the Quadrant averages (Middle [bottom]) and the Pattern Deviation 
probability map (right) are given in the bottom panel for the individual exhibiting the 
contrast threshold indicated by the black arrow. The stimulus location for SAP 
corresponding to that for DNP is indicated by the red square.
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Figure 6.87 Motion discrimination: sam pling efficiency (SE) for the stimuli in the superior 
temporal quadrant (ordinate) as a function o f  the Pattern Deviation probability level at the 
corresponding location (abscissa). The 90th percentile o f the distribution o f sampling 
efficiency amongst the 20 norm al individuals is indicated by the red dotted line. Sampling 
efficiency for these 20 individuals is indicated by the circles. Individuals with OAG are 
indicated by the squares. The percentile associated with the given RNFL thickness derived 
from the OCT printout at the given stimulus location is indicated by the colour (yellow 
<5%; red <1%) according to the topographical mapping o f Garway-Heath et al (2000) (left 
half of the circle/ square indicated as G-H) or Harwerth et al (2007) (right half o f the 
circle/ square indicated as H). The RNFL Thickness Chart (left), the Sector Averages 
(middle [top]), the Q uadrant averages (M iddle [bottom]) and the Pattern Deviation 
probability map (right) are given in the bottom panel for the individual exhibiting the 
contrast threshold indicated by the black arrow. The stimulus location for SAP 
corresponding to that for DNP is indicated by the red square.
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Figure 6.88 Motion discrim ination: Logio Ratio for the stimuli in the superior temporal 
quadrant (ordinate) as a function o f  the Pattern Deviation probability level at the 
corresponding location (abscissa). The 90th percentile o f the distribution o f the Logio Ratio 
amongst the 20 normal individuals is indicated by the red dotted line. Logio Ratio for these 
20 individuals is indicated by the circles. Individuals with OAG are indicated by the 
squares. The percentile associated w ith the given RNFL thickness derived from the OCT 
printout at the given stim ulus location is indicated by the colour (yellow <5%; red <1%) 
according to the topographical m apping o f Garway-Heath et al (2000) (left half of the 
circle/ square indicated as G-H) or H arwerth et al (2007) (right half o f the circle/ square 
indicated as H). The RNFL Thickness Chart (left), the Sector Averages (middle [top]), the 
Quadrant averages (M iddle [bottom ]) and the Pattern Deviation probability map (right) are 
given in the bottom panel for the individual exhibiting the contrast threshold indicated by 
the black arrow. The stim ulus location for SAP corresponding to that for DNP is indicated 
by the red square.
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Figure 6.89 Motion discrim ination: Signal detection index (SDI) for the stimuli in the 
superior temporal quadrant (ordinate) as a function o f the Pattern Deviation probability 
level at the corresponding location (abscissa). The 90th percentile o f the distribution o f the 
Signal detection index am ongst the 20 norm al individuals is indicated by the red dotted 
line. Signal detection index for these 20 individuals is indicated by the circles. Individuals 
with OAG are indicated by the squares. The percentile associated with the given RNFL 
thickness derived from the OCT printout at the given stimulus location is indicated by the 
colour (yellow <5%; red <1% ) according to the topographical mapping o f Garway-Heath 
et al (2000) (left half o f  the circle/ square indicated as G-H) or Harwerth et al (2007) (right 
half of the circle/ square indicated as H). The RNFL Thickness Chart (left), the Sector 
Averages (middle [top]), the Q uadrant averages (Middle [bottom]) and the Pattern 
Deviation probability map (right) are given in the bottom panel for the individual 
exhibiting the contrast threshold indicated by the black arrow. The stimulus location for 
SAP corresponding to that for DNP is indicated by the red square.
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6.10.6 Distribution of DNP measures for the discrimination task at the superior 

nasal quadrant for individuals with OAG and for normal individuals

The 90th percentile o f the distribution for the twenty normal individuals as a function o f the 

Pattern Deviation probability level at the corresponding location (abscissa) is given in 

Figures 6.90 -  6.95, in term s o f  M ichelson contrast thresholds in the absence o f noise (MC 

N0), in the presence o f  noise (M C No), equivalent noise (Neq), sampling efficiency (SE), 

Logio Ratio and the signal detection index (SDI) (ordinates). O f the eight individuals with 

OAG, one exhibited PD Ab RN FLAb and the remaining seven individuals were PDn RNFLn 

at the given location.

O f the eight individuals with OAG, M C No identified four individuals as abnormal: one 

with PDAb RNFLAb, and three w ith PDN RNFLn (Figure 6.90). MC N e identified four 

individuals as abnormal: one w ith PD Ab RNFLAb and three with PDn RNFLn (Figure 6.91). 

Neq identified three individuals as abnormal: each with PDn RNFLn (Figure 6.92). SE 

identified three individuals as abnormal: one with PDAb RNFLAb and two with PDn RNFLn 

(Figure 6.93). Logio Ratio identified one individual with PDn RNFLn as abnormal (Figure 

6.94). SDI identified four individuals as abnormal: one with one with PDAb RNFLAb and 

three with PDN RNFLn (Figure 6.95). A  summary o f findings is shown in Table 6.26.
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Figure 6.90 Motion discrim ination : M ichelson contrast thresholds in the absence o f noise 
(MC No) for the stimuli in the superior nasal quadrant (ordinate) as a function o f the 
Pattern Deviation probability level at the corresponding location (abscissa). The 90th 
percentile o f the distribution o f  M ichelson contrast thresholds amongst the 20 normal 
individuals is indicated by the red dotted line. M ichelson contrast thresholds for these 20 
individuals are indicated by the circles. Individuals with OAG are indicated by the squares. 
The percentile associated w ith the given RNFL thickness derived from the OCT printout at 
the given stimulus location is indicated by the colour (yellow <5%; red <1%) according to 
the topographical mapping o f  G arway-Heath et al (2000) (left half o f the circle/ square 
indicated as G-H) or Harwerth et al (2007) (right half o f the circle/ square indicated as H). 
The RNFL Thickness Chart (left), the Sector Averages (middle [top]), the Quadrant 
averages (Middle [bottom]) and the Pattern Deviation probability map (right) are given in 
the bottom panel for the individual exhibiting the contrast threshold indicated by the black 
arrow. The stimulus location for SAP corresponding to that for DNP is indicated by the red 
square.
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Figure 6.91 Motion discrimination: Michelson contrast thresholds in the presence of noise 
(MC Ne) for the stimuli in the superior nasal quadrant (ordinate) as a function of the 
Pattern Deviation probability level at the corresponding location (abscissa). The 90th 
percentile of the distribution of Michelson contrast thresholds amongst the 20 normal 
individuals is indicated by the red dotted line. Michelson contrast thresholds for these 20 
individuals are indicated by the circles. Individuals with OAG are indicated by the squares. 
The percentile associated with the given RNFL thickness derived from the OCT printout at 
the given stimulus location is indicated by the colour (yellow <5%; red <1%) according to 
the topographical mapping of Garway-Heath et al (2000) (left half of the circle/ square 
indicated as G-Fl) or Harwerth et al (2007) (right half of the circle/ square indicated as H). 
The RNFL Thickness Chart (left), the Sector Averages (middle [top]), the Quadrant 
averages (Middle [bottom]) and the Pattern Deviation probability map (right) are given in 
the bottom panel for the individual exhibiting the contrast threshold indicated by the black 
arrow. The stimulus location for SAP corresponding to that for DNP is indicated by the red 
square.
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Figure 6.92 Motion discrimination: equivalent noise (Neq) for the stimuli in the superior 
nasal quadrant (ordinate) as a function of the Pattern Deviation probability level at the 
corresponding location (abscissa). The 90th percentile of the distribution of equivalent 
noise amongst the 20 normal individuals is indicated by the red dotted line. Equivalent 
noise for these 20 individuals is indicated by the circles. Individuals with OAG are 
indicated by the squares. The percentile associated with the given RNFL thickness derived 
from the OCT printout at the given stimulus location is indicated by the colour (yellow 
<5%; red <1%) according to the topographical mapping of Garway-Heath et al (2000) (left 
half of the circle/ square indicated as G-Fl) or Harwerth et al (2007) (right half of the 
circle/ square indicated as H). The RNFL Thickness Chart (left), the Sector Averages 
(middle [top]), the Quadrant averages (Middle [bottom]) and the Pattern Deviation 
probability map (right) are given in the bottom panel for the individual exhibiting the 
contrast threshold indicated by the black arrow. The stimulus location for SAP 
corresponding to that for DNP is indicated by the red square.
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Figure 6.93 Motion discrimination: sam pling efficiency (SE) for the stimuli in the superior 
nasal quadrant (ordinate) as a function o f the Pattern Deviation probability level at the 
corresponding location (abscissa). The 90th percentile o f the distribution o f sampling 
efficiency amongst the 20 norm al individuals is indicated by the red dotted line. Sampling 
efficiency for these 20 individuals is indicated by the circles. Individuals with OAG are 
indicated by the squares. The percentile associated with the given RNFL thickness derived 
from the OCT printout at the given stim ulus location is indicated by the colour (yellow 
<5%; red <1%) according to the topographical mapping o f Garway-Heath et al (2000) (left 
half of the circle/ square indicated as G-H) or Harwerth et al (2007) (right half o f the 
circle/ square indicated as H). The RNFL Thickness Chart (left), the Sector Averages 
(middle [top]), the Q uadrant averages (M iddle [bottom]) and the Pattern Deviation 
probability map (right) are given in the bottom  panel for the individual exhibiting the 
contrast threshold indicated by the black arrow. The stimulus location for SAP 
corresponding to that for DNP is indicated by the red square.
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Figure 6.94 M otion discrim ination: Logio Ratio for the stimuli in the superior nasal 
quadrant (ordinate) as a function o f  the Pattern Deviation probability level at the 
corresponding location (abscissa). The 90th percentile o f the distribution of the Logio Ratio 
amongst the 20 normal individuals is indicated by the red dotted line. Logio Ratio for these 
20 individuals is indicated by the circles. Individuals with OAG are indicated by the 
squares. The percentile associated w ith the given RNFL thickness derived from the OCT 
printout at the given stim ulus location is indicated by the colour (yellow <5%; red <1%) 
according to the topographical m apping o f Garway-Heath et al (2000) (left half o f the 
circle/ square indicated as G-H) or Harwerth et al (2007) (right half o f the circle/ square 
indicated as H). The RNFL Thickness Chart (left), the Sector Averages (middle [top]), the 
Quadrant averages (M iddle [bottom]) and the Pattern Deviation probability map (right) are 
given in the bottom panel for the individual exhibiting the contrast threshold indicated by 
the black arrow. The stim ulus location for SAP corresponding to that for DNP is indicated 
by the red square.
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Figure 6.95 M otion discrimination: Signal detection index (SDI) for the stimuli in the 
superior nasal quadrant (ordinate) as a function o f  the Pattern Deviation probability level at 
the corresponding location (abscissa). The 90th percentile o f the distribution o f the Signal 
detection index amongst the 20 normal individuals is indicated by the red dotted line. 
Signal detection index for these 20 individuals is indicated by the circles. Individuals with 
OAG are indicated by the squares. The percentile associated with the given RNFL 
thickness derived from the OCT printout at the given stimulus location is indicated by the 
colour (yellow <5%; red <1% ) according to the topographical mapping o f Garway-Heath 
et al (2000) (left half o f the circle/ square indicated as G-H) or Harwerth et al (2007) (right 
half of the circle/ square indicated as H). The RNFL Thickness Chart (left), the Sector 
Averages (middle [top]), the Q uadrant averages (Middle [bottom]) and the Pattern 
Deviation probability map (right) are given in the bottom panel for the individual 
exhibiting the contrast threshold indicated by the black arrow. The stimulus location for 
SAP corresponding to that for DNP is indicated by the red square.

294



6.10.7 Distribution of DNP measures for the discrimination task at the inferior 

nasal quadrant for individuals with OAG and for normal individuals

The 90th percentile o f the distribution for the twenty normal individuals as a function o f the 

Pattern Deviation probability level at the corresponding location (abscissa) is given in 

Figures 6.96 -  6.101, in term s o f  M ichelson contrast thresholds in the absence o f noise 

(MC No), in the presence o f  noise (M C No), equivalent noise (Neq), sampling efficiency 

(SE), Logio Ratio and the signal detection index (SDI) (ordinates). O f the seven 

individuals with OAG, two exhibited PDAb RNFLn and all other individuals were PDn 

RNFLn at the given location.

O f the seven individuals w ith O AG , M C N 0 identified one individual with PDAb RNFLn as 

abnormal (Figure 6.96). MC N e identified one individual with PDn RNFLn as abnormal 

(Figure 6.97). N eq identified two individuals as abnormal: one with PDAb RNFLn and one 

with PDn RNFLn (Figure 6.98). SE identified one individual with PDN RNFLn as 

abnormal (Figure 6.99). Logio Ratio identified one individual with PDAb RNFLn as 

abnormal (Figure 6.100. SDI identified two individuals as abnormal: one with PDAb 

RNFLn and one with PD N R N FL n (Figure 6.101). A summary o f findings is shown in 

Table 6.27.
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Figure 6.96 Motion discrimination: M ichelson contrast thresholds in the absence o f noise 
(MC No) for the stimuli in the inferior nasal quadrant (ordinate) as a function of the Pattern 
Deviation probability level at the corresponding location (abscissa). The 90th percentile of 
the distribution o f M ichelson contrast thresholds amongst the 20 normal individuals is 
indicated by the red dotted line. M ichelson contrast thresholds for these 20 individuals are 
indicated by the circles. Individuals w ith OAG are indicated by the squares. The percentile 
associated with the given RNFL thickness derived from the OCT printout at the given 
stimulus location is indicated by the colour (yellow <5%; red <1%) according to the 
topographical mapping o f  G arway-Heath et al (2000) (left half o f the circle/ square 
indicated as G-H) or Harwerth et al (2007) (right half o f the circle/ square indicated as H). 
The RNFL Thickness Chart (left), the Sector Averages (middle [top]), the Quadrant 
averages (Middle [bottom]) and the Pattern Deviation probability map (right) are given in 
the bottom panel for the individual exhibiting the contrast threshold indicated by the black 
arrow. The stimulus location for SAP corresponding to that for DNP is indicated by the red 
square.
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Figure 6.97 Motion discrim ination: M ichelson contrast thresholds in the presence of noise 
(MC Ne) for the stimuli in the inferior nasal quadrant (ordinate) as a function o f the Pattern 
Deviation probability level at the corresponding location (abscissa). The 90th percentile of 
the distribution o f M ichelson contrast thresholds amongst the 20 normal individuals is 
indicated by the red dotted line. M ichelson contrast thresholds for these 20 individuals are 
indicated by the circles. Individuals with OAG are indicated by the squares. The percentile 
associated with the given RN FL thickness derived from the OCT printout at the given 
stimulus location is indicated by the colour (yellow <5%; red <1%) according to the 
topographical mapping o f  Garw ay-H eath et al (2000) (left half o f the circle/ square 
indicated as G-H) or Harwerth et al (2007) (right half o f the circle/ square indicated as H). 
The RNFL Thickness Chart (left), the Sector Averages (middle [top]), the Quadrant 
averages (Middle [bottom]) and the Pattern Deviation probability map (right) are given in 
the bottom panel for the individual exhibiting the contrast threshold indicated by the black 
arrow. The stimulus location for SAP corresponding to that for DNP is indicated by the red 
square.
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Figure 6.98 Motion discrimination: equivalent noise (Neq) for the stimuli in the inferior 
nasal quadrant (ordinate) as a function o f  the Pattern Deviation probability level at the 
corresponding location (abscissa). The 90th percentile o f the distribution o f equivalent 
noise amongst the 20 norm al individuals is indicated by the red dotted line. Equivalent 
noise for these 20 individuals is indicated by the circles. Individuals with OAG are 
indicated by the squares. The percentile associated with the given RNFL thickness derived 
from the OCT printout at the given stimulus location is indicated by the colour (yellow 
<5%; red <1%) according to the topographical mapping o f Garway-Heath et al (2000) (left 
half of the circle/ square indicated as G-H) or Harwerth et al (2007) (right half of the 
circle/ square indicated as H). The RNFL Thickness Chart (left), the Sector Averages 
(middle [top]), the Q uadrant averages (Middle [bottom]) and the Pattern Deviation 
probability map (right) are given in the bottom panel for the individual exhibiting the 
contrast threshold indicated by the black arrow. The stimulus location for SAP 
corresponding to that for DNP is indicated by the red square.
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Figure 6.99 Motion discrimination: sampling efficiency (SE) for the stimuli in the inferior 
nasal quadrant (ordinate) as a function o f  the Pattern Deviation probability level at the 
corresponding location (abscissa). The 90th percentile o f the distribution o f sampling 
efficiency amongst the 20 normal individuals is indicated by the red dotted line. Sampling 
efficiency for these 20 individuals is indicated by the circles. Individuals with OAG are 
indicated by the squares. The percentile associated with the given RNFL thickness derived 
from the OCT printout at the given stimulus location is indicated by the colour (yellow 
<5%; red <1%) according to the topographical mapping o f Garway-Heath et al (2000) (left 
half o f the circle/ square indicated as G-H) or Harwerth et al (2007) (right half o f the 
circle/ square indicated as H). The RNFL Thickness Chart (left), the Sector Averages 
(middle [top]), the Quadrant averages (Middle [bottom]) and the Pattern Deviation 
probability map (right) are given in the bottom panel for the individual exhibiting the 
contrast threshold indicated by the black arrow. The stimulus location for SAP 
corresponding to that for DNP is indicated by the red square.
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Figure 6.100 M otion discrimination: Logio Ratio for the stimuli in the inferior nasal 
quadrant (ordinate) as a function o f the Pattern Deviation probability level at the 
corresponding location (abscissa). The 90th percentile o f the distribution o f the Logio Ratio 
amongst the 20 normal individuals is indicated by the red dotted line. Logio Ratio for these 
20 individuals is indicated by the circles. Individuals with OAG are indicated by the 
squares. The percentile associated with the given RNFL thickness derived from the OCT 
printout at the given stim ulus location is indicated by the colour (yellow <5%; red <1%) 
according to the topographical m apping o f Garway-Heath et al (2000) (left half of the 
circle/ square indicated as G-H) or Harwerth et al (2007) (right half o f the circle/ square 
indicated as H). The RNFL Thickness Chart (left), the Sector Averages (middle [top]), the 
Quadrant averages (M iddle [bottom]) and the Pattern Deviation probability map (right) are 
given in the bottom panel for the individual exhibiting the contrast threshold indicated by 
the black arrow. The stim ulus location for SAP corresponding to that for DNP is indicated 
by the red square.

300



Im
pr

ov
em

en
t 

in 
pe

rf
or

m
an

ce

i k

Inferior nasally
1000000

100000

10000

O  N orm al1000 :

N orm al w ith  a b n o rm a l RNFL (G-H)

□  OAG w ith  RNFL

 9 0 th  p e rc e n t i le

100
<0.5% <1.0% <2.1 <5.0% Normal

Figure 6.101 Motion discrim ination: Signal detection index (SDI) for the stimuli in the 
inferior nasal quadrant (ordinate) as a function o f the Pattern Deviation probability level at 
the corresponding location (abscissa). The 90th percentile o f the distribution o f the Signal 
detection index am ongst the 20 norm al individuals is indicated by the red dotted line. 
Signal detection index for these 20 individuals is indicated by the circles. Individuals with 
OAG are indicated by the squares. The percentile associated with the given RNFL 
thickness derived from the OCT printout at the given stimulus location is indicated by the 
colour (yellow <5%; red <1% ) according to the topographical mapping o f Garway-Heath 
et al (2000) (left half o f  the circle/ square indicated as G-H) or Harwerth et al (2007) (right 
half o f the circle/ square indicated as H). The RNFL Thickness Chart (left), the Sector 
Averages (middle [top]), the Q uadrant averages (Middle [bottom]) and the Pattern 
Deviation probability map (right) are given in the bottom panel for the individual 
exhibiting the contrast threshold indicated by the black arrow. The stimulus location for 
SAP corresponding to that for DNP is indicated by the red square.
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6.10.8 Distribution of DNP measures for the discrimination task at the inferior 

temporal quadrant for individuals with OAG and for normal individuals

The 90th percentile o f  the distribution for the twenty normal individuals as a function o f the 

Pattern Deviation probability level at the corresponding location (abscissa) is given in 

Figures 6.102 -  6.107, in term s o f  M ichelson contrast thresholds in the absence o f noise 

(MC No), in the presence o f  noise (MC No), equivalent noise (Neq), sampling efficiency 

(SE), Logio Ratio and the signal detection index (SDI) (ordinates). O f the eleven 

individuals with OAG, two exhibited PDAb RNFLn, one exhibited PDN RNFLAb, two 

exhibited PDAb RNFLAb and the rem aining seven individuals were PDn RNFLn at the 

given location.

O f the eleven individuals w ith OAG, M C No identified eight individuals as abnormal: 

three with PDn RNFLn, tw o w ith PD Ab RN FLn, one with PDN RNFLAb and two with PDAb 

RNFLAb (Figure 6.102). M C N e identified four individuals as abnormal: two with PDn 

RNFLN, one with PDN RN FLAb and one w ith PDAb RNFLAb (Figure 6.103). N eq identified 

nine individuals as abnormal: four w ith PD n RNFLn, two with PDAb RNFLn, one with PDn 

RNFLAb and two with PD Ab R N FLAb (Figure 6.104). SE identified none o f the individuals 

as abnormal (Figure 6.105). Logio Ratio identified five individuals as abnormal: two with 

PDn RNFLn, one w ith PD Ab R N FLn, one w ith PDN RNFLAb and one with PDAb RNFLAb 

(Figure 6.106). SDI identified eight individuals as abnormal: three with PDn RNFLn, two 

with PDAb RNFLn, one w ith PD n RN FLAb and two with PDAb RNFLAb (Figure 6.107). A 

summary o f findings is show n in Table 6.28.
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Figure 6.102 M otion discrim ination: M ichelson contrast thresholds in the absence o f noise 
(MC No) for the stimuli in the inferior tem poral quadrant (ordinate) as a function o f the 
Pattern Deviation probability level at the corresponding location (abscissa). The 90th 
percentile o f the distribution o f  M ichelson contrast thresholds amongst the 20 normal 
individuals is indicated by the red dotted line. M ichelson contrast thresholds for these 20 
individuals are indicated by the circles. Individuals with OAG are indicated by the squares. 
The percentile associated w ith the given RNFL thickness derived from the OCT printout at 
the given stimulus location is indicated by the colour (yellow <5%; red <1%) according to 
the topographical m apping o f  G arw ay-Heath et al (2000) (left half o f the circle/ square 
indicated as G-H) or H arw erth et al (2007) (right half o f the circle/ square indicated as H). 
The RNFL Thickness Chart (left), the Sector Averages (middle [top]), the Quadrant 
averages (Middle [bottom]) and the Pattern Deviation probability map (right) are given in 
the bottom panel for the individual exhibiting the contrast threshold indicated by the black 
arrow. The stimulus location for SAP corresponding to that for DNP is indicated by the red 
square.
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Figure 6.103 M otion discrim ination: M ichelson contrast thresholds in the presence of 
noise (MC N e) for the stim uli in the inferior tem poral quadrant (ordinate) as a function of 
the Pattern Deviation probability level at the corresponding location (abscissa). The 90th 
percentile o f the distribution o f  M ichelson contrast thresholds amongst the 20 normal 
individuals is indicated by the red dotted line. M ichelson contrast thresholds for these 20 
individuals are indicated by the circles. Individuals with OAG are indicated by the squares. 
The percentile associated w ith the given RN FL thickness derived from the OCT printout at 
the given stimulus location is indicated by the colour (yellow <5%; red <1%) according to 
the topographical m apping o f  G arw ay-H eath et al (2000) (left half o f the circle/ square 
indicated as G-H) or H arw erth et al (2007) (right half o f the circle/ square indicated as H). 
The RNFL Thickness Chart (left), the Sector Averages (middle [top]), the Quadrant 
averages (Middle [bottom]) and the Pattern Deviation probability map (right) are given in 
the bottom panel for the individual exhibiting the contrast threshold indicated by the black 
arrow. The stimulus location for SAP corresponding to that for DNP is indicated by the red 
square.
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Figure 6.104 M otion discrim ination: equivalent noise (Neq) for the stimuli in the inferior 
temporal quadrant (ordinate) as a function o f  the Pattern Deviation probability level at the 
corresponding location (abscissa). The 90th percentile o f the distribution o f equivalent 
noise amongst the 20 norm al individuals is indicated by the red dotted line. Equivalent 
noise for these 20 individuals is indicated by the circles. Individuals with OAG are 
indicated by the squares. The percentile associated with the given RNFL thickness derived 
from the OCT printout at the given stim ulus location is indicated by the colour (yellow 
<5%; red <1%) according to the topographical mapping o f  Garway-Heath et al (2000) (left 
half o f the circle/ square indicated as G-H) or Harwerth et al (2007) (right half o f the 
circle/ square indicated as H). The RN FL Thickness Chart (left), the Sector Averages 
(middle [top]), the Q uadrant averages (M iddle [bottom]) and the Pattern Deviation 
probability map (right) are given in the bottom  panel for the individual exhibiting the 
contrast threshold indicated by the black arrow. The stimulus location for SAP 
corresponding to that for DNP is indicated by the red square.
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Figure 6.105 M otion discrim ination: sampling efficiency (SE) for the stimuli in the 
inferior temporal quadrant (ordinate) as a function o f the Pattern Deviation probability 
level at the corresponding location (abscissa). The 90th percentile o f the distribution of 
sampling efficiency am ongst the 20 normal individuals is indicated by the red dotted line. 
Sampling efficiency for these 20 individuals is indicated by the circles. Individuals with 
OAG are indicated by the squares. The percentile associated with the given RNFL 
thickness derived from the OCT printout at the given stimulus location is indicated by the 
colour (yellow <5%; red <1% ) according to the topographical mapping o f Garway-Heath 
et al (2000) (left half o f  the circle/ square indicated as G-H) or Harwerth et al (2007) (right 
half o f the circle/ square indicated as H). The RNFL Thickness Chart (left), the Sector 
Averages (middle [top]), the Quadrant averages (Middle [bottom]) and the Pattern 
Deviation probability map (right) are given in the bottom panel for the individual 
exhibiting the contrast threshold indicated by the black arrow. The stimulus location for 
SAP corresponding to that for DNP is indicated by the red square.
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Figure 6.106 Motion discrim ination: Logio Ratio for the stimuli in the inferior temporal 
quadrant (ordinate) as a function o f  the Pattern Deviation probability level at the 
corresponding location (abscissa). The 90th percentile o f the distribution o f the Logio Ratio 
amongst the 20 normal individuals is indicated by the red dotted line. Logio Ratio for these 
20 individuals is indicated by the circles. Individuals with OAG are indicated by the 
squares. The percentile associated with the given RNFL thickness derived from the OCT 
printout at the given stim ulus location is indicated by the colour (yellow <5%; red <1%) 
according to the topographical mapping o f Garway-Heath et al (2000) (left half o f the 
circle/ square indicated as G-H) or Harwerth et al (2007) (right half o f the circle/ square 
indicated as H). The RNFL Thickness Chart (left), the Sector Averages (middle [top]), the 
Quadrant averages (M iddle [bottom]) and the Pattern Deviation probability map (right) are 
given in the bottom panel for the individual exhibiting the contrast threshold indicated by 
the black arrow. The stim ulus location for SAP corresponding to that for DNP is indicated 
by the red square.
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Figure 6.107 M otion discrim ination: Signal detection index (SDI) for the stimuli in the 
inferior temporal quadrant (ordinate) as a function o f the Pattern Deviation probability 
level at the corresponding location (abscissa). The 90th percentile o f the distribution o f the 
Signal detection index am ongst the 20 norm al individuals is indicated by the red dotted 
line. Signal detection index for these 20 individuals is indicated by the circles. Individuals 
with OAG are indicated by the squares. The percentile associated with the given RNFL 
thickness derived from the OCT printout at the given stimulus location is indicated by the 
colour (yellow <5%; red <1% ) according to the topographical mapping o f Garway-Heath 
et al (2000) (left half o f  the circle/ square indicated as G-H) or Harwerth et al (2007) (right 
half of the circle/ square indicated as H). The RNFL Thickness Chart (left), the Sector 
Averages (middle [top]), the Q uadrant averages (Middle [bottom]) and the Pattern 
Deviation probability map (right) are given in the bottom panel for the individual 
exhibiting the contrast threshold indicated by the black arrow. The stimulus location for 
SAP corresponding to that for DNP is indicated by the red square.
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Case Location Quadrant Pattern
Deviation

RNFL
(G-H)

RNFL
(H)

MC N0 MC N. Neq SE Log10
Ratio

SDI

1 (-6, 12) ST < 0.5% < 5% < 1% <10% N N N N <10%
2 (-10. 8) ST N N N <10% N N N N <10%
3 (10, 8) ST < 5% N N N N N N N N
3 (6. 12) ST < 1% N N <10% N <10% N <10% <10%
4 (-10, 8) ST < 5% N N N N N N N N
5 (10, 8) ST < 5% N N N N N N N N
6 (10, 8) ST N N N N N N N N N
8 (-14, 8) ST N < 1% N <10% N N N <10% N
9 (-14, 8) ST <5% < 1% N <10% <10% <10% N <10% <10%
10 (10, 12) ST N N < 1% N N N N N N
11 (-10, 8) ST N N N N N N N N N
12 (14, 8) ST N N N N N N N N N
13 (10, 8) ST N N N <10% N N N N <10%
14 (10, 8) ST N N N N N N <10% N N

15 (-10, 8) ST N N N N <10% <10% N N N

16 (10, 8) ST N N N N N N N N N

17 (-10, 8) ST N N N N N N N N N

18 (10, 8) ST N N N N N N N N N

19 (-14, 8) ST N N N N N N N N N

20 (-10, 8) ST N < 5% < 5% N N N <10% N N

21 (10. 8) ST N N N N N N N N N

22 (10, 8) ST N N N N N N N N N

23 (-10, 8) ST N N N <10% <10% <10% N N N

24 (-10, 8) ST N N N N N N N N N

25 (10, 8) ST N N N N N N N N N

26 (10, 8) ST N N N N N N N N N

27 (-10, 8) ST N N N N N N N N N

28 (10, 8) ST N N N N N N N N N

29 (-10, 8) ST N N N N N N N <10% N

30 (-10, 8) ST N N N N N N N <10% <10%

Table 6.21 M otion detection: Sum m ary o f  results for individuals with OAG (case numbers 
1 to 10) and normal individuals (case numbers 11 to 30) at the superior temporal location, 
showing Pattern D eviation in term s o f  p-values, RNFL thickness in terms o f p-values and 
DNP values in terms o f  the 90th percentile. Normal Pattern Deviation and RNFL thickness 
values are indicated with the letter ‘N \  Abnormal DNP values (< 10%) are highlighted in 
red.
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Case Location Quadrant Pattern
Deviation

RNFL
(G-H)

RNFL
(H) MC N0 MC N„ N„, SE Log10

Ratio SDI

1 (10. 8) SN < 0.5% <5% < 5% <10% <10% N <10% N <10%
2 (10. 8) SN N N N N N <10% N <10% N
3 (-10. 8) SN N N N N N N N N N
4 (10. 8) SN N N N <10% N N N N N
5 (-10, 8) SN N N N N N N N N N
6 (-10. 8) SN N N N N <10% N <10% N N
7 (10, 8) SN N N N N N N N N N
8 (14. 8) SN N N N <10% N N N N N
10 (-14. 8) SN N N N <10% N N N N N
11 (10, 8) SN N N N N N N N N N
12 (-14, 8) SN N N N N N N N N N
13 (-10. 8) SN N N N <10% N <10% N N <10%
14 (-10, 8) SN N N N N N N N N N
15 (10, 8) SN N N N N N N N N N
16 (-10, 8) SN N N N N N N N N N
17 (10, 8) SN N N N N <10% N <10% N N
18 (-10. 8) SN N N N N N N N N N
19 (14, 8) SN N N N N N N <10% N N

20 (10, 8) SN N N N N N N N N N

21 (-10, 8) SN N N N N N N N N N

22 (-10, 8) SN N N N N N N N N N

23 (10. 8) SN N N N <10% N <10% N N N

24 (10, 8) SN N N N N <10% N N N <10%

25 (-10, 8) SN N N N N N N N N N

26 (-10, 8) SN N N N N N N N N N

27 (10. 8) SN N N N N N N N N N

28 (-10, 8) SN N N N N N N N N N

29 (10, 8) SN N N N N N N N <10% N

30 (10, 8) SN N N N N N N N <10% N

Table 6.22 M otion detection: Sum m ary o f  results for individuals with OAG (case numbers 
1 to 10) and normal individuals (case numbers 11 to 30) at the superior nasal location, 
showing Pattern Deviation in term s o f  p-values, RNFL thickness in terms o f p-values and 
DNP values in terms o f  the 90th percentile. Normal Pattern Deviation and RNFL thickness 
values are indicated with the letter ‘N \  Abnormal DNP values (< 10%) are highlighted in 
red.
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Case Location Quadrant Pattern
Deviation

RNFL
(G-H)

RNFL
(H) MC N0 MCN. N«q SE Log10

Ratio
SDI

1 (10, -12) IN < 5% N N <10% N N N N <10%
2 (10, -8) IN N N N N N <10% N <10% N
3 (-6, -12) IN <5% N N N N N N N N
4 (10, -8) IN N N N N N N N N N
5 (-10, -8) IN N N N N N N N N N
6 (-10, -8) IN N N N <10% <10% N <10% N <10%
7 (10, -8) IN N N N <10% N <10% N <10% <10%
9 (10, -8) IN < 0.5% < 1% N <10% N <10% N <10% <10%
10 (-10, -8) IN N N N <10% <10% N <10% N <10%
11 (10, -8) IN N N N N N N N N N
12 (-14. -8) IN N N N N N N N N N
13 (-10, -8) IN N N N <10% N <10% N <10% <10%
14 (-10, -8) IN N N N N N N N N N
15 (10. -8) IN N N N N N N N N N
16 (-10, -8) IN N N N <10% N <10% N N <10%
17 (10, -8) IN N N N N <10% N <10% N N

18 (-10, -8) IN N N N N N N N N N

19 (14. -8) IN N N N N N N N N N

20 (10, -8) IN N N N N N N N N N

21 (-10, -8) IN N N N N <10% N <10% N N

22 (-10, -8) IN N N N N N N N <10% N

23 (10, -8) IN N N N N N N N N N

24 (10, -8) IN N N N N N N N N N

25 (-10, -8) IN N N N N N N N N N

26 (-10, -8) IN N N N N N N N N N

27 (10, -8) IN N < 5% N N N N N N N

28 (-10, -8) IN N N N N N N N N N

29 (10, -8) IN N N N N N N N N N

30 (10, -8) IN N N N N N N N N N

Table 6.23 M otion detection: Sum m ary o f results for individuals with OAG (case numbers 
1 to 10) and normal individuals (case numbers 11 to 30) at the inferior nasal location, 
showing Pattern Deviation in terms o f  p-values, RNFL thickness in terms o f p-values and 
DNP values in terms o f  the 90th percentile. Normal Pattern Deviation and RNFL thickness 
values are indicated with the letter ‘N \  Abnormal DNP values (< 10%) are highlighted in 
red.
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Case Location Quadrant Pattern
Deviation

RNFL
(G-H)

RNFL
(H) MC N0 MC N. Neq SE Log10

Ratio
SDI

1 (-10, -8) IT N N N N N N <10% N N
2 (-10, -8) IT N N N N N N N N N
4 (-10, -8) IT N N N N N N N N N
5 (10, -8) IT N N N N N N N N N
6 (10, -8) IT N N N <10% N N <10% N <10%
7 (-10, -8) IT < 5% N N <10% N <10% N N <10%
7 (-6. -12) IT < 2% N N <10% N <10% N <10% <10%
8 (-14, -8) IT N N < 1% <10% <10% <10% <10% N <10%
9 (-14, -8) IT N N N <10% N <10% N <10% <10%
9 (-10, -8) IT < 0.5% < 1% < 1% <10% N <10% N <10% <10%
10 (10, -8) IT N N N N N N N N N
11 (-10, -8) IT N N N N N N N N N
12 (14, -8) IT N N N <10% N <10% N <10% <10%
13 (10, -8) IT N N N N N N N N N
14 (10, -8) IT N N N N N N N N N
15 (-10, -8) IT N N N N N N N N N
16 (10, -8) IT N N N N N N N N N

17 (-10, -8) IT N N N N <10% N <10% N N

18 (10, -8) IT N N N N N N N N N

19 (-14, -8) IT N N N <10% N N N N <10%
20 (-10, -8) IT N N N N <10% N <10% N N

21 (10, -8) IT N N N N N N N N N

22 (10, -8) IT N N N N N N N N N

23 (-10, -8) IT N N N N N N N N N

24 (-10, -8) IT N N N N N N N N N

25 (10, -8) IT N N N N N N N N N

26 (10, -8) IT N N N N N N N N N

27 (-10, -8) IT N < 5% < 5% N N <10% N <10% N

28 (10, -8) IT N N N N N N N N N

29 (-10, -8) IT N N N N N N N N N

30 (-10, -8) IT N N N N N N N N N

Table 6.24 M otion detection: Summary o f  results for individuals with OAG (case numbers 
1 to 10) and normal individuals (case numbers 11 to 30) at the inferior temporal location, 
showing Pattern D eviation in terms o f p-values, RNFL thickness in terms o f p-values and 
DNP values in terms o f  the 90th percentile. Normal Pattern Deviation and RNFL thickness 
values are indicated with the letter ‘N \  Abnormal DNP values (< 10%) are highlighted in 
red.
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Case Location Quadrant Pattern
Deviation

RNFL
(G-H)

RNFL
(H) MC No MC N. Neq SE Log10

Ratio
SDI

1 (-6. 12) ST <0.5% <5% < 1% <10% N <10% N N <10%
3 (10. 8) ST < 5% N N N N N N N N
3 (6. 12) ST < 1% N N <10% <10% <10% N N <10%
4 (-10. 8) ST < 5% N N <10% N N N N <10%
5 (10, 8) ST < 5% N N <10% N N N N <10%
6 (10, 8) ST N N N <10% <10% N <10% N <10%
8 (-14, 8) ST N < 1% N <10% <10% <10% N N <10%
10 (10, 12) ST N N < 1% N N N N N N
11 (-10, 8) ST N N N N N N N N N
12 (14, 8) ST N N N N N N N N N
13 (10, 8) ST N N N N N N N N N
14 (10, 8) ST N N N N N N N N N
15 (-10, 8) ST N N N N N N N N N
16 (10, 8) ST N N N N N N N N N
17 (-10, 8) ST N N N N N N N N N

18 (10, 8) ST N N N N N N N N N

19 (-14, 8) ST N N N N N N N N N

20 (-10, 8) ST N <5% < 5% N <10% N <10% N N

21 (10, 8) ST N N N N <10% N <10% N N

22 (10, 8) ST N N N N N N N N N

23 (-10. 8) ST N N N <10% N N N N <10%
24 (-10, 8) ST N N N N N N N N N

25 (10, 8) ST N N N N N N N N N

26 (10, 8) ST N N N N N N N N N

27 (-10, 8) ST N N N N N N N N N

28 (10, 8) ST N N N N N N N N N

29 (-10, 8) ST N N N <10% N <10% N <10% <10%

30 (-10, 8) ST N N N N N <10% N <10% N

Table 6.25 Motion discrimination: Summary o f results for individuals with OAG (case 
numbers 1 to 10) and norm al individuals (case numbers 11 to 30) at the superior temporal 
location, showing Pattern Deviation in terms o f p-values, RNFL thickness in terms o f p- 
values and DNP values in term s o f  the 90th percentile. Normal Pattern Deviation and 
RNFL thickness values are indicated with the letter ‘N \  Abnormal DNP values (< 10%) 
are highlighted in red.
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Case Location Quadrant Pattern
Deviation

RNFL
(G-H)

RNFL
(H) MC N0 MC N. N8q SE Log™

Ratio
SDI

1 (10, 8) SN <0.5% < 5% < 5% <10% <10% N <10% N <10%
3 (-10. 8) SN N N N <10% N <10% N <10% <10%
4 (10, 8) SN N N N N N N N N N
5 (-10, 8) SN N N N N <10% N <10% N N
6 (-10. 8) SN N N N <10% <10% N N N <10%
7 (10. 8) SN N N N N <10% N <10% N N
8 (14, 8) SN N N N <10% N <10% N N <10%
10 (-14, 8) SN N N N N N <10% N N N
11 (10, 8) SN N N N N <10% N <10% N N
12 (-14, 8) SN N N N N N N N N N
13 (-10, 8) SN N N N N <10% N <10% N N
14 (-10, 8) SN N N N N N N N N N
15 (10, 8) SN N N N N N N N N N
16 (-10, 8) SN N N N N N <10% N N N
17 (10, 8) SN N N N N N N N N N
18 (-10, 8) SN N N N N N N N N N
19 (14, 8) SN N N N N N N N N N
20 (10, 8) SN N N N N N N N N N

21 (-10, 8) SN N N N N N N N N N

22 (-10, 8) SN N N N N N N N N N

23 (10, 8) SN N N N <10% N <10% N <10% <10%
24 (10, 8) SN N N N <10% N N N N <10%

25 (-10, 8) SN N N N N N N N N N

26 (-10, 8) SN N N N N N N N <10% N

27 (10, 8) SN N N N N N N N N N

28 (-10, 8) SN N N N N N N N N N

29 (10, 8) SN N N N N N N N N N

30 (10, 8) SN N N N N N N N N N

Table 6.26 M otion discrim ination: Summary o f results for individuals with OAG (case 
numbers 1 to 10) and norm al individuals (case numbers 11 to 30) at the superior nasal 
location, showing Pattern Deviation in terms o f p-values, RNFL thickness in terms of p- 
values and DNP values in term s o f  the 90th percentile. Normal Pattern Deviation and 
RNFL thickness values are indicated with the letter ‘N \  Abnormal DNP values (< 10%) 
are highlighted in red.
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Case Location Quadrant Pattern
Deviation

RNFL
(G-H)

RNFL
(H)

MC N0 MC N. N oq SE Log10
Ratio

SDI

1 (10, -12) IN <5% N N < 1 0 % N < 1 0 % N < 1 0 % < 1 0 %

3

cnT9

IN <5% N N N N N N N N
4 (10, -8) IN N N N N < 1 0 % N < 1 0 % N N
5 (-10, -8) IN N N N N N N N N N
6 (-10, -8) IN N N N N N < 1 0 % N N < 1 0 %

7 (10, -8) IN N N N N N N N N N
10 (-10, -8) IN N N N N N N N N N
11 (10, -8) IN N N N N N N N N N
12 (-14, -8) IN N N N N N N N N N
13 (-10, -8) IN N N N < 1 0 % N N N N < 1 0 %

14 (-10, -8) IN N N N N N N N N N
15 (10, -8) IN N N N N N N N N N
16 (-10, -8) IN N N N N N < 1 0 % N N N
17 (10, -8) IN N N N N N N N N N
18 (-10, -8) IN N N N N N N N N N
19 (14, -8) IN N N N N < 1 0 % N N N N
20 (10. -8) IN N N N N N N N N N
21 (-10. -8) IN N N N N N N < 1 0 % N N
22 (-10, -8) IN N N N N N N N N N

23 (10, -8) IN N N N N N N N N N

24 (10. -8) IN N N N N < 1 0 % N < 1 0 % N N

25 (-10, -8) IN N N N N N N N N N

26 (-10, -8) IN N N N N N N N < 1 0 % N

27 (10, -8) IN N < 5% N N N N N N N

28 (-10, -8) IN N N N N N N N N N

29 (10, -8) IN N N N < 1 0 % N < 1 0 % N < 1 0 % < 1 0 %

30 (10, -8) IN N N N N N N N N N

Table 6.27 Motion discrimination: Summary of results for individuals with OAG (case 
numbers 1 to 10) and normal individuals (case numbers 11 to 30) at the inferior nasal 
location, showing Pattern Deviation in terms of p-values, RNFL thickness in terms of p- 
values and DNP values in terms of the 90th percentile. Normal Pattern Deviation and 
RNFL thickness values are indicated with the letter ‘N \ Abnormal DNP values (< 10%) 
are highlighted in red.
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Case Location Quadrant Pattern
Deviation

RNFL
(G-H)

RNFL
(H)

MC N0 MC N. Neq SE Log10
Ratio

SDI

1 (-10, -8) IT N N N N N < 10% N < 10% N
4 (-10, -8) IT N N N N N N N N N
5 (10, -8) IT N N N N N N N N N
6 (10. -8) IT N N N < 10% < 10% < 10% N N < 10%
7 (-10, -8) IT < 5% N N < 10% N < 10% N < 10% < 10%
7 (-6, -12) IT < 2% N N < 10% N < 10% N N < 10%
8 (-14, -8) IT N N < 1% < 10% < 10% < 10% N < 10% < 10%

9 (-14, -8) IT N N N < 10% < 10% < 10% N N < 10%

9 (-10, -8) IT < 0 .5% < 1% < 1% < 10% N < 10% N < 10% < 10%

9 (-6. -8) IT < 0 .5% < 1% < 1% < 10% < 10% < 10% N N < 10%

10 (10, -8) IT N N N < 10% N < 10% N < 10% < 10%

11 (-10, -8) IT N N N N N N N N N
12 (14, -8) IT N N N N N N N N N
13 (10, -8) IT N N N N < 10% N < 10% N N
14 (10, -8) IT N N N N N N N N N
15 (-10, -8) IT N N N N N < 10% N < 10% N

16 (10, -8) IT N N N N N N N N N

17 (-10, -8) IT N N N N N N N N N

18 (10, -8) IT N N N N N N N N N

19 (-14, -8) IT N N N < 10% N N N N < 10%

20 (-10, -8) IT N N N N N N N N N

21 (10, -8) IT N N N N N N N N N

22 (10, -8) IT N N N N < 10% N < 10% N N

23 (-10, -8) IT N N N N N N N < 10% N

24 (-10, -8) IT N N N N N N N N N

25 (10, -8) IT N N N N N N N N N

26 (10, -8) IT N N N N N N N N N

27 (-10, -8) IT N < 5% < 5% N N N N N N

28 (10, -8) IT N N N N N N N N N

29 (-10, -8) IT N N N N N < 10% N N N

30 (-10, -8) IT N N N < 10% N N N N < 10%

Table 6.28 Motion discrimination: Summary of results for individuals with OAG (case 
numbers 1 to 10) and normal individuals (case numbers 11 to 30) at the inferior temporal 
location, showing Pattern Deviation in terms of p-values, RNFL thickness in terms of p- 
values and DNP values which are highlighted above the 90th percentile. Normal Pattern 
Deviation and RNFL thickness values are indicated with the letter ‘N \
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6.11 Discussion

6.11.1 The potential for the learning effect

Normal individuals demonstrated a clinically meaningful learning effect, in absolute terms, 

across the visits for both the detection and the discrimination tasks for MC N0 and for MC 

Ne. Between-individual variability tended to decline with subsequent visits for both tasks. 

The learning effect was also present in terms of proportionate change in threshold. For the 

detection task, the learning effect was greatest from visit 1 to visit 2, and was near zero 

between visit 2 and visit 3. This finding is comparable to existing studies of learning in 

SAP (Horani et al., 2002; Rossetti et al., 2006; Wild et al., 2006). For the discrimination 

task, the learning effect occurred between visit 1 and visit 2, and persisted, but lessened, 

between visit 2 and visit 3. The continued learning effect with the discrimination task is 

likely to arise from its comparative complexity compared to the motion detection task. The 

extent to which the learning effect would persist to a fourth visit is unknown. It should be 

noted that the discrimination task was conducted following the series of visits for the 

detection task and, despite this, exhibited a clinically meaningful learning effect.

Neq did not demonstrate a clinically meaningful improvement in normal individuals across 

the three visits, either in absolute or in proportionate terms. SE improved from visit 1 to 

visit 2 with the detection task, and continued to improve from visit 2 to visit 3 with the 

discrimination task. Therefore, the learning effect can be explained by the improved ability 

of an individual to correctly interpret the available stimulus information. These findings 

are consistent with another study of perceptual learning, which found that internal noise 

levels were unchanged within a repeated discrimination task and improved performance 

was explained by increased efficiency (Gold et al., 1999). Therefore, the perimetric
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learning effect, observed in a range of studies (Rossetti et al., 2006; Wild et al., 2006; 

Contestabile et al., 2007) can be attributed to improved detection strategies that enhance 

perceptual signal strength.

The learning effect for both the detection and discrimination tasks, in absolute terms, 

across the three visits for the individuals with OAG was present for MC N0, MC Ne and 

SE. However, the between-individual variability in performance was greater than that for 

the normal individuals. Neq worsened over the three visits. The apparent worsening in Neq 

is likely to be explained by the wider distribution of Neq amongst the individuals with 

OAG, rather than the increasing levels of neural noise.

The learning effect for the detection task, in proportionate terms, was present for MC No, 

MC Ne and SE across the three visits. The learning effect for the discrimination task, in 

proportionate terms was only present for SE, and persisted from visit 2 to visit 3. This 

outcome may be explained either by the variation within- and between-individuals in the 

functional damage at the respective stimulus locations or by the complexity of the task for 

those with OAG. The latter would suggest that further improvement would be obtained 

over subsequent visits.

6.11.2 MC N0, MC Ne, Neq and SE of the normal eye

In the normal individuals, MC No was lowest for foveal viewing and comparably lower at

other locations. This was true for both the motion detection and the motion discrimination

tasks. Therefore, foveal viewing exhibited greatest sensitivity to the stimulus. In the

presence of noise, MC Ne was comparably worse with foveal viewing than at all other

locations. This finding held for both the motion detection and the motion discrimination
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tasks. It is postulated for two reasons that the dynamic noise mask disrupts visual 

processing with foveal viewing comparably more than at other stimulus locations. Firstly, 

the fovea is tuned to high spatial frequency stimuli, owing to low convergence of cones 

onto RGCs via bipolar cells (Dacey, 1993), and exhibits maximum cone density and an 

absence of vasculature (Curcio et al., 1990) resulting in high spatial resolution at later 

stages of visual processing (Curcio and Allen, 1990; Rodieck, 1998). Therefore, the spatial 

frequencies within the dynamic noise mask will impact visual perception of the stimulus. 

Secondly, as eccentricity increases from the fovea, retinal sampling density decreases 

(Rovamo and Virsu, 1979; Rovamo et al., 1992) and this decrease is thought to become the 

limiting factor in spatial resolution (Rossi and Roorda, 2009). Therefore, the higher spatial 

frequencies within the dynamic noise mask will be less perceptible than with foveal 

viewing.

Given the higher spatial resolution of the fovea, it is reasonable to question why this 

location performed comparably better than the peripheral locations for the detection and 

discrimination of the low spatial frequency stimulus, when presented in the absence of 

noise. The reason may be explained by the edge-effects associated with a square stimulus 

(Hogg and Anderson, 2009). At the fovea, low thresholds in the absence of the noise mask 

may be influenced by the perception of a high-spatial frequency stimulus edge, which 

becomes less apparent in the presence of the noise mask. Comparable studies have 

indicated that normal individuals would exhibit comparably lower sensitivity to a soft- 

edged stimulus e.g. with contrast at the stimulus edge attenuated with a cosine ramp. 

However, on-going studies in the School with the DNP stimulus suggest that this is not the 

case (Alshaghroud, 2010; Wild, 2010). Therefore, higher sensitivities at the fovea may be
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explained by the high sampling density of the photoreceptor mosaic, which decreases with 

eccentricity (Green, 1970).

Neq was lowest with foveal viewing, for both the motion detection and the motion 

discrimination tasks, when compared with peripheral locations. This finding indicates that 

the fovea exhibited the lowest level of baseline neural activity of all locations. The 

comparative reduction in Neq can be explained by high sensitivity in terms of MC N0 

levels, which, as has been discussed, may have been influenced by the anatomical 

characteristics of the fovea (Curcio and Allen, 1990; Curcio et al., 1990). Neq levels of the 

normal individuals were generally between 10 and 15010 7 deg2 sec'1 at the various 

locations of the visual field. These values are consistent with that of 9.910'7 deg2 for foveal 

viewing using a static noise mask in normal individuals of a similar age range (Pardhan, 

2004; Radhakrishan and Pardhan, 2006).

SE was lowest at the fovea for both the motion detection and discrimination task. The 

comparative low level of SE can be explained by the performance of the fovea in terms of 

MC Ne, which, as has been discussed indicates that the fovea exhibited comparably greater 

disruption in visual processing due to the higher spatial frequencies within the noise mask. 

SE in the normal eye was generally between 1.2 and 2.5%, which is comparable to that of 

1-2% for a drifting grating stimulus presented to normal individuals (Simpson et al., 

2003a; Simpson et al., 2003b).

Neq and SE measures exhibited comparatively greater between-individual variability than 

their respective input measures of MC No and MC Ne. This increased variability is 

explained by the mathematical transformation which is used to calculate Neq and SE (See
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Section 6.2.2). The transformation magnifies the values at the extremes of the data range. 

For all measures, the discrimination task exhibited comparably greater between-individual 

variability than the detection task. The increase in the magnitude of between-individual 

variability may be explained by the comparative difficulty of the discrimination task with 

peripheral viewing (Green, 1983). Increased uncertainly with the discrimination task may 

explain comparably higher levels of Neq when compared with the detection task 

(Mareschal et al., 2008). The judgement of direction is considered to be more difficult than 

the judgement of motion, alone, (Ball et al., 1983), and is particularly true for older 

individuals (Bennett et al., 2007). With the exception of the ST location, SE was 

comparable for the detection and the discrimination task. However, SE within a 

discrimination task will systematically decline at higher stimulus speeds (Simpson et al., 

2003a) although this was not considered within the scope of this investigation.

6.11.3 Age-dependency in terms of MC N0, MC Ne, Neq and SE

As would be expected, measures of MC N0 and MC Ne increased with age. This finding is 

comparable to other studies of contrast sensitivity for sine wave gratings of low and high 

spatial frequencies (Arundale, 1978; Ross et al., 1985; Wright and Drasdo, 1985; Elliott et 

al., 1990; Willis and Anderson, 2000; McKendrick et al., 2007). SE decreased with 

increasing age for both the detection and the discrimination tasks. This finding is 

consistent with other studies (Pardhan et al., 1996; Bennett et al., 1999; Falkenberg and 

Bex, 2007) and can be explained by the physiological loss of RGCs with ageing (Bennett 

et al., 1999; Kerrigan-Baumrind et al., 2000) rather than the reduced retinal illumination 

arising from reduced pupil size and loss of transparency of the crystalline lens (Sloane et 

al., 1988). Neq increased with age which may, in part, be due to the described changes
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within the crystalline lens (Kersten et al., 1988; Pardhan et al., 1993) or increased neural 

firing (Pardhan, 2004; Betts et al., 2007; Falkenberg and Bex, 2007)

6.11.4 Determination of MC N0, MC Ne, Neq, SE, Log10 Ratio and SDI in OAG

At the 90th percentile, DNP clearly identified individuals with OAG who exhibited both 

PDAb and/ or RNFLAb for the detection and also for the discrimination tasks (Tables 6.21 - 

6.28). The most sensitive measures were MC N0 and the SDI.

For the detection task, MC No and the SDI identified 11 and 10 stimulus locations as 

abnormal, respectively, out of a group total of 16 locations with PDAb and/ or RNFLAb. Of 

the remaining 5/ 6 stimulus locations, 4 exhibited a PD probability value at the 5% level 

and a normal RNFL thickness, one exhibited PDN RNFLAb. In addition, MC No and the 

SDI identified 11 and 9 locations, respectively which exhibited PDN RNFLn. It is possible 

that the latter could have arisen as a consequence of an incomplete learning effect.

For the discrimination task, MC N0 and the SDI each identified 12 stimulus locations as 

abnormal, respectively, out of 15 locations with PDAb and/ or RNFLAb. Of the remaining 3 

locations, 2 exhibited a PD probability value at the 5% level and a normal RNFL thickness, 

and one exhibited PDn RNFLAb. In addition, MC No and the SDI identified 7 and 8 

locations, respectively, which exhibited PDn RNFLn- Again, it is possible that the latter 

outcome could have arisen as a consequence of an incomplete learning effect.

Given that the 90th percentile was used to define the confidence limits of DNP, two normal 

individuals would always exhibit apparent abnormality for each of the DNP outcome
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measures. Three normal individuals exhibited stimulus locations which were apparently 

abnormal by three or more different DNP measures (Tables 6.21 -  6.28).

The effectiveness of the DNP stimulus in the absence of noise may be explained by its 

spatial and temporal parameters, designed to preferentially activate the M-pathway of the 

visual system (Merigan and Katz, 1990; Merigan et al., 1991a). The M-pathway is known 

to have a pivotal role in the perception of motion (Ogden, 1984; Callaway, 2005), a 

capability which is believed to be impaired in OAG (Falcao-Reis et al., 1990; Yoshiyama 

and Johnson, 1997; McKendrick et al., 2007; Hot et al., 2008). The limited effect of the 

dynamic noise mask was unexpected with respect to its ability to differentiate normal 

individuals from individuals with OAG given that external visual noise has previously 

differentiated normal individuals from individuals with OAG (Yates et al., 1998; Odom et 

al., 2006; Falkenberg and Bex, 2007).

There are several possible reasons to explain why measures of Neq and SE were less 

sensitive than measures of MC N0. Firstly, as was explained within the hypothesis 

(Chapter 3, Section 3.3.5, and Figure 6.108 below), Neq and SE levels are believed to 

correlate with a particular stage of damage in OAG. As such, Neq will exceed normative 

levels only at a stage which is thought to precede RGC death, a stage which is believed to 

involve cell shrinkage. Beyond this stage Neq is expected to decline to normative levels as 

RGC death becomes widespread. For the purposes of this study, a cohort of individuals 

with OAG was recruited with varying degrees of glaucomatous damage. Therefore, it is 

reasonable to expect that some locations with advanced structural and functional damage 

to the RNFL would exhibit normative levels of Neq since the summed response of elevated 

Neq due to dying/ shrinking cells and a sub-normal Neq from dead cells may result in a
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normal level of Neq. This is comparable to the findings of another study (Falkenberg and 

Bex, 2007).
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Figure 6.108 Duplicate of Figure 3.1, Chapter 3 repeated for the purposes of the 
Discussion. Schematic illustrating the hypothesised change in Neq and SE with the 
progression of OAG. Neq is raised in early OAG due to increased neural activity arising 
from RGC shrinkage. Neq then declines to normative levels in moderate OAG due to the 
summed response of shrinking and dying RGCs. Thereafter Neq falls as a result of 
depressed neural activity, due to RGC death. SE is at normative levels in early OAG, as 
the RGCs undergo shrinkage, but remain functional. Thereafter, SE falls in moderate and 
advanced stages of OAG due to continuing RGC death.

According to the cell shrinkage hypothesis (Chapter 3, Section 3), SE is expected to fall 

with increasing RGC death. In this study, individuals with PDAb and/or RNFLAb continued 

to elicit normative SE at the given locations. As has been discussed, the noise mask was 

considered less effective for these individuals. Whilst the dynamic noise mask was 

developed to optimally mask the underlying stimulus, it was clearly not optimised for the 

assessment of individuals with OAG. Therefore, although the mask provided the necessary
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thresholds to elicit Neq and SE, it did not reduce perception to the DNP stimulus to the 

extent that would be clinically useful. This may explain the normative levels of SE in 

locations with functional and/ or structural damage.

6.12 Conclusions

DNP demonstrates a learning effect in normal individuals and in individuals with OAG. 

The learning effect is attributed to improved SE, indicating that individuals improve in 

their ability to utilise the available stimulus information. In general, DNP outcome 

measures decline with age in normal individuals.

Based on the 90th percentile for normal individuals, DNP identified individuals with OAG 

who exhibited PDAb and RNFLAb for both the detection and the discrimination tasks.

The compelling finding of the study is that the DNP method is highly sensitive for the 

detection of OAG in individuals exhibiting PDAb and/ or RNFLAb. Clearly, individuals 

with OAG demonstrate abnormal levels of Neq, particularly at locations with PDN RNFLn. 

This is commensurate with the shrinkage hypothesis. In addition, DNP identifies 

individuals with OAG that do not exhibit PDAb or RNFLAb. This latter outcome could have 

arisen due to an incomplete learning effect in some individuals with OAG and this aspect 

requires further investigation.

Overall, the results do not disprove the hypothesis that a detectable, intermediary stage of 

shrinkage will precede RGC death. DNP clearly warrants further development.
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7 General conclusions and proposals for future work

This thesis was concerned with the development of a new method for assessing visual 

function, called Dynamic Noise Perimetry (DNP), based upon the measurement of contrast 

sensitivity to a temporally modulated sine wave grating, in the absence (MC N0) and in the 

presence (MC Ne) of a dynamic noise mask. The technique permits the estimation of 

equivalent noise (Neq) and sampling efficiency (SE) at locations within the visual field; 

information which may prove to be useful for identifying OAG prior to conventional 

methods of detection and at a stage in which the disease is characterised by RGC 

shrinkage.

The development of DNP was divided into two stages. Firstly, the parameters of the 

dynamic noise mask were optimised for the normal eye for use with a temporally 

modulated grating. An optimised mask ensured that the limited contrast range of the 

display would be sufficient for clinical studies. Secondly, a sine-wave grating, targeted at 

the magnocellular stream of the visual pathway, was used to assess the spatio-temporal 

contrast sensitivity in a group of normal individuals and in a group of individuals with 

OAG. The optimised noise mask was used to measure MC No, MC Ne, Neq and SE, and to 

characterise the following: the presence of a learning effect for normal individuals and for 

individuals with OAG, the distribution of DNP measures for normal individuals, and to 

characterise the effects of age. Thereafter, DNP was used to identify individuals with OAG 

at the 90th percentile of the distribution of normal individuals. These findings were 

compared with the Pattern Deviation probability values of SAP and with RNFL thickness 

derived by OCT.
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7.1 Review o f  findings

7.1.1 The spatial limits of the dynamic noise mask

The study designed to optimise the parameters of the dynamic noise mask showed that 

critical check size decreased in terms of checks per cycle with increasing temporal 

frequency of a drifting sine wave grating. This finding was attributed to the limits in 

spatial processing at high temporal frequencies which reduces grating visibility when 

masked with external noise. Eccentric viewing of low spatial frequency drifting gratings 

showed that the critical check size within a spatio-temporal noise mask was influenced by 

the temporal frequency of the underlying grating.

7.1.2 Clinical application of Dynamic Noise Perimetry

For both the detection and the discrimination tasks, DNP exhibited a learning effect in 

absolute and proportionate terms, based on measures of MC No, MC Ne and SE. Neq 

remained broadly constant over consecutive visits for the normal individuals. Elowever, 

Neq worsened in absolute terms over the course of consecutive visits in OAG. The DNP 

outcome measures of MC N0, MC Ne, Neq and SE in the normal individuals generally 

worsened with age.

The overwhelming conclusion was that, at the 90th percentile, DNP identified individuals 

for OAG that exhibited abnormal Pattern Deviation probability (PDAb) using SAP and/ or 

abnormal RNFL thickness (RNFLAb), from a group of age-matched normal individuals 

with both the detection and the discrimination tasks. The most sensitive DNP measures
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proved to be the Michelson contract threshold in the absence of the noise mask (MC N0) 

and a derivative of Neq and SE called the signal detection index (SDI).

7.2 Proposals fo r  future work

The results of the clinical study of individuals with OAG are sufficiently promising to 

warrant a more extensive study of normal individuals and individuals with OAG. Within 

the subsequent study, it will be important to determine test-retest variability.

A further study is needed to determine which motion task is more suitable as a clinical 

tool. Although the motion detection task exhibited less between-individual variability 

amongst normal individuals, the discrimination task only involved the need for a single 

stimulus presentation. As such, it reduced the time required to elicit a single threshold 

measure to half that of the detection task. The length of time required for any perimetric 

method is a major concern for the clinical application of psychophysical tests. Individuals 

are susceptible to fatigue when perimetric tests are lengthy or complex and the economic 

considerations associated with the chair time are also important. To reduce the likelihood 

of fatigue, further development of the algorithm should be prioritised as a means of 

speeding up the entire test, such as methods currently used in clinical perimetry e.g. PEST 

and ZEST algorithms (Anderson and Johnson, 2006).

The dynamic noise mask was less effective than expected in distinguishing individuals 

with OAG from normal individuals. Therefore, Michelson contrast in the presence of noise 

(MC Ne) and sampling efficiency (SE) were less sensitive to PDAb and RNFLAb than other
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DNP measures. Although the noise mask had been optimised for use with the DNP 

stimulus, it had not been specifically developed as a detection tool for OAG. For 

individuals with OAG, it is possible that the higher spatial frequencies within the noise 

mask confounded its ability to degrade the DNP stimulus. Given that the noise mask is a 

complex stimulus containing many frequencies, a Fourier analysis of the mask may help to 

interpret its characteristics. Once the characteristics of the mask are fully understood, 

further development of the DNP method should involve the development of a novel 

dynamic noise mask that is optimised for individuals with OAG.

The square grating stimulus used in clinical studies was designed to have a hard-edged 

stimulus window, which was comparable to other temporal contrast sensitivity tests such 

as Frequency Doubling Perimetry. There is some evidence to suggest that a hard-edged 

stimulus window can produce perceptual artefacts, and it is speculated that a Gaussian 

filtered edge is more likely to elicit higher thresholds, when compared with a hard-edged 

grating (Flogg and Anderson, 2009). Therefore a Gaussian-edged stimulus may be more 

appropriate for the further development of this method. Further studies should compare the 

influence of Gaussian-edged stimuli on sampling efficiency and equivalent noise levels, 

when compared with a hard-edged stimulus. However, on-going studies in this respect 

suggest that Gaussian stimuli are not more sensitive than hard-edged stimuli, for the 

detection of OAG (Alshaghroud, 2010; Wild, 2010).

Several other clinical applications of DNP should also be considered. For example, ARMD 

is a leading cause of blindness in the Western world. Early detection may permit 

individuals to adopt lifestyle changes (Sorensen and Kemp, 2010) or use nutritional 

supplements to delay the onset of this disease. This method can be adapted to a macular
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test by changing grating parameters to higher spatial frequencies. DNP may also have a 

role in the detection of neurological diseases such as multiple sclerosis, which may exhibit 

subtle subclinical deficiencies of visual function, measurable with Neq and/ or SE.

Finally, both grating and noise stimuli have been developed in greyscale, to elicit a 

response from largely achromatic regions of the visual pathway. As such, the clinical use 

of chromatic gratings and noise can also be considered for future work, to elicit responses 

from chromatic pathways e.g. koniocellular pathway, which are known to be affected in 

OAG.
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