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1. Abstract

Primary open angle glaucoma is a major cause of blindness and visual disability. The 

introduction to this thesis summarises evidence that automated perimetry is not sensitive 

enough to detect early glaucomatous damage. This thesis investigates two novel tests of 

visual function which are Motion Displacement Threshold (MDT) testing and High 

Spatial Resolution Perimetry (HSRP).

In chapter 4, motion reaction times are shown to be abnormally elevated in glaucoma 

patients as a function of threshold elevation. Their potential use as a marker for reliability 

is outlined. Chapter 5 reports that analysis of the slope of the ffequency-of-seeing curve 

improves the sensitivity of the MDT test compared with analysis of the threshold alone. 

Chapter 6 describes the technique of High Spatial Resolution Perimetry (HSRP) and 

investigates its spatial resolution, repeatability and clinical use in glaucoma.

Chapter 7, elevated Motion Displacement Thresholds (MDTs) are identified in 

glaucoma. These are shown to coexist in some cases with fine scale scotomas identified 

using HSRP. This suggests that an underlying factor contributing to MDT abnormalities 

in addition to selective magnocellular loss or reduced redundancy is sensitivity loss on a 

spatial scale too small to be measured by conventional perimetry. This led to the 

hypothesis that the orientation of the MDT stimulus could have a significant effect on 

motion threshold glaucoma, and that stimulus orientation might be incorporated in order 

to improve the sensitivity of the test. This hypothesis was tested in chapter 8, which 

identified increasing elevation of motion threshold for a line stimulus moving 

perpendicular to the retinal nerve fibre layer compared to a line stimulus moving parallel 

to the retinal nerve fibre layer in some glaucoma patients.

The clinical significance of these studies is summarised in chapter 9 and future 

developments to improve the MDT and HSRP tests are discussed.
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5. Outline of thesis

Chapter 1 summarises the classification, epidemiology, ætiology, and treatment of 

glaucoma. Chapter 2 describes the anatomy and physiology of the visual system, and 

outlines the history of perimetry. Chapter 3 discusses the limitations of conventional 

perimetry in detecting early glaucomatous damage and gives an account of the use of 

other psychophysical testing in glaucoma. Chapters 4 to 8 describe the results of 5 

experimental studies in this thesis. Chapter 4 investigates possible differences in reaction 

time between controls and glaucoma patients for a motion stimulus. Chapter 5 details 

the improvement in the sensitivity of the MDT test obtained with the use of frequency- 

of-seeing analysis, as compared against the use of threshold analysis alone. Chapter 6 

investigates the use o f High Spatial Resolution Perimetry in glaucoma. Chapter 7 tests 

the hypothesis that elevated Motion Displacement Thresholds coexist with fine scale 

depressions of Humphrey threshold. Chapter 8 describes a study to investigate the effect 

of stimulus orientation on motion thresholds.

The results o f these studies are summarised and discussed in Chapter 9.
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1. CHAPTER 1 

Glaucoma

1.1 Definition

There is no universally agreed definition for glaucoma. One approach is to consider 

glaucoma as a group of conditions, characterized by damage to the optic nerve head in 

association with a diagnostic pattern of visual field loss, for which elevation of 

intraocular pressure is a major risk factor. Recent major epidemiological studies do not 

include the demonstration of an elevated lOP (i.e. above 21 mm Hg. ) as part of the case 

definition for open angle glaucoma (Mitchell et a l, 1996; Tielsch et al., 1991). Instead 

intraocular pressure is more usefully thought of as a continuous risk factor, which is only 

one of several that have been identified.

Subjects who have normal visual fields, but have risk factors for the development of 

glaucoma such as the presence of optic disc damage or elevated intraocular pressure, 

may be defined as glaucoma suspects since they are at risk o f developing the disease in 

the future.

1.2 Classification

1.2.1 Concepts

Glaucoma is classified into primary or secondary. Primary glaucoma occurs in the 

absence of any coexisting or antecedent ocular disease. Secondary glaucomas occur as 

conditions which are secondary to another ocular or systemic disease. Causes of 

secondary glaucoma include uveitis, cataract, and trauma, and account for only 

approximately 5% of all glaucomas.

All glaucomas can also further be subdivided according to whether the aqueous drainage 

angle is open (trabeculum visible on gonioscopy) or closed (trabeculum obscured by 

normal or pathological structures).
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Finally, the congenital glaucomas represent a separate rare group of disorders 

characterized by congenital malformations of the drainage angle of varying degree, which 

may be accompanied by ocular or systemic malformations.

1.2.2 Primary Open Angle Glaucoma (PCAG)

The commonest form of glaucoma in the Western world is primary open angle glaucoma. 

These patients have by definition cupping of the optic nerve head and visual field loss, 

with an open aqueous drainage angle of normal appearance.

Patients with primary open angle glaucoma frequently remain asymptomatic until 

extensive and unrecoverable visual field loss has occurred. An important characteristic of 

the disease is the progressive deterioration of the visual field with constriction of the 

visual field which may lead ultimately to blindness. Although the intraocular pressure 

may be raised at the time of diagnosis, major epidemiological studies have consistently 

shown that only about half of newly detected cases of POAG have an elevated 

intraocular pressure (commonly defined as >= 21 mm Hg.) at the time of screening 

(Sommer et al., 1991b). In addition, a significant proportion of patients diagnosed as 

having POAG on the basis of optic nerve head cupping and visual field damage never 

have elevated lOPs. For example, in the Baltimore eye survey, 21% of patients 

confirmed as POAG failed to demonstrate elevated intraocular pressures above 21 mm 

Hg. on further follow up (Sommer, et al., 1991b). Many clinicians classify these patients 

as Normal Tension Glaucoma (NTG), particularly if diurnal measurements of lOP fail 

to demonstrate any elevation of lOP above 21 mm Hg.

1.3 Epidemiology

Glaucoma is the third most common cause of blindness in the world, after cataract and 

age related macular degeneration, and is estimated to be responsible for approximately

5.2 million blind people worldwide (Thylefors and Negrel, 1994). It is estimated that 

glaucoma will be the second commonest cause by the year 2000, when it will be the most 

important cause of irreversible visual disability. In the U.K., estimates based on the 

prevalence o f Coffey et al suggest that there are approximately 250,000 known sufferers 

in the UK, with probably another 250,000 undiagnosed (Coffey et al., 1993).
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In the United States there are probably 2 million glaucoma sufferers, o f whom 120,000 

are blind (Leske, 1983). Guzman suggested that the economic burden of glaucoma rivals 

that for cataract, despite the considerably lower prevalence of the disease compared to 

cataract (Guzman et al., 1992). In the US for example, direct health care costs from 

glaucoma are estimated at about US$ 2 billion (£1.2 billion) and indirect costs at about 

US$ 500 million (£300 million).

1.3.1 Prevalence

Hollows and Graham conducted an epidemiological study that has subsequently become 

a benchmark for studies of glaucoma prevalence (Hollows and Graham, 1966). Their 

study was the first to examine a large proportion of a defined population using 

comprehensive case finding methods. They also included extensive visual field testing as 

part o f the case definition, although this was not performed on all subjects. They studied 

a sample o f 4231 from Ferndale in Wales (age range 40-70 years) and found a prevalence 

o f POAG of 0.5% in the population studied.

Leibowitz et al reported a prevalence of POAG of 1.4% from a sample of 2631 of the 

3977 members of the Framingham (Massachusetts) Heart Study population still living in 

1973-1975 (age range 52-85 years) (Leibowitz e ta l, 1980).

Although these studies were population-based, they were not true random samples o f the 

population at risk. More recent studies based on the evaluation of multiple risk factors 

within a random sample of the population have suggested a higher prevalence.

The Baltimore Eye Survey surveyed 5308 black and white urban American subjects aged 

40 years or older to give a prevalence of 1.3% among the white population (Sommer, et 

al., 1991b). The Beaver Dam study reported a slightly higher prevalence for POAG of 

2.1% in a non-urban sample o f 4926 predominantly white subjects in Wisconsin (age 

range 43-84 years).

A study by Coffey et al reported a prevalence of 1.9% in a sample of 2186 subjects aged 

over 50 in the rural community of Roscommon in the West of Ireland (Coffey, et al., 

1993).

The highest prevalence of POAG reported for an urban population was 2.4%, from the 

Blue Mountain Study (Mitchell, et al., 1996). However this sample consisted of an older 

population with a higher proportion of people over 75 years of age. Despite differences 

in case detection and definition of POAG in these studies, it is noteable how well the
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prevalence rates agree among white populations of equivalent ages. An important finding 

that all these studies consistently highlight is the fact that at least 50% or more of the 

glaucoma within the community is undiagnosed. They also emphasize the poor 

performance of lOP as a screening test, as only half of newly detected cases of POAG 

have raised lOP >=21 mm. Hg. (Coffey, et al., 1993; Klein et a l, 1992; Sommer, et al., 

1991b).

1.3.2 Incidence

There are major difficulties in estimating the incidence of glaucoma. The difficulties of 

reliable early detection present problems in deciding at what point the disease becomes 

manifest. This is illustrated by the observation that pathological changes at the optic disc 

and nerve fibre layer can occur many years before the development of a repeatable visual 

field defect (Quigley et al, 1980; Sommer et al, 1991a; Zeyen and Caprioli, 1993). The 

incidence of glaucoma can only be determined by prospective long-term studies, ideally 

of a truly representative random sample of a population. It is hoped that longitudinal 

follow-up of the Baltimore and Beaver Dam studies will provide estimates of the 

incidence of glaucoma in the future.

1.3.3 Risk factors

The epidemiological studies described above have greatly improved our understanding of 

the risk factors which predispose an individual to POAG. These studies have consistently 

highlighted the multifactorial nature of the disease. Thus an individuals’ risk of POAG is 

best considered as the combination of a number of risk factors, although the exact 

magnitude of risk attributable to a specific risk factor remains a matter of debate.

1.3.3.: Intraocular pressure

Of all the risk factors that have been identified in the large epidemiological studies 

described above, lOP consistently remains a major risk factor.

Leske (1983) suggested that the overall risk of developing POAG is approximately five 

times higher in subjects with lOPs > 21mm Hg than in subjects with lower lOPs (Leske,

1983). However, rather than an absolute cut-off, more recent approaches have assessed 

the level of TOP in terms of being a continuous a risk factor.
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The Baltimore Eye Survey identified a clear log-linear relationship between the 

prevalence of POAG and the level of the screening 10? (Sommer, et a l, 1991b). This 

relationship reached high levels of significance and existed both for all cases of POAG 

and for untreated previously undiagnosed POAG in the community. For example, for 

subjects with screening lOPs in the 19-21 mm Hg range, the prevalence of POAG was 

1.8%. In subjects with lOPs in the 22-29 mm Hg. range the prevalence was 8.3% and 

with lOPs above 29 mm Hg. this rose to 25%. A clear relationship between lOP and 

prevalence was also identified for a black population in the Barbados Eye Study (Leske 

e ta l, 1995).

Both studies made the important observation that even low levels of lOP were associated 

with a small but definite risk o f POAG. Although this risk was small, the fact that the 

majority o f the population had low screening lOPs resulted in significant numbers of 

POAG below 21 mm Hg. This finding of a continuous relationship between TOP and 

prevalence may explain the significant numbers of POAG cases identified with screening 

pressures below 21 mm Hg. in every major epidemiological study to date. An important 

finding of many studies is that they have consistently identified a significant proportion of 

undiagnosed POAG using accepted disc and field criteria in subjects with screening lOPs 

below 21 mm Hg., emphasising the poor performance of TOP as a screening measure 

(Coffey, et a l, 1993; Klein, et a l, 1992; Sommer, et a l, 1991b).

1.3.3.Ü Age

Epidemiological studies of POAG prevalence have identified age as a major risk factor, 

which may be as important as TOP. For example, the Beaver Dam eye study indicated 

that the prevalence of POAG increased with age from 0.9% in subjects 43 to 54 years of 

age to 4.7% in people 75 years of age or older (Klein, et a l, 1992). Similar results were 

obtained in the Roscommon study showing that the 70-79 year old age band have a 4.5 

times increased risk compared to the 50-59 age group (Coffey, et a l, 1993). By 

comparison, the Baltimore study identified an eightfold increase for the same age groups 

(Sommer, et a l, 1991b). Prevalence rates for older age groups may be even higher, as 

suggested by the Blue Mountain Study (Mitchell, et a l, 1996). This study reported an 

exponential increase in POAG prevalence with age, with a prevalence rising to 10.2% in 

people aged 85 years or older. >\
.....



1.3.3.!!! Race

Being of African, African-American, or Afro-Caribbean origin is a significant risk factor. 

The Baltimore Eye Survey showed that black Americans had strikingly higher rates of 

POAG, compared to whites at every age (Tielsch, et al., 1991). For example, the 

prevalence rates for blacks ranged from 1.2% in those aged 40 to 49 years to 11.3% in 

those aged 80 years or older. In whites for the same age groups the rates ranged from 

0.9% to 2.2%. The Barbados Eye Study found even higher prevalence rates o f POAG in 

an entirely Afro-Caribbean population (Leske et a l, 1994). Age-adjusted comparisons 

showed that the prevalence rates for the Barbados Eye study were 7 times that of the 

Baltimore Eye Survey whites, and 1.5 times that of the Baltimore Eye Survey black 

participants.

1.3.3.ÎV Family history

A number of studies have shown that a family history is an important risk factor in the 

development of POAG (Leske, et al., 1995; Tielsch et a l, 1994). The Baltimore Eye 

Survey showed a significant age-adjusted association of POAG with a family history of 

glaucoma (Tielsch, et a l, 1994). This was higher in siblings (odds ratio = 3.69) than in 

parents (odds ratio = 2.17) or children (odds ratio = 1.12). However there was evidence 

for selection bias, as the odds-ratios were between two and three times higher for 

subjects who had prior knowledge of their glaucoma diagnosis than for those who first 

received their diagnosis at the time of the study examination.

1.3.3.V Other factors

Although diabetes was previously thought of as an independent risk factor for POAG, 

results from large population-based studies have failed to find evidence of an association 

between diabetes and POAG (Sommer, et a l, 1991b; Tielsch et a l, 1995).

At present, the role of blood pressure as a risk factor is unclear. Some studies have 

demonstrated an association between a decrease in systemic blood pressure, either due to 

a hypotensive crisis or due to anti-hypertensive therapy, and the development of POAG 

(Leske, 1983). The Framingham study and the Barbados study (Leske, et a l, 1995) have 

reported an association between persons with a low BP/IOP ratio and POAG risk, 

although this may simply be a measure of the strong association between TOP and 

POAG.
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There is some evidence that myopia is a risk factor for POAG (Wilson et al., 1987) but 

recent studies have suggested there is no direct link (Quigley et al., 1994).

The majority of epidemiological studies have not shown any association o f POAG with 

gender (Coffey, et al., 1993; Klein, et al., 1992; Tielsch, et al., 1991). The exceptions are 

the Framingham and Barbados Eye Studies, which identified a preponderance of males 

with POAG.

Another factor which has been investigated is whether or not there is a significant 

association between migraine and POAG, which remains a matter of debate. For 

example, although a positive association between migraine and Normal Tension 

Glaucoma (NTG) has been reported (Phelps and Corbett, 1985), results from the Beaver 

Dam study found no association between POAG and a history o f migraine (Klein, et al., 

1992). However the relationship between migraine and POAG is complex and may be 

modified by age, as shown by the recent Blue Mountain study which did find a significant 

association between headache and POAG (odds ratio 2.5) in the 70-79 age group, 

although not for other age groups (Wang et al., 1997).

1.4 Ætiology

1.4.1 Pathogenesis

The pathogenesis of glaucoma is still unknown. Primary Open Angle Glaucoma (POAG) 

is an optic neuropathy consisting of characteristic changes to the appearance of the optic 

nerve head associated with loss of visual function. A remarkably constant feature of 

established glaucoma is the excavation of the optic nerve head tissues known as cupping. 

This was first described by von Graefe and is the feature which most easily distinguishes 

glaucoma from other optic neuropathies that produce similar field defects (von Graefe, 

1856). Histological studies have shown that cupping of the optic disc is primarily the 

result o f backward and lateral displacement of the connective tissue beams of the lamina 

cribrosa. The loss of visual function in glaucoma has been shown to be a result of 

accelerated ganglion cell death (Quigley et al., 1981). Although the exact cause of 

glaucomatous ganglion cell death is unknown, a number of mechanisms have been 

proposed. These mechanisms broadly fall into two major classes: mechanical or vascular.
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A full discussion of the extensive and controversial literature is beyond the scope of this 

MD. A recent comprehensive review is given by Hayreh (Hayreh, 1994).

1.4.2 Mechanical theories

The hypothesis that glaucomatous optic neuropathy is produced mechanically by raised 

lOP was first postulated by von Graefe nearly 140 years ago (von Graefe, 1857). In 

human eyes with secondary glaucoma, elevations of intraocular pressure are clearly 

associated with optic nerve cupping. In other primates, optic nerve cupping can be 

obtained experimentally in eyes with chronic elevation of intra-ocular pressure obtained 

using laser damage to the trabecular meshwork. This remains the only method of 

inducing glaucomatous changes of the optic nerve that resemble those seen in human 

POAG (Pederson and Gaasterland, 1984). Using this primate model, Pederson et al have 

examined the development of optic disc cupping with chronic elevation of lOP. They 

reported that the degree of neuronal loss was more marked in eyes with higher levels of 

lOP and in eyes with a longer exposure to an elevated lOP (Pederson and Gaasterland, 

1984). Histological examination of these eyes shows posterior bowing of the lamina 

cribrosa, with associated local interruption of axonal transport at this level. According to 

the mechanical theory, it is proposed that mechanical compression of the axons by raised 

intraocular pressure occurs as they traverse the lamina cribrosa, resulting in ganglion cell 

death.

Post mortem studies of glaucomatous human eyes by Quigley et al have shown similar 

changes, characterised by posterior bowing of the lamina cribrosa with associated 

stretching, distortion and compression of the laminar sheets (Quigley, et al., 1981). This 

is associated with reductions in optic nerve axon density throughout the optic nerve, 

which is more severe in the superior and inferior poles. This led Quigley to propose that 

the characteristic visual field defects in glaucoma result from regional differences in the 

structure of the scleral lamina cribrosa and their susceptibility to mechanical damage 

(Quigley, et a l, 1981).

A number of investigators have addressed the question of whether ganglion cell death in 

glaucoma is dependent in some way on lOP by investigating the correlation of lOP with 

visual function. A number o f studies have provided clinical evidence to suggest that the 

absolute level of lOP and the level of fluctuation of the lOP correlates with the degree of 

visual field deterioration (Mao et al, 1991; Migdal et a l, 1994; Smith, 1986; Sommer,
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et al., 1991b; Vogel et al., 1990; Weber et al., 1993) and with the extent of 

glaucomatous optic nerve damage (Airaksinen et al., 1992). Other studies have failed to 

show an unequivocal relationship between lOP and progressive deterioration in the 

visual field (Chauhan and Drance, 1992; Holmin and Krakau, 1982; O'Brien et al., 

1991). It has become apparent from these studies that for a given level of intra-ocular 

pressure elevation, there exists considerable individual variability in the susceptibility to 

developing glaucomatous optic nerve change and visual field deterioration. This clinical 

observation has recently been supported experimentally by Harweth et al. They 

investigated the relationship between visual field deterioration and intraocular pressure 

elevation in 18 monkeys with laser induced unilateral glaucoma. They found that visual 

field defects occurred above a certain “threshold” of lOP elevation, with the absolute 

level of threshold TOP elevation varying considerably between eyes. However once visual 

damage occurred, the rate of visual field progression occurred at more or less uniform 

rates (Harwerth and Smith, 1997).

1.4.3 Vascular theory

The observations that approximately half of glaucomatous eyes present with lOPs less 

than 21 mm Hg., and that a proportion of these develop progressive glaucoma despite 

lOPs within the normal range, suggest that other factors must play major roles in the 

pathogenesis of glaucoma. A major theory to explain pressure independent ganglion cell 

death is the vascular theory, which was first proposed by Jaeger only 1 year after von 

Graefe’s mechanical theory (Jaeger, 1858). He postulated that impairment o f the 

circulation in the short posterior ciliary arteries was responsible for the damage to the 

optic nerve head in glaucoma. Recent research has concentrated on the importance of 

autoregulation of optic nerve head blood flow. Pillunat et al. and Robert et al. have 

found evidence to suggest defective autoregulation in optic nerve head blood flow in 

POAG and NTG (Pillunat et al., 1987; Robert et al., 1989). Defective autoregulation has 

also been proposed to explain the reported association between nocturnal hypotension 

and those patients who show progressive visual field damage in normal tension glaucoma 

patients treated for systemic hypertension (Graham et al., 1995; Hayreh et al., 1994). It 

is postulated that the presence of marked nocturnal dips o f BP may lead to 

hypoperfiision o f the optic nerve head, with consequent ischaemic disc damage.
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Another mechanism that has been postulated to account for the reduction in ocular blood 

flow in some patients is vasospasm. A number of studies have identified the presence of 

peripheral vasospasm (e.g. migraine, chronic cold hands and feet) as a risk factor for 

glaucoma, particularly for normal tension glaucoma (Drance et al., 1988; Phelps and 

Corbett, 1985).

A number of techniques have been used to attempt to obtain an indirect measure of optic 

nerve head blood flow. These have been limited by the difficulties of obtaining sensitive 

and reproducible measurements and may not measure the posterior ciliary circulation 

which is of prime importance.

Abnormalities o f blood flow have been reported in normal tension glaucoma using the 

ocular pulse to measure blood flow (James and Smith, 1991) and colour Doppler 

ultrasonography to measure blood flow velocity (Butt et al., 1995).

1.4.4 Apoptosis

Quigley has recently postulated that apoptosis may be an important 10? independent 

mechanism for ganglion cell death in glaucoma (Quigley et al., 1995). Apoptosis was 

first described by Kerr who identified a unique form of active cell death which differs 

from necrosis by its absence of inflammation (Kerr et al., 1972). This process requires 

the transcription of messenger RNA to initiate a cascade o f programmed cell death. 

Apoptosis has been shown to be important in embryogenesis (Young, 1984), and in 

preventing carcinogenesis (Kerr et al., 1994). The ocular importance of apoptosis is 

suggested by the fact that half the initial population of ganglion cells die by apoptosis 

during normal foetal development. Apoptosis has been shown to play an important role 

in some experimental inherited retinal dystrophies (Papermaster and Nir, 1994). Levin et 

al reported evidence of apoptosis in the ganglion cell layer o f an eye o f a patient with 

acute ischaemic optic neuropathy (Levin and Louhab, 1996). Quigley has shown that 

apoptosis is associated with ganglion cell death in experimental glaucoma and postulates 

that this mechanism may play an important part in the progressive loss of ganglion cells 

in human glaucoma (Quigley, et al., 1995). However the techniques to identify apoptosis 

remain controversial and further investigations are required to ascertain what role 

apoptosis has in the pathogenesis of glaucoma.
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1.4.5 Genetic factors

The mechanism by which genes influence the susceptibility to POAG is as yet unknown. 

Teikari and Airaksinen have recently shown that IGF and the dimensions o f the optic 

nerve head are genetically determined (Teikari and Airaksinen, 1992). This suggests that 

genetic factors may influence the facility of aqueous outflow and the susceptibility o f the 

optic disc to the development o f glaucomatous change. Other evidence confirming the 

importance of genetic factors in determining the susceptibility to glaucoma is the 

identification of a number o f pedigrees with autosomal dominant inheritance POAG 

(Kitsos et al., 1988). Sheffield et al have recently published the first mapping o f a gene 

causing an autosomal dominant form of juvenile open angle glaucoma (JOAG) in a 

pedigree (Sheffield et a l, 1993). They used linkage analysis to identify positive linkage 

to a region on the long arm of chromosome 1. Subsequently, other investigators have 

also demonstrated linkage to this region. However, this linkage appears to be associated 

with rare juvenile onset primary open angle glaucoma (JOAG) and the genetic 

relationship between JOAG and POAG is not known. The later onset of POAG and the 

undoubted genetic heterogeneity of POAG presents major difficulties in the mapping of 

POAG genes.

1.5 Treatment

It is beyond the scope of this thesis to give an exhaustive account o f the various 

treatments for glaucoma. For a more detailed account of the therapeutic rationale for 

glaucoma the reader is referred to the following reviews (Hitchings, 1992; Hitchings, 

1995; Luntz and Harrison, 1994).

In brief, the therapeutic rationale for the treatment of POAG has concentrated on 

attempts to manipulate the known risk factors. Treatments of POAG have historically 

been preoccupied with attempts to lower a patient’s lOP in the assumption that this will 

alter the rate of progression of the disease. The mainstay o f current treatment is topical 

medical therapy to reduce aqueous secretion (e.g. beta blockers) or improve the aqueous 

outflow (e.g. miotics). Argon laser trabeculoplasty may be a usefiil adjunctive therapy in 

lowering lOP, but will only work in a proportion of patients for a limited period of time 

(Shingleton et al, 1993).
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Surgical treatment (known as trabeculectomy or filtration surgery) commonly involves 

making a guarded corneoscleral channel to allow a controlled flow of aqueous into the 

subconjunctival space. Results from recent trials have shown filtration surgery to be 

superior to medical or laser treatment in reducing lOP and preserving vision (Migdal, et 

al., 1994). Recently there have been major advances in surgical techniques to improve 

the long-term success of drainage surgery. One advance is the use of perioperative 

antiproliferative agents to modify the local healing response and reduce scarring at the 

site of surgery (Khaw and Migdal, 1996). A number of trials have shown that the 

perioperative application of these agents can achieve a significant lowering of lOP in the 

long-term after surgery, compared with previous techniques (Goldenfeld et a l, 1994). 

Despite these advances, postoperative subconjunctival scarring still remains the most 

important cause of subsequent failure of drainage surgery (Khaw and Migdal, 1996).

In normal tension glaucoma, treatment has been aimed at further lowering TOP (deJong 

et a l, 1989; Hitchings e ta l, 1995; Schulzer, 1992) or correcting for presumed abnormal 

vascular circulation at the optic nerve head (Kitazawa et a l, 1989; Netland et a l, 1993). 

With regard to the efficacy of medical treatment of POAG, Rossetti have emphasized the 

fact that only a fraction (16/102) of published trials were properly designed to assess the 

effectiveness o f treatment by comparing active treatment with an untreated or placebo 

group. Of such trials, only 3 trials investigated the effect of treatment on long-term visual 

function, and their cumulative results failed to show a protective effect of treatment 

(Rossetti et a l, 1993). The authors concluded that there was a need for a more evidence 

based and critical assessment of current treatment in glaucoma. This situation may be 

improved once the results are known from a number of large scale prospective treatment 

trials with defined end points which include visual function.

1.6 Summary

Primary open angle glaucoma (POAG) is a disease characterized by characteristic 

damage to the optic nerve head in association with progressive visual field loss. It is a 

major cause o f blindness and visual disability throughout the world. In the UK alone, it is 

estimated that there are approximately 250, 000 known sufferers, with a similar number 

again undiagnosed. Although the pathogenesis of glaucoma is not fully understood, two 

theories have remained predominant. The mechanical theory proposes that mechanical 

compression of the axons by raised intraocular pressure occurs as they traverse the
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lamina cribrosa. Alternatively, the vascular theory postulates that an abnormality in blood 

flow to the optic nerve head is the main cause of nerve fibre damage. However, it is 

likely that the pathogenesis is multifactorial. This is supported by recent epidemiological 

evidence which has identified a number of risk factors. These factors include increasing 

age, elevated lOP, being of Affo-Caribbean origin, and having a family history of 

glaucoma.

The mainstay of treatment for POAG depends upon lowering lOP using medicine, laser 

or surgery in the assumption that modulating this risk factor alters the rate of progression 

o f the disease. Less commonly, medical treatment has been used for correcting for 

presumed abnormal vascular circulation at the optic nerve head, particularly in normal 

tension glaucoma.
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2. CHAPTER 2 

Visual function in glaucoma

2.1 The anatomy of the visual pathway

2.1.1 Introduction

This section will examine the anatomy of the visual system and discuss the concept of 

parallel visual processing in the human visual system. An understanding of the visual 

pathways provides the framework in which to develop more sensitive tests of early visual 

damage in glaucoma.

2.1.2 The retinal ganglion cell

The main pathway of visual information in the primate retina is from the photoreceptors 

to the bipolar cells, which in turn synapse to the ganglion cells, either directly or via 

amacrine cells or other bipolar cells.

Ganglion cells are defined as visual neurons having long axons that project to the brain 

via the optic nerve. There are approximately 1.1 - 1.3 million ganglion axons (fibres) in 

the adult human optic nerve (Balazsi et al., 1984; Potts et a l, 1972). The number of 

ganglion fibers declines with age throughout life, although the individual variation in the 

total nerve fibre count makes it extremely difficult to estimate the normal rate of age- 

related decline. Frisen used pooled histological study data to estimate a retinal ganglion 

cell loss of approximately 5,000 per year (Frisen, 1991). The axons of the ganglion cells 

become myelinated at the lamina cribrosa, and undergo partial decussation at the optic 

chiasm, to synapse with second order neurons at the dorsal lateral geniculate nucleus 

(dLGN).

The ganglion cell is of fundamental importance in glaucoma because the major 

histological abnormality in glaucoma is an absolute reduction in the number of ganglion 

cell axons in the optic nerve, as a consequence of ganglion cell death (Quigley et al, 

1982).
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Physiological studies in cats and primates suggested that retinal ganglion cells could be 

separated into 2 major classes, called “X” and “Y” cells (Lennie, 1980). These cells were 

found to correspond to anatomically distinct classes of ganglion cells. The anatomical 

equivalents of the “X” cells have confusingly been called B or P cells in primates, or 

midget cells in humans. To avoid confusion it is easier to refer to midget cells as P-cells, 

as these cells project to the parvocellular layers of the dorsal lateral geniculate nucleus 

(dLGN).

The anatomical equivalents of the “Y” cells are A or a  cells in primates, and parasol cells 

in humans. I shall refer to these cells as M-cells as these cells project to the 

magnocellular layers of the dLGN.

P-ganglion cells constitute 80% of the retinal ganglion cells in primates, and are found at 

highest density in the fovea (Perry et al., 1984). Characteristic features of P-cells include 

the presence o f small dendritic fields, small to medium sized axon diameters, and 

projections to the parvocellular dLGN (Leventhal et al., 1981).

M-ganglion cells constitute only 10% of the retinal ganglion cells and are evenly 

distributed across the retina. Typically M-cells are characterized by the presence of large 

dendritic fields, faster conducting large axon diameters, and projections to the 

magnocellular dLGN (Leventhal, et al., 1981).

2.1.3 Parallel visual pathways

Physiological evidence suggests that the morphological differences between the P-cells 

and M-cells reflect distinct differences in function (Livingstone and Hubei, 1987).

For example, M-cells have high contrast sensitivity, and respond optimally to low spatial 

frequency stimuli (<1 cycle/deg ). M-cells also lack spectral selectivity, i.e. they are not 

tuned to a particular waveband or colour (De-Monasterio, 1979; Derrington and Lennie, 

1984; Kaplan and Shapley, 1982; Marrocco, 1976; Perry, et a l, 1984).

P-cells have much smaller receptive fields, and respond optimally to high spatial 

frequency stimuli. They have low contrast sensitivity and do show spectral selectivity 

(De-Monasterio, 1979; Derrington and Lennie, 1984; Kaplan and Shapley, 1982; 

Marrocco, 1976; Perry, et a l, 1984).

These different properties of the M-cells and P ganglion cells are conserved by 

anatomically and functionally distinct pathways throughout the human visual system.
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The anatomic separation of M-cells and P-cells is most evident in the dLGN, which is 

sharply delineated into 6 layers; retinal P-cells synapse with second order neurons in the 

dorsal 4 layers (parvocellular layers), M-cells synapse in the ventral 2 layers.

The parvocellular layers of the dLGN project to layer IVC beta (the “striate” cortex), 

and then to layer III of the primary visual cortex (Brodmans area 17 or V-1). 

Parvocellular connections of layer III project widely, with major projections to 

Brodmans area 18, to the dorsal lateral parietal cortex and the inferotemporal cortex. 

Magnocellular dLGN projects to layers IVC alpha and IVB of the primary visual cortex. 

From layer IVB, there are projections to layer III, as well as direct connections to the 

middle temporal cortex, otherwise known as MT. For the sake of simplicity, only the 

major connections of the parallel pathways have been considered here.

2.1.4 Visual function and parallel pathways

There is considerable evidence that fundamental visual processing occurs via the separate 

pathways of the parvocellular and magnocellular systems. This segregation of visual 

processing is broadly maintained throughout the visual system, although recent evidence 

suggests that there is some mixing of the parallel pathways in the higher visual centres 

(Merigan and Maunsell, 1993).

The concept of separate processing streams is of fundamental importance, and is a basis 

for understanding the development of more sensitive tests of visual function in glaucoma. 

The following section details some of the evidence for parallel processing as it applies to 

the following aspects of visual function.

2.1.4.Î Contrast sensitivity and visual acuity

Experimental work in primates suggests that contrast sensitivity at low and medium 

spatial frequencies is principally a function of the magnocellular system, which is far 

more sensitive than the parvocellular system at these frequencies (Derrington and Lennie,

1984).

Contrast sensitivity at very high spatial frequencies is likely to be a function of the 

parvocellular system (Merigan, 1989). This includes visual acuity, which is a function of 

the high spatial resolution sensitivity of P-cells concentrated at the fovea.
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2.1.4.!! Motion sensitivity

There is extensive evidence to suggest that motion sensitivity is principally carried out by 

the magnocellular system. Experimentally induced lesions of the magnocellular dLGN in 

primates results in profound losses of motion sensitivity to fast moving gratings (Merigan 

et al., 1991; Merigan and Maunsell, 1990). Other experimental work in primates has 

shown that the perception of line displacement motion is primarily a function of 

magnocellular ganglion cells (Lee, 1993; Lee et al., 1993; Schiller et al., 1990a; Schiller 

e ta l,  1990b).

Further evidence has been provided from psychophysical experiments by Livingstone and 

Hubei. They demonstrated that human motion sensitivity was characterized by high 

contrast sensitivity and colour insensitivity, both of which are known properties of the 

magnocellular system (Livingstone and Hubei, 1988).

However a number of recent studies have shown that the parvocellular system also 

makes an important contribution to motion acuity. Studies in humans of the motion 

reversal effect (the apparent reversal of the direction of motion of a high frequency 

grating) provide estimates of the sampling density of receptors. Comparisons with the 

known retinal densities of magnocellular and parvocellular ganglion cells allow the 

contribution o f the two pathways to be assessed. Several such studies have shown that 

motion acuity in the periphery (30 to 40 degrees eccentricity) is limited by the density of 

parvocellular cells rather than magnocellular cells (Anderson et al., 1995; Galvin et al., 

1996). Some authors have suggested that parvocellular cells play an important role in 

limiting motion acuity across the entire field (Anderson, et al., 1995). Physiological 

studies have also shown that P-cells in the visual cortex respond well to moving stimuli.

2.1.4.iii Flicker sensitivity

Like contrast, flicker sensitivity may be mediated by both the magnocellular and 

parvocellular pathways, depending on the stimulus conditions. Low spatial frequencies 

modulated at high flicker frequencies are believed to be mediated by the magnocellular 

system ,whereas low flicker frequencies of high spatial frequency gratings are likely to be 

mediated by the parvocellular system.
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2.1.4.iv Colour sensitivity

Primate colour perception appears to be primarily mediated by the parvocellular system. 

This is supported by evidence from primate studies which showed that toxicant induced 

damage to the parvocellular pathway resulted in substantial reductions in colour 

sensitivity (Merigan, 1989).

2.2 Measurement of visual function in glaucoma

2.2.1 Fundamentals of perimetry

The visual field is defined as the portion of space from which light can enter the eye, 

reach the retina, stimulate the photoreceptors and evoke a sensation of light. Perimetry is 

defined as the study and measurement of the visual field, and is the technique used to 

identify disturbances in the visual field. It is therefore essential for diagnosing and 

monitoring glaucomatous visual field damage.

The oldest and most established techniques of perimetry use tests of the light sensitivity 

across the visual field. These tests measure the luminance sensitivity which is the ability 

of the eye to perceive the brightness difference between a test target and the background. 

This luminance sensitivity is greatest at the fovea, and declines with increasing distance 

towards the periphery. The decline in sensitivity with eccentricity has been described as 

the “hill of vision”, which was first coined by Traquair (Traquair, 1931).

2.2.2 History of perimetry

The first systematic attempt to reliably assess the visual field was by von Graefe (von 

Graefe, 1856). He used a board with a central fixation target and an illuminated target, 

which was moved from seeing to non seeing parts of the field. In 1869, Landesburg used 

an early perimeter to provide the first description of an arcuate scotoma, one o f the 

hallmarks of glaucoma. Further descriptions of arcuate scotomas were provided by 

Bjerrum who used a flat screen perimeter, otherwise known as a campimeter (Bjerrum, 

1889). Using Bjerrum's method of perimetry, Ronne first described the glaucomatous 

nasal step and recognised that this distribution related to the anatomical arrangement of 

the retinal nerve fibre layer (Ronne, 1909). Further contributions were made by Traquair,
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who provided a classification for the evolution of glaucomatous defects (Traquair, 

1931).

2.2.3 Kinetic perimetry

A significant advance was made by Goldmann who developed a bowl perimeter to allow 

full control of the luminance of the background and stimulus (Goldmann, 1945). The 

Goldmann perimeter is commonly used to perform kinetic perimetry. Kinetic perimetry is 

performed by moving the stimulus from areas of the visual field where it cannot be seen 

to where it can be seen. Lines called isopters are drawn to connect points which show 

the same sensitivity to differences between stimulus and background. An overall contour 

map of the field can be generated using different stimuli to obtain different isopters. 

Goldmann perimetry became the clinical standard in glaucoma and was only superceded 

in the last decade by the developments in static automated perimetry.

2.2.4 Static perimetry

An alternative approach to kinetic perimetry is the technique of static perimetry. Stimuli 

are presented at fixed locations in the visual field and at varying levels of luminance. 

Static perimetry was first described by Sloan using an arc perimeter and by Harms using 

a bowl perimeter (Harms, 1940; Sloan, 1939). Static perimetry has a number of 

important advantages over kinetic perimetry as it can be made operator independent, and 

lends itself to automation and numerical analysis. However, the potential benefits of 

static perimetry have only been realized with the development of fully automated 

perimetry.

2.2.5 Automated perimetry

In automated perimetry the entire decision-making process of the test is controlled by a 

computer, thus eliminating any bias by the examiner. Automated perimetry is now the 

predominant and preferred method of perimetry for glaucoma in clinical practice and 

research.

Early examples of automated perimeters were the Octopus (Spahr, 1973), and the 

Competer (Heijl and Krakau, 1975).
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The Humphrey Field Analyzer was introduced in the mid 1980s by Heijl (Heijl, 1985). 

Since this time, a wide range of automated perimeters has become available, including 

updated versions o f the Humphrey Field Analyzer, the Octopus and the Henson 

perimeters. These machines offer a number of different test programs which utilize either 

suprathreshold or threshold static examination strategies. Suprathreshold strategies 

present stimuli at intensities calculated to be above the patient’s threshold at that 

location, and are useful for rapid screening of the visual field. Alternatively, full threshold 

strategies can be used to obtain quantitative estimates of the threshold at each location 

by presenting stimuli which change luminance in a stepwise way. Full threshold strategies 

have the advantage of allowing a quantitative assessment of the visual field. This allows 

changes in the threshold to be assessed over time, although a disadvantage is they are 

more time consuming and demanding for the patient. The use of full threshold perimetry 

is now widely accepted as the mainstay technique for diagnosing and monitoring visual 

field loss in glaucoma.

I have used full threshold testing programs on the Humphrey Field Analyzer for the 

research in this thesis. Details of the test strategy that was used are given in the following 

section. Comprehensive surveys of the instrumentation and test strategies currently 

available are given by Lachenmayr (Lachenmayr and Vivell, 1993) and Henson (Henson 

e ta l,  1996).

2.2.6 The Humphrey Field Analyzer (HFA)

2.2.6.Î Specification

The Humphrey field analyzer is a bowl perimeter that performs fully automated static 

perimetry under constant photopic background conditions of 31.5 apostilbs. The 

standard projected stimulus is a white size III stimulus, which can be varied in luminance 

over a range of over 5.1 log units (range 0.08 to 10,000 apostilbs). The threshold is 

measured in terms of sensitivity, ranging from 0-50 dB, where 0 dB represents maximum 

stimulus brightness.

2.2.6.Ü Test pattern and test strategy

The HFA 24-2 and 30-2 test programs are most commonly used in the management of 

patients with glaucoma, and were used for the testing of patients in this thesis. These
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tests consist of a matrix of test locations covering the central 24 and 30 degrees of visual 

field respectively. The distance between the test locations is 6 degrees, and none of the 

test locations lies on the horizontal or vertical meridians.

Alternatively the “custom grid” program allows the experimenter to apply a matrix of 

test locations to a particular area of field, using test locations separated by smaller 

distances, for instance by 2 degrees. This program was used in my investigations of High 

Spatial Resolution Perimetry.

The standard strategy used by the Humphrey for full threshold testing is a 4/2 dB two 

reversal staircase procedure. The algorithm initially determines the threshold twice at 

each of four primary seed locations situated at 9 degrees eccentricity. The starting 

luminance of the primary locations is 25 dB. The final 2 dB crossing of threshold can 

occur in either the ascending or descending direction and the threshold is taken as the 

luminance intensity of the last seen stimulus. The initial starting luminance of the 

secondary locations is 2 dB higher than the expected threshold value derived from the 

knowledge of the sensitivity of the primary locations and of the slope of the hill o f vision. 

Fixation is also monitored during the test using the Heijl and Krakau technique, which 

involves the presentation of a suprathreshold stimulus within the site of the 

predetermined blind spot (Heijl and Krakau, 1975). If this is seen then a loss of fixation is 

indicated. The patient’s performance is also assessed by the frequency of false positive 

and false negative results.

A television camera in the HFA 630 also allows the operator to continuously monitor the 

patient’s fixation during the test procedure.
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3. CHAPTER 3 

Aims of research: Improving the detection of 

abnormal visual function in glaucoma

3.1 Limitations of conventional automated perimetry in detecting early 

damage

Automated perimetry is at present regarded as the “gold standard” test o f visual function 

in glaucoma, and is essential to the diagnosis and management of glaucoma. However, a 

major limitation with the use o f automated perimetry as a standard is the fact that it is 

not sensitive to early glaucomatous damage. This section will examine evidence from 

clinical, histological and psychophysical studies to support this conclusion.

Prior to the introduction of automated perimetry, there was considerable evidence to 

suggest that glaucomatous disc changes and nerve fibre layer defects could often be 

detected clinically a considerable time before the development o f glaucomatous visual 

field defects measured with manual perimetry. For example, Pederson and Anderson 

were able to show that progressive enlargement of the optic cup typically preceded visual 

field loss by several years in ocular hypertensive patients (Pederson and Anderson, 

1980). Airaksinen and colleagues were able to measure rates and patterns of neuroretinal 

loss in patients converting to glaucoma, and concluded that such disc changes could be 

detected before field changes could be detected on the Friedmann perimeter (Airaksinen, 

et al., 1992).

Other investigators have shown that both observed cup disc changes and retinal nerve 

fibre layer defects can precede the onset of field defects detected by manual perimetry by 

several years (Quigley e ta l, 1992; Quigley, et al., 1980; Sommer, et al., 1991a). 

Although these later studies did include some patients who had undergone automated 

perimetry, all used manual Goldmann perimetry as the final arbiter of definite conversion 

of the field to glaucoma.

A study by Katz et al showed that automated perimetry could detect glaucomatous visual 

field loss before manual Goldmann perimetry in the majority of patients by at least 1 year 

(Katz et a l, 1995). Although this suggests that automated perimetry should be more
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sensitive in detecting early visual damage, clinical studies continue to show that 

glaucomatous optic disc changes could be identified in patients before detectable visual 

field loss. Zeyen and Caprioli investigated 15 POAG patients who had initially unilateral 

field loss with longitudinal follow up (mean 6.1 years). Of the 15 contralateral ocular 

hypertensive eyes, 8 eyes showed progressive disc changes determined by planimetry. Of 

these 8 eyes, only 2 (25%) showed a deterioration by conventional automated perimetry 

(Zeyen and Caprioli, 1993).

Further evidence is provided by histological studies that have investigated the 

relationship between perimetric damage and the degree of ganglion cell death. Quigley 

reported that up to 50% of the optic nerve fibres could be lost in glaucomatous eyes 

before there was any evidence of visual field loss determined by Goldmann manual 

kinetic perimetry (Quigley, et al., 1982). A later study of 6 glaucomatous eyes that had 

undergone automated perimetry showed that 40% nerve fibre loss was associated with 

approximately 10 dB sensitivity loss, and 20% loss with 5 dB loss (Quigley et a l, 1989). 

This finding suggests that a considerable proportion of retinal ganglion cells may be lost 

in glaucoma before a field defect can be reliably detected using conventional white-on- 

white perimetry.

The final body of evidence is provided by psychophysical studies which have identified a 

wide variety of abnormalities of visual function before the appearance of conventional 

Humphrey field abnormalities. The clinical evidence and the possible theoretical basis for 

these findings is crucial to understanding the rationale for the research work described in 

this thesis, and is therefore discussed in detail in the following section.

3.2 Rationale for using other psychophysical tests

3.2.1 Introduction

The limitations o f conventional perimetry outlined above have prompted the search for 

alternative methods which might be more sensitive in detecting early abnormalities of 

visual function.

This has resulted in the development of alternative psychophysical tests, each aimed at 

isolating and testing particular aspects of visual function. Two principal hypotheses must 

be considered in relation to the rationale for using a selective test of ganglion cell
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fiinction. These are the selective cell death hypothesis and the concept of reduced 

redundancy.

3.2.2 Selective ganglion cell loss in glaucoma

The hypothesis of selective ganglion loss in early glaucoma was first proposed by 

Quigley as a result o f histological studies of the optic nerves of primates with laser 

induced chronic glaucoma (Quigley et a l, 1987). The results of these studies suggested 

that although glaucomatous losses occurred for all sizes of ganglion cells, losses were 

proportionately greater for larger diameter ganglion cells (large optic nerve fibres) 

compared with small diameter fibers. Similar findings were identified in human post 

mortem studies that compared the size and distribution o f surviving axon fibers in 

glaucomatous eyes with control eyes (Quigley et al., 1988). In the glaucoma eyes, size 

distribution plots showed a significant loss of large fibres relative to smaller fibres 

(Quigley, et al., 1988). The most vulnerable parts of the nerve (the superior and inferior 

poles) had a higher proportion of the larger fibres and were consequently more likely to 

suffer damage. However, the preferential loss was found to be uniformly present 

throughout the optic nerve, including the least damaged zones. Quigley et al postulated 

two reasons for preferential loss of large diameter fibers, firstly their vulnerable location 

in the nerve, and secondly their greater intrinsic susceptibility.

Since magnocellular cells are associated with larger mean diameters, this “selective loss 

hypothesis” would imply a preferential loss of magnocellular function. Tests that have 

been designed to selectively test this pathway include tests of motion, flicker or temporal 

modulation perimetry, and scotopic sensitivity. Abnormalities o f all these modalities have 

been found to occur early in glaucoma. These findings can be interpreted as providing 

evidence for the selective magnocellular loss hypothesis.

Further histological evidence in support for the hypothesis of selective cell death was 

provided by Chaturvedi et al, who compared cell counts of human autopsy LGN material 

in 5 glaucoma patients and 5 age matched controls (Chaturvedi et al, 1993). They found 

a significant reduction in the cell counts of the magnocellular layers of the dLGN in the 

patients compared to the controls. There were no statistically significant differences in 

the parvocellular layers.

The hypothesis of selective cell loss has recently been criticized by Morgan, who 

hypothesized that non selective cell shrinkage may account for the above findings.
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However, this analysis was based on entirely theoretical reasoning and has not been 

substantiated by any experimental evidence (Morgan, 1994).

3.2.3 Reduced redundancy

One problem with the selective magnocellular cell loss theory is that many studies have 

identified early losses o f visual function believed to be mediated by the parvocellular 

system. These include high-pass resolution perimetry, pattern discrimination perimetry, 

and short-wavelength automated perimetry (SWAP). This finding is difficult to reconcile 

with the selective magnocellular loss theory.

This diversity of psychophysical abnormalities found in early glaucoma has lead Johnson 

to observe how non-selective the deficits are between the parvocellular and 

magnocellular systems.

Johnson has proposed the hypothesis of reduced redundancy to account for the nature of 

early psychophysical losses that have been reported in glaucoma (Johnson, 1994). This 

hypothesis is not contrary to the concept of selective loss. In addition to considering 

differential losses of different ganglion cell populations, this theory takes into account the 

degree of inherent redundancy present in a specific population of ganglion cells. The 

redundancy theory predicts that a test which isolates a very sparse population of ganglion 

cells (so called selective tests) will identify the earliest loss as this system has little 

physiological redundancy. Non-selective tests such as conventional white on white 

perimetry stimulate large populations of ganglion cells with considerable receptive field 

overlap. Tests of these populations will identify losses later because o f their greater 

inherent redundancy.

This theory predicts a sequential progression of different functional losses in any region 

of the visual field. The order would depend on the relative degree of redundancy of each 

function. Johnson predicts that blue-on-yellow deficits should appear first, followed by 

magnocellular losses (motion, flicker), followed by conventional automated perimetric 

defects (Johnson, 1994). The occurrence of a wide variety o f selective test deficits, 

including blue-on-yellow, flicker, and motion, before conventional field loss appears to 

support this hypothesis. However, a rigorous test of this hypothesis can only be provided 

by longitudinal studies which subject glaucoma patients and suspects to a battery of 

different psychophysical tests to prospectively sequence the occurrence o f defects. At 

present such studies are lacking, and such data remains to be seen.
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3.3 Motion Perception perimetry in glaucoma

3.3.1 Introduction

The first report of impaired motion perception in glaucoma was by Fitzke et al (Fitzke et 

al., 1987). Since then, this finding has been confirmed by number of researchers, who 

have identified motion perception losses using a variety of different stimuli and test 

strategies.

Abnormalities of motion perception have been shown to occur early in glaucoma. This 

finding has been interpreted as being consistent with the selective magnocellular ganglion 

cell death, as proposed by Quigley, which hypothesizes that there is selective damage to 

the larger fibre diameter ganglion cell in early glaucoma. Since magnocellular cells are 

associated with larger mean fibre diameters, the “selective loss hypothesis” would imply 

a preferential loss of magnocellular function, which includes motion sensitivity. 

Alternatively, the presence of abnormalities of motion sensitivity before conventional 

perimetric defects would be consistent with the reduced redundancy hypothesis, as 

described earlier in this chapter.

3.3.2 Line displacement thresholds

Fitzke et al first identified motion sensitivity defects in glaucoma using a line 

displacement test (Fitzke, et al., 1987). This test uses a line stimulus presented at 15 

degrees eccentricity in the superotemporal field, which undergoes sudden oscillatory 

displacements. Frequency of seeing curves are generated for a test of 10 presentations 

each of 10 different displacements in 2 minute arc intervals from 0-18 minutes of arc. A 

probit fit analysis is applied, and the threshold is taken as the minimum displacement 

corresponding to 50% seen level (the Motion Displacement Threshold or MDT). 

Therefore a high value of MDT indicates that only large displacements of the stimulus 

are seen consistently, indicating a low motion sensitivity.

The technique for measuring motion sensitivity for the purposes of this thesis was that 

described by Fitzke et al (for details see chapters 4,5,7,8).

Fitzke et al showed that the Motion Displacement Thresholds (MDTs) of glaucoma 

patients with existing field defects were significantly elevated compared to controls. In 

this study, the mean MDT of 16 glaucoma eyes was 9.7 minutes of arc, compared to a 

mean o f 3.2 minutes of arc for 38 normal eyes (Fitzke, et al., 1987).
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Elevated displacement thresholds were also identified in a proportion of ocular 

hypertensive patients with normal automated visual fields (Fitzke, et al., 1987). 

Subsequent work by the same group showed that Motion Displacement Thresholds are 

relatively resistant to the confounding effects of media opacity, refractive blur and pupil 

size (Fitzke et al., 1989). These properties are clinically beneficial and appear to be 

shared by other hyperacuity tasks (Whitaker and Buckingham, 1987).

The clinical usefulness of this technique of measuring line displacement thresholds in 

glaucoma has been demonstrated in a study which showed that abnormalities of motion 

sensitivity could precede conventional field loss (Baez et al., 1995). Motion 

Displacement Thresholds were measured in 51 patients with confirmed normal tension 

glaucoma, with strictly unilateral field loss. In 22 eyes of 51 patients with normal fields at 

presentation, one or more of the Humphrey 24-2 test locations showed significant field 

deterioration. An initially normal MDT test showed a sensitivity of 73% and specificity 

of 90% in predicting field deterioration within the cluster of four Humphrey locations 

closest to the MDT test site. However the sensitivity was only 40% for predicting field 

deterioration for all Humphrey test locations, including locations distant from the MDT 

test site, although the specificity remained high.

3.3.2.: Correlation of MDT with optic disc parameters

Ruben et al identified a significant negative correlation between MDT and neuroretinal 

rim area in 50 patients with ocular hypertension (Ruben and Fitzke, 1994). The finding of 

an association between early loss of neural tissue at the disc with this early loss of visual 

function is significant as both may precede conventional visual field changes.

3.3.2.Ü Other studies of displacement threshold perimetry

Johnson et al have reported preliminary results for a multilocation displacement test 

using 2 degree diameter targets presented in a grid similar to the Humphrey 30-2.

They have identified elevated Motion Displacement Thresholds in glaucoma patients, 

which in most cases appear to be more extensive than conventional field deficits 

(Johnson et al., 1995).

This finding suggests that motion displacement testing may detect earlier losses of visual 

function. However longitudinal studies are required to ascertain the proportion o f these 

patients which develop conventional visual field progression.
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3.3.3 Random dot kinetograms

3.3.3.: Central field random dot kinetogram testing

An alternative method of investigating motion sensitivity in glaucoma involves the use 

random dot kinetograms.

A random dot display typically consists of an array of randomly moving dots to provide a 

perception of random noise. A proportion of dots are replotted at a fixed spatial offset to 

provide the coherent motion signal. The percentage of moving dots to randomly moving 

dots is known as the coherence, and can be varied to produce graded intensities of 

motion signals.

Silverman et al performed random dot kinetogram testing of the central field to measure 

motion thresholds. He identified a 70% elevation of the foveal motion coherence 

thresholds in primary open angle glaucoma patients, and 40% elevation in ocular 

hypertensives. These patients therefore require a higher proportion o f moving dots 

(coherence) relative to background noise to reliably detect motion (Silverman et al, 

1990).

Trick et a l  found significant elevations of direction discrimination thresholds for low 

velocity (4.2 deg/sec), and high velocity (12.5 deg/sec) random dot kinetograms tested in 

the central 24.5 degrees of field (Trick et al, 1995).

These studies all used random dot kinetograms to test large areas of the central field. 

One potential drawback of this type of motion testing is that it may be poorly sensitive to 

early focal glaucomatous losses. This may explain the poor performance o f a central 

random dot kinetogram test in early glaucoma reported by Graham et al (Graham et al,

1996). They compared the sensitivity and specificity of a battery o f pyschophysical tests 

performed on 43 patients with early glaucoma. Motion measurements were performed 

using a random dot kinetogram test to measure motion coherence thresholds o f the 

central field, adapted from the test described by Silverman (Silverman, et al., 1990). The 

tests with the highest sensitivity and specificity were the pattern electroretinogram and 

isoluminant letter acuity tests, followed by SWAP and high pass resolution perimetry. 

Tests such as the motion test, flicker contrast and flash electroretinogram performed 

poorly, with the motion test performing little better than chance.

This finding supports previous work by Bullimore et al, who found that random dot 

kinetogram testing of coherence thresholds and maximum displacement thresholds
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(Dmax) did not discriminate between patients and controls (Dmax refers to the maximum 

displacement for apparent motion. Displacements larger than Dmax elicit the perception 

o f two unrelated patterns).

Instead they reported better results using smaller field sizes to measure minimum 

displacement thresholds, which were significantly elevated in glaucoma patients. Mean 

minimum displacement thresholds were more than twice that for controls, and 10 out of 

15 glaucoma patients had elevated Dmin outside the normal range (Bullimore et al, 

1993).

3.3.3.Ü Random dot kinetogram testing of focal areas of field

Following the work of Bullimore, a number of workers have used random dot 

kinetogram testing to test focal areas of the visual field. One approach has been to 

measure focal motion sensitivity by presenting circles of moving random dots, o f 50% 

coherence, of varying sizes within a background of random noise (Wall and Ketoff, 

1995; Wall and Montgomery, 1995). The subject indicates the perceived centre of the 

stimulus using a light pen. This technique allows motion size thresholds to be measured, 

and these have been shown to be significantly elevated in glaucoma patients and in 

patients. Wall et al have recently reported nerve bundle-like defects of motion size 

thresholds in individual ocular hypertensive patients. However as a group the size 

thresholds of the ocular hypertensive patients did not differ significantly from controls 

(Wall g/a/., 1997).

Alternatively random dot kinetograms have been used to measure coherence thresholds 

in focal areas of the visual field. Preliminary results have recently been reported by 

Bosworth {et al, 1997), who found that motion coherence thresholds were significantly 

poorer within areas of conventional Humphrey field loss compared to areas of field 

sparing. However, they did not report whether motion thresholds in areas of field sparing 

were impaired compared to age matched controls.
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3.4 Other psychophysical tests

3.4.1 Short Wavelength Automated perimetry (SWAP)

SWAP (otherwise known as blue-on-yellow perimetry) uses a blue stimulus on a yellow 

background to isolate and measure the sensitivity of the short-wavelength pathway. This 

pathway is mediated by a subpopulation of P-pathway ganglion cells believed to be the 

bistratified ganglion cells. These cells have slightly larger mean diameters and it is 

postulated that they may be susceptible to selective loss. They are also relatively sparsely 

distributed, comprising only 1-2% of total ganglion cell pool. Thus it is postulated that 

functional losses may occur early in the blue pathway because of the reduced redundancy 

of this system (Johnson, 1994). SWAP is usually performed on the Humphrey Field 

Analyzer using a size V stimulus with a yellow background.

The use of SWAP in glaucoma has now been under investigation for 10 years, and a full 

review of the extensive literature is beyond the scope of this thesis. In POAG patients, 

SWAP defects have been shown to correspond with, and often overlap conventional 

white on white defects (Johnson et al., 1993a; Sample and Weinreb, 1992). SWAP 

defects have also been shown to correspond to the retinal nerve fibre layer pattern. The 

greater extent of SWAP deficits compared with conventional perimetric deficits appears 

to be most marked in POAG patients who undergo progression of their conventional 

field loss (Johnson et a l, 1993b).

In ocular hypertensive patients, a longitudinal study of 76 subjects showed that of nine 

patients with initial SWAP defects, 5 developed conventional field defects within 5 years 

(a sensitivity of 100 %, specificity of 94 %) (Johnson, et al., 1993a). Sample et al 

reported significantly larger SWAP defects in suspect eyes that subsequently converted 

over at least 1 year of follow up (Sample et al, 1993).

Unfortunately SWAP has a number of major disadvantages which may seriously limit its 

clinical usefiilness. These include a shorter dynamic range, and a greater short-term 

fluctuation (Wild et a l, 1996; Wild et a l, 1995). Wild et al have also shown that SWAP 

has a greater long-term fluctuation compared with white-on-white perimetry (Wild et al,

1997). This would be expected to make the identification of progressive field loss more 

difficult using SWAP perimetry compared with conventional perimetry.

Another problem with SWAP is the individual variation in the degree of absorption of 

short wavelengths by the lens. The accepted method of correcting for this requires the
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measurement of dark adapted thresholds which are time consuming and clinically 

impractical. Sample et al have attempted to address this problem using an approach 

similar to the Glaucoma Hemifield Test to avoid the need for such correction, although 

this analysis has yet to be replicated (Sample et al, 1994b).

3.4.2 Flicker perimetry

Flicker perimetry has been shown to identify early abnormalities of visual function in 

glaucoma. High frequency flicker is believed to mediated by the magnocellular cell 

pathway, whereas low frequency flicker is believed to be mediated by the parvocellular 

pathway (Schiller, et al., 1990a).

One threshold measure that has been used is the “critical flicker fiision frequency”, which 

is the highest frequency o f flicker that can be detected for a target at 100% contrast. A 

cross-sectional study by Lachenmeyer showed increasing depth of flicker fusion defects 

relative to conventional perimetric defects, with increasing level of lOP in glaucoma 

patients (Lachenmayr and Drance, 1992).

An alternative threshold measure is to determine the minimum contrast needed to detect 

a flickering stimulus maintained at a constant frequency (temporal modulation 

perimetry). Casson et al reported that temporal modulation defects were more extensive 

than conventional field defects in ocular hypertension and early glaucoma. In a 

prospective follow-up, temporal modulation defects at the 8 and 16 Hz frequencies 

performed best in predicting the locality of subsequent conventional field deterioration 

(Casson a/., 1993).

Finally, flicker perimetry has the clinically useful properties of being very resistant to the 

effects of blur and cataract (Lachenmayr and Gleissner, 1992).

3.4.3 High-pass resolution perimetry

Another test that has been used to investigate early abnormalities of visual function is 

high-pass resolution perimetry. This is a test of peripheral spatial resolution, and was first 

pioneered by Frisen as a test of parvocellular pathway function (Frisen, 1995). Frisen has 

suggested theoretical reasons for a close relationship between the high pass resolution 

threshold and the number of functioning retinocortical neural channels. The test uses a 

ring-shaped target with a bright core and dark borders, and is quick to perform. Various 

sizes of rings are presented in the field, and the threshold is the minimum size of the ring
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when it is first seen. The agreement between high pass resolution defects and 

conventional fieild defects has been reported as moderately good, ranging from 67% to 

77% in glaucoma patients (Chauhan et al, 1993a; Sample et a l, 1992). However 

Sample et a l  found no differences in high pass resolution thresholds in ocular 

hypertensive patients and age matched normal controls (Sample, et al., 1992). At present 

there are no results on the long-term usefulness of high pass resolution perimetry in 

predicting conversion o f ocular hypertensives to glaucoma.

3.4.4 Frequency doubling perimetry

There has recently been considerable interest in the use of the frequency doubling illusion 

as a screening method for glaucoma. The frequency doubling illusion, as originally 

described by Kelly, occurs when a low spatial frequency grating (<1 cyc/deg) undergoes 

rapid counterphase flicker (i.e. the light bars become dark and vice versa). Under these 

conditions a normal physiological illusion occurs in that the grating appears to be twice 

its actual frequency (Kelly, 1981). The stimulus characteristics required for this illusion 

suggest that the frequency doubling response is mediated by the magnocellular pathway, 

via a subset of M-cells with non-linear response properties (Johnson and Samuels, 1997; 

Maddess and Henry, 1992). Johnson & Samuels have investigated the screening ability of 

a frequency doubling contrast threshold test of discrete locations of the visual field, and 

reported a sensitivity of 93% at 100% specificity against the Humphrey perimeter 

(Johnson and Samiuels, 1997). However this degree of separation could only be achieved 

using a frequency doubling test that sampled a relatively large number (16) of test 

locations in the visual field. Nevertheless this test appears promising as a screening test 

and further studies; are awaited.

3.5 Aims and plan of research

The limitations off conventional Humphrey perimetry in detecting early glaucomatous 

damage have beem described above. The aim of this thesis is to investigate further the 

early abnormalities o f visual function in glaucoma using line displacement motion 

sensitivity testing and High Spatial Resolution Perimetry.
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3.5.1 Motion sensitivity

The investigations of line displacement motion sensitivity in glaucoma have previously 

been described in this chapter. The research in this thesis describes further investigations 

into aspects of motion sensitivity which have not yet been explored. These aspects are 

the application of reaction time and frequency-of-seeing curve analysis, and the effect of 

stimulus orientation. The purpose of this is to investigate the physiological basis of 

motion sensitivity in glaucoma and to see if the sensitivity of motion testing in detecting 

early glaucoma can be improved.

3.5.2 High Spatial Resolution Perimetry

The principal aim o f this research was to see if fine scale scotomas exist in glaucoma 

within areas of field which appear normal with conventional perimetry, and to investigate 

whether such fine scale scotomas coexist with abnormal motion sensitivity.

The presence o f fine scale scotomas would suggest that the principal limitation of 

conventional Humphrey 24-2 in detecting early glaucoma is its inadequate spatial 

resolution.

An additional aspect of this investigation was to investigate the clinical practicality of the 

technique and the repeatability of the field measurements.
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4. CHAPTER 4 

Differences in the reaction times for motion 

detection between normals and glaucoma.

4.1 Background

The study of reaction times to visual stimuli has made important contributions to the 

understanding of a number of diseases. For example, Regan and colleagues have 

identified a significant delay in the perception of visual stimuli during 

electrophysiological studies of optic neuritis (Regan et a l, 1976). This delay was present 

in both perimetrically normal and abnormal areas of the visual field, and was found to be 

a more sensitive index of disease than perimetry alone. A study by Wall and Montgomery 

reported significantly prolonged reaction times and elevated motion thresholds using a 

random dot kinetogram test in patients with idiopathic intracranial hypertension (Wall 

and Montgomery, 1995).

In glaucoma, the study of reaction times during conventional perimetry has received 

some attention by (Flammer et al, 1984b). They studied covariates of long term 

fluctuation in normals, glaucoma suspects and controls. The mean test reaction time was 

one factor significantly associated with the higher long-term fluctuation seen in glaucoma 

patients compared to controls. Increasing prolongation of reaction time was correlated 

with decreasing light differential sensitivity (Flammer, et al., 1984b). A more recent study 

of reaction time for a perimetric stimulus has been reported by Wall and colleagues, who 

investigated the relationship between reaction time and the psychometric function for a 

Humphrey stimulus (Wall et a l, 1996). They used ffequency-of-seeing curves generated 

by a customized Humphrey in perimetrically normal and abnormal areas of the field. 

They found no significant differences in reaction time between normals and glaucoma 

patients. However in this study, reaction times were only reported at the threshold and at 

a suprathreshold stimulus.

In contrast with conventional perimetry, studies of motion detection in glaucoma have 

concentrated on motion threshold differences, and reaction time has received little 

attention. A study by Wall & Ketoff failed to identify significant prolongation of reaction
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times in the presence of elevated motion detection thresholds in glaucoma patients (Wall 

and Ketoff, 1995). jîowever this study did not specifically investigate the relationship 

between reaction tine and threshold.

4.2 Purpose

The aim o f this stud/ was to confirm whether or not prolongation of reaction time for a 

motion stimulus occurs in glaucoma. A subsequent aim was to investigate the 

relationship between any prolongation of reaction time, if identified, and elevation of the 

motion threshold. Tae analysis was based on reaction times recorded from the motion 

testing o f the study which is described in chapter 7. This was performed by obtaining 

frequency-of-seeing curves using a line displacement stimulus, whilst recording reaction 

times to all responses made throughout the psychometric function. One potential benefit 

o f an improved understanding of reaction time abnormalities in glaucoma is that it may 

enable novel methods to assess subject reliability to be developed for motion testing, 

similar to those described by (Olsson et al., 1997) for conventional perimetry (see 

discussion).

4.3 Method

The reaction time data for this study was obtained during the study described in detail in 

chapter 7 and readers are referred to this chapter for a full description. A summary of 

this study with details pertinent to the investigation of reaction time is given below.

4.3.1 Subjects

The study consisted of 18 Patients with Primary Open Angle Glaucoma in one eye and 

suspect glaucoma in the fellow eye, and 18 age-matched normal controls.

The mean Humphrey 24-2 MD for the glaucoma eyes was -5.8 + 2.5 dB, range -11.1 to - 

3.0 dB, which was significantly different (P < 0.0001) from the glaucoma suspect eyes 

(mean MD -1.7 dB ±  1.7 dB, range -4.2 to +1.3 dB) and the controls (mean MD -0.5 dB 

±1 .3  dB, range -2.7 to +2.5 dB). The mean MD of the glaucoma suspect eyes was not 

statistically different from the control mean MD.

The mean age of the 18 patients was 59.7 + 12.2 years, with a range 30.6 - 78.8 years. 

The distribution o f the 18 control ages was very similar, with a mean age of 57.8 + 11.5
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years, with a  range of 31.3 - 74.9 years (non-significant difference in mean age, P = 

0.63).

All patients and controls had a corrected visual acuity in both eyes of >= 6/9 achieved 

with less than +/- 4 dioptres spherical equivalent and less than 2 dioptres of astigmatism.

4.3.2 Motion Displacement Testing

Motion Displacement Threshold (MDT) testing was performed using a line stimulus 

undergoing displacements 0-18 min. arc. presented in the superotemporal field, (see 

chapter 7 for complete description). Patients underwent motion testing in the POAG eye 

and the glaucoma suspect fellow eye in a randomised order, separated by a suitable rest 

break. Controls underwent motion testing in one randomly chosen eye.

4.3.3 Recording of reaction times

Subjects were informed that the response measure of interest was the detection of 

motion, and were unaware that reaction times were being recorded. The experimenter 

avoided giving any cues that might influence an individual’s response time. Reaction 

times were recorded for all stimuli presented and corresponded to the time interval 

between the onset of stimulus movement until the response button held in the subject’s 

right hand was depressed.

4.4 Results

4.4.1 Motion thresholds

The results o f the motion threshold testing are shown in table 4.1.

The MDTs o f the glaucoma eyes were markedly greater than controls (P < 0.0001) and

the glaucoma suspect fellow eyes (P < 0.0034). The MDTs of the suspect eyes were

moderately elevated as a group compared to the controls, which just reached significance

(P = 0.046).
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Group Normals 

(18 eyes)

Glaucoma suspects 

(18 eyes)

Glaucoma patients 

(15 eyes)

Threshold 

(min. arc)

6.1 ±1.6  (2.3-8.2) 8.5 ± 3.9 (4.6 - 

18.4)

15.3 ± 12.9 (4.2 - 

57.6)

Mean

Reaction time 

(msec.)

1160 ± 140 (940 - 

1430)

1220 ± 310 (780 - 

1760)

1370 ± 220 (980 - 

1680)

Table 4.1 Summary statistics for the motion threshold and the subjects ’ mean reaction time during the 

test, by group. Values shown are mean + 1 SD. Figures in brackets indicate minimum and maximum 

values. Only 15/18 glaucoma eyes tested had a measurable motion threshold.

4.4.2 Reaction times

We analyzed 2570 reaction times in total, and summary statistics are shown in table 4.1. 

The mean reaction times during the motion test for the glaucoma eyes ranged from 980 

msec, to 1680 msec, with a group mean of 1370 msec., and were significantly prolonged 

(P = 0.0075) compared to the control eyes which ranged from 940 msec, to 1430 msec., 

with a group mean of 1160 msec. This represents a mean delay of 210 msec, in the 

reaction time between glaucoma and control eyes.

The mean reaction times of the suspect eyes ranged from 780 msec, to 1760 msec, with a 

group mean intermediate between the glaucoma and controls of 1220 msec.. This did not 

differ significantly with the control mean (P = .85).

We derived cut-offs for the motion threshold and the mean reaction time, using mean + 2 

SD of the control values. Using these cut-offs, 11/15 (73%) of the glaucoma eyes and 

4/18 (22%) of the glaucoma suspects had elevated motion thresholds above the control 

mean + 2 SD of 9.2 min arc. 8/15 (53%) of the glaucoma eyes and 6/18 (33%) of the 

glaucoma suspect eyes had a prolonged mean reaction time, above the control mean + 2 

SD of 1440 msec.

4.4.3 The relationship between reaction time and stimulus displacement

Figures 4.1a & 4.2a show the relationship between reaction time as a function of 

stimulus displacement for the groups. Reaction times were longest for the glaucoma
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group, and shortest for the controls for all displacements, with glaucoma suspect eyes 

intermediate. Because variances were dissimilar between groups, we used non parametric 

tests which showed that the prolonged reaction times were statistically significant at the 

P < 0.05 level for displacements 12-18 min. arc in the glaucoma eyes compared to 

controls (figure 4.1a). There were no statistically significant differences between the 

reaction times between glaucoma suspects and controls at any of the displacements 

(figure 4.2a). Displacements below 12 min. arc had too few responses in the glaucoma 

eyes for meaningful analysis.
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Figure 4.1a Relationship between reaction time and stimulus displacement for glaucoma eyes and 

controls. Reaction times were significantly prolonged in glaucoma eyes for displacements 12-18 min. 
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Figure 4.1b Same data as figure 4.1a, replotted to show the relationship between reaction time as a 

function o f distance in min. arc from threshold. There are now no significant differences between the 

groups.
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4.4.4 Are the prolonged reaction times in glaucoma patients accounted for by 

threshold elevation?

Although figures 4.1a & 4.2a show the relationship between reaction time and 

displacement, they do not take account of the threshold elevation of the glaucoma eyes. 

We therefore corrected for threshold elevation by plotting reaction time as a function of 

distance from threshold (figures 4.1b & 4.2b). This results in a substantial reduction in 

any differences in reaction times we identified. After correcting for the elevated 

thresholds of the glaucoma eyes, there were no significant differences in the reaction 

times at any of the displacements, including the threshold displacement, (shown as the 0 

min. arc interval on the x abscissae of figures 4.1b & 4.2b) or suprathreshold 

displacements.

Therefore reaction times at threshold did not differ significantly between the groups, and 

are in close agreement.

(table 4.2).

Group Normals Glaucoma suspects Glaucoma patients

(18 eyes) (18 eyes) (11 eyes)

Reaction time at 1470 ± 270 (1000- 1350 ± 330 (850 - 1360 ± 270 (980 -

threshold 2000) 1970) 1800)

(msec.)

Table 4.2 Summary Statistics fo r the reaction time at threshold displacement, showing no significant 

differences between the groups at the P < 0.05 level. Values shown are mean ±  1 SD. Figures in 

brackets indicate minimum and maximum values.

We investigated the relationship between the mean reaction time at each displacement, as 

a function of distance from threshold (see figures 4.1b & 4.2b) and achieved a very good 

fit using the simplest linear fit model. Using this model, we obtained a significant 

negative correlation between the mean reaction time at each displacement, as a function 

of distance from threshold for all 3 groups. The goodness of fit (R2) was 0.91 in the 

controls (P < 0.001), and 0.98 for glaucoma suspect eyes (P < 0.001). A slightly less 

goodness of fit was obtained with the glaucoma eyes, (R2 = 0.82, P < 0.001) and the 

slope to the regression line was shallowest in the glaucoma eyes, although the difference 

in the regression line slope was not statistically significant between the groups.
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4.5 Discussion

Investigations into abnormalities of Motion Displacement Threshold in glaucoma have 

concentrated on motion threshold differences and reaction time (RT) has received little 

attention. Wall et al were unable to identify significant prolongation of reaction times in 

the presence of the elevated Motion Displacement Threshold thresholds in glaucoma 

patients, although they did not specifically investigate the relationship between RT and 

threshold (Wall and Ketoff, 1995). We have shown that glaucoma eyes have prolonged 

mean reaction times during motion testing compared to controls. Prolongation of 

reaction times for a motion stimulus has been reported for other visual disorders. Wall et 

al reported a reaction time prolongation o f approximately 100 msec, in the responses of 

patients with Benign Intracranial Hypertension undergoing motion perimetry (Wall and 

Montgomery, 1995). They suggested that the most likely cause of the reaction time 

elevation in the patients was as a consequence of a prolonged decision time relating to 

uncertainty of stimulus perception.

Recently Wall et al have investigated reaction times in glaucoma using frequency of 

seeing curves generated by a customized Humphrey in perimetrically normal and 

abnormal areas of the field. However, they only reported reaction times for threshold and 

0 dB (suprathreshold) stimuli, which did not differ significantly from normals.

The MDT testing in the study described in this chapter has the advantage o f recording 

reaction time for all the stimuli presented during a subject’s motion test. This allows us 

to study mean reaction times which were found to be elevated in the glaucoma patients 

compared to controls. In addition, the relationship between prolongation of reaction time 

and elevation o f motion threshold can be examined by re-analysing reaction times as a 

function of distance from threshold. We found that the motion reaction times at threshold 

were equivalent across the groups. This finding is similar to that reported for luminance 

stimuli. Reasons for the reaction time delay in glaucoma and the equivalence at threshold 

are discussed in chapter 9.
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5. CHAPTER 5 

Characteristics of Frequency-of-Seeing curves for 

a motion stimulus in glaucoma eyes, glaucoma 

suspect eyes, and normal eyes.

5.1 Background

Previously published investigations of motion sensitivity losses in glaucoma have 

concentrated on differences in the motion thresholds between groups. Although 

Silverman reported a qualitative lessening of the slope o f the psychometric curve of 

motion in some patients with glaucoma (Silverman, et al., 1990), there has been no 

detailed analysis of frequency-of-seeing curves for motion response in glaucoma to date. 

Frequency-of-seeing curves describe the relationship between the probability o f seeing a 

stimulus and a stimulus parameter such as intensity (luminance stimulus) or stimulus 

displacement (motion stimulus). The S-shaped frequency-of-seeing curve has been 

shown to describe the relationship between luminance sensitivity and variability in 

automated perimetry (Chauhan and House, 1991; Chauhan et al., 1993b; Henson, et al., 

1996; Olsson et al, 1993; Wall, et al., 1996; Weber and Rau, 1992). The threshold is 

usually defined as the stimulus intensity at which 50% of the stimuli will be seen. In 

addition the steepness of the frequency-of-seeing curve can be calculated to provide a 

measure of the intratest variability around the threshold at that test location. A steep 

gradient represents little variability, whilst shallow gradients indicate large intratest 

variability. A number of researchers have found a significant correlation between 

threshold and the slope of the frequency-of-seeing curve for luminance stimuli (Chauhan 

and House, 1991; Chauhan, et al., 1993b; Henson, et al., 1996; Olsson, et al., 1993; 

Wall, et al., 1996; Weber and Rau, 1992). These studies have reported a shallowing of 

the slope o f the frequency-of -seeing curve in glaucoma patients with decreased 

sensitivities, reflecting an abnormally high intratest variability. In addition, Chauhan et al 

have shown that glaucoma patients have widely differing frequency-of-seeing curves for 

similar thresholds and were able to identify patients who had normal Humphrey field
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thresholds, but who had an abnormally shallow slope of the frequency-of-seeing curve 

(Chauhan, et al., 1993b).

5.2 Purpose

This study tests the hypothesis that frequency-of-seeing analysis can characterise 

additional differences between the motion response o f normal subjects and glaucoma 

patients beyond that achieved by measuring thresholds alone.

The identification of these differences may allow us to improve the sensitivity and 

specificity of motion testing in glaucoma.

5.3 Method

5.3.1 Subjects

Eyes with an established diagnosis of POAG were eligible for this study if they had 

documented evidence of an intra-ocular pressure > 21  mm Hg. on at least one occasion 

in association with glaucomatous optic disc cupping, in conjunction with a glaucomatous 

visual field defect on the Humphrey 24-2 field test. A field was defined as glaucomatous 

on the Humphrey 24-2 if at least one hemifield contained a cluster o f a minimum of three 

adjacent depressed points on the STATPAC2 pattern deviation plot with one point 

having a probability of P < 1% and 2 adjacent points having a probability of P < 2% 

(Piltz et al., 1991). We evaluated the Humphrey 24-2 field at the MDT test site using the 

field thresholds of the four locations nearest the MDT test site (see Figure 5.1a). We 

defined the Humphrey 24-2 field at the motion test site as being abnormal if the field 

thresholds of at least 1 of these 4 locations was contiguous with a hemifield cluster of 

depressed locations, according to the above criteria.

Glaucoma suspect eyes were eligible if they had at least one of the following; 

glaucomatous optic disc cupping, clinical evidence o f retinal nerve fibre layer defects, or 

a documented intra-ocular pressure > 2 1  mm Hg on at least one occasion, in the 

presence of a normal Humphrey 24-2 field (defined as normal or borderline Glaucoma 

Hemifield Test in the absence of any clusters of depressed locations in either hemifield). 

We excluded any eyes with significant ocular pathology other than glaucoma, including 

evidence o f cataract or secondary glaucoma, and eyes which were being treated with
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topical miotics. We recruited suitably age-matched controls if they had no significant 

ocular history, had a normal ocular examination with an lOP less than 21 mm Hg. and 

had normal Humphrey HFA 24-2 fields (defined as a normal Glaucoma Hemifield Test 

with global indices within 95% C.I. for normal subjects with no hemifield clusters of 

depressed points). All Humphrey 24-2 fields met standard reliability criteria o f < 20 % 

fixation losses, < 33 % false negatives, < 33 % false positives. All patients and controls 

had a corrected visual acuity in the tested eye of >= 6/9 achieved with less than +/- 4 

dioptres spherical equivalent and less than 2 dioptres of astigmatism. We tested 29 

control subjects and 42 patients. The controls underwent testing in one randomly 

selected eye. 27 patients had one eye meeting either POAG (n = 14) or glaucoma suspect 

criteria (n = 13) and underwent testing in this eye only. 15 patients had POAG in one eye 

and a glaucoma suspect fellow eye, and underwent testing of both eyes in a randomised 

order. Because these patients were contributing both eyes to the study, we performed 2 

independent analyses o f the data; the first using data from both eyes of these patients, 

then reanalyzing using data from only 1 eye selected at random from each o f these 

patients. We present the data using both eyes o f these patients, as all statistically 

significant results reported in this study were confirmed using both analyses, and did not 

differ at the P = 0.005 level of significance.

The mean age of the controls was 58.7 + 10.5 years, with a range 31.3 - 74.9 years. The 

mean age o f patients with glaucoma suspect eyes tested was 60.9 + 11.5 years (range 

30.6 - 78.8 years) and POAG eyes tested was 62.9 + 10.7 years (range 30.6 - 78.8). 

Analysis of variance showed no statistically significant differences between the group’s 

ages at the 0.05 level. The MD range of the Humphrey 24-2 fields from the glaucoma 

eyes was -14.2 to -1.3 dB, (median -4.6 dB), and the glaucoma suspect eyes from -4.2 

dB to +1.8 dB (median -0.7 dB). These were significantly lower than the Humphrey 24-2 

MDs of the control eyes (range -2.7 to + 2.5 dB, median 0.05 dB) at the P = 0.05 level.

5.3.2 Testing strategy

We measured motion sensitivity using a line displacement test presented in the 

superotemporal field to obtain Motion Displacement Thresholds (MDT). The 

experimental set up was identical to that used in the studies in chapters 4 and 7 (for a 

detailed description see chapter 7).
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5.3.3 Analysis

We generated frequency-of-seeing curves of the subject’s responses to the motion 

stimulus, and the data were imported to SPSS for Windows, (release 6.0, SPSS Inc. 

Chicago) for further analysis. We performed probit analysis o f the data using SPSS and 

the Motion Displacement Threshold (MDT) was defined as the displacement 

corresponding to a 50% frequency-of-seeing of the probit fitted curve. We used the 

interquartile range as a measure of the slope of the frequency-of-seeing curve, as this 

measure has previously been used by other investigators (Chauhan, et al., 1993b). The 

interquartile range is the stimulus displacement interval that corresponds to 25% to 75% 

frequency-of-seeing of the probit fitted curve. Figure 5.1 shows the motion frequency-of- 

seeing curve from a normal control, with the calculated parameters.
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Figure 5.1b Humphrey 24-2 o f a glaucoma patient aged 69 with an inferior arcuate scotoma (right). 

Arrow indicates site o f motion testing on greyscale plot, with 4 closest Humphrey 24-2 test locations 

(box) showing normal threshold sensitivity, within 95% population limits on Statpac2 output. Above is 

motion frequency-of-seeing curve o f same patient, with elevated threshold (11.6 min. arc) and 

abnormally shallow slope (elevated interquartile range o f 7.6 min. arc). Compare with figure 5.1a.
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To characterize the extent to which the slope provides additional information we 

analysed the data according to a stepwise logistic regression model incorporating both 

the motion thresholds and the interquartile ranges, and their squared terms. The results 

of the logistic regression analysis were used to generate a receiver operating 

characteristic (ROC) curve which was compared to the ROC curve generated using the 

motion threshold alone. The ROC curve is a plot o f sensitivity versus 1 - specificity for 

each possible cut-off across the measurement range of the variables, and is useful in 

comparison of 2 or more test parameters (Graham, et al., 1996).

5.4 Results

Table 5.1 shows the summary statistics of the 50% seen motion thresholds and the 

interquartile ranges of the probit fitted frequency-of-seeing curves for the controls, 

glaucoma suspect and glaucoma eyes.

Group Normals 

(29 eyes)

Glaucoma suspects 

(28 eyes)

Glaucoma patients 

(29 eyes)

Motion Threshold 

(min. arc)

5.9+  1.7 (2 .6 -8 .9 ) 8 .7+  3.4 (5 .0 -17 .6) 12.9 + 5 .8 (5 .2 -3 4 .2 )

Interquartile 

range (min. arc)

3 .3+  1.4 (1 .0 -5 .9 ) 5.3 +2.3 (2.1 -9 .6) 8.4 + 4 .7 (4 .2 -2 5 .5 )

Table 5.1. Summary statistics for the frequency-of-seeing curves, by group. Values shown are mean + 1 

SD. Figures in brackets indicate minimum and maximum values.

The MDTs in the glaucoma eyes (P < 0.0001) and in the glaucoma suspect eyes (P < 

0.001) were significantly elevated compared to controls. The interquartile ranges were 

also significantly elevated in the glaucoma eyes (P < 0.0001) and in the glaucoma suspect 

eyes (P < 0.005) compared to the controls.

5.4.1 Discriminating between the glaucoma eyes and normal eyes using threshold 

and slope abnormalities.

To investigate the separation between the glaucoma eyes and the controls we plotted a 

ROC curve of the motion threshold compared with the logistic regression model 

incorporating the interquartile range (see figure 5.2 top).
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A motion threshold cut-off of 9.0 min. arc identified 22/29 glaucoma eyes as abnormal, 

with a sensitivity of 76% and a specificity of 100%. The logistic regression model 

identified 24/29 glaucoma eyes as abnormal with a sensitivity of 83% at 100% 

specificity. Thus in the glaucoma eyes, only 2 additional eyes were identified as abnormal 

on the basis o f an abnormal interquartile range, whereas they would have been classified 

as normal on the basis o f threshold alone. Of the 24/29 eyes classified as abnormal by the 

regression model, 17/24 eyes had normal Humphrey 24-2 field thresholds at the motion 

test site. One such example is shown in figure 5. lb, which shows an abnormal fi’equency- 

of-seeing curve with an elevated threshold and interquartile range, indicating an 

abnormally shallow slope, obtained in a region of field with normal Humphrey 24-2 

thresholds.

In the glaucoma suspects the motion threshold alone identified 6/28 suspect eyes as 

abnormal, with a sensitivity of 21% at 100% specificity. The logistic regression model 

identified 15/29 glaucoma suspect eyes as abnormal resulting in a sensitivity of 54% with 

100% specificity. All 29 suspect eyes had normal Humphrey 24-2 fields according to our 

enrollment criteria. Thus amongst suspects, abnormal ranges without abnormal 

thresholds were more common, accounting for 9 of the 15 abnormal results. The 

difference between the proportion of suspects identified as abnormal using the regression 

model compared to the threshold alone was statistically significant (proportion test P < 

0.05). Thus abnormal slopes would seem to indicate early progression of the disease 

which may not be measurable by the threshold alone. This is shown schematically in 

figure 5.3 which shows the relationship between the interquartile range and the 

threshold. The top left-hand quadrant contains the 9 suspect and 2 glaucoma eyes which 

could be diagnosed as abnormal on the basis of an abnormal interquartile range when 

consideration of the threshold alone would class them as normals.
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Figure 5.3 Relationship between calculated interquartile range and threshold o f motion frequency-of- 

seeing curves for all subjects. The solid line represents the least-squares linear fit through the data. 
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interquartile range (horizontal) lie. Off scale refers to a single glaucoma eye with marked shallowing o f 

the frequency o f seeing curve with an interquartile range o f 25 min. arc., o ff the y  scale.

5.4.2 The relationship between slope and the 50% seen threshold

Figure 5.3 shows the relationship between the slope, as measured by the interquartile 

range of the motion frequency-of-seeing curve, and the 50% seen threshold. There was a 

significant correlation between the threshold and the interquartile range for all subjects (P 

< 0.0001, r2 = 0.56, excluding 1 outlier r2 -  0.71). Analysis within groups showed a 

significant correlation between the threshold and the interquartile range at P < 0.005 for 

the controls (R2 = 0.27), glaucoma suspect eyes (R2 = 0.32) and for the glaucoma 

patients (R2 = 0.41).

Although the correlation between threshold elevation and shallowing of the slope of the 

frequency-of-seeing curve was statistically significant, the degree of correlation was low, 

and we observed con siderable variation in the slope of the frequency-of-seeing curve for 

a given threshold value, both within and between the subject groups. This is illustrated in 

figure 5.4 which shows the frequency-of-seeing curves of 3 patients with similar motion
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thresholds with markedly different interquartile ranges. Although these subjects had 

essentially the same thresholds (8.4 to 8.6 min. arc) the interquartile ranges increased 

roughly in proportion to the seriousness of their glaucoma: extending from a normal 

value o f 4.2 min. arc for a suspect eye (figure 5.4 top) to 9.6 min. arc in a glaucoma eye 

(figure 5.4 bottom).
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Figure 5.4 Middle

shows the frequency-of- 

seeing curve from a 

glaucoma suspect with 

a similar motion 

threshold o f 8.6 min. 
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the slope, signified by 

an interquartile range 

o f 6.8 min. arc, which 
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range.

Figure 5.4 Bottom 

shows the frequency-of- 

seeing curve from a 
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shallowing o f the slope, 
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interquartile range o f 

9.6 min. arc, although 

the motion threshold 

remains normal at 8.5 
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We identified 4 eyes that had abnormal motion thresholds and normal slopes. Figure 5.5 

illustrates the frequency-of-seeing curve obtained from a glaucoma eye with an abnormal 

motion threshold (13.2 min. arc) and a normal slope (interquartile range of 5.1 min. arc).
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•  raw data• y  y  /  I
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stimulus displacement (min. arc)

Figure 5.5 Frequency-of-seeing curve o f glaucoma eye from patient aged 75 with elevated threshold 

(13.2 min. arc) and normal slope, indicated by interquartile range o f 5.1 min. arc (normal range up to 6 

min. arc).

5.5 Discussion

The aim of this study was to examine the characteristics of frequency-of-seeing curves 

for a motion stimulus in normals, glaucoma suspects and glaucomatous eyes.

We have found a correlation between the slope of the frequency-of-seeing curve and the 

motion threshold, with increasing threshold elevation associated with shallowing of the 

slope of the frequency-of-seeing curve, signifying a higher threshold variability. However 

the degree of association was low, and we identified considerable variation in the slope 

of the frequency-of-seeing curves for a given motion threshold.

A significant finding was the fact that analysis of the interquartile range in addition to the 

motion threshold achieved a significantly greater separation of suspects from controls 

than could be obtained by analyzing the motion threshold alone. This is reflected by the 

improvement in the sensitivity of the motion test in the suspects at 100% specificity from 

21% using threshold alone to 54% using both variables. The improvement in separation 

was most marked in patients with only moderately elevated thresholds or with thresholds
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within the normal range. For example, only 6/28 (21%) o f the glaucoma suspects had 

abnormally elevated motion thresholds outside our normal range. Of the remaining 22 

eyes with normal thresholds, analysis of the interquartile range identified an abnormal 

shallowing of the slope in a fiirther 9 eyes.

In the glaucoma eyes, abnormally elevated thresholds and interquartile ranges coexisted 

in a high proportion (72%). Because of the greater proportion o f threshold abnormalities 

in this group, analysis of the interquartile range only identified 2 additional eyes as 

abnormal, compared with the threshold analysis alone.

The finding in this study of a correlation between the motion threshold and slope of the 

frequency-of-seeing curve is analogous to that for conventional perimetry, which has 

been reported by a number of workers (Chauhan and House, 1991; Chauhan, et al., 

1993b; Henson, et al., 1996; Olsson, et al., 1993; Wall, et al., 1996; Weber and Rau, 

1992). The considerable individual differences that we identified in the motion frequency- 

of-seeing curves o f patients with similar motion thresholds are similar to the findings of 

Chauhan et al. for a luminance stimulus.

Our results indicate that an abnormal shallowing of the slope of the motion fi’equency-of- 

seeing curve may represent one of the earliest changes in glaucoma, and may occur 

before identifiable threshold elevation. This finding suggests that measures o f intratest 

variability may be an important component of future motion tests in glaucoma. Further 

longitudinal studies are required to investigate whether frequency-of-seeing analysis can 

improve the sensitivity and specificity o f motion testing in predicting conventional field 

deterioration.

Our findings suggest that the analysis of intratest variability in motion testing can identify 

important additional differences between glaucoma patients and controls. This may lead 

to improvements in our understanding of the earliest abnormalities of motion sensitivity 

in glaucoma.
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6. CHAPTER 6 

High spatial resolution automated perimetry in 

glaucoma

6.1 Background

Conventional automated perimetry threshold examinations have a relatively low spatial 

resolution with 6 degrees separating adjacent test locations in the Humphrey 24-2 or 30- 

2 programmes. Perimetry performed at higher resolution may obtain a more detailed 

picture of the field in selected areas of the visual field which may be of particular interest 

to the clinician.

We have developed a technique to perform High Spatial Resolution Perimetry using a 

Humphrey perimeter to generate a fine matrix map (FMM) of a specified region of the 

visual field within an acceptable test time. This technique of fine matrix mapping has 

been applied to the study of a number o f diseases (Chen et al., 1990; Chen et al., 1992; 

Chuang et al., 1987; Fitzke and Kemp, 1989).

6.2 Purpose

The purpose o f this study was to investigate the use of High Spatial Resolution 

Perimetry in glaucoma. The study investigated the question of whether High Spatial 

Resolution Perimetry can identify fine scale scotomas beyond the resolution of 

conventional perimetry. We also investigated the use o f image processing techniques to 

improve the repeatability of the high spatial resolution luminance measurements. These 

techniques have already been shown to substantially improve the repeatability of 

conventional perimetry, with no additional cost in test time (Fitzke et al., 1995; Fitzke 

and Kemp, 1989).
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6.3 Methods

6.3.1 Subjects

We prospectively recruited patients with an established diagnosis of POAG, glaucoma 

suspects, and suitably age matched normal controls. All subjects were phakic and had 

uncorrected visual acuity of >6/9 in at least one eye. All glaucoma patients had 

documented intraocular pressure >21mm Hg on at least one occasion before treatment, 

and evidence of asymmetrical glaucomatous field loss relative to the horizontal meridian 

on the most recent Humphrey 24-2 or 30-2 field. Glaucoma suspects had documented 

intraocular pressure >21mm Hg on at least one occasion, and a normal visual field. A 

field was defined as normal if there were no clusters of significantly depressed locations 

in either hemifield on the pattern deviation plot of the 24-2 or 30-2 programmes of the 

Humphrey Field Analyser. According to previously established criteria (Piltz, et al., 

1991), a cluster was defined as being significantly depressed if it contained a minimum of 

three adjacent depressed test locations on the pattern standard deviation plot, with at 

least 1 location having a probability of abnormality of p < 0.01 and 2 locations of p < 

0.05, excluding the peripheral ring of the HFA 30-2. Suitably age-matched controls were 

recruited if they had no significant ocular history, had a normal ocular examination with 

an lOP less than 21 mm Hg and had normal Humphrey HFA 24-2 fields, according to the 

above criteria.

6.3.2 Technique of fine matrix mapping (FMM)

To perform fine matrix mapping perimetry the co-ordinates o f four interlaced 5 x 5  grids 

of 25 locations (with a separation between adjacent points of 2 degrees) are entered in 

the “custom grid” feature of a Humphrey automated perimeter. Each grid is offset 

relative to the other grids by one degree; either in the x ,y ,or x and y axes. The patient 

undergoes examination using each of the four grids sequentially, using a target size III on 

a standard Humphrey bowl illumination of 31.5 apostilbs. Accuracy of fixation is 

monitored in the same way as conventional perimetry.

The data are converted into IBM format files which are merged using custom software 

to produce a single matrix with a separation between test locations of 1 degree. This fine 

matrix map (FMM) o f 100 locations subtends a visual angle o f 9 degrees by 9 degrees, 

approximately the area occupied by 4 locations in the 30-2 program. The numerical
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matrix is then used to generate a surface or contour plot showing the size and location of 

luminance sensitivity gradients across the grid. In addition to analysis of the raw data, the 

FMM thresholds underwent spatial processing using a 3 by 3 Gaussian (normal) filter. 

This technique has been used to filter conventional Humphrey 30-2 field data and fine 

matrix maps, and has been described in detail previously (Fitzke, at al., 1995; Fitzke and 

Kemp, 1989).

6.3.3 Examination protocols

6.3.3.i High Spatial Resolution Perimetry of the blind spot.

We investigated the resolution of our technique by obtaining fine matrix maps of the 

blind spot of a normal control. Luminance contour plots were imaged with a Confocal 

Laser Scanning Ophthalmoscope (C.L.S O ), using Argon 488 nm light, (Zeiss 

instruments) and superposed using the fovea and the optic disc as fundal landmarks.

6.3.3.Ü High Spatial Resolution Perimetry in patients with retinal nerve fibre layer 

defects.

2 Glaucoma patients with clinical evidence of focal retinal nerve fibre layer defects which 

did not correspond to a scotoma on conventional perimetry underwent High Spatial 

Resolution Perimetry. Contour plots of the luminance sensitivity were superposed to 

C L S O. images of the retinal nerve fibre layer defects.

6.3.3.iii Clinical evaluation of High Spatial Resolution Perimetry

Further evaluation o f High Spatial Resolution Perimetry was performed in glaucomatous 

eyes, glaucoma suspect eyes and normal controls. Each glaucoma patient underwent 

Humphrey field examination using the 30-2 program. One eye only was chosen for 

examination. If  both eyes satisfied the above inclusion requirements, the eye showing the 

greatest contrast in defect depth / sizes across the horizontal midline was chosen. The 

two sites of fine matrix mapping were chosen as mirror image pairs across the horizontal 

meridian, and were performed at two eccentricities; the supero and inferotemporal site 

(figure 6.3a), or the superior paracentral (figure 6.5a) and inferior paracentral sites.

Each subject underwent examination first at one site with each of the four constituent 25 

location grids performed successively with a short, standardised rest between each. The
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patient was then tested at the mirror image retinal location using the same protocol of 4 

successive grids of 25 locations. The patient was then allowed a rest of at least 2 hours 

and then the whole protocol was repeated at the original retinal locations to assess 

intertest fluctuation and reproducibility. The time required for each constituent grid 

varied between each patient depending on the number of Humphrey stimuli presented 

which was related to the defect size and depth. Excluding the brief rest between grids, 

the test time required on the Humphrey to obtain a FMM in the glaucoma patients was 

clinically acceptable and ranged from 8 to 26 minutes, with a mean of 20 minutes. 

Glaucoma suspects were tested according to the same protocol using the mirror image 

pair of Fine Matrix Maps (FMMs) in the supero and inferotemporal site. In the absence 

o f conventional field abnormalities, we chose this site as it has been reported to be one of 

the locations of early visual field defects in glaucoma suspects. We investigated the 

repeatability of the FMMs in age-matched normal controls, using the same test sites, 

except that the testing was confined to either the superior or the inferior location of the 

mirror image pair.

Three-dimensional surface plots of the FMMs for matched locations in the visual field 

were compared between groups. Quantitative analysis of the raw and Gaussian filtered 

thresholds was performed, and the repeatability of the FMMs was assessed using the 

technique described by Bland and Altman (see below).

6.3.4 Statistical analysis

The repeatability of the FMMs was investigated using the technique described by Bland 

and Altman (Bland and Altman, 1986). This technique has been applied to investigate the 

repeatability of a number o f measurements of ocular components (Rudnicka et al., 1992; 

Zadnik et al., 1992), and has also been used to assess the repeatability of visual field 

measurements (Fitzke, et al., 1995; Flanagan et al., 1993). To assess the repeatability of 

the first and second FMMs, the numeric difference between the first and second 

threshold sensitivities is calculated for each test location, and plotted versus the mean of 

the sensitivities for that location. The difference between the first and second threshold 

can be can be calculated on a pointwise basis, and the repeatability can be represented on 

a graphical plot of the spread and distribution of the pointwise differences. The 

repeatability of the FMMs is defined as the SD of the pointwise differences between the 

first and second FMM.
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6.4 Results

6.4.1 High Spatial Resolution Perimetry of the blind spot.

Figure 6.1 shows the results of performing High Spatial Resolution Perimetry around the 

blind spot o f a nonnal subject. A contour map of the luminance sensitivity profile has 

been superimposed onto a fimdal Confocal Scanning Laser Ophthalmoscope image 

(using Argon 488 nm. light, Zeiss instruments) obtained from the same eye. Accurate 

superposition was achieved by aligning anatomical landmarks such as the centre o f the 

disc and fovea with the corresponding perimetric landmarks such as centre of the blind 

spot and fixation, which are plotted by the Humphrey Field Analyzer. The resulting 

aligned contour map reveals well defined steep luminance sensitivity gradients at the 

edge of the blind spot as well as more subtle linear relative defects corresponding in 

location and extent to the major retinal vascular trunks exiting the optic disc. The 

diameters of the retinal arterioles at the disc margin are approximately 100 microns, 

while that of the retinal veins are about 130 microns (Wessing and Von Noorden, 1969). 

100 microns corresponds to a visual angle of approximately 0.3 degrees. This degree of 

resolution compares well with other reported techniques of High Spatial Resolution 

Perimetry, which have also identified angioscotoma associated with the major retinal 

vascular trunks (Safran et al, 1995).
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Figure 6.1 Contour plot o f luminance sensitivity from fine matrix maps performed over blind spot of a 

normal control, superposed with a fundal Scanning Laser Ophthalmoscope image (inverted) of the 

subject. Contour lines represent isoluminant points, in ! dB increments. Note steep sensitivity gradients 

at the edge o f the blind spot as well as more subtle linear defects corresponding in location and extent to 

the major retinal vascular trunks exiting the optic disc.
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6.4.2 High Spatial Resolution Perimetry in patients with retinal nerve fibre layer 

defects.

Figures 6.2 illustrates the results of High Spatial Resolution Perimetry performed in a 

glaucoma patient in an area of the visual field corresponding to a clinically visible focal 

retinal nerve fibre layer defect. The aligned contour map shows contour lines (figure 

6.2a) indicating a region o f steep luminance sensitivity loss which corresponds closely 

with the extent of the retinal nerve fibre layer defect imaged using the Scanning Laser 

Ophthalmoscope. A three dimensional surface plot of the luminance sensitivity (figure 

6.2b) reveals an obvious scotoma which is not apparent on the conventional Humphrey 

24-2. The scotoma extends into the nasal field, in a region where the threshold 

sensitivities of the corresponding Humphrey 24-2 test locations are within the 95% 

population limits, according to STAPAC2.
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Figure 6.2a Top figure v a fundal scanning laser ophthalmoscope image (inverted) obtained from a 

patient showing a retiml nerve fibre layer defect. Bottom figure shows high spatial resolution 

luminance contour plots vhich have been superimposed. The sensitivity loss corresponds closely to the 

extent o f  the retinal nervi fibre layer defect.
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Figure 6.2b shows a Humphrey 30-2 greyscale and statpac2 total deviation p lo t, and adjacent FMMs, 

which reveal an obvious superior arcuate extending from the blind spot, not shown by the Humphrey 

30-2.
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6.4.3 Clinical evaluation of High Spatial Resolution Perimetry

We tested 6 eyes of 6 glaucoma patients (4 eyes in mirror image supero and 

inferotemporal sites, 2 eyes in mirror image supero and inferoparacentral sites), 4 eyes of 

4 glaucoma suspects (3 eyes in mirror image supero and inferotemporal sites, 1 eye in 

inferotemporal only) and 6 eyes of 6 normal subjects (4 eyes in superotemporal site, 1 

eye in inferotemporal site, 1 eye in inferoparacentral site). The mean ages by group were 

64 + 4 years for the glaucoma patients, 58 + 7 years for the glaucoma suspects, and 65 + 

6 years for the controls. These differences were not statistically significantly different. 

Bland Altman plots of the pointwise differences versus the pointwise means between the 

baseline and the repeat FMM were plotted for each subject at each location tested. The 

mean of the pointwise differences and the SD of the pointwise differences were 

calculated to provide summary statistics o f repeatability for each individual. The mean of 

the pointwise differences reflects any systematic difference, (bias) between the baseline 

and the subsequent FMM as might be expected if there was a considerable fatigue effect 

or learning effect. The repeatability of the first and second FMM is defined as the SD of 

the pointwise differences with lower values indicating better repeatability. The mean + 2 

SD indicates the limits of agreement between the first and the second FMM.

Figures 6.3b-e show the Bland Altman plots of the first and second FMMs performed for 

one glaucoma patient in two mirror image locations (figure 6.3a) o f the field. The 

superotemporal FMM overlaps an area of depressed sensitivity on the Humphrey 30-2, 

whilst the inferotemporal FMM overlaps an area of normal Humphrey 30-2 threshold 

sensitivity.
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Figure 6.3a Humphrey 30-2 o f glaucoma eye. Boxes indicate superior and inferior sites o f FMM.
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Figures 6.3b & d Pointwise difference versus mean plots for first and second FMM in the superior 

location, for raw (b) and Gaussian filtered (d) thresholds.

Figures 6.3c & e Corresponding plots for raw (c) and filtered thresholds (e) o f the FMMs in the inferior 

location. Dashed lines indicate pointwise limits o f agreement, represented as 2 SD, between the first 

and second FMMs.
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The repeatability between the first and second FMMs is poorest, as indicated by the 

higher pointwise SD in the location of depressed threshold sensitivity (figure 6.3b), 

compared to the location of normal threshold sensitivity (figures 6.3c). The effect of 

Guassian filtering the FMMs has been to substantially reduce the SDs, (figures 6.3d & e) 

representing an improved repeatability by a factor of 2 between the baseline and the 

second FMMs. The mean pointwise difference remains the same for the raw and 

Gaussian filtered data, and is close to zero in all the plots.

Figure 6.4a shows the repeatability o f the first and second FMMs for all the subjects; the 

SD o f the pointwise differences has been plotted against the mean threshold sensitivity of 

the first and second FMMs for each subject. The SD values are highest for the glaucoma 

patients, indicating poorer repeatability, compared to the controls. The one outlier was a 

glaucoma patient who had FMMs performed in a region of absolute sensitivity loss on 

the Humphrey 30-2. In this patient only 1 test location had a measurable sensitivity and 

the remaining test locations had no measurable in either baseline or the repeat FMM, 

with a consequent zero pointwise difference between the majority of points. Figure 6.4a 

illustrates the negative correlation between the SD and the mean grid sensitivity which 

was highly significant (P = 0.0001, =0.91). Thus the repeatability was poorest in the

FMMs with greater degrees of threshold sensitivity loss.

Figure 6.4b shows a similar correlation between the pointwise SD and the mean 

threshold sensitivity for the Gaussian filtered thresholds.

Note that the values o f the SD have been reduced by a factor of approximately 2. 

Designated limits o f  pointwise agreement between the first and the second FMMs can be 

defined as the mean ±2 SD, according to Bland Altman (Bland and Altman, 1986). The 

limits o f agreement for all the Gaussian filtered FMM pairs are below 5 dB: thus for each 

FMM pair, the difference between the first and second (repeat) sensitivity thresholds will 

be less than 5 dB at 95 out of 100 test locations, which we believe is clinically 

acceptable.

Calculated values for the means of the pointwise differences between the first and 

second, representing any overall bias between the first and the second grids were smallest 

for controls (mean - 0.09 dB, range -0.58 dB to 0.50 dB). The means o f the pointwise
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differences for the glaucoma patients were higher, (mean 0.37 dB, range -6.70 dB to

3.00 dB), although they still remained small; 11 of 12 repeated FMMs had a mean 

difference of less than 4 dB. In addition there was no systematic departure from the zero 

in any of the groups, indicating that there is no significant bias between the first and 

second FMMs which we might have expected if there was a significant learning or 

fatigue effect.
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Figures 6.4b Same axis for figure 6.4a, but using Gaussian filtered thresholds. The effect offiltering has 

been to reduce the magnitude o f the SD by a factor o f approximately 2, representing a twofold 

improvement in repeatability. Lines indicates the least squares linear fit o f the data, excluding 1 

outlier.

FMMs obtained from High Spatial Resolution Perimetry in glaucoma patients at sites 

already known to be abnormal from the 30-2 examination revealed a complex profile of 

sensitivity loss which was not revealed by the low spatial resolution of the conventional
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Humphrey 30-2 or 24-2 programs. Figure 6.5a shows Humphrey 30-2 greyscale and 

Statpac2 total deviation plots from a glaucoma patient who underwent High Spatial 

Resolution Perimetry at the site indicated. Figure 6.5b shows three-dimensional surface 

plots of the first FMM and the repeat FMM which have undergone filtering. Both surface 

plots show the complex profile of the scotoma, which reveals a steep sensitivity gradient 

from severely depressed to normal sensitivity. Much of the detail is reproducible.
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Figure 6.5a Humphrey 30-2 greyscale and Statpac2 total deviation plot from glaucoma eye, with site o f 

FMM indicated by box.
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Figure 6.5b Resulting FMMs obtained from same patient at the location indicated on figure 6.5 a. Plots 

o f Gaussian filtered sensitivity thresholds o f first (left figure) and repeat (right figure) reproducible 

threshold profiles reveal a steep sensitivity gradient from severely depressed sensitivity, represented as 

elevated area, to normal sensitivity.
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In 2 glaucomatous eyes of 2 patients fine matrix mapping in an area of normal sensitivity 

on the Humphrey 30-2 revealed an obvious reproducible defect that was not apparent 

with conventional perimetry. Illustrated by figures 6.6a-d. High Spatial Resolution 

Perimetry identified a localised reproducible scotoma, represented as an elevated area on 

the first FMM (figure 6.6b) and second FMM (figure 6.6c). The FMMs were performed 

in an area o f field overlapped by 4 Humphrey 24-2 test locations which have normal 

threshold sensitivity (figure 6.6a). Figure 6.6d shows a surface plot o f a FMM fi-om a 

normal control for comparison, which shows a uniform luminance profile.
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Figure 6.6a Humphrey 30-2 greyscale and Statpac2 total deviation plot from glaucoma eye. Box 

indicates site o f FMM which overlaps 4 Humphrey 30-2 test locations with normal threshold sensitivity.

dB sens.
figure b

y axis X axis 
0 degrees

figure c
dB sens.

y axis X axis 
0 degrees

dB sens.
figure d

y axis X axis 
0 degrees 

control FMM

Figures 6.6b & c Three-dimensional plots o f 

Gaussian filtered luminance sensitivity 

thresholds o f first and second FMMs. 

Elevated areas indicate repeatable 

luminance defects, not seen in the FMM o f an 

equivalent area o f field from age matched 

normal controls (figure 6.6d).
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6.5 Discussion

A number of investigators have used High Spatial Resolution Perimetry to detect 

scotomas beyond the resolution of conventional perimetry (Sturmer, 1985; Weber and 

Dobek, 1986). Airaksinen et al has used High Spatial Resolution Perimetry to identify 

scotomas corresponding to retinal nerve fibre layer defects in glaucoma suspects who 

have normal conventional perimetry (Airaksinen and Heijl, 1983). In addition, High 

Spatial Resolution Perimetry has also been shown to be clinically useful in defining 

residual small central isles of field in advanced glaucoma, which may be too small for 

conventional perimetry to map (McNaught et a l, 1995; Weber et al, 1989). However, a 

major disadvantage of some of these studies is that they have been arduous for patients 

and have required an extremely long test time. The aim of this study was to investigate 

high resolution perimetry in a group of normal, glaucoma and glaucoma suspect eyes 

using the technique of fine matrix mapping performed on a Humphrey Automated 

perimeter. This identified glaucomatous luminance loss which was not revealed by the 

lower spatial resolution of the conventional Humphrey 30-2 or 24-2 programs. The 

testing protocol was well tolerated and all subjects performed the test within a test time 

of 30 minutes, which we believe is clinically acceptable. Previous investigations o f High 

Spatial Resolution Perimetry have demonstrated that one o f the earliest perimetric 

disturbances in glaucoma is an elevated intra test variability in some regions, even though 

the mean threshold sensitivity at the location may still remain normal (Heijl, 1993; 

Sturmer, 1985). A number of studies have shown that the inter-test variability of 

conventional threshold perimetry is higher in glaucoma than normals (Flammer et al, 

1984a; Flammer et al., 1984c; Holmin and Krakau, 1979; Werner et a l, 1982). In 

addition the degree of inter-test variability has been found to correlate with the degree of 

sensitivity loss (Flammer, et al., 1984a). Our results confirm that a similar correlation 

exists between inter-test variability and sensitivity loss in High Spatial Resolution 

Perimetry, as has been suggested by other workers (Sturmer, 1985). One advantage of 

the technique described in this chapter was the improvement in repeatability which was 

obtained with the use of image processing techniques.

In summary, we have described a technique for performing High Spatial Resolution 

Perimetry which is clinically practical and can be performed on an unmodified Humphrey 

Automated Perimeter. We have identified glaucomatous luminance loss which was not
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revealed by the lower spatial resolution of the conventional Humphrey 30-2 or 24-2 

programs, and have obtained a substantial improvement in the repeatability of the 

technique by using image processing techniques.
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7. CHAPTER 7 

Abnormal Motion Displacement Thresholds are 

associated with Fine Scale Luminance Sensitivity

Loss in Glaucoma.

7.1 Background

Histological evidence has shown that a substantial number o f retinal ganglion cell axons 

may be lost in glaucoma before a visual field defect can be detected using conventional 

methods of full threshold automated perimetry (Quigley, et al., 1982; Quigley, et al., 

1989).

This finding has prompted the search for more sensitive tests o f early glaucomatous 

visual damage. A large number of different functional deficits have been identified in 

early glaucoma using psychophysical tests to isolate a particular aspect of visual function 

(see chapter 3).

One such test is motion perception (see chapter 3). Previous work at the Institute of 

Ophthalmology and Moorfields Eye Hospital has used a line displacement test to show 

that Motion Displacement Thresholds (MDTs) are significantly elevated in glaucoma 

(Fitzke, et al., 1987; Fitzke, et al., 1989; Ruben é ta l, 1994).

Other investigators have used random dot kinetograms to test motion perception. Initial 

investigations used these to simultaneously test large areas of the central visual field, and 

have reported elevated motion thresholds in glaucoma patients (Bullimore, et al., 1993; 

Silverman, et al., 1990; Trick, et al., 1995). One criticism of this type of testing is that it 

may perform poorly in patients with early focal scotomas (Bosworth et a l, 1997). 

Graham and colleagues recently reported that random dot kinetogram testing of central 

field performed little better than chance in identifying patients with early focal 

glaucomatous field defects (Graham, et al., 1996). Recently Bosworth and colleagues 

performed focal random dot kinetogram testing on 14 patients, and were able to show 

that motion coherence thresholds were significantly poorer in areas of known visual field 

loss compared to eccentrically matched areas of relative field sparing (Bosworth, et al..
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1997). However they did not comment on whether coherence thresholds in areas of 

relative field sparing differed from controls. One limitation of random dot kinetograms is 

the inherently low spatial resolution of the test, which is limited by the size of the 

smallest area that can be tested. In the test described by Bosworth and colleagues, the 

size o f the test region was 7.4 degrees, which may encompass 4 Humphrey test 

locations.

An alternative approach is to use line stimuli to measure Motion Displacement 

Thresholds. The higher spatial resolution of a line stimulus has the advantage of making 

it possible to evaluate small localized regions of field. Previous research at the Institute 

o f Ophthalmology and Moorfields Eye Hospital has used a line displacement test to 

demonstrate elevated Motion Displacement Thresholds in glaucoma (Fitzke, et al., 1987; 

Fitzke, et al., 1989; Ruben, et al., 1994) and has shown that abnormally elevated Motion 

Displacement Thresholds can occur in areas of normal Humphrey 24-2 visual field.

These findings have been confirmed by other workers using both Line Displacement tests 

(Johnson, et al., 1995) and Random Dot Kinetograms (Wall and Ketoff, 1995).

The significance of elevated Motion Displacement Thresholds within areas of normal 

Humphrey field was demonstrated by Baez and colleagues, who showed that elevated 

motion thresholds could predict the future development of conventional visual field loss 

at the same locality in initially perimetrically normal fellow eyes o f normal tension 

glaucoma patients (Baez, et al., 1995). Elevated Motion Displacement Thresholds have 

also been correlated with glaucomatous optic disc changes in ocular hypertensive 

patients, before scotomata can be detected using conventional visual field assessment 

(Ruben and Fitzke, 1994).

7.2 Purpose

The finding of abnormal Motion Displacement Thresholds in areas of normal Humphrey 

field raises the question of whether motion abnormalities coexist with fine scale 

depressions o f Humphrey threshold which may not be identifiable with conventional 

Humphrey field testing.

The aim o f this study is to test the hypothesis that elevated Motion Displacement 

Thresholds coexist with fine scale depressions of Humphrey threshold, which may 

predate the appearance of scotomas detected with conventional perimetry.
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A number of investigators have used High Spatial Resolution Perimetry to identify fine 

scale scotomas in apparently normal areas of the field on the Humphrey 24-2, although 

these results were not examined in the context o f other psychophysical 

abnormalities.(Sturmer, 1985; Tuulonen a/., 1993).

In this study. High Spatial Resolution Perimetry was performed using the technique 

described in chapter 6.

We investigated a group of patients with unilateral POAG, as this group offers the 

advantage of allowing us to study both glaucomatous eyes and fellow suspect eyes that 

are at high risk of developing glaucoma in the future (Gliklich et a l, 1989; Hitchings and 

Anderton, 1983; Zeyen and Caprioli, 1993). The selection of this well defined group of 

patients for our study facilitates the assessment o f the significance o f any psychophysical 

abnormalities found in our suspect group.

7.3 Methods

7.3.1 Subjects

18 POAG patients and 18 normal controls were prospectively recruited for this study. 

Patients were eligible if they had an established diagnosis o f POAG in one eye, with at 

least 2 Humphrey 24-2 fields with a localized glaucomatous visual field defect, and a 

normal Humphrey HFA 24-2 field in the fellow eye. To define a scotoma we used the 

pattern deviation plot on the Humphrey 24-2, according to a cluster definition used in a 

number of previous studies (Graham, et al., 1996; Wall and Ketoff, 1995). A scotoma 

required a minimum cluster of three adjacent points depressed on the pattern deviation 

plot at the P < 0.02 level (or at least 5 dB), with one of the points depressed at the P < 

0.01 level (or at least 10 dB); or two adjacent points depressed P < 0.01 level (or at least 

10 dB). In addition, the cluster of abnormal points could not cross the horizontal 

meridian.

All fields had to meet standard reliability criteria of < 20 % fixation losses, < 3 3  % false 

negatives, < 33 % false positives. All patients had documented evidence of an intra

ocular pressure > 2 1  mm Hg. on at least one occasion in the glaucoma eye with 

glaucomatous optic disc cupping characterized by a vertical cup/disc ratio >= 0.6, or cup 

disc asymmetry between the two eyes of greater than 0.2.
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15/18 o f the glaucomatous eyes, and 10/18 of the glaucoma suspect eyes were being 

treated with topical antihypertensives. Patients currently using miotics were excluded, as 

were patients with significant ocular pathology other than glaucoma or evidence of 

secondary glaucoma.

Suitably age-matched controls were recruited if they had no significant ocular history, 

had a normal ocular examination with an lOP less than 21 mm Hg and had normal 

Humphrey HFA 24-2 fields, with no identifiable clusters of depressed points according to 

the above definition.

The mean Humphrey 24-2 MD for the glaucoma eyes was -5.8 + 2.5 dB, range -11.1 to -

3.0 dB, which was significantly different (P < 0.0001) from the glaucoma suspect eyes 

(mean MD -1.7 dB + 1.7 dB, range -4.2 to +1.3 dB) and the controls (mean MD -0.5 dB 

±1 .3  dB, range -2.7 to +2.5 dB).

The mean age of the 18 patients was 59.7 + 12.2 years, with a range 30.6 - 78.8 years. 

The mean age of the 18 controls was 57.8 ± 1 1 .5  years, with a range of 31.3 - 74.9 

years. This difference was not statistically significant (P = 0.63).

All patients and controls had a corrected visual acuity in both eyes of >= 6/9 achieved 

with less than +/- 4 dioptres spherical equivalent and less than 2 dioptres o f astigmatism.

7.3.2 Motion Displacement Testing

We measured motion sensitivity using a line displacement test presented in the 

superotemporal field to obtain Motion Displacement Thresholds (MDT). This site was 

chosen as previous results have identified significantly elevated Motion Displacement 

Thresholds at this location in glaucoma patients, with good separation between patients 

and controls (Fitzke, et al., 1987; Fitzke, et al., 1989). The MDT test was performed 

using a computer generated line stimulus, 2 degree by 2 min. arc in size, presented on a 

monochrome monitor (Phillips green monochrome P 31 monitor, pixelation 480 x 640, 

frame rate 50 Hz). The line stimulus was presented in the superotemporal field at 15 

degrees eccentricity on the 30 degree meridian. The luminance of the background was 

set to 7 cd/m^ and the stimulus was 27 cd/m^, thereby obtaining a stimulus contrast of 

59% relative to background. The background was viewed at a distance of 1.24 m, and 

subtended 8 by 10 degrees.

The subject viewed a fixation target and was instructed to press a response button when 

movement was seen. A warning tone was sounded which was followed by 1.5 seconds
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during which the stimulus was stationary. During the following 2 seconds, the stimulus 

(if it were to move), would undergo instantaneous oscillatory displacements at 2.5 Hz. 

beginning at a random time after the start o f this interval. If the subject pressed the 

response button before stimulus movement had begun, then this was counted as a false 

positive response.

After a suitable instruction period, subjects underwent a test which consisted of 10 

presentations each of 10 different displacements in 2 minute arc intervals from 0-18 

minutes o f arc presented in a random order. The test includes 10 presentations of a 0 

min. arc displacement (stationary target catch trials) and if the subject pressed the button 

to 0 min. arc displacement then this was recorded as a false positive response.

The experimenter observed the subject for the duration of the test to ensure reliable 

fixation throughout the test. Frequency-of-seeing curves were generated, and the data 

were fit by probit analysis. The Motion Displacement Threshold (MDT) was taken as the 

displacement corresponding to a 50% frequency-of-seeing of the fitted curve.

Figure 7.0a shows a subject performing the MDT test, and a close up picture of the 

stimulus presented on the monitor is shown in figure 7.0b.
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Figure 7. Oa Picture o f a subject performing a MDT test.

Figure 7. Ob Close up picture o f the monitor showing the line stimulus used for the MDT test.

94



7.3.3 High Spatial Resolution Perimetry

High Spatial Resolution Perimetry (HSRP) was performed in the same region of the 

superotemporal field by measuring the Humphrey visual field thresholds across a 10 by 

10 matrix of 100 Humphrey test locations separated by 1 degree. The site o f motion 

displacement testing falls within this area. The technique to perform High Spatial 

Resolution Perimetry has been extensively described in chapter 6. Briefiy 4 “custom 

grid” programs of the Humphrey are applied using a standard Humphrey to define four 

custom test programs, each consisting of 5 by 5 locations separated by 2 degrees, with 

the coordinates of each custom test program offset to the other by one degree in the x, y, 

or X and y axis. The 4 custom test programs were applied in succession in a randomised 

order using target size III on a standard Humphrey bowl illumination o f 31.5 apostilbs. 

Custom software was used to merge the custom test programs to generate a single fine 

matrix map of the thresholds of 100 test locations separated by 1 degree covering an area 

of 9 by 9 degrees and extending from Humphrey coordinates 7, 7 to 16,16 (for a right 

eye).

The High Spatial Resolution Perimetry was performed without near correction, as the 

refraction at this eccentricity is difficult to ascertain and near correction could induce 

prismatic and edge effects which would be difficult to standardize during the test 

procedure. However, the distribution of refractive errors was closely comparable 

between the groups of eyes tested: the median distance refraction (spherical equivalent) 

of the control eyes was 0 dioptres, range: -1.75 to +2.13 D, the median for glaucoma 

suspect eyes was 0 D, range: -2.00 to +2.00 D, and for glaucoma eyes 0 D, range: -2.13 

to +2.00 D.

We analyzed each subject’s fine matrix map by calculating the mean threshold sensitivity 

of the 100 test locations. We derived an additional measure to describe the uniformity of 

thresholds within each matrix map. This uniformity index (Ul) was calculated as the 

standard deviation (SD) of the threshold values.

In addition, spatial image processing of the HSRP thresholds using a Gaussian filter was 

performed and three-dimensional surface plots were generated for display purposes. 

Patients underwent Motion Displacement Threshold testing and High Spatial Resolution 

Perimetry in both eyes. The controls underwent Motion Displacement Threshold testing 

and High Spatial Resolution in one randomly chosen eye. Since learning and fatigue may
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be influenced by the order of the eye tested, the glaucoma and glaucoma suspect eye 

were tested in a randomised order to avoid introducing any consistent order effects.

7.3.4 Analysis

The level o f statistical significance was set at P < 0.05. Because each patient underwent 

testing in both eyes in this study, we performed 2 independent analyses o f the data; the 

first using data from both eyes of the patients, then reanalyzing using data from only 1 

eye selected at random from each patient. We present the data using both eyes of these 

patients, as all statistically significant results reported in this study were confirmed using 

both analyses, and did not differ at the P = 0.05 level of significance.

7.4 Results

7.4.1 Motion Displacement Thresholds (MDTs)

We were able to record Motion Displacement Thresholds in all 18 control eyes and 18 

glaucoma suspect eyes. We obtained motion measurements in 15/18 glaucoma eyes, the 

remaining 3 eyes of 3 patients had such grossly impaired motion perception that the 

patients did not perceive motion in any of the stimuli presented.

Table 7.1 shows the mean and SD of the MDTs by group. There was a statistically 

significant elevation of the MDTs of the glaucoma eyes compared to the controls (P < 

0.0001), and glaucoma suspect fellow eyes (P < 0.0034).

There was a moderate elevation of the MDTs of the suspect eyes as a group compared 

to the controls, which was significant (P = 0.046).

At the location tested, 11/15 (73%) of the glaucoma eyes had abnormally elevated 

MDTs above mean +1.96 SD of the controls (= 9.2 min. arc). Only 5/15 (33%) of these 

eyes had a scotoma cluster on the Humphrey 24-2 field involving the test locations 

closest to the MDT site.

For the glaucoma suspect eyes, 4/18 (22%) had abnormally elevated MDTs above mean 

+1.96 SD o f the controls. By definition, all these eyes had normal Humphrey fields with 

no glaucomatous clusters on the pattern deviation plots.

There were no controls with MDT thresholds above the mean +1.96 SD of the control 

group.
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Group Mean MDT (min. arc) SD Minimum Maximum

Glaucoma 15.3 12.9 4.2 57.6

Suspects 8.5 3.9 4.6 18.4

Controls 6.1 1.6 2.3 8.2

Table 7.1. Summary statistics fo r  the Motion Displacement Threshold Thresholds (MDTs) by group.

7.4.2 High Spatial Resolution Perimetry Luminance thresholds

Mean sensitivities for each fine matrix map were calculated (table 7.2). This mean 

sensitivity was significantly lower in the glaucoma patients compared to both the controls 

and the suspects at the P < 0.05 level (Post-Hoc Student-Newman-Keuls tests).

The control group mean was found to be 27.9 dB. We defined abnormal as 1.96 SD 

below this (23.5 dB). Using this cut-off, 13/18 of glaucoma patients had mean matrix 

thresholds below this level.

Group matrix map mean threshold 

(dB)

matrix map uniformity index 

(dB)

Controls Mean 27.9, SD 2.2 (r 22.8 - 30.5) Mean 1.8, SD 0.33 (r 1.3 -2 .5 )

Suspects Mean 26.6, SD 2.5 (r 23 .2-31 .9) Mean 2.0, SD 0.42 (r 1.3 -2 .8 )

Glaucoma Mean 21.6, S D 3 .4 (r 15.2-27.1) Mean 4.1, SD 2.25 (r 1.4-9.5)

Table 7.2 Summary statistics o f High Resolution Perimetry thresholds by group.

We derived a “uniformity index” (UI) to assess the degree of uniformity of the matrix 

thresholds, which was calculated as the SD of the matrix thresholds. In normals, the 

threshold plots were flat, and as a consequence the UIs were low. Areas of scotoma 

would result in hills and valleys on the threshold plot, and would give rise to a high UI. 

The UIs of the glaucoma group were significantly higher than those o f controls and 

suspects at the P < 0.05 level, indicating greater spatial variability in the High Spatial 

Resolution thresholds in the glaucoma patients. The control values for the UI ranged 

from 1.3 - 2.5 dB, mean 1.8 dB, SD 0.33 dB. We defined the UI as abnormal if it 

exceeded the control mean + 1.96 SD (= 2.4 dB). 12 of the 13 eyes previously identified 

as having abnormally low mean matrix threshold had an abnormal UI index. We also
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identified 1 additional glaucoma eye with an abnormal UI in the presence of a normal 

mean threshold.

7.4.3 Comparison between abnormal Motion Displacement Thresholds and 

abnormal High Spatial Resolution Perimetry thresholds.

8 glaucoma eyes had scotomas on the Humphrey 24-2 field involving the test locations 

closest to the MDT site. All were abnormal with High Spatial Resolution Perimetry.

7/8 eyes had abnormally elevated MDTs.

The remaining 10 glaucoma eyes had no scotomas on the Humphrey 24-2 field which 

involved any o f the test locations closest to the MDT site, (table 7.3). 6/10 had abnormal 

High Spatial Resolution Perimetry, and of these 4 had abnormally elevated MDTs. An 

example is shown in figure 7.1, which shows an abnormal HSRP matrix map (abnormally 

depressed mean sensitivity and an abnormally high uniformity index). This eye has an 

abnormally elevated Motion Displacement Threshold at the location tested.

2 glaucoma eyes had abnormal High Spatial Resolution Perimetry, with normal MDTs 

(an example is shown in figure 7.2).

4/10 had normal High Spatial Resolution Perimetry, and of these, 3 had abnormally 

elevated MDTs. An example is shown in figure 7.3, which shows a normal HSRP matrix 

map (normal mean sensitivity and a normal uniformity index) with a coexisting elevated 

MDT. For comparison, figure 7.4 shows a normal HSRP matrix map and normal MDT 

obtained from a control eye.

1 glaucoma eye had normal High Spatial Resolution Perimetry and normal Motion 

Displacement Thresholds at the site tested.

Normal HSRP (eyes) Abnormal HSRP (eyes)

Normal MDT (eyes) 1 2

Abnormal MDT (eyes) 3 4

Table 7.3. Number o f  eyes with respective MDT and HSRP abnormalities, out o f  10 glaucoma eyes 

which did not show scotomas involving any o f  the test locations closest to the MDT site on the 

Humphrey 24-2.
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Figure 7.1 Humphrey 24-2 from a glaucoma subject showing inferior arcuate scotoma. Arrow indicates 

site o f motion testing within area o f normal Humphrey 24-2 field, overlapped by site o f High Spatial 

Resolution Perimetry (box). Adjacent HSRP matrix map is abnormal: elevations represent area o f 

depressed thresholds. Motion frequency-of-seeing curve (bottom) shows grossly abnormal motion 

response.
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Figure 7.2 Humphrey 24-2 from a glaucoma subject showing inferior arcuate scotoma. Arrow indicates 

site o f motion testing within area o f normal Humphrey 24-2 field, overlapped by site o f High Spatial 

Resolution Perimetry (box). Adjacent HSRP shows abnormal matrix map. Subtle elevations represent 

areas o f abnormally depressed thresholds. Motion frequency-of-seeing curve (bottom) shows dip at 10 

min. arc. The 50% seen threshold is 4.2 min. arc, within the control range.
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Figures 7.3 Humphrey 24-2 from a glaucoma subject showing superior arcuate scotoma. Arrow 

indicates site o f motion testing within area o f normal Humphrey 24-2 field, overlapped by site o f High 

Spatial Resolution Perimetry (box). Adjacent HSRP matrix map is normal, with normal mean threshold 

sensitivities, and uniform threshold profile (normal uniformity index). Motion frequency-of-seeing curve 

(bottom) shows grossly abnormal motion response.
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Figure 7.4 Humphrey 24-2 from a normal control. Arrow indicates site o f motion testing within area o f 

normal Humphrey 24-2 field, overlapped by site o f High Spatial Resolution Perimetry (box). Adjacent 

HSRP matrix map is normal with uniform luminance profile (mean threshold sensitivity and uniformity 

index within control range). Normal motion frequency-of-seeing curve (below) with 50% seen threshold 

within control range.
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All 18 glaucoma suspect eyes had normal Humphrey 24-2 fields with no glaucomatous 

clusters according to our criteria. 3/18 had an abnormal High Spatial Resolution 

Perimetry, with normal Motion Displacement Thresholds. The remaining 15 suspect eyes 

had normal High Spatial Resolution Perimetry. However, 4 of these eyes had elevated 

MDTs.

For the controls, 1/18 had abnormally depressed HSRP mean threshold sensitivity of 

22.8 dB, below our cut-off of 23.5, and 2.3 SD below the control group mean. The 

subject’s motion tests and Humphrey 24-2 were both normal. None of the remaining 

controls had MDTs and HSRP outside the control group mean ± 2 SD.

There was a statistically significant correlation between the motion thresholds and the 

mean High Spatial Resolution Perimetry matrix thresholds, (P = 0.0001, r̂  = 0.24; 

excluding 2 outliers: r̂  = 0.30), (figure 7.5).
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Figure 7.5 Relationship between subjects’ Motion Displacement Threshold and HSRP matrix map mean 

threshold. The solid line represents the least-squares linear fit through the data. Arrow indicates 1 

outlier o ff the y-scale.
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7.5 Discussion

This aim of this study is to test the hypothesis that abnormal Motion Displacement 

Thresholds coexist with scotomas on a finer scale than is measurable by conventional 

Humphrey perimetry. We identified 10 glaucoma eyes with normal Humphrey 24-2 field 

nearest the MDT test site. Of these 7 had abnormally elevated Motion Displacement 

Thresholds and 6 had fine scale scotomas detected with High Spatial Resolution 

Perimetry. This result suggests that glaucomatous elevations of Motion Displacement 

Threshold may be present in areas of normal Humphrey 24-2 field, and this may coexist 

with measurable scotomas beyond the resolution of conventional Humphrey perimetry in 

some, but not all patients.

We identified 2 glaucoma eyes with abnormal HSRP in the presence of a normal motion 

50% threshold test. Whilst it is possible that these defects may be non-glaucomatous, and 

secondary to the influence of refractive error or media absorption, we were unable to 

identify such factors in our patients. Further studies will be required to confirm this and 

to examine for additional unrecognized factors which may be responsible for this. A 

further proportion of the glaucoma patients (30%) had Motion Displacement Thresholds 

defects in areas of field with no detectable scotomas, measured with conventional 

perimetry or High Spatial Resolution Perimetry. One possible explanation would be the 

existence of scotomas beyond the resolution of our technique. The maximum 

displacement o f the motion stimulus is less than 0.3 degrees, whilst the High Spatial 

Resolution Perimetry has been performed by measuring field thresholds across a grid at 1 

degree intervals. Thus we cannot exclude the possibility of abnormal Motion 

Displacement Thresholds coexisting with scotomas beyond the resolution o f our 

technique.

In order to avoid artifacts due to the trial frame, we elected to perform Motion 

Displacement testing and High Spatial Resolution Perimetry without near correction. 

Motion Displacement Thresholds have been shown to be relatively unaffected by 

refractive errors (Fitzke, et al., 1989; Whitaker and Buckingham, 1987), and the subjects 

had low refractive errors. Refractive error would be expected to globally suppress 

Humphrey field threshold sensitivity (Goldstick and Weinreb, 1987). The uniformity 

index (Ul) we used reflects focal threshold depression, which would not be expected to

104



be affected by refractive error. 13/14 of the glaucoma eyes identified as abnormal with 

the HSRP had an abnormal Uniformity Index. Refractive changes would not be expected 

to account for these localized threshold abnormalities, as in general the effect of 

refractive error is to smear out localized abnormalities.

One finding o f this study was that over half of the glaucoma eyes with abnormal motion 

sensitivity had normal Humphrey 24-2 field at the motion test site. This finding has also 

been reported by Johnson et al, who identified elevated Motion Displacement Thresholds 

in glaucoma in areas appearing normal on conventional perimetry (Johnson, et al., 1995). 

I shall examine two major hypotheses to explain this finding.

One hypothesis which has been invoked to account for the occurrence of early 

abnormalities of motion perception before conventional field defects is the “selective loss 

hypothesis” .

Quigley has hypothesized that there is selective damage to the larger diameter optic 

nerve fibres in early glaucoma (Quigley, et al., 1988). Since magnocellular cells are 

associated with larger mean diameters, the “selective loss hypothesis” would imply a 

preferential loss of magnocellular function. The evidence for this is described in 

chapter 3.

Johnson has proposed an alternative hypothesis based on the concept of reduced 

redundancy to explain the presence of a variety of psychophysical abnormalities o f visual 

function (including motion perception) in glaucoma before conventional perimetric field 

defects (Johnson, 1994). According to the reduced redundancy theory, the poor 

performance o f conventional perimetry may be a consequence o f the non-selective nature 

o f the stimulus, which stimulates a broad spectrum of retinal ganglion cells. The large 

overlap in ganglion cell receptive fields results in considerable redundancy, that may 

mask early losses if all classes of ganglion cells are stimulated (Johnson, 1994). Tests 

that stimulate only a subpopulation of ganglion cells to isolate one aspect o f visual 

function may identify the earliest losses.

Psychophysical evidence for both the selective cell hypothesis and the reduced 

redundancy hypothesis depends upon comparisons of the extent and the sequence of 

occurrence of selective losses of visual function, compared with non selective losses 

identified with conventional perimetry (Johnson, 1994; Sample etal., 1994a).
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An important finding of this study was that elevations of Motion Displacement Threshold 

may coexist with scotomas beyond the resolution o f conventional Humphrey perimetry. 

This finding demonstrates the importance of considering the spatial resolution of the 

tests, which must be taken into account when making comparisons between tests. The 

differing spatial resolution of the tests may be as significant as any intrinsic differences 

that may exist in the sensitivity o f a broad spectrum stimulus such as the Humphrey 

stimulus, compared with more selective stimuli such as motion stimulus. In summary, the 

results o f this study suggest that a principal limitation of conventional Humphrey 24-2 

perimetry in detecting early glaucoma is its inadequate spatial resolution.
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8. CHAPTER 8 

The effect of stimulus orientation on Motion 

Displacement Thresholds in glaucoma.

8.1 Background

Previous studies that have reported elevated Motion Displacement Thresholds in 

glaucoma have used a vertical line stimulus which undergoes horizontal displacements 

(Fitzke, et al., 1987; Fitzke, et a l, 1989; Johnson, et a l, 1995). The results of the studies 

outlined in chapters 4,5, and 7 were obtained using the test described by Fitzke et al 

(Fitzke, et a l, 1987). Other stimuli that have been used are random dot kinetograms, 

using stimuli in which the signal component moves in either a horizontal direction or one 

of four cardinal directions (Bullimore, et a l, 1993; Silverman, et a l, 1990; Wall and 

Ketoff, 1995).

8.2 Purpose

This aim of this study was to investigate the effect of the orientation of the stimulus 

motion on the displacement thresholds in normals and glaucoma.

Although mediated by motion sensitive pathways, line displacement thresholds may in 

addition be influenced by local retinal luminance sensitivity loss. Previous investigators 

have identified the existence of fine slit-like scotomas, beyond the resolution of 

conventional perimetry, that correspond to the orientation o f retinal nerve fibre layer 

defects (Tuulonen, et a l, 1993).

This study tests the hypothesis that displacements of a line stimulus into a slit-like 

scotoma would contribute to impaired motion sensitivity, and that this effect would 

depend on the orientation o f the line stimulus relative to the orientation of the slit-like 

scotoma.

It is hypothesized that the motion sensitivity of a line stimulus moving in a parallel 

direction to the nerve fibre layer would be less influenced by an underlying fine slit-like 

scotoma orientated along the axis of the nerve fiber, as illustrated by figure 8.1a, than a
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stimulus moving perpendicular to the retinal nerve fibre layer (RNFL) and thus into the 

slit-like scotoma (figure 8.1b).

The aim of this study is to test the hypothesis.
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figure 8.1a stimulus motion 
parallel to RNF.

figure 8.1b #  stimulus motion 
perpendicular to RNF.
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figure 8.1c ^  ^  ̂ stimulus motion 45
^ degrees to RNF.

k '  -

Figures 8.1a, b & c Left eye motion test in superotemporal field: vertical line stimulus shown in white 

superimposed on fundus image. The arrow shows the direction of the stimulus displacement in relation to 

a hypothetical slit-like scotoma orientated along the axis of the retinal nerve fibre layer shown in black.
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8.3 Methods

8.3.1 Subjects

17 patients with an established diagnosis o f primary open angle glaucoma and 8 age- 

matched normal controls were prospectively recruited for this study. All patients had 

documented intraocular pressures above 21 mm Hg, glaucomatous optic disc cupping 

and early but reproducible glaucomatous visual field defects on the program 24-2 of the 

Humphrey Visual Field Analyzer. All controls had a normal ocular examination, 

intraocular pressures under 21 mm Hg and normal Humphrey 24-2 fields (normal 

glaucoma hemifield test and global indices within 95% C l for normal subjects) in both 

eyes.

All patients and controls had a corrected visual acuity in both eyes of >= 6/9 achieved 

with less than +/- 4 dioptres spherical equivalent and less than 2 dioptres of astigmatism. 

Patients with significant ocular pathology other than glaucoma were excluded.

The glaucoma patients had a mean age of 64.9 years with a SD of 7.4, and the control 

group 58.9 with a SD of 9.8. (non-significant difference at 0.05 level).

The patients had early glaucomatous Humphrey 24-2 field loss with repeatable focal 

arcuate losses or a nasal step usually limited to one hemifield. The mean of the MDs of 

the Humphrey 24-2 fields o f the glaucoma group was -4.87 dB, SD +3.37 dB, (range 

+3.37 to -10.10 dB) which was significantly different from the control mean MD of - 

0.65 dB, SD +1.11 dB (range +1.11 to -2.24 dB). (T-test significant at p < 0.001).

15/17 of the patients had normal Humphrey thresholds at the 4 closest Humphrey test 

locations to the motion test site, according to our definition (see analysis section), whilst 

2 patients had scotomas extending into the motion test site.

8.3.2 Examination protocol

The test set-up to measure Motion Displacement Thresholds was the same as that 

described in detail in Chapter 7. Briefly, a line stimulus is presented in the 

superotemporal or inferotemporal fields. The line stimulus undergoes instantaneous 

oscillatory displacements of magnitudes 0 - 1 8  min. arc. Frequency-of-seeing curves are 

generated for 10 magnitudes of displacement from 0 to 18 min. arc each presented 10
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times. A probit fit analysis is applied and the displacement corresponding to 50% seen is 

taken as the threshold.

A gimbal system was constructed to enable the monitor to be rotated through 360 

degrees. This allowed us alter the orientation of the line and hence the direction of the 

stimulus motion to an accuracy of within 1 degree whilst keeping all other properties of 

the test constant. Patients underwent motion measurements in one glaucomatous eye in 

either the superotemporal location (14 patients) or in the inferotemporal location (3 

patients). Controls underwent motion sensitivity testing in 1 randomly chosen eye, all in 

the superotemporal location. All subjects underwent an initial baseline motion sensitivity 

test with the stimulus in the vertical position undergoing horizontal motion (designated 0 

degrees axis).This was followed by tests with the stimulus rotated counterclockwise by 

45 degrees, 135 degrees and 0 degrees (i.e. baseline again) with appropriate rest breaks 

in a randomised order to avoid any consistent bias in learning or fatigue.

8.3.3 Analysis

Motion measurements were classified according to the direction of stimulus movement 

with respect to the orientation of the retinal nerve fibres at the test site. Figures 8.1a, 

8.1b and 8.1c show the position of the stimulus for a motion test in the superotemporal 

field of the left eye: movement along the 135 degrees meridian is labeled as “motion 

parallel” to the retinal nerve fibres, stimulus movement along the 45 degree meridian is 

labeled as “motion perpendicular” to the retinal nerve fibres, and stimulus movement 

along the 0 degree meridian is labeled as “motion at 45 degrees” to the retinal nerve fibre 

layer. This analysis is a valid assumption, assuming that the orientation of the retinal 

nerve fibres at the test location lies between 22.5 degrees and 90 degrees from the 

horizontal reference line.

We evaluated the Humphrey 24-2 luminance at the test site by examining the threshold 

sensitivities at the 4 Humphrey 24-2 test locations closest to the motion site. We defined 

the Humphrey 24-2 threshold at the motion test site as being abnormal if at least 1 of 

these 4 locations was contiguous with a hemifield cluster of depressed locations 

consisting of at least 3 adjacent depressed points on the STATPAC2 pattern deviation 

plot with one point having a probability of P < 1% and 2 adjacent points having a 

probability o f P < 2% (Piltz, et al., 1991).
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8.4 Results

8.4.1 Motion Displacement Thresholds

Table 8.1 shows the mean Motion Displacement Thresholds for the glaucoma and 

control groups for the orientations tested. The motion tests are classified according to 

the direction of the stimulus movement relative to the orientation of the retinal nerve 

fibres (RNF).

direction of motion relative to RNF controls 

(min. arc)

glaucoma 

(min. arc)

controls vs. glaucoma

45 degrees (1) 6.4 ±  1.2 11.7±3.8 t = 5.18 p < 0.001

45 degrees (2) 5.0+  1.5 10.0 ±4.3 t = 4.25 p <  0.001

perpendicular 5 .2±  1.8 11.3±5.2 t = 4.32 p <  0.001

parallel 5.6+1.5 9 .8±3.7 t = 3.04 p = 0.006

Table 8.1. Mean Motion Displacement Thresholds and standard deviations in min. arc. fo r glaucoma 

and control groups by orientation, with statistical comparison between groups using Student’s T-test.

The means of the motion thresholds of the controls lie within our normal range o f values 

for this test for all orientations tested (Fitzke, et al., 1989).

The means of the Motion Displacement Thresholds of the glaucoma group were 

significantly elevated compared to the means of the control group for all orientations 

tested.

There was a statistically significant negative linear correlation between the motion 

thresholds and the mean of the Humphrey sensitivity thresholds at the 4 Humphrey 24-2 

test locations nearest the test site although the degree of correlation was poor (r^ = 0.22, 

p = 0.02). There was no significant linear correlation between the motion thresholds and 

the Humphrey MD.
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8.4.2 Effect of stimulus orientation on motion threshold

To illustrate the individual orientation dependent variability we plotted the thresholds for 

stimulus motion perpendicular to the RNF against stimulus motion parallel to the RNF 

for all subjects (Figure 8.2),

Ü

25

• O

■ glaucoma 
controls

Q .

20 25

motion thresholds for stimulus movement 
parallel to nerve fibers (min. arc).

Figure 8.2 Scatterplot o f subjects’ thresholds for stimulus motion perpendicular vs. motion parallel to 

retinal nerve fibres, with the line o f unity.

For quantitative analysis, we plotted the difference in the thresholds for stimulus motion 

perpendicular and parallel to the RNF versus the mean of the thresholds (figure 8 .3). The 

zero on the y ordinate represents no difference between the motion threshold for motion 

perpendicular and parallel to the retinal nerve fibre layer.
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Figure 8.3 Difference versus mean plot o f motion thresholds for stimulus motion perpendicular and 

parallel to retinal nerve fibres. Subjects with normal motion thresholds lie to left o f vertical reference 

line o f  8.6 min. arc.

For subjects with normal motion thresholds (up to 8.6 min. arc, equivalent to mean + 2 

SD of controls), there is no orientation dependence, with all differences lying close to the 

zero ordinate.

In contrast, in patients with abnormally elevated motion thresholds (above 8.6 min. arc), 

a number of the patients lie a considerable distance above the zero ordinate, with the 

motion threshold for stimulus motion perpendicular to the nerve fibre layer more severely 

elevated compared to motion parallel to the nerve fibre layer.

Figure 8.3 also shows a trend of increasing elevation of motion threshold for stimulus 

motion perpendicular compared to parallel to the nerve fibre layer (data points above 

zero ordinate) in patients with more pronounced threshold elevations A Spearman rank 

correlation test showed that this was highly statistically significant (rho = 0.55, p < 

0.005). Thus increasing threshold elevation is associated with increasing elevation of the 

motion threshold for motion perpendicular compared to parallel to the nerve fibre layer.

l i b r a r y
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However this analysis does not take into account smaller differences in the thresholds 

which may be proportionally more important at the lower range of threshold values.

To correct for this we calculated the proportional difference in the thresholds for 

perpendicular and parallel stimulus motion according to:

Proportional difference (Pn) = perpendicular -  parallel motion threshold / perpendicular 

+ parallel motion threshold.

A proportional difference value of 0 represents no difference between the perpendicular 

and parallel thresholds, + 1 represents maximally elevated perpendicular threshold 

relative to parallel, -1 maximally elevated parallel threshold relative to perpendicular. 

Figure 8 .4 is a plot of the proportional difference vs. the mean of the perpendicular and 

parallel thresholds for all subjects. A ranked Spearman correlation test again showed a 

significant positive correlation between the proportional difference (Pn) and the mean, 

for all subjects (Spearman ranked correlation coefficient Rho = 0.555, p = 0.004).
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Figure 8.4 Proportional difference versus mean plot o f motion thresholds for stimulus motion 

perpendicular and parallel to retinal nerve fibres.

Reference lines indicate the mean +2 SD of the proportional difference of the controls, 

with no controls lying outside this range. However, 5 of the glaucoma patients lie above 

the control mean +2 SD. These patients have a proportionally elevated motion threshold

115



of at least 15% for stimulus motion perpendicular to the RNF compared to stimulus 

motion parallel to the RNF. No patients have a proportional difference below the mean - 

2 SD of the controls. We reviewed the results to identify any distinguishing 

characteristics o f these 5 patients who showed the most pronounced orientation effect. 

There was no consistent order in the sequence of the tests performed in the 5 which may 

have influenced the results. Of these 5 patients with the most pronounced orientation 

effect, 1 had a scotoma extending to the 4 Humphrey 24-2 test locations closest to the 

site o f motion testing, 1 had a nasal Humphrey field defect distant to the motion test site, 

and 3 patients had normal Humphrey field in the hemifield o f the motion test. Although 

there was a weak correlation between the motion threshold and the Humphrey luminance 

at the motion test site, there was no significant correlation between the difference in the 

motion thresholds of the orientations tested and the Humphrey luminance at the motion 

test site.

8.5 Discussion

The aim of this study was to investigate the effect of stimulus orientation on Motion 

Displacement Threshold thresholds in controls and patients with POAG We performed 

tests o f motion sensitivity using a line displacement test, with the line stimulus orientated 

parallel or perpendicularly to the orientation of the retinal nerve fibre layer corresponding 

to the site o f motion testing. We did not identify any clinically significant differences 

between the thresholds at perpendicular and parallel orientations in the controls, or in 

patients with normal motion thresholds. In patients with elevated motion thresholds, 

there was more marked threshold elevation for stimulus movement perpendicular to the 

nerve fibre layer compared to movement parallel to the nerve fibre layer. This difference 

was statistically significantly greater for patients with more pronounced threshold 

elevations.

In 5 patients the motion thresholds for stimulus motion perpendicular to the retinal nerve 

fibre layer were proportionately elevated by over 15% compared with motion parallel to 

the nerve fibre layer. This proportional elevation exceeded the 95% confidence limits we 

obtained with our controls. We did not identify any patients who demonstrated a 

proportional elevation of the threshold for motion parallel compared to perpendicular of 

this magnitude.
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Although factors such as fatigue and learning may affect an individual’s performance 

during the tests we think this is unlikely to explain this effect as the order in which the 

motion tests were performed was randomised, and we could not find any consistent 

order effects in the test sequence in these patients. There were no differences in the 

degree of astigmatic and spherical error in these patients (which was low in all groups), 

nor were there marked differences in the Humphrey sensitivity thresholds at the test site 

between the patients who showed an orientation effect and those who did not.

We hypothesize that this effect is explained by the interaction of the stimulus with fine 

slit-like luminance loss orientated along the retinal nerve fibres, on a much finer scale 

than is identifiable with conventional perimetry. We postulate that the motion sensitivity 

of a line stimulus in a parallel direction to the nerve fibre layer would be less influenced 

by fine slit-like luminance loss orientated along the axis of the nerve fiber, as illustrated 

by figure 8.1a, than a stimulus moving perpendicular to the nerve fiber layer and thus 

into the luminance loss (figure 8.1b). According to this hypothesis, any effect of 

orientation on the motion threshold may be predicted by the underlying orientation o f the 

retinal nerve fibre layer at the site of testing. The results of this study are based on a 

small number of subjects, and further work is required to investigate for any orientation 

effect in other locations of the visual field.

In summary, this study has identified an orientation dependence sensitivity to motion in 

some patients with glaucoma. This effect has not been reported previously and may be 

useful in improving the sensitivity and specificity o f motion sensitivity testing in 

identifying early glaucomatous damage.
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9. CHAPTER 9 

Discussion and summary

9.1 High spatial resolution automated perimetry

9.1.1 Implications of findings

Chapter 6 investigated the use of High Spatial Resolution Perimetry in glaucoma. 

Previous investigators have performed perimetry at higher spatial resolution than 

conventional perimetry, and have identified subtle scotomas beyond the resolution of 

conventional perimetry (Sturmer, 1985; Weber and Dobek, 1986). High Spatial 

Resolution Perimetry has also been shown to identify scotomas that correspond to retinal 

nerve fibre layer defects in glaucoma suspects who have normal conventional perimetry 

(Airaksinen and Heijl, 1983; Tuulonen, et al., 1993). This suggests that High Spatial 

Resolution Perimetry may have a number of distinct clinical advantages over 

conventional perimetry in the detection of the earliest glaucomatous field defects. 

However, previous techniques of High Spatial Resolution Perimetry have been arduous 

for patients and have been limited by long testing times (Airaksinen and Heijl, 1983; 

Sturmer, 1985). Another recognized problem of High Spatial Resolution Perimetry has 

been a high intratest variability, with a corresponding poor repeatability of the threshold 

measurements (Sturmer, 1985). The high intra-test variability in areas o f glaucomatous 

sensitivity loss has previously posed a significant limitation to the usefulness o f High 

Spatial Resolution Perimetry. Attempts to improve the precision of the threshold 

measurements by repeating the measurements is unlikely to be practical in High Spatial 

Resolution Perimetry because of the already lengthy test times. Chapter 6 describes the 

use o f image processing techniques (Fitzke and Kemp, 1989) as an alternative method to 

improve the repeatability. Image processing techniques have the advantage of requiring 

no extra test time, and have already been shown to improve the repeatability of 

conventional automated perimetry (Fitzke, et al., 1995). The application of a Gaussian 

filter to the High Spatial Resolution Perimetry threshold data resulted in a marked 

improvement (by a factor of 2) in the repeatability of the technique. We obtained good
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reproducibility of the threshold profiles using this technique, and this has allowed us to 

obtain finer details of sensitivity loss which were not apparent on the lower spatial 

resolution o f conventional perimetry.

9.1.2 Clinical applications

We believe that High Spatial Resolution Perimetry fine matrix mapping may be a useful 

clinical tool, and may have a diagnostic role in the more detailed evaluation of equivocal 

areas of visual field of glaucoma patients and suspects.

Previous studies have suggested that the test point density of conventional perimetry is 

not a limiting factor for the identification of the earliest glaucomatous field change. 

However these studies are inherently biased as they used conversion criteria based on the 

development o f field defects measured at conventional resolution (Heijl, 1993). It 

remains to be determined whether the detection of conversion is improved by the use of 

High Spatial Resolution Perimetry. In addition. High Spatial Resolution Perimetry may 

have a role in identifying early progression of glaucomatous visual field defects. There is 

evidence to suggest that the progression of glaucomatous defects, as detected using 

conventional perimetry, is slow (Migdal, et al., 1994; Smith et al., 1996). Using 

conventional perimetric programs with a spacing of 6 degrees between adjacent test 

points, progression of the advancing edge of a scotoma which is increasing in size must 

exceed 6 degrees visual angle before change is registered at a repeat examination. 

Perimetry performed using test locations separated by 1 degree offers the theoretical 

possibility that we may be able to identify advancement at the edge of a scotoma at an 

earlier stage than is possible with conventional perimetry.

9.1.3 Future modifications

Chapters 6 & 7 describe research into High Spatial Resolution Perimetry and the use of 

Gaussian image filtering techniques to improve the repeatability. However other widely 

used filters in image processing may have particular advantages useful to our technique. 

The properties of a median filter suggest that it may have advantages in preserving areas 

of abrupt change in the visual field, for instance a scotoma. Another filter is the Sobel 

filter, which could be used to accentuate the edges of a scotoma. Future work is required 

to investigate the usefulness of these filters. Another future improvement would be the 

development of a physiologically based custom filter which would be tailored according
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to glaucomatous patterns of field loss. Humphrey thresholds of adjacent test locations 

are not spatially independent, and can be weighted according to common patterns of field 

loss. Such a custom filter is generated by giving each test location a weighting calculated 

from its degree of correlation with neigbouring points. Neighbouring test locations which 

follow an arcuate pattern are likely to be more highly correlated than distant points. Such 

a custom filter would be expected to follow an arcuate pattern, and respect the 

horizontal meridian. The application of a more physiological filter may be useful in 

improving the identification of early pathological field loss from non pathological noise in 

the field.

9.2 Motion Displacement threshold testing

9.2.1 Reaction times for motion detection

The study in chapter 4 investigated for differences in reaction time between glaucoma 

patients and controls during line displacement motion testing. It was found that the mean 

reaction times during motion testing of the glaucoma patients were significantly 

prolonged by approximately 200 msec, compared to controls. This compares with the 

delay of 100 msec, reported in glaucoma patients undergoing random dot kinetogram 

motion testing reported by Wall et al (Wall and Montgomery, 1995).

Possible causes for the reaction time prolongation in glaucoma can be examined by 

considering reaction time to be the combined time for (1) stimulus perception and signal 

conduction, (2) decision time relating to uncertainty of stimulus perception, and (3) 

motor reaction time.

The possibility of conduction delay can be investigated by calculating the total 

retinocortical pathway time, using known conduction velocities and assuming that 

maximal delay would be caused by total loss of faster conducting magnocellular ganglion 

cells. I have calculated that the maximal delay associated with total magnocellular 

ganglion cell dropout could only contribute to a delay of 20 msec.. This is clearly 

insufficient to explain the magnitude of the reaction time prolongation in our patients.

The possibility that prolonged reaction times in glaucoma are the result o f a prolonged 

decision time has been suggested by Wall & Montgomery (Wall and Montgomery,
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1995). This is a consequence of the greater stimulus uncertainty associated with the 

elevated motion threshold.

The study in chapter 4 has tested this possibility by measuring the reaction times to a 

motion target across the psychophysical response function. This enabled us to measure 

the reaction times at threshold, where all subjects have an equal 50% uncertainty of 

stimulus perception. The equivalence of reaction times at threshold across the groups 

suggests that the prolongation of reaction time in glaucoma is due to stimulus uncertainty 

associated with the elevated motion threshold in the glaucoma patients. Lastly, the 

possibility that the reaction time prolongation in the glaucoma patients represents a 

motor delay is unlikely, as glaucoma would not be expected to affect the motor system 

and the subjects were age-matched.

In summary, this study has shown that reaction times are prolonged for a motion 

stimulus in glaucoma as a consequence of the elevated motion threshold. A similar 

finding was reported by Wall et al using a conventional Humphrey perimetric stimulus 

(Wall, et al., 1996). On the basis o f these two studies, one can postulate that any 

prolongation of total test reaction time to a variety of stimuli would be accounted for by 

elevation of threshold. The corollary of this is that the measurement of reaction time is 

unlikely to yield any additional information beyond that obtained by measuring threshold 

alone. However the analysis of reaction time may provide a useful marker of reliability, 

as discussed below.

9.2.1.i Future modifications

One potentially very useful benefit of reaction time analysis is the assessment of a 

subject’s reliability.

One measure of a subjects’ reliability during perimetry is the frequency of false positive 

responses, i.e. false responses by the subject when no response or a subliminal response 

is presented. The traditional method of estimating the frequency of false positive 

responses is to add catch trials to the test. Because the false positive rate in most patients 

is usually small (less than 10%), an accurate estimation of the false positive rate would 

require the presentation of a large number of catch trials which would lengthen the test 

to unacceptable limits. Because of these time constraints, the false positive rate is 

estimated by presenting a small number of catch trials, resulting in an inexact estimate of 

the “true” rate. Olsen et al have recently described a method of analysis which uses
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reaction times to assess patient reliability in automated Humphrey perimetry (Olsson, et 

al., 1997). They divided the response time after onset o f the stimulus into periods. One 

period is known as the response window which is the period when the subject would be 

expected to respond if the stimulus is perceived. There are also periods when no 

responses would be expected, which are known as listen times. One such period is from 

the onset of stimulus to the minimum reaction time, known to be 180 msec or more. The 

other period starts from a fixed time after the response window and lasts until the next 

stimulus exposure. Responses within these periods can be assumed to be false positive 

responses. Olsson et al have shown that the frequency of false positives obtained by 

reaction time analysis can be used to provide a measure o f reliability during the test 

(Olsson, et al., 1997). Unlike the use of catch trials, this method has the advantage that 

no additional test time is required. Another significant advantage of reaction time 

analysis of Humphrey reliability is that the method samples much more of the field test 

(up to 15 times more) compared to catch trials.

One future modification of the MDT test would be to incorporate a similar reaction time 

analysis to estimate the false positive rate, eliminating the need to perform catch trials 

and thus shortening the test time. To perform this analysis, estimates o f the response 

window and minimum reaction time would need to be obtained for each magnitude of 

displacement presented. The variation of these times with respect to stimulus intensities 

and location would have to be investigated. This would allow cut-offs to be derived for 

the minimum reaction time, and comparison of the subjects’ reaction time would allow a 

false positive rate to be calculated.

9.2.2 Frequency of seeing analysis for motion detection

In chapter 5, ffequency-of-seeing curve analysis was used to investigate the relationship 

between threshold and intratest variability for a motion stimulus.

Frequency-of-seeing analysis has previously been useful in investigating the relationship 

between the threshold and intratest variability in conventional perimetry. Several studies 

have shown a relationship between increasing threshold elevation and shallowing o f the 

slope of the frequency-of-seeing curve, representing an elevated intratest variability 

(Chauhan and House, 1991; Chauhan, et al., 1993b; Henson, et al., 1996; Olsson, et al., 

1993; Wall, et al., 1996; Weber and Rau, 1992). However frequency-of-seeing curves 

have received little attention for other stimuli, including motion stimuli.
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The results in chapter 5 showed that the intratest variabilities were significantly elevated 

in the glaucoma patients and glaucoma suspects, compared to controls. There was also a 

significant correlation between the degree of motion threshold elevation and the degree 

o f slope shallowing.

A significant finding was the fact that a proportion o f patients had abnormal shallowing 

of the slope of the frequency-of-seeing curve, without abnormal elevation of the motion 

threshold. This suggests that alterations in the shape of the motion frequency-of-seeing 

curve occur early in glaucoma, and may precede threshold abnormalities. A similar 

finding was reported by Chauhan et al using frequency-of-seeing tests in conventional 

perimetry.

This finding highlights the importance of determining the variability at threshold at a 

given location, as abnormally high values may indicate the earliest abnormality in 

glaucoma. However, commonly used staircase algorithms do not directly measure 

threshold variability for all threshold test locations in the visual field. For instance, the 

widely used Humphrey full threshold algorithm only provides a global measure of 

threshold variability as the short term fluctuation (SF), which is calculated from 10 pre

determined test points where the threshold is determined twice. We have used frequency- 

of-seeing analysis to investigate the relationship between the threshold and intratest 

variability, as have several other studies (Chauhan and House, 1991; Chauhan, et a l, 

1993b; Henson, et a l, 1996; Olsson, et a l, 1993; Wall, et a l, 1996; Weber and Rau, 

1992). Although frequency-of-seeing analysis allows the determination of the slope and 

threshold, one drawback of a frequency-of-seeing analysis is the longer test times 

required, as compared with other staircase-based thresholding strategies. In MDT test 

used for this research, this time constraint would be a major limitation to the number of 

locations which could be tested at a single test session.

One novel approach to the problem of obtaining a measure of intratest variability within 

an acceptable test time has recently been described by Bengtsson and Olsson in their 

work on the new generation of algorithms called SIT A, or Swedish Interactive Threshold 

Algorithms (Bengtsson et al, 1997). This algorithm uses a prior model of the frequency- 

of-seeing curve at a given location to represent both the normal response and the 

abnormal response. Such models have been determined from a database of subject 

responses. The Humphrey SIT A program presents stimuli in a staircase test procedure. 

From the start of the test, the prior models are constantly updated as the patients’ own 

responses are used to refine the model. Post processing of the model is performed by
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incorporating reliability data to recalculate the frequency-of-seen models, and the 

threshold is estimated. According to the authors, this new Humphrey thresholding 

strategy has three major advantages: firstly all the patients’ responses are added to the 

model, both negative and positive. This utilises more of the data than the conventional 

Humphrey staircase algorithm, and has the statistical and theoretical advantages of 

providing a more accurate threshold estimation. Secondly, the shape o f the subjects’ 

response models can be used to provide the intratest variability at threshold for all 

locations tested. Thirdly, because the subjects’ responses are incorporated within an 

existing model, current best estimates o f the threshold are constantly available 

throughout the test. This allows the testing strategy to be terminated at a predetermined 

level of accuracy (Bengtsson, et al., 1997).

In summary, the newer generation of algorithms such as SIT A may allow the 

identification of early shallowing of the slope of the frequency-of-seeing curve, in 

addition to threshold changes. This can be achieved with an acceptable test time. These 

strategies are likely to be used in motion testing and other psychophysical tests. One 

future development of the MDT test would be to use a similar strategy to allow 

multilocation MDT testing within an acceptable test time. The results o f chapter 5 

already provide preliminary data to generate age-matched prior models of frequency-of- 

seeing curves for normals and glaucoma patients. A staircase strategy displacement test 

would be used to update such models with the patients’ own responses, and similar 

analysis to the SIT A program would be applied.

Although the findings of chapter 5 demonstrate an increased variability in the motion 

response o f patients with glaucoma compared with normals, the cause for this remains 

unknown. However a number of mechanisms have been proposed to explain the 

increased variability reported in glaucoma for conventional field testing, and similar 

mechanisms may be invoked to explain our findings for motion testing.

One hypothesis is that small inaccuracies of fixation in the presence of steep field 

threshold sensitivity profiles may account for the increased variability in glaucoma 

(Haefliger and Flammer, 1991; Henson and Bryson, 1991; Vingrys and Demirel, 1993). 

According to this hypothesis, small inaccuracies o f fixation in the presence of a steep 

sensitivity profile result in the stimulus falling into and climbing of a scotoma. This would 

result in apparent large changes in sensitivity, which would manifest as an increased 

variability. This hypothesised mechanism applies to all methods of perimetry, including
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motion perimetry. The degree of variability will depend on the magnitude o f fixation 

instability and the number and steepness of the sensitivity gradients.

Henson has recently cast doubt on this hypothesis by measuring perimetric ffequency-of- 

seeing curves both with and without fixation error correction in 14 glaucoma patients. 

He identified a positive correlation between the sensitivity and the slope of the 

frequency-of-seeing curve, with a shallowing of the curve associated with locations of 

lowered sensitivity. However a reanalysis using only those responses with good fixation 

had no significant effect on reducing the variability, either at normal locations or 

damaged field locations (Henson, et al., 1996).

Alternative mechanisms which are not dependent on fixation losses have been proposed 

to explain the changes in the slope of the psychophysical function. These include neural 

mechanisms related to factors such as fatigue (Brenton and Argus, 1987) and reduced 

number of nerve fibres (Flammer, et al., 1984c).

Our finding of an increased intratest variability in the motion testing of glaucoma patients 

can also be considered in terms of the concept of reduced redundancy, as postulated by 

Johnson et al (Johnson, 1994).

One prediction of the reduced redundancy hypothesis is that selective tests should exhibit 

greater threshold variability than non-selective tests, such as conventional perimetry 

(Johnson, 1994). This is because a selective test stimulates a sparser subpopulation of 

ganglion cells with minimal overlapping receptive fields, compared with a more non- 

selective test (Johnson, 1994). Further studies are required to investigate whether the 

degree of intratest variability that we have identified in our motion testing is 

proportionately greater than conventional perimetry. However this prediction of the 

reduced redundancy hypothesis has been supported by Wild et al, who have shown that 

the short-term variability of selective blue-on-yellow testing (SWAP) is higher than 

conventional perimetry (Wild, et al., 1995).

In summary, the implication of the findings of chapter 5 is that fi-equency-of-seeing 

analysis may improve the sensitivity and specificity of motion sensitivity testing in 

glaucoma, as compared with the analysis of threshold alone.

Longitudinal studies are required to investigate the value of slope abnormalities of the 

motion response in predicting subsequent conventional Humphrey field deterioration at 

that location.
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9.2.3 Association of abnormal Motion Displacement Thresholds with fine scale 

luminance sensitivity loss in Glaucoma.

The study described in chapter 7 identified abnormal Motion Displacement Thresholds in 

areas o f normal Humphrey field. In a proportion of patients these coexisted with fine 

scale depressions of Humphrey threshold which were not identifiable with conventional 

Humphrey field testing.

There are a number of interpretations of this ;

a) The motion stimulus is specific for magnocellular ganglion cells and the motion 

abnormalities are indicative of magnocellular drop out. However, the coexistence of the 

motion abnormalities with fine scale scotomas suggests that the ganglion cell loss is not 

purely selective for the magnocellular system, but involves the parvocellular ganglion 

cells. This finding of fine scale scotomas in areas of normal Humphrey 24-2 suggests that 

the spacing of the test locations on the Humphrey 24-2 may be a limiting factor in the 

identification of the earliest scotomas. Progressive enlargement of these scotomas occurs 

until they are of a scale detectable by conventional perimetry.

b) The motion stimulus does not stimulate exclusively magnocellular ganglion cells, but 

also stimulates subpopulations of parvocellular ganglion cells. Recent research suggests 

that the perception of motion stimuli is not exclusively mediated by the magnocellular 

system, but also the parvocellular system (Merigan and Maunsell, 1993). As discussed in 

chapter 2, there is substantial evidence to suggest that P-cells must contribute to the 

perception of a wide range of motion stimuli throughout the visual field (Anderson, et 

al., 1995; Galvin, et al., 1996).

Accordingly, the line stimulus we used may stimulate ganglion cells of the parvocellular 

system in addition to ganglion cells of the magnocellular system. Although the Humphrey 

stimulus is believed to stimulate large classes of ganglion cells, the preponderance o f P- 

cells suggests that glaucomatous loss o f parvocellular cells is primarily responsible for 

producing a localized Humphrey field defect. Such loss may produce fine scale scotomas 

evident on High Spatial Resolution Perimetry, or larger scotomas on the conventional 

Humphrey field test. If P-cells contribute to motion acuity, then glaucomatous losses 

would be expected to produce a concomitant loss o f line displacement sensitivity.
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9.2.4 Stimulus orientation and motion threshold

The proposed effect of an underlying scotoma on the motion threshold obtained by line 

displacement testing is the basis for the investigations described in chapter 8. This study 

tested the hypothesis that the motion sensitivity of a line stimulus orientated 

perpendicularly to the nerve fibre layer, and moving in a parallel direction to the nerve 

fibre layer (see figure 8.1a), would be less influenced by fine slit-like luminance loss 

orientated along the axis of the nerve fibre than by a stimulus moving perpendicular to 

the NFL (see figure 8.1b). The results showed a significant trend of increasing elevation 

o f motion threshold for stimulus motion perpendicular to the nerve fibre layer, compared 

to parallel, which is consistent with this hypothesis. In 5 patients the motion thresholds 

for stimulus motion perpendicular to the retinal nerve fibre layer were proportionately 

elevated by over 15%, compared with motion parallel to the nerve fibre layer. This 

exceeded the 95% confidence limits of controls.

This hypothesis is dependent on the existence of putative slit-like scotomas orientated 

along the retinal nerve fibre layer, of a width smaller than the length of the line stimulus 

(2 degrees). Evidence supporting the plausibility of scotomas on this spatial scale is 

supported by Tuulonen et al. They identified fine slit-like Humphrey field scotomas 

beyond the resolution of conventional perimetry that correspond to the orientation of 

retinal nerve fibre layer defects in 6 out of 8 patients (Tuulonen, et al., 1993)

Alternatively one can postulate the existence of fine arcuate losses of motion sensitivity 

orientated along the retinal nerve fibre layer in the absence o f a coexisting Humphrey 

scotoma. This would be a result of ganglion cell loss selective to the magnocellular 

system. Wall et al have used size thresholds to measure motion sensitivity losses 

orientated along the nerve fibre layer in some ocular hypertensives with normal 

Humphrey fields (Wall, et al., 1997). Johnson has also reported motion sensitivity defects 

in an arcuate distribution which are more extensive than conventional Humphrey field 

losses (Johnson, et al., 1995). Both studies only compared the extent of motion deficits 

with conventional Humphrey field loss, and one cannot exclude the possibility of 

coexisting slit-like Humphrey scotomas beyond the resolution o f conventional perimetry 

in these patients.
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9.2.4.! Future modifications

The study in chapter 8 investigated the effect o f stimulus orientation on motion threshold 

for a single test location in the superotemporal field. Further investigations are required 

to identify whether the motion threshold is significantly affected by stimulus orientation 

in other locations of the visual field. By considering the orientation of the line stimulus 

with respect to the known orientation of the retinal nerve fibre layer, predictions can be 

made regarding which orientations would be expected to show the greatest orientation 

effect at any given retinal location. These predictions can be tested experimentally to 

validate this hypothesis.

A future modification of the MDT test would be to develop a PC-driven multilocation 

test to allow threshold line displacement testing to be performed at multiple locations in 

the visual field. Line displacement motion thresholds would be obtained using stimuli 

orientated perpendicular and parallel to the retinal nerve fibre layer at the locations 

tested, and cut-offs derived from age matched normals would be used to identify 

abnormally elevated thresholds. An additional analysis would be performed on the 

difference in a patient’s thresholds for parallel and perpendicular orientations. This would 

be compared with age and location specific norms to improve the discrimination between 

normals and abnormals. Further studies would be required to assess what effect any such 

orientation effect, if identified, would have upon the sensitivity and specificity of the 

motion test.

9.3 Summary

There is considerable evidence to suggest that a major limitation of automated perimetry 

is the fact that it is not sensitive to early glaucomatous damage. This finding has lead to 

the development of more sensitive psychophysical tests, including motion sensitivity 

testing. This thesis investigated early abnormalities of motion sensitivity in glaucoma 

using a line displacement test.

This thesis has investigated three unexplored aspects of motion testing in glaucoma. The 

aspects studied are reaction times, frequency-of-seeing analysis and stimulus orientation 

(chapters 4,5,8).

The study of reaction times in chapter 4 provides the framework for the possible use of 

reaction times as a more efficient method of assessing reliability in motion testing.
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In chapter 5, frequency-of-seeing analysis was shown to significantly improve the 

sensitivity of the motion test compared to analysis o f the threshold alone. This finding 

has important implications for the development of future motion tests in glaucoma. A 

new generation of algorithms might be developed to allow the identification of early 

shallowing of the slope of the fi-equency-of-seeing curve, in addition to threshold 

changes. Such a development has already been initiated in conventional luminance testing 

with the introduction of the SIT A Humphrey threshold programs, as outlined by 

Bengtsson (Bengtsson, et al., 1997).

In the study reported in chapter 7, a high proportion of glaucoma patients were found to 

have abnormal motion sensitivity in areas o f field which appeared normal with 

conventional Humphrey perimetry. In addition it was found that abnormal motion 

sensitivity may coexist with fine scale scotomas beyond the resolution of conventional 

Humphrey perimetry. This finding has not been previously reported and demonstrates the 

importance of considering the spatial resolution of a test, which must be taken into 

account when making comparisons between motion and luminance tests. Although 

intrinsic differences may exist in the sensitivity of a broad spectrum stimulus such as the 

Humphrey stimulus compared with more selective stimulus such as motion stimuli, this 

finding suggests that a principal limitation of conventional Humphrey 24-2 perimetry in 

detecting early glaucoma is its inadequate spatial resolution. This would suggest caution 

in interpreting focal loss of motion sensitivity as selective until luminance sensitivity has 

been carefully measured at high spatial resolution.

The study in chapter 8 reports the finding of a significant effect of the line stimulus 

orientation on the motion threshold in some glaucoma patients, a finding which was not 

present in controls. A hypothesis was proposed to account for the apparent orientation 

effect based upon the interaction with the line stimulus with putative slit like scotomas 

orientated along the retinal nerve fibre layer. Further work is required to validate this 

finding, and to investigate for any orientation effect in other locations of the visual field 

in accordance with this hypothesis. Despite the range of stimuli that have been used in 

motion sensitivity testing, all reported studies of motion sensitivity in glaucoma have 

relied upon stimuli moving in cardinal directions. This is probably because it is technically 

simpler to generate such stimuli using a PC-driven monitor rather than for any 

physiological reason. It appears that the orientation of the motion stimulus warrants 

further investigation to confirm the presence of any orientation effect and to assess 

whether it significantly improves the sensitivity and specificity of motion testing in
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glaucoma. This may have implications for the development of future motion testing, for 

example the development of a multilocational line displacement test.
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10. APPENDIX: Supporting publications

10.1 Peer reviewed published papers

Westcott M, McNaught AI, Crabb D, Fitzke FW, Hitchings RA. High Spatial Resolution 

Perimetry in glaucoma. British Journal o f Ophthalmology 1997, 81, 452-459.

Westcott MC, Fitzke FW, Hitchings RA. Stimulus orientation can effect motion 

sensitivity in glaucoma. Perimetry Update 1996/7 pp 35-42.

Westcott MC, Fitzke FW, Hitchings RA. Abnormal Motion Displacement Thresholds are 

associated with fine scale luminance sensitivity loss in glaucoma. Vision research (in 

print).

Westcott MC, Fitzke FW, Crabb DP, Hitchings RA. Characteristics of Frequency-of- 

Seeing Curves for a motion stimulus in glaucoma eyes, glaucoma suspect eyes, and 

normal eyes. Vision research (in print).

10.2 Papers under review

Westcott MC, Fitzke FW, Viswanathan AC, Hitchings RA. Reaction time prolongation 

for a motion stimulus in glaucoma subjects, and its relationship with elevation of the 

motion threshold. Vision research.
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STIMULUS ORIENTATION CAN AFFECT MOTION 
SENSITIVITY IN GLAUCOMA

MARK C. WESTCOTT\ FREDERICK W. FITZKE^ and 
ROGER A. HITCHINGS2

^Institute o f Ophthalmology; ^Moorfields Eye Hospital; London, UK

Abstract

Purpose: To investigate the effect o f  stimulus orientation on m otion detection thresholds in primary 
open-angle glaucoma (POAG) patients and controls.
M ethods: Line displacement thresholds were measured for a 2° x 2 m in arc stimulus m oving paral
lel, perpendicularly, or at 45° to the orientation o f  the retinal nerve fiber layer (NFL), in a 
randomized order in eight normal controls and 17 POAG patients with reproducible glaucomatous 
Humphrey 24-2 field defects. M otion measurements were made at one o f  tw o locations in the visual 
field at an eccentricity o f  15°.
Results: There was no effect o f  orientation on the motion detection thresholds in the controls. At 
the test location, the patients showed a range o f  motion displacement thresholds from normal to 
severely elevated. There was more marked threshold elevation for stimulus movement perpendicular 
to the NFL, compared to m ovement parallel to the NFL. This difference was significantly greater 
for patients with more pronounced threshold elevations (Spearman rank correlation coefficient o f  
the difference in the thresholds at perpendicular orientation and parallel orientation versus the mean 
threshold was significant; r  =  0.55, p  <  0.005).
Conclusion: The authors have identified an orientation dependence sensitivity to motion in som e 
patients with glaucoma. This effect m ay be useful in improving the sensitivity and specificity o f  
motion sensitivity testing in identifying early glaucomatous damage.

Introduction

Abnormalities o f motion detection have been shown to occur early in glaucoma using 
a variety o f different s t im u l i .W e  have previously identified significantly elevated 
motion detection thresholds in glaucoma patients using a line displacement test.^’̂  
We have also detected line displacement sensitivity losses in glaucoma in areas of 
the visual field which appear normal using conventional Humphrey luminance testing 
and these findings have been confirmed by other workers. Furthermore, we have 
demonstrated that elevated displacement thresholds can predict the future develop
ment o f conventional visual field loss at the same locality with good sensitivity and 
specificity in initially normal fellow eyes o f normal-tension glaucoma patients.^ 
These investigations o f displacement thresholds in glaucoma have been obtained
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using vertical line stimuli undergoing horizontal displacements. Other stimuli that 
have been used are random dot kinetograms, using stimuli in which the signal com
ponent moves in either a horizontal direction or one o f four cardinal directions.^’"̂’̂  
The aim o f this study was to investigate the effect o f the orientation o f the stimulus 
motion on the displacement thresholds in normals and glaucoma, as we are not aware 
o f any previous studies specifically directed at this question.

Although mediated by motion sensitive pathways, line displacement thresholds 
may in addition be influenced by local luminance loss. Previous investigators have 
identified the existence o f fine slit-like scotomas, beyond the resolution o f conven
tional perimetry, that correspond to the orientation o f retinal nerve fiber layer de- 
fects. '̂^° We postulate that displacements o f a line stimulus into a slit-like scotoma 
would contribute to impaired motion sensitivity, and that this effect would depend on 
the orientation o f the line stimulus relative to the orientation o f the slit-like scotoma. 
We hypothesize that the motion sensitivity of a line stimulus moving in a parallel 
direction to the nerve fiber layer would be less influenced by an underlying fine slit
like scotoma orientated along the axis o f the nerve fiber, as illustrated by Figure la, 
than a stimulus moving perpendicular to the NFL and thus into the slit-like scotoma 
(Fig. lb).

The aim o f this study is to test the hypothesis.

Patients and methods

Seventeen patients with an established diagnosis o f primary open-angle glaucoma 
(POAG) and eight age-matched normal controls were prospectively recruited for this 
study. All patients had documented intraocular pressures above 21 mm Hg, glauco
matous optic disc cupping and early but reproducible glaucomatous visual field 
defects on Program 24-2 o f the Humphrey Visual Field Analyzer. All controls had 
a normal ocular examination, intraocular pressures under 21 mm Hg and normal 
Humphrey 24-2 fields (normal glaucoma hemifield test and global indices within 
95% Cl for normal subjects) in both eyes.

All patients and controls had a corrected visual acuity in both eyes o f >6/9 
achieved with less than ±4 diopters (D) spherical equivalent and less than 2 D of 
astigmatism. Patients with significant ocular pathology other than glaucoma were 
excluded.

The glaucoma patients had a mean age o f 64.9 years with an SD o f 7.4, and the 
control group 58.9 with an SD o f 9.8 (non-significant difference at 0.05 level).

Peripheral line displacement thresholds were measured using a test described pre
viously.*’̂  A PC-generated 2°% 2 min line is projected on a green phosphor display 
viewed at 1.24 meters. The background luminance is set at 7 C/m^ and the stimulus 
luminance at 27 C/m^. The stimulus is presented in the superotemporal or infero- 
temporal fields at 15° eccentricity on the 30 or 330 meridian. The line stimulus 
undergoes instantaneous oscillatory displacements o f magnitudes 0-18 min arc at a 
fixed constant frequency o f 2.5 Hz. The subject is instructed to press a response 
button if  movement is seen. Frequency o f seeing curves are generated for ten 
magnitudes o f displacement from 0 to 18 min arc, each presented ten times. A Probit 
fit analysis is applied and the displacement corresponding to 50% seen is taken as 
the threshold. A gimbal system was constructed to enable the monitor to be rotated 
through 360°. This allowed us to alter the orientation o f the line and hence the
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stimulus motion 
parallel to RNF.

stimulus motion 
 ̂ perpendicular to RNF

stimulus motion 45 
degrees to RNF.

Figs. la  to c. Left eye motion test in superotemporal field: vertical line stimulus shown in white 
superimposed on fundus image. The arrow shows the direction o f  the stimulus displacement, in 
relation to hypothetical slit-like scotoma orientated along the axis o f  the retinal nerve fiber layer 
shown in black, a. Stimulus motion parallel to orientation o f  retinal nerve fibers, b. Stimulus motion 
perpendicular to orientation o f retinal nerve fibers, c. Stimulus motion 45° to orientation o f retinal 
nerve fibers.

direction of the stimulus motion to an accuracy of within 1°, whilst keeping all other 
properties of the test constant. Patients underwent motion measurements in one 
glaucomatous eye in either the superotemporal location (14 patients) or in the 
inferotemporal location (three patients). Controls underwent motion sensitivity test
ing in one randomly chosen eye, all in the superotemporal location. All subjects
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underwent an initial baseline motion sensitivity test with the stimulus in the vertical 
position undergoing horizontal motion (designated 0° axis). This was followed by 
tests with the stimulus rotated counterclockwise by 45°, 135° and 0° (i.e., baseline 
again) with appropriate rest breaks, in a randomized order to avoid any consistent 
bias in learning or fatigue.

Analysis

Motion measurements were classified according to the direction o f stimulus move
ment with respect to the orientation o f the retinal nerve fibers at the test site. Figures 
la, b and c show the position o f the stimulus for a motion test in the superotemporal 
field o f the left eye: movement along the 135° meridian is labeled as ‘motion par
allel’ to the retinal nerve fibers, stimulus movement along the 45° meridian is labeled 
as ‘motion perpendicular’ to the retinal nerve fibers, and stimulus movement along 
the 0° meridian is labeled as ‘motion at 45°’ to the retinal NFL. This analysis is a 
valid supposition, assuming that the orientation o f the retinal nerve fibers at the test 
location lies between 22.5° and 90° from the horizontal reference line.

We evaluated the Humphrey 24-2 luminance at the test site by examining the 
threshold sensitivities at the four Humphrey 24-2 test locations closest to the motion 
site. We defined the Humphrey 24-2 luminance at the motion test site as being 
abnormal if  at least one o f these four locations was contiguous with a hemifield 
cluster o f depressed locations consisting o f at least three adjacent depressed points 
on the ST ATP AC-2 pattern deviation plot with one point having a probability o f p  
< 1% and two adjacent points having a probability o f  p  <  2%.^’

Results

The patients had early glaucomatous Humphrey 24-2 field loss with repeatable focal 
arcuate losses or a nasal step usually limited to one hemifield. The mean o f the MDs 
of the Humphrey 24-2 fields of the glaucoma group was -4.87 dB, SD ± 3.37 dB, 
(range +3.37 to -10.10 dB) which was significantly different from the control mean 
MD o f -0.65 dB, SD ± 1.11 dB (range +1.11 to -2.24 dB). (t test significant at p  
<  0 .001.)

Fifteen o f the seventeen patients had normal Humphrey luminances o f the four 
closest Humphrey test locations to the motion test site, according to our definition 
(see analysis section), whilst two patients had scotomas extending into the motion 
test site.

Table 1 shows the mean motion displacement thresholds for the glaucoma and 
control groups for the orientations tested. The motion tests are classified according 
to the direction o f the stimulus movement relative to the orientation o f the retinal 
nerve fibers (RNF).

The means o f the motion thresholds o f the controls lie within our normal range o f  
values for this test for all orientations tested.^

The means o f the motion displacement thresholds o f the glaucoma group were 
significantly elevated compared to the means o f the control group for all orientations 
tested. There was a statistically significant negative linear correlation between the 
motion thresholds and the mean o f the luminance thresholds at the four Humphrey
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Table 1. Mean motion displacement thresholds and standard deviations in min arc for glaucoma and 
control groups by orientation, with statistical comparison between groups using Student’s t test

Direction o f  motion 
relative to RNF

Controls 
(min arc)

Glaucoma 
(min arc)

Controls versus glaucoma

45° (1st measurement) 
45° (2nd measurement) 
Perpendicular 
Parallel

6.4 ± 1.2 
5.0 ± 1.5 
5.2 ± 1.8 
5.6 ± 1.5

11.7 ± 3.8 
10.0 ± 4.3 
11.3 ± 5.2 
9.8 ± 3.7

t = 5.18
/ = 4.25 
/ = 4.32 
t =  3.04

p  < 0.001 
p  <  0.001 
p  < 0.001 
p  = 0.006
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motion th resho ld s  for stim ulus m ovem ent 
parallel to nerve fibers (min. arc).

Fig. 2. Scatterplot o f  subject’s thresholds for stimulus motion perpendicular versus motion parallel 
to retinal nerve fibers, with the line o f  unity.

24-2 test locations nearest the test site although the degree of correlation was poor 
(r  ̂ = 0.22, p  = 0.02). There was no significant linear correlation between the motion 
thresholds and the Humphrey MD.

To illustrate the individual orientation-dependent variability we plotted the thresh
olds for stimulus motion perpendicular to the RNF against stimulus motion parallel 
to the RNF for all subjects (Fig. 2).

For quantitative analysis, we plotted the difference in the thresholds for stimulus 
motion perpendicular and parallel to the RNF versus the mean of the thresholds (Fig. 
3). The zero on the y  ordinate represents no difference between the motion threshold 
for motion perpendicular and parallel to the retinal NFL.

For subjects with normal motion thresholds (up to 8.6 min arc, equivalent to mean 
+ 2 SD of controls), there is no orientation dependence, with all differences lying 
close to the zero ordinate.

In contrast, in patients with abnormally elevated motion thresholds (above 8.6 min 
arc), a number of the patients lie a considerable distance above the zero ordinate, 
with the motion threshold for stimulus motion perpendicular to the NFL more se
verely elevated compared to motion parallel to the NFL. Figure 3 also shows a trend 
of increasing elevation of motion threshold for stimulus motion perpendicular com
pared to parallel to the NFL (data points above zero ordinate) in patients with more 
pronounced threshold elevations. A Spearman rank correlation test showed that this 
was highly statistically significant (r = 0.55, p  < 0.005). Thus increasing threshold
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Fig. 3. Difference versus mean plot o f  motion thresholds for stimulus motion perpendicular and 
parallel to retinal nerve fibers. Subjects with normal motion thresholds lie to left o f  vertical ref
erence lines o f 8.6 min arc.

elevation is associated with increasing elevation of the motion threshold for motion 
perpendicular compared to parallel to the nerve fiber layer.

However, this analysis does not take into account smaller differences in the thresh
olds which may be proportionally more important at the lower range of threshold 
values. To correct for this, we calculated the proportional difference in the thresholds 
for perpendieular and parallel stimulus motion aceording to:

Proportional difference (Pn) = perpendicular -  parallel motion threshold / perpen
dicular + parallel motion threshold

A proportional difference value of 0 represents no difference between the perpendicu
lar and parallel thresholds, +1 represents maximally elevated perpendicular threshold 
relative to parallel, -1 maximally elevated parallel threshold relative to perpendicu
lar.

Figure 4 is a plot of the proportional difference versus the mean of the perpendicu
lar and parallel thresholds for all subjects. A ranked Spearman correlation test again 
showed a significant positive eorrelation between the proportional difference (Pn) 
and the mean. For all subjects (Spearman ranked correlation coefficient r = 0.555, 
p  = 0.004). Reference lines indicate the mean ±2 SD of the controls, with no controls 
lying outside this range. However, five of the glaucoma patients lie above the control 
mean +2 SD. These patients have a proportionally elevated motion threshold of at 
least 15% for stimulus motion perpendicular to the RNF compared to stimulus 
motion parallel to the RNF. No patients have a proportional difference below the
mean -2 SD of the controls. We reviewed the results to identify any distinguishing
characteristics of these five patients who showed the most pronounced orientation 
effect. There was no consistent order in the sequence of the tests performed in the 
five which may have influenced the results. Of these five patients with the most 
pronouneed orientation effect, one had a scotoma extending to the four Humphrey 
24-2 test locations closest to the site of motion testing, one had a nasal Humphrey
field defect distant to the motion test site, and three patients had normal Humphrey
field in the hemifield of the motion test. Although there was a weak correlation 
between the motion threshold and the Humphrey luminance at the motion test site,
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Fig. 4. Proportional difference versus mean plot o f motion thresholds for stimulus motion perpen
dicular and parallel to retinal nerve fibers.

there was no significant correlation between the difference in the motion thresholds 
of the orientations tested and the Humphrey luminance at the motion test site.

D iscussion

The aim of this study is to investigate the effect of stimulus orientation on motion 
detection thresholds in controls and patients with POAG. We performed tests of 
motion sensitivity using a line displacement test, with the line stimulus orientated 
parallel or perpendicularly to the orientation of the retinal NFL corresponding to the 
site of motion testing. We did not identify any clinically significant differences 
between the thresholds at perpendicular and parallel orientations in the controls, or 
in patients with normal motion thresholds. In patients with elevated motion thresh
olds, there was more marked threshold elevation for stimulus movement perpendicu
lar to the NFL, compared to movement parallel to the NFL. This difference was 
statistically significantly greater for patients with more pronounced threshold eleva
tions.

In five patients the motion thresholds for stimulus motion perpendicular to the 
retinal NFL were proportionately elevated by over 15%, compared with motion par
allel to the NFL. This proportional elevation exceeded the 95% confidence limits we 
obtained with our controls. We did not identify any patients who demonstrated a 
proportional elevation of the threshold for motion parallel compared to perpendicular 
of this magnitude.

Although factors such as fatigue and learning may affect an individual’s perform
ance during the tests we think this is unlikely to explain this affect as the order in 
which the motion tests were performed was randomized, and we could not find any 
consistent order effects in the test sequence in these patients. There were no differ
ences in the degree of astigmatic and spherical error in these patients (which was low 
in all groups) nor were there marked differences in the Humphrey luminance at the 
test site between the patients who showed an orientation effect and those who did 
not.
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We hypothesize that this effect is explained by the interaction of the stimulus with 
fine slit-like luminance loss orientated along the RNF, on a much finer scale than is 
identifiable with conventional perimetry. We postulate that the motion sensitivity of 
a line stimulus in a parallel direction to the NFL would be less influenced by fine 
slit-like luminance loss orientated along the axis of the nerve fiber, as illustrated by 
Figure la, than a stimulus moving perpendicular to the NFL and thus into the lumi
nance loss (Fig. lb). According to this hypothesis, any effect of orientation on the 
motion threshold may be predicted by the underlying orientation of the retinal NFL 
at the site of testing. The results of this study are based on a small number of subjects 
tested so far, and we are at present testing further patients in multiple locations of 
the visual field to test this hypothesis and to see if any orientation effect is useful 
in improving the sensitivity and specificity in glaucoma.
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High spatial resolution automated perimetry in 
glaucoma

Mark C Westcott, Andrew I McNaught, David P Crabb, Frederick W Fitzke, 
Roger A Hitchings

Abstract
Background—Automated perimetry is of 
fundamental importance in assessing 
visual function in glaucoma. A technique 
was evaluated to perform high spatial 
resolution automated perimetry to allow a 
more detailed assessment o f the lumi
nance sensitivity in selected regions of the 
visual field than is possible with conven
tional perimetry.
Method—High spatial resolution peri
metry was performed using a Humphrey 
automated perimeter by measuring lumi
nance sensitivity across a 9 by 9 degree 
custom grid o f 100 test locations with a 
separation between adjacent locations of 1 
degree. Quantitative analysis of the raw 
and Gaussian filtered thresholds was per
formed to assess the repeatability of the 
technique in normals, glaucoma suspects, 
and glaucoma patients.
Results—T£h& testing protocol was well 
tolerated by all subjects. High spatial 
resolution perimetry in glaucomatous 
eyes demonstrated fine luminance sensi
tivity loss not suspected with conventional 
perimetry. High spatial resolution peri
metry also demonstrated reproducible 
areas of sensitivity loss in some glaucoma
tous eyes in areas of the visual field which 
appear normal with conventional pro
grammes. The repeatability o f the tech
nique correlated with mean threshold 
sensitivity and was substantially improved 
to clinically acceptable levels by Gaussian 
filtering the thresholds.
Conclusion—This technique of high spa
tial resolution perimetry allows the prac
tical assessment of selected regions of the 
visual field at higher resolution than 
conventional perimetry, and may be clini
cally usefiil in glaucoma.
{BrJ Ophthalmol 1997^81:452-459)

Conventional automated perimetry threshold 
examinations have a relatively low spatial reso
lution with 6 degrees separating adjacent test 
locations in the Humphrey 24-2 or 30-2 
programs. Perimetry performed at higher reso
lution may obtain a more detailed picture of 
the luminance sensitivity in selected areas of 
the visual field which may be of particular 
interest to the clinician. We have performed 
automated threshold perimetry at higher spa
tial resolution in selected areas of the visual 
field by using test locations separated by a 1

degree field. This has allowed us to investigate 
scotomas in much finer detail than is possible 
with conventional perimetry. Previous investi 
gators have performed perimetry at higher spa
tial resolution than conventional perimetry, 
and have identified subtle scotomas beyond the 
resolution of conventional perimetry.'  ̂ High 
spatial resolution perimetry has also been 
shown to identify scotomas that correspond to 
retinal nerve fibre layer defects in glaucoma 
suspects who have normal conventional 
perimetry.  ̂  ̂ This suggests that high spatial 
resolution perimetry may have a number of 
distinct clinical advantages over conventional 
perimetry in the detection of the earliest glau
comatous field defects. However, previous 
techniques of high spatial resolution perimetry 
have been arduous for patients and have been 
limited by long testing times.' ^

Another recognised problem of high spatial 
resolution perimetry has been a high intratest 
variability, with a corresponding poor repeat
ability of the threshold measurements.' We 
have developed a technique to perform high 
spatial resolution perimetry using a Humphrey 
perimeter to generate a fine matrix map 
(FMM) of a specified region of the visual field 
within an acceptable test time. This technique 
of fine matrix mapping has been applied to the 
study of a number of diseases.̂ "®

The aim of this study was to investigate the 
use of fine matrix mapping in glaucoma. We 
then investigated the use of image processing 
techniques to improve the repeatability of the 
high spatial resolution luminance measure
ments, as these techniques have already been 
shown to substantially improve the repeatabil
ity of conventional perimetry, with no addi
tional cost in test time.® ®

Patients and methods
SUBJECTS
The study was approved by the Moorfields 
Hospital ethics committee. We prospectively 
recruited patients with an established diagnosis 
of primary open angle glaucoma. Glaucoma 
suspects, and suitably age matched normal 
controls. All subjects were phakic and had 
uncorrected visual acuity of >6/9 in at least one 
eye. All glaucoma patients had documented 
intraocular pressure >21 mm Hg on at least 
one occasion before treatment, and evidence of 
asymmetrical glaucomatous field loss relative 
to the horizontal meridian on the most recent 
Humphrey 24-2 or 30-2 field. Glaucoma 
suspects had documented intraocular pressure 
>21 mm Hg on at least one occasion, and a
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normal visual field. A field was defined as nor
mal if there were no clusters of significantly 
depressed locations in either hemifield on the 
pattern deviation plot of the 24-2 or 30-2 pro
grams of the Humphrey field analyser. Accord
ing to previously established criteria/" a cluster 
was defined as being significantly depressed if 
it contained a minimum of three adjacent 
depressed test locations on the pattern stand
ard deviation plot, with at least one location 
having a probability of abnormality of p < 0.01 
and two locations of p < 0.05, excluding the 
peripheral ring of the HFA 30-2. Suitably age 
matched controls were recruited if they had no 
significant ocular history, had a normal ocular 
examination with an lOP less than 21 mm Hg 
and had normal Humphrey HFA 24-2 fields, 
according to the above criteria.

TECHNIQUE OF FINE MATRIX MAPPING 
To perform fine matrix mapping perimetry the 
coordinates of four interlaced 5 x 5  grids of 25 
locations (with a separation between adjacent 
points of 2 degrees) are entered in the ‘custom 
grid’ feature of a Humphrey automated peri
meter. Each grid is offset relative to the other 
grids by 1 degree—in the x, y, or x and y axes. 
The patient undergoes examination using each 
of the four grids sequentially, using a target size 
III on a standard Humphrey bowl illumination 
of 31.5 apostilbs. Accuracy of fixation is moni
tored in the same way as conventional peri
metry.

The data are converted into IBM format files 
which are merged using custom software to 
produce a single matrix with a separation 
between test locations of 1 degree. This FM M  
of 100 locations subtends a visual angle of 9 
degrees by 9 degrees, approximately the area 
occupied by four locations in the 30-2 
program. The numerical matrix is then used to 
generate a surface or contour plot showing the 
size and location of luminance sensitivity 
gradients across the grid. In addition to analy
sis of the raw data, the FM M  thresholds 
underwent spatial processing using a 3 by 3 
Gaussian (normal) filter. This technique has 
been used to filter conventional Humphrey 
30-2 field data and FMMs, and has been 
described in detail previously.® "

EXAMINATION PROTOCOLS
High spatial resolution perimetry of the blind spot 
We investigated the resolution of our technique 
by obtaining FMMs of the blind spot of a nor
mal control. Luminance contour plots were 
superposed to the corresponding fundal land
marks, imaged with a confocal laser scanning 
ophthalmoscope (CLSO), using argon 488 nm 
light (Zeiss instruments).

High spatial resolution perimetry in patients with 
retinal nlrve fibre layer defects 
Two glaucoma patients with clinical evidence 
of focal retinal nerve fibre layer defects which 
did not correspond to a scotoma on conven
tional perimetry underwent high spatial resolu
tion perimetry. Contour plots of the luminance 
sensitivity were superposed to CLSO images of 
the retinal nerve fibre layer defects.

Clinical evaluation of high spatial resolution 
perimetry
Further evaluation of high spatial resolution 
perimetry was performed in glaucomatous 
eyes, glaucoma suspect eyes, and normal 
controls. Each glaucoma patient underwent 
Humphrey field examination using the 30-2 
program. One eye only was chosen for examin
ation. If both eyes satisfied the above inclusion 
requirements, the eye showing the greatest 
contrast in defect depth/sizes across the 
horizontal midline was chosen. The two sites of 
fine matrix mapping were chosen as mirror 
image pairs across the horizontal meridian, and 
were performed at two eccentricities: the 
supero and inferotemporal site (Fig 3A), or the 
superior paracentral (Fig 5A) and inferior 
paracentral sites.

Each subject underwent examination first at 
one site with each of the four constituent 25 
location grids performed successively with a 
short, standardised rest between each. The 
patient was then tested at the mirror image 
retinal location using the same protocol of four 
successive grids of 25 locations. The patient 
was then allowed a rest of at least 2 hours and 
then the whole protocol was repeated at the 
original retinal locations to assess intertest 
fluctuation and reproducibility. The time 
required for each constituent grid varied

Figure 1 Contour plots o f luminance sensitivity obtained from fine m atrix maps (F M M s) performed over a blind spot of 
a normal control, superposed with a fundal scanning laser ophthalmoscope image (inverted) of the subject. Contour lines 
represent isoluminant points, in 1 dB increments. N ote steep sensitivity gradients at the edge o f the blind spot as well as more 
subtle linear defects corresponding in location and extent to the major retinal vascular trunks exiting the optic disc.
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between each patient depending on the 
number of questions asked, related to defect 
size and depth. Excluding the brief rest 
between grids, the test time required on the 
Humphrey field analyser to obtain a FM M  in 
the glaucoma patients was clinically acceptable 
and ranged from 8 to 26 minutes, with a mean 
of 20 minutes.

Glaucoma suspects were tested according to 
the same protocol using the mirror image pair 
of FMMs in the supero and inferotemporal 
site. In the absence of conventional field 
abnormalities, we chose this site as it has been 
reported to be one of the locations of early 
visual field defects in glaucoma suspects. We 
investigated the repeatability of the FM M s in 
age matched normal controls, using the same 
test sites, except that the testing was confined 
to either the superior or the inferior location of 
the mirror image pair.

Three dimensional surface plots of the 
FM M s for matched locations in the visual field 
were compared between groups. Quantitative 
analysis of the raw and Gaussian filtered

thresholds was performed, and the repeatabi| 
ity of the FMMs was assessed using 
technique described by Bland and Altman (se| 
below).

STATISTICAL ANALYSIS
The repeatability of the FM M s was investi! 
gated using the technique described by Blancl 
and Altman." This technique has been appliec 
to investigate the repeatability of a number o| 
measurements of ocular components,'^ anc 
has also been used to assess the repeatability ol 
visual field measurements.® To assess th(| 
repeatability of the first and second FMMs, thti 
numeric difference between the first ancl 
second threshold sensitivities is calculated foi| 
each test location and plotted versus the meat 
of the sensitivities for that location. ThisI 
graphical plot illustrates the spread and distri
bution of the pointwise differences. Thel 
repeatability of the FMMs is defined as the SI 
of the pointwise differences between the first 
and second FMM.

HFA 24-2 FM M

dB sens Scotom a
Blind

   1j j l l ,k ,k lj

V axis

10, -1

Probability sym bols  
:: p < 5%

«  P < 2%
1 p < 1%

■  p < 0.5%  • •

HFA 24-2 fails to Identify  
extent of paracentral scotoma 
indicated by FM M

24-2 total deviation

Figure 2  (A ) H um phrey 24 -2  grey scale an d  s t a t p a c  2  total deviation p lo t from  glaucoma suspect right eye. Box
indicates the site o f two adjacent fin e  m atrix maps (F M M s), which reveal an obvious superior arcuate extending from  the 
blind spot, not shown by the H um phrey 24-2. Contour plots (B ) have been superposed with a fu ndal scanning laser 
ophthalmoscope image (inverted) obtained from  the patient. The sensitivity loss corresponds closely w ith the extent o f a 
retinal nerve fibre layer defect.
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Figure 3  (A ) H u m p h ry  30 -2  o f glaucomatous eye. Boxes
indicate superior and inferior sites o f fine m atrix map  
(F M M ). (B  and D ) show pointwise difference versus mean 
plots for first and second F M M  in the superior location, for  
raw (B ) and Gaussian filtered (D ) thresholds. (C  and E) 
show corresponding plots fo r raw (C ) and filtered (E) 
thresholds of the F M M s in the inferior location. Broken 
lines indicate pointwise limits o f agreement, represented as 2 
SD , between the first and second FM M s.
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R esu lts
HIGH SPATIAL RESOLUTION PERIMETRY OF THE 
BLIND SPOT
Figure 1 shows the results of performing high 
spatial resolution perimetry around the blind 
spot of a normal subject. A contour map of the 
luminance sensitivity profile has been super
posed to a fundal CFTLO image (using argon 
488 nm light, Zeiss instruments), obtained from 
the same eye. Accurate superposition was 
achieved by aligning anatomical landmarks such 
as the centre of the disc and fovea with the cor
responding perimetric landmarks such as centre 
of the blind spot and fixation, which are plotted 
by the Humphrey field analyser. The resulting 
aligned contour map reveals well defined steep 
luminance sensitivity gradients at the edge of the 
blind spot as well as more subtle linear relative 
defects corresponding in location and extent to 
the major retinal vascular trunks exiting the 
optic disc. The diameters of the retinal arterioles 
at the disc margin are approximately 100 |am.

while those of the retinal veins are about 130 
jun'^; 100 |xm corresponds to a visual angle of 
approximately 0.3 degrees. This degree of reso
lution compares well with other reported 
techniques of high spatial resolution perimetry, 
which have also identified angioscotoma associ
ated with the major retinal vascular trunks.'®

HIGH SPATIAL RESOLUTION PERIMETRY IN 
PATIENTS WITH RETINAL NERVE FIBRE LAYER 
DEFECTS
Figure 2 illustrates the results of high spatial 
resolution perimetry performed in a glaucoma 
patient in an area of the visual field corre
sponding to a clinically visible focal retinal 
nerve fibre layer defect. A three dimensional 
surface plot of the luminance sensitivity (Fig 
2A) reveals an obvious scotoma which is not 
apparent on the conventional Humphrey 24-2. 
TTie scotoma extends into the nasal field, in a 
region where the threshold sensitivities of the 
corresponding Humphrey 24-2 test locations
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Figure 4 Sum m ary plots o f S D  o f pointwise differences of 
first and second fine m atrix m ap (F M M ) versus mean 
sensitivity o f first and second F M M , using raw thresholds 
(A ) and Gaussian filtered thresholds (B ). The effect of  

filtering has been to reduce the magnitude o f the S D  by a 
factor o f approximately 2, representing an twofold 
improvement in repeatability. Lines indicates the least 
squares linear f i t  o f the data, excluding 1 outlier.

are within the 95% population limits, accord
ing to STATPAC 2. The aligned contour map 
shows contour lines (Fig 2B) indicating a 
region of steep luminance sensitivity loss which 
corresponds closely with the extent of the reti
nal nerve fibre layer defect imaged using the 
scanning laser ophthalmoscope.

CUNICAL EVALUATION OF HIGH SPATIAL 
RESOLUTION PERIMETRY
We tested six eyes of six glaucoma patients 
(four eyes in mirror image supero and infero
temporal sites, two eyes in mirror image supero 
and inferoparacentral sites), four eyes of four 
glaucoma suspects (three eyes in mirror image 
supero and inferotemporal sites, one eye in 
inferotemporal only), and six eyes of six 
normal subjects (four eyes in superotemporal 
site, one eye in inferotemporal site, one eye in 
inferoparacentral site). The mean ages by 
group were 64 (SD 4) years for the glaucoma 
patients, 58 (7) years for the glaucoma 
suspects, and 65 (6) years for the controls. 
These differences were not statistically signifi
cantly different.

Bland-Altman plots of the pointwise differ
ences versus the pointwise means between the 
baseline and the repeat FM M  were plotted for 
each subject at each location tested. The mean 
of the pointwise differences and the SD of the 
pointwise differences were calculated to pro
vide summary statistics of repeatability for 
each individual. The mean of the pointwise 
differences reflects any systematic difference 
(bias) between the baseline and the subsequent 
FM M  as might be expected if there was a con
siderable fatigue effect or learning effect. The

Westcott, M cN aught, Crabb, F itzke, Hitchir

repeatability of the first and second FM M  
defined as the SD of the pointwise differenc 
with lower values indicating better repeatab 
ity. The mean plus or minus 2 SD indicates tl 
limits of agreement between the first and tl 
second FMM.

Figures 3B-E are examples of the Blant 
Altman plots of the first and second FMA 
performed for one glaucoma patient in tv 
mirror image locations (Fig 3A) of the fiel 
The superotemporal FM M  overlaps an area 
depressed threshold sensitivity on the Hun 
phrey 30-2, while the inferotemporal FM  
overlaps an area of normal Humphrey 30 
threshold sensitivity.

The repeatability between the first ar 
second FMMs is poorest, as indicated by tl 
higher pointwise SD, in the location 
depressed threshold sensitivity (Fig 3B) con 
pared with the location of normal thresho 
sensitivity (Fig 3C). The effect of Gaussian f 
tering of the FMMs has been to substantial 
reduce the SDs (Fig 3D, E) representing ai 
improved repeatability by a factor of 2 betweei 
the baseline and the second FMMs. The meai 
pointwise difference remains the same for thi 
raw and Gaussian filtered data, and is close t( 
zero in all the plots.

Figure 4A shows the repeatability of the firs 
and second FMMs for all the subjects: the SE 
of the pointwise differences has been plottec 
against the mean threshold sensitivity of th< 
first and second FMMs for each subject. Tht 
SD values are highest for the glaucom 
patients, indicating poorer repeatability, com 
pared with the controls. The one outlier was 
glaucoma patient who had FMMs performed 
in a region of absolute sensitivity loss on the 
Humphrey 30-2. In this patient only one test 
location had a measurable sensitivity, the 
remaining test locations had no measurable 
sensitivity in either baseline or the repeat 
FMM, with a consequent zero pointwise 
difference between the majority of points. 
Figure 4A illustrates the negative correlation 
between the SD and the mean grid sensitivity 
which was highly significant (p = 0.0001, =
0.91); thus, the repeatability was poorest in the 
FMMs with greater degrees of luminance sen
sitivity loss. Figure 4B shows a similar correla
tion between the pointwise SD and the mean 
threshold sensitivity for the Gaussian filtered 
thresholds. Note that the values of the SD have 
been reduced by a factor of approximately 2. 
Designated limits of pointwise agreement 
between the first and the second FMMs can be 
defined as the mean plus or minus 2 SD, 
according to Bland and Altman." The limits of 
agreement for all the Gaussian filtered FM M  
pairs are below 5 dB; thus, for each FM M  pair, 
the difference between the first and second 
(repeat) sensitivity thresholds will be less than 
5 dB at 95 out of 100 test locations, which we 
believe is clinically acceptable.

Calculated values for the means of the point- 
wise differences between the first and second 
FMMs, representing any overall bias between 
the first and the second grids were smallest for 
controls (mean -0 .09 dB, range -0 .58  dB to 
0.50 dB). The means of the pointwise
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Figure 5 (A, B) show 
Humphrey 30-2 grey scale 
and STATPAC 2 total 
deviation plot from 
glaucomatous eye, with site 
affine matrix map 
(FMM) indicated by box. 
(C, D) show three 
dimensional plots of 
Gaussian filtered 
luminance sensitivity 
thresholds of first and 
second FAIMs. Note 
reproducible luminance 
profiles which reveal a steep 
sensitivity gradient from 
severely depressed 
sensitivity, represenud as 
îlevated area, to normal 
sensitivity.
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differences for the glaucoma patients were 
higher (mean 0.37 dB, range -6.70 dB to 3.00 
dB), although they still remained small; 11 of 
12 repeated FMMs had a mean difference of 
less dian 4 dB. In addition, there was no 
systematic departure from zero in any of the 
groups, indicating that there is no significant 
bias between the first and second FMMs which 
we might have expected if there was a 
significant learning or fatigue effect.

FMMs obtained from high spatial resolution 
perimetry in glaucoma patients at sites already 
known to be abnormal from the 30-2 examin
ation revealed a complex profile of sensitivity 
loss which was not revealed by the low spatial 
resolution of the conventional Humphrey 30-2 
or 24-2 programs. Figures 5A and B show 
Humphrey 30-2 grey scale and s t a t p a c  2 total 
deviation plots from a glaucoma patient who 
underwent high spatial resolution perimetry at 
the site indicated. Figures 5C and D show 
three dimensional surface plots of the first 
FMM (Fig 5C) and the second (Fig 5D) 
FMMs which have undergone filtering. Both 
surface plots show the complex profile of the 
scotoma, which reveals a steep sensitivity 
gradient from severely depressed to normal 
sensitivity. Much of the detail is reproducible. 
In two glaucomatous eyes of two patients fine 
matrix mapping in an area of normal sensitivity 
on the Humphrey 30-2 revealed an obvious 
reproducible defect that was not apparent with 
conventional perimetry. One example is shown 
by Figures 6A-E. High spatial resolution 
perimetry identified a localised reproducible 
scotoma, represented as an elevated area on the 
first FMM (Fig 6C) and second FMM (Fig 
6D). The FMMs were performed in an area of 
field overlapped by four Humphrey 24-2 test 
locations which have normal threshold sensi
tivity (Fig 6A, B). Figure 6E shows a surface 
plot of a FMM from a normal control for com
parison, which shows a uniform luminance 
profile.

Discussion
A number of investigators have used high spa
tial resolution perimetry to detect scotomas 
beyond the resolution of conventional 
perimetry.*  ̂ Airaksinen et al have used high 
spatial resolution perimetry to identify scoto
mas corresponding to retinal nerve fibre layer 
defects in glaucoma suspects who have normal 
conventional perimetry.  ̂In addition, high spa
tial resolution perimetry has also been shown 
to be clinically useful in defining residual small 
central isles of field in advanced glaucoma, 
which may be too small for conventional 
perimetry to map.'  ̂ However, a major disad
vantage of some of these studies is that they 
have been arduous for patients and have 
required an extremely long test time. We have 
performed high resolution perimetry in a 
group of normal, glaucoma, and glaucoma sus
pect eyes using the technique of fine matrix 
mapping, performed on a Humphrey auto
mated perimeter. We have identified glaucoma
tous luminance loss which was not revealed by 
the lower spatial resolution of the conventional 
Humphrey 30-2 or 24-2 programs. The testing
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protocol was well tolerated and all subjects 
performed the test within a test time of 30 
minutes, which we believe is clinically accept
able. Previous investigations of high spatial 
resolution perimetry have demonstrated that 
one of the earliest perimetric disturbances in 
glaucoma is an elevated intratest variability, in 
some regions, even though the mean threshold 
sensitivity at the location may still remain

X axis

‘o degrees

Figure 6  (A , B ) H um phrey 30-2  grey scale and
STATPAcZ total deviation plo t from  glaucomatous eye. Box 
indicates site o f F M M  which overlaps four Hum phrey 3 0 -  
test locations with normal threshold sensitivity. (C , D ) shot 
three dimensional plots o f Gaussian filtered luminance 
sensitivity thresholds o f first and second FM M s. E levated  
areas indicate repeatable luminance defects, not seen in the 
F M M  o f an equivalent area o f field  from age matched 
normal controls (E ).

normal.* A number of studies have showr 
that the intertest variability of conventiona 
threshold perimetry is higher in glaucom; 
patients than in normals.^°“̂  ̂ In addition, th< 
degree of intertest variability has been found tc 
correlate with the degree of sensitivity loss. 
Our results confirm that a similar correlatior 
exists between intertest variability and sensitiv 
ity loss in high spatial resolution perimetry, as 
has been suggested by other workers.' To date 
the high intertest variability, and consequently 
low repeatability, in areas of glaucomatous sen
sitivity loss has been a significant limitation to 
the usefulness of high spatial resolution peri
metry. Attempts to improve the precision of the 
threshold measurements by repeating the 
measurements is unlikely to be practical in 
high spatial resolution perimetry because of 
the already lengthy test times. We have inves
tigated an alternative method to improve 
the repeatability using image processing 
techniques,* which have already been shown to 
improve the repeatability of conventional auto
mated perimetry.® We have been able to obtain 
a marked improvement (by a factor of 2) in the 
repeatability of the technique, by applying a 
Gaussian filter to the high spatial resolution 
perimetry threshold data. This improvement in 
repeatability has been achieved at no extra cost 
in test time. We have obtained good 
reproducibility of the luminance profiles using 
this technique, and this has allowed us to 
obtain finer details of sensitivity loss which 
were not apparent on the lower spatial 
resolution of conventional perimetry. We be
lieve that high spatial resolution perimetry fine 
matrix mapping may be a useful clinical tool, 
and may have a diagnostic role in the more 
detailed evaluation of equivocal areas of visual 
field of glaucoma patients and suspects. Previ
ous studies have suggested that the test point 
density of conventional perimetry is not a lim
iting factor for the identification of the earliest 
glaucomatous field change. However, these 
studies used conversion criteria based on the 
development of field defects measured at con
ventional resolution.'® It remains to be deter
mined whether the detection of conversion is



gh spatial resolution automated perimetry in glaucoma

improved by the use of high spatial resolution 
perimetry. In addition, high spatial resolution 
perimetry may have a role in identifying early 
progression of glaucomatous visual field de
fects. There is evidence to suggest that the pro
gression of glaucomatous defects, as detected 
using conventional perimetry, is slow.̂ '* Using 
conventional perimetric programs with a spac
ing of 6 degrees between adjacent test points, 
progression of the advancing edge of a scotoma 
which is increasing in size must exceed 6 
degrees of visual angle before a change is regis
tered at a repeat examination. Perimetry 
performed using test locations separated by 1 
degree offers the theoretical possibility that we 
may be able to identify advancement at the 
edge of a scotoma at an earlier stage than is 
possible with conventional perimetry.

In summary, we have described a technique 
for performing high spatial resolution peri
metry which is clinically practical and can be 
performed on an unmodified Humphrey auto
mated perimeter. We have identified glaucoma
tous luminance loss which was not revealed by 
the lower spatial resolution of the conventional 
Humphrey 30-2 or 24-2 programs, and have 
obtained a substantial improvement in the 
repeatability of the technique by using image 
processing techniques.
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Abstract

This study tests the hypothesis that abnormal motion displacement thresholds coexist with scotomas on a finer spatial scale than 
is measurable by conventional Humphrey perimetry. Eighteen patients with primary open angle glaucoma in one eye, and 18 age 
matched normal controls underwent motion displacement threshold testing and high spatial resolution perimetry. The motion 
displacement thresholds were significantly elevated in the glaucoma eyes, in 73% this exceeded normal limits. Ten glaucoma eyes 
had normal Humphrey 24-2 field nearest the motion test site: of these seven had abnormally elevated motion displacement 
thresholds and six had fine scale threshold depressions detected with high spatial resolution perimetry. This result suggests that 
glaucomatous elevations of motion displacement threshold may be present in areas of normal Humphrey 24-2 field, and this may 
coexist with measurable scotomas beyond the resolution of conventional Humphrey perimetry in some, but not all patients. 
© 1998 Elsevier Science Ltd. All rights reserved.

Keywords: M otion perception; Glaucoma; Perimetry

1. Introduction

Histological evidence has shown that a substantial 
number of retinal ganglion cell axons may be lost in 
glaucoma before a visual field defect can be detected 
using conventional methods of both manual and full 
threshold automated perimetry [1,2].

This finding has prompted the search for more sensi
tive tests of early glaucomatous visual damage. A vari
ety of functional deficits have been identified in early 
glaucoma using psychophysical tests to isolate a partic
ular aspect of visual function. Differences between nor
mals and glaucoma patients have been reported in short 
wavelength sensitivity using short wavelength auto
mated perimetry [3-5], temporal sensitivity using flicker 
and temporal modulation perimetry [6-8], visual reso
lution using high-pass resolution perimetry [9], and 
motion perception [10-19]. This evidence supports the 
suggestion that tests that isolate one particular function 
may identify the earliest losses, because other spared

* Corresponding author. Fax: -|-44 171 6086834.

visual systems are prevented from compensating for 
those compromised in glaucoma (Section 4).

We have previously used a line displacement test to 
show that motion displacement thresholds (MDTs) are 
significantly elevated in glaucoma [10,11,20]. Experi
mental work in primates has shown that the perception 
of line displacement motion is primarily a function of 
magnocellular ganglion cells [21,22]. This is consistent 
with evidence from other studies that the magnocellular 
system is primarily responsible for the perception of 
motion [23,24], although recent work by Merigan and 
colleagues suggests that this may be an oversimplifica
tion [25].

Other investigators have used random dot kine
tograms to test motion perception. Initial studies used 
random dot kinetograms to simultaneously test large 
areas of the central visual field, and have reported 
significantly elevated coherence thresholds in glaucoma 
patients [12,16]. One criticism of this type of testing is 
that it may perform poorly in patients with early focal 
scotomas [18]. Graham and colleagues recently reported 
that random dot kinetogram testing of motion coher
ence thresholds of the central field performed little

0042-6989/98/$ 19.00 © 1998 Elsevier Science Ltd. All rights reserved. 
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better than chance in identifying patients with early 
focal glaucomatous field defects [26]. This finding sup
ports previous work by Bullimore and colleagues, who 
found that random dot kinetogram testing of coherence 
thresholds and maximum displacement thresholds did 
not discriminate between patients and controls. Instead 
they reported better results using smaller field sizes to 
measure minimum displacement thresholds, which were 
elevated outside the normal range in 10 of 15 glaucoma 
patients.

Wall and colleagues have used random dot kine
tograms to test focal areas of field, and have reported 
early motion losses in glaucoma [17]. Recently 
Bosworth and colleagues performed focal random dot 
kinetogram testing on 14 patients, and were able to 
show that motion coherence thresholds were signifi
cantly poorer in areas of known visual field loss com
pared to eccentrically matched areas of relative field 
sparing [18]. However they did not comment on whether 
coherence thresholds in areas of relative field sparing 
differed from controls. One limitation of random dot 
kinetograms is the inherently low spatial resolution of 
the test, which is limited by the size of the smallest area 
that can be tested. In the test described by Bosworth 
and colleagues, the size of the test region was 7.4°, 
which may encompass one, two, or up to four points on 
the standard Humphrey test. An alternative approach 
we have taken is to use line stimuli to measure motion 
displacement thresholds. The higher spatial resolution 
of a line stimulus has the advantage of making it 
possible to evaluate small localized regions of field.

We have previously used a line displacement test to 
demonstrate elevated motion displacement thresholds in 
glaucoma [10,11,20]. This test has also identified ele
vated motion displacement thresholds in glaucoma in 
areas of normal Humphrey 24-2 visual field, which 
correspond in location to nerve fiber layer defects [10]. 
These findings have been confirmed by other workers 
using both line displacement tests [15] and random dot 
kinetograms [17,19].

In addition, we have shown that elevated motion 
displacement thresholds, as measured by a line displace
ment test, can predict the future development of conven
tional visual field loss at the same locality in normal 
tension glaucoma patients [27]. Elevated motion dis
placement thresholds have also been correlated with 
glaucomatous optic disc changes in ocular hypertensive 
patients, before scotomata can be detected using con
ventional visual field assessment [14].

Although there is considerable evidence that abnor
mal motion sensitivity can be identified in areas of 
normal Humphrey 24-2 field, there may be field 
threshold losses on a finer scale than can be measured 
by the spacing of the test locations on the Humphrey 
24-2. This raises the question of whether motion abnor
malities coexist with fine scale depressions of Humphrey

threshold, which may not be identifiable with conven
tional Humphrey field testing.

The aim of this study is to test the hypothesis that 
elevated motion displacement thresholds coexist with 
fine scale depressions of Humphrey threshold, which 
may predate the appearance of scotomas detected with 
conventional perimetry.

Previous investigators have used high spatial resolu
tion perimetry to identify fine scale scotomas in appar
ently normal areas of the field on the Humphrey 24-2, 
although these results were not examined in the context 
of other psychophysical abnormalities [28,29].

We have carried out high spatial resolution perimetry 
using a technique we have previously used in the study 
of number of diseases [30-33].

2. Methods

2.1. Subjects

The study was approved by the Moorfields Hospital 
Ethics Committee and followed the tenets of the Decla
ration of Helsinki. After informed consent was ob
tained, 18 primary open angle glaucoma (POAG) 
patients and 18 normal controls agreed to participate in 
the study.

Patients with an established diagnosis of POAG were 
prospectively recruited for this study if they had at least 
two Humphrey 24-2 fields with a localized glaucoma
tous visual field defect in one eye, and a normal 
Humphrey HFA 24-2 field in the fellow eye. To define 
a scotoma we used the pattern deviation plot on the 
Humphrey 24-2, according to a cluster definition used in 
a number of previous studies [17,26]. A scotoma re
quired a minimum cluster of three adjacent points 
depressed on the pattern deviation plot at the P < 0.02 
level (or at least 5 dB), with one of the points depressed 
at the P  <  0.01 level (or at least 10 dB); or two adjacent 
points depressed P <  0.01 level (or at least 10 dB). In 
addition, the selection criteria included that the cluster 
of abnormal points could not cross the horizontal 
meridian.

All fields had to meet standard reliability criteria of 
< 20% fixation losses, <  33% false negatives, <  33% 
false positives. All patients had documented evidence of 
an intra-ocular pressure >21 mm Hg. on at least one 
occasion in the glaucoma eye with glaucomatous optic 
disc cupping characterized by a vertical cup/disc ratio 
> 0.6, or cup disc asymmetry between the two eyes of 
greater than 0.2.

Fifteen out of eighteen glaucomatous eyes, and 10/18 
of the glaucoma suspect fellow eyes were being treated 
with topical antihypertensives. Patients currently using 
miotics were excluded, as were patients with significant 
ocular pathology other than glaucoma or evidence of 
secondary glaucoma.
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Suitably age matched controls were recruited if they 
had no significant ocular history, had a normal ocular 
examination with an lOP less than 21 mmHg and had 
normal Humphrey HFA 24-2 fields, with no identifiable 
clusters of depressed points according to the above 
definition.

The mean Humphrey 24-2 MD for the glaucoma eyes 
was —5. 8+ 2.5 dB, range —11.1 to —3.0 dB, which 
was significantly different ( f  <  0.0001) from the glau
coma suspect eyes (mean MD —1.7+ 1.7 dB, range 
— 4.2 to +1. 3  dB) and the controls (mean MD —
0.5 +  1.3 dB, range — 2.7 to +  2.5 dB). The mean MD 
of the glaucoma suspect eyes was not statistically differ
ent from the control mean MD. A brief description of 
the site of the field defects on the Humphrey 24-2 fields 
of the glaucoma eyes is given Table 1. In summary, 
eight of 18 glaucoma eyes had scotomas involving the 
Humphrey test locations closest to the MDT test site, 
whilst the remaining ten glaucoma eyes had no scoto
mas extending to those test locations closest to the 
MDT test site.

The mean age of the 18 patients was 59.7 +  12.2 
years, with a range 30.6-78.8 years. The mean age of 
the 18 controls was 57.8 +  11.5 years, with a range of 
31.3-74.9 years. This difference was not statistically 
significant (P = 0.63).

All patients and controls had a corrected visual acu
ity in both eyes of >  6/9 achieved with less than +  4 
dioptres spherical equivalent and less than two dioptres 
of astigmatism.

2.2. Motion displacement testing

We measured motion displacement thresholds using a 
single line displacement test presented at 15° eccentric
ity in the superotemporal field. This site was chosen as 
previous results have identified significantly elevated 
motion displacement thresholds at this location in glau
coma patients [10,11]. This location also corresponds to 
an area of retina which is a common site of glaucoma-

Table 1
Description o f  type o f  glaucom atous field defect on entry Humphrey 
24-2 o f  glaucoma eyes

Type o f  glaucomatous field loss on entry Humphrey 24-2 Eyes 
fields o f 18 glaucoma eyes

Superior scotom a involving locations closest to M D T  test 1 
site. Norm al inferior hemifield 

Superior scotom a not involving locations closest to M D T  3 
test site. Normal inferior hemifield 

Inferior scotoma. Norm al superior hemifield with normal 5 
thresholds closest to M D T  site 

Inferior scotom a and superior hemifield scotom a not 2
involving locations closest to M D T  test site 

Inferior scotoma and superior hemifield scotom a involving 7 
locations closest to M D T  test site

tous retinal nerve fiber layer defects, and we have 
previously reported that these defects can be associated 
with elevated motion displacement thresholds, even in 
areas of normal Humphrey 24-2 visual field [10].

The MDT test is performed using a computer gener
ated 2° by 2 min line stimulus presented on a green 
phosphor screen. The stimulus was presented in the 
superotemporal field at 15° eccentricity on the 30° 
meridian. The stimulus undergoes brief lateral displace
ments from 0 to 18 min of arc and the subject is 
instructed to press a response button when movement is 
seen. All subjects were given a suitable instruction 
period and then underwent a test which consisted of ten 
presentations each of ten different displacements in 2 
min arc intervals from 0 to 18 min of arc presented in 
a random order. The subject was observed for the 
duration of the test by the experimenter to ensure 
reliable fixation throughout the test. Frequency-of-see- 
ing curves were generated, and the data were fit by 
probit analysis. The motion displacement threshold 
(MDT) was taken as the displacement corresponding to 
a 50% frequency-of-seeing of the fitted curve.

2.3. High spatial resolution perimetry

High spatial resolution perimetry (HSRP) was per
formed in the same region of the superotemporal field 
by measuring the Humphrey visual field thresholds 
across a 10 x 10 matrix of 100 Humphrey test locations 
separated by 1°. The site of motion displacement testing 
falls within this area (Fig. 1(a)). To perform high 
spatial resolution perimetry we used the ‘custom grid’ 
program of the Humphrey to define four custom test 
programs, each consisting of five by five locations sepa
rated by 2°, with the coordinates of each custom test 
program offset to the other by 1° in the v, y, or x- and 
y-axis. The four custom test programs were applied in 
succession in a randomized order using target size III 
on a standard Humphrey bowl illumination of 31.5 
apostilbs. Each custom test program lasts approxi
mately 4 -5  min with a standardized rest between pro
grams of 2 min. Accuracy of fixation is monitored in 
the same way as conventional perimetry.

Custom software was used to merge the custom test 
programs to generate a single fine matrix map of the 
thresholds of 100 test locations separated by 1 degree 
covering an area of 9 x 9 °  and extending from 
Humphrey coordinates Ix , l y  to 16x, I6y (for a Right 
Eye).

The high spatial resolution perimetry was performed 
without near correction, as the refraction at this eccen
tricity is difficult to ascertain and near correction could 
induce prismatic and edge effects which would be 
difficult to standardize during the test procedure. How
ever the distribution of refractive errors were closely 
comparable between the glaucoma and control eyes
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Fig. 1. (a) Humphrey 24-2 from a glaucoma subject showing inferior arcuate scotoma. Arrow indicates site o f motion testing within area of normal 
Humphrey 24-2 field, overlapped by site of high spatial resolution perimetry (box), (b) Abnormal HSRP matrix map: elevations represent area 
of depressed thresholds, (c) Motion frequency-of-seeing curve shows grossly abnormal motion response.

tested: the median distance refraction (spherical equiva
lent) of the control eyes was 0 dioptres, range: — 1.75 
to -b 2.13 D, and for glaucoma eyes 0 D, range: — 2.13 
to + 2.00 D. We have previously shown that at such 
low degrees of refractive error, the effect on threshold is 
minimal [34].

We analyzed each subject’s fine matrix map by calcu
lating the mean threshold sensitivity of the 100 test 
locations. We derived an additional measure to describe 
the uniformity of thresholds within each matrix map. 
This uniformity index (UI) was calculated as the stan
dard deviation (S.D.) of the threshold values.

In addition, spatial image processing of the HSRP 
thresholds using a Gaussian filter was performed and 
three dimensional surface plots were generated for dis
play purposes (Fig. l(b);Fig. 2(b); Fig. 3(b); Fig. 4(b)).

Patients underwent motion displacement threshold 
testing and high spatial resolution testing in both eyes, 
tested in a randomized order. Because of the well 
known difficulties of assuming non independence of a 
patient’s two eyes, only the data of the glaucoma eye 
was included in the analysis. Therefore each patient 
only contributed data from one eye (the glaucoma eye) 
to the study. The controls underwent motion displace

ment threshold testing and high spatial resolution in 
one randomly chosen eye. All testing was performed at 
a single session.

2.4. Statistical Analysis

All variables were tested for normality, and two 
sample f-tests were used to identify significant differ
ences between the glaucoma eyes and control eyes. For 
variables that failed tests for normality and equivalence 
of variances, we used the equivalent non-parametric 
statistical tests. We set the level of statistical signifi
cance at P < 0.05.

3. Results

3.1. Motion Displacement Thresholds (MDTs)

We were able to record Motion Displacement 
Thresholds in all 18 control eyes and 15/18 glaucoma 
eyes. The remaining three glaucoma eyes had such 
grossly impaired motion perception that the patients 
did not perceive motion in any of the stimuli presented.
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Fig. 2. (a) Humphrey 24-2 from a glaucoma subject showing inferior arcuate scotoma. Arrow indicates site of motion testing within area of normal 
Humphrey 24-2 field, overlapped by site o f high spatial resolution perimetry (box), (b) Abnormal HSRP matrix map. Subtle elevations represent 
areas o f abnormally depressed thresholds, (c) Motion frequency-of-seeing curve shows dip at 10 min arc. The 50% seen threshold is 4.2 min arc, 
within the control range.

All three o f these eyes with an absent motion response 
had a scotoma on the Humphrey 24-2 at the M DT test 
location.

Table 2 shows the mean and S.D. o f the M DTs by 
group. Because the variances in the glaucoma eyes and 
controls were dissimilar (Levene test for homogeneity 
o f variances P  <  0.05), a non-parametric M ann-W hit- 
ney [/-test was performed which showed a significant 
elevation o f the M DTs o f  the glaucoma eyes compared 
to the controls ( f  <  0.0001).

Fig. 5(a) shows the individual motion thresholds 
within each group with the reference line indicating 
mean -f 1.96 S.D. o f the controls ( =  9.2 min. arc). 
Using this as a cut-off, 11/15 (73%) o f the glaucoma 
eyes had abnormally elevated M DTs above mean +  
1.96 S.D. o f the controls at the location tested. Only 
5/15 (33%) o f these eyes had a scotoma cluster on the 
Humphrey 24-2 field involving the test locations closest 
to the M DT site.

There were no controls with M DT thresholds above 
the mean +  1.96 S.D. o f  the control group.

3.2. High spatia l resolution perim etry  thresholds

Mean sensitivities for each fine matrix map were 
calculated (Table 3). This mean sensitivity was signifi
cantly lower in the glaucoma patients compared to the 
controls (7* < 0 .001 , unpaired f-test).

The control group mean was found to be 27.9 dB. 
We defined abnormal as 1.96 S.D. below this (23.5 dB). 
Fig. 5(b) shows the individual matrix map mean 
thresholds within each group, with the reference line 
indicating this normal cut off. Using this cut-off, 13/18 
o f glaucoma patients had mean matrix thresholds be
low this level.

We derived a ‘uniformity index’ (UI) to assess the 
degree o f uniformity o f the matrix thresholds, which 
was calculated as the S.D. o f the matrix thresholds.

In normals, the threshold plots were flat, and as a 
consequence the UIs were low. Areas o f scotoma would 
result in hills and valleys on the threshold plot, and 
would give rise to a high UI. The UIs o f the glaucoma 
group were significantly higher than controls (P =
0.0001, M ann-W hitney [/-test) indicating greater spa-
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Fig. 3. (a) Humphrey 24-2 from a glaucoma subject showing superior arcuate scotoma. Arrow indicates site o f motion testing within area of 
normal Humphrey 24-2 field, overlapped by site o f high spatial resolution perimetry (box), (b) HSRP matrix map is normal, with normal mean 
threshold sensitivities, and uniform threshold profile (normal uniformity index), (c) Motion frequency-of-seeing curve shows grossly abnormal 
motion response.

tial variability in the high spatial resolution thresholds 
in the glaucoma patients. The control values for the UI 
ranged from 1.3 to 2.5 dB, mean 1.8 dB, S.D. 0.33 dB. 
We defined the UI as abnormal if it exceeded the 
control mean +  1.96 S.D. ( =  2.4 dB). Fig. 5(c) shows 
the individual matrix map uniformity indices within 
each group, with the reference line indicating this nor
mal cut off.

Twelve of the 13 eyes previously identified as having 
abnormally low mean matrix threshold had an abnor
mal UI index. We identified one additional glaucoma 
eye with an abnormal UI, in the presence of normal 
mean threshold.

3.3. Comparison between abnormal motion displacement 
thresholds and abnormal high spatial resolution 
perimetry thresholds

Comparison between Fig. 5(a-c) shows a similar 
degree of overlap between the control and glaucoma 
eyes for both the MDTs, and the HSRP mean 
threshold and uniformity indices. In the glaucoma eyes 
we then investigated the coexistence of motion abnor

malities with HSRP abnormalities in relation to the 
presence or absence o f scotoma on the Humphrey 24-2 
at the test site.

Eight glaucoma eyes had scotomas on the Humphrey 
24-2 field involving the test locations closest to the 
MDT site. All were abnormal with high spatial resolu
tion perimetry.

Of these eight glaucoma eyes, seven had abnormally 
elevated MDTs.

The remaining ten glaucoma eyes had no scotomas 
on the Humphrey 24-2 field which involved any of the 
test locations closest to the MDT site. (Table 4). Six of 
the ten eyes had abnormal High Spatial Resolution 
Perimetry, and of these four had abnormally elevated 
MDTs. An example is shown in Fig. 1(b), which shows 
an abnormal HSRP matrix map (abnormally depressed 
mean sensitivity and an abnormally high uniformity 
index). This eye has an abnormally elevated motion 
displacement threshold at the location tested (Fig. 1(c)). 
Two glaucoma eyes had abnormal high spatial resolu
tion perimetry, with normal MDTs (Fig. 2(a-c)).

Four of the ten eyes had normal High Spatial Reso
lution Perimetry. Of these four eyes, we identified three



M .C. W estcott et al. /  Vision Research 38 (1998) 3 I 7 1 -3 I 8 0 317'

(a) Left HFA 24-2
TO TA L D E VIA TIO N

PfiOeflBlLITY s m s

(b)

HSRP matrix

P<0.5%

dB sens. 
0 "1

X axisy axissite of motion 
testing 16,7 degrees

(c) o ' 100
O)

I(/)
60

Ic(DZJcr<D

40

20

stimulus displacement (min. arc)

Fig. 4. (a) Humphrey 24-2 from a normal control. Arrow indicates site o f motion testing within area of normal Humphrey 24-2 field, overlapped 
by site o f high spatial resolution perimetry (box), (b) HSRP matrix map is normal with uniform luminance profile (mean threshold sensitivity and 
uniformity index within control range), (c) Normal motion frequency-of-seeing curve with 50% seen threshold within control range.

with abnormally elevated MDTs. Thus these three eyes 
had abnormal motion sensitivity in the presence of a 
normal HSRP. An example is shown in Fig. 3(b), which 
shows a normal HSRP matrix map (normal mean 
sensitivity and a normal uniformity index) with a coex
isting elevated MDT (Fig. 3(c)). For comparison, Fig. 
4(a-c) show a normal HSRP matrix map and normal 
MDT obtained from a control eye.

One glaucoma eye had normal high spatial resolution 
perimetry and normal motion displacement thresholds 
at the site tested.

For the controls, one out of eighteen eyes had abnor
mally depressed HSRP mean threshold sensitivity of
22.8 dB, below our cut-off of 23.5, and 2.3 S.D. below 
the control group mean. The subject’s motion tests and

Table 2
Summary statistics for the motion detection thresholds (MDTs) by 
group

Group Mean MDT (min. 
arc)

S.D. Mini
mum

Maximum

Glaucoma 15.3 12.9 4.2 57.6
Controls 6.1 1.6 2.3 8.2

Humphrey 24-2 were both normal. None of the remain
ing controls had MDTs and HSRP outside the control 
group mean ±  2 S.D..

There was a statistically significant correlation be
tween the motion thresholds and the mean high spatial 
resolution perimetry matrix thresholds (P <  0.0001, 

=  0.35) (Fig. 6).

4. D iscussion

This aim of this study is to test the hypothesis that 
abnormal motion displacement thresholds coexist with 
scotomas on a finer scale than is measurable by conven
tional Humphrey perimetry. We identified ten glaucoma 
eyes with normal Humphrey 24-2 field nearest the MDT 
test site. Of these seven had abnormally elevated motion 
displacement thresholds and six had fine scale scotomas 
detected with high spatial resolution perimetry. This 
result suggests that glaucomatous elevations of motion 
displacement threshold may be present in areas of 
normal Humphrey 24-2 field, and this may coexist with 
measurable scotomas beyond the resolution of conven
tional Humphrey perimetry in some, but not all patients.
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Table 3
Summary statistics o f  high resolution perimetry thresholds by group.
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Fig. 5. Plots of individual values of MDT (a), HSRP matrix map 
mean threshold (b) and HSRP matrix map uniformity index (c) for 
controls and glaucoma eyes, with horizontal reference lines indicating 
cut-off of mean +  1.96 S.D. o f controls.

We identified two glaucoma eyes with abnormal 
HSRP in the presence of a normal motion displacement 
threshold. Whilst it is possible that these defects may be 
non-glaucomatous and secondary to other factors, we 
were unable to identify this in our patients. Further 
studies will be required to confirm this and to examine 
for additional unrecognized factors which may be re
sponsible for this. A further proportion of the glau
coma patients (30%) had abnormal motion 
displacement thresholds in areas of field with no de
tectable scotomas, measured with conventional perime

Group Matrix map mean Matrix map uniformity
threshold (dB) index (dB)

Controls Mean 27.9, S.D. 2.2 (r Mean 1.8, S.D. 0.33 (r
22.8-30.5) 1.3-2.5)

Glaucoma Mean 21.6, S.D. 3.4 (r Mean 4.1, S.D. 2.25 (r
15.2-27.1) 1.4-9.5)

try or high spatial resolution perimetry. Thus in some 
patients motion sensitivity abnormalities occur in areas 
of normal Humphrey field, in the absence of even the 
smallest scotomas that we can practically detect using 
the Humphrey automated perimeter.

In order to avoid artefacts due to the trial frame, we 
elected to perform motion displacement testing and 
high spatial resolution perimetry without near 
correction.

Motion displacement thresholds have been shown 
relatively unaffected by refractive errors [11,35], and the 
subjects had low refractive errors. Refractive error 
would be expected to globally suppress Humphrey field 
threshold sensitivity [36]. The uniformity index (UI) we 
used reflects focal threshold depression, which would 
not be expected to be affected by refractive error. 
Thirteen out of fourteen of the glaucoma eyes identified 
as abnormal with the HSRP had an abnormal unifor
mity index. Refractive changes would not be expected 
to account for these localized threshold abnormalities, 
as in general the effect of refractive error is to smear 
out localized abnormalities.

One major hypothesis to account for the occurrence 
of early abnormalities of motion perception before 
conventional field defects is the ‘selective cell loss 
hypothesis’.

Quigley and colleagues hypothesized that there is 
selective damage to the larger diameter optic nerve 
fibers in early glaucoma [37]. Since magnocellular cells 
are associated with larger mean diameters, the ‘selective 
loss hypothesis’ would imply a preferential loss of 
magnocellular function. This has received support from 
a number of histological studies [37-39].

Table 4
Number o f eyes with respective MDT and HSRP abnormalities, out 
o f ten glaucoma eyes that had no scotomas on the Humphrey 24-2 
field which involved any o f the test locations closest to the MDT site

Normal HSRP 
(eyes)

Abnormal HSRP(eyes)

Normal MDT 1 2
(eyes)

Abnormal MDT 3 4
(eyes)
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Johnson has proposed an alternative hypothesis 
based on the concept of reduced redundancy to ex
plain the presence of a variety of psychophysical ab
normalities of visual function, including motion 
perception, in glaucoma before conventional perimet
ric field defects [40]. According to the reduced redun
dancy theory, the poor performance of conventional 
perimetry may be a consequence of the non selective 
nature of the stimulus, which stimulates a broad spec
trum of retinal ganglion cells. The large overlap in 
ganglion cell receptive fields results in considerable 
redundancy, that may mask early losses if all classes 
of ganglion cells are stimulated [40]. Tests that stimu
late only a subpopulation of ganglion cells to isolate 
one aspect of visual function may identify the earliest 
losses. This is because the ability of spared visual 
systems from compensating for those compromised in 
glaucoma is reduced.

Psychophysical evidence for both the selective cell 
loss hypothesis and the reduced redundancy hypothesis 
depends upon comparisons of the extent and the se
quence of occurrence of selective losses of visual func
tion, compared with non selective losses identified with 
conventional perimetry [40,41]. Our findings that ele
vations of motion displacement threshold may coexist 
with scotomas beyond the resolution of conventional 
Humphrey perimetry demonstrate the importance of 
considering the spatial resolution of the tests, which 
must be taken into account when making comparisons 
between tests. Although intrinsic differences may exist 
in the sensitivity of a broad spectrum stimulus such as 
the Humphrey stimulus, compared with more selective 
stimuli such as motion stimuli, our results suggest that 
a principal limitation of conventional Humphrey 24-2 
perimetry in detecting early glaucoma is its inadequate 
spatial resolution.
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Abstract

This study compared frequency-of-seeing curves for a line displacement test in glaucoma patients and normals. Probit analysis 
of the frequency-of-seeing curves provided the motion thresholds and the slopes of the frequency-of-seeing curves, represented by 
the interquartile range. The thresholds and interquartile ranges were significantly elevated in the glaucoma eyes and suspect eyes, 
compared to controls. A logistic regression model incorporating both the interquartile range and threshold significantly improved 
the sensitivity of the motion test in the suspects. Abnormal shallowing of the slope of the motion frequency-of-seeing curve may 
represent one of the earliest changes in glaucoma. © 1998 Elsevier Science Ltd. All rights reserved.

Keywords: Glaucoma; M otion perception; Frequency-of-seeing curves; Psychometric-function; Perimetry

1. Introduction

Histological evidence has shown that a substantial 
number of retinal ganglion cell axons may be lost in 
glaucoma before a visual field defect can be detected 
using conventional methods of full threshold auto
mated perimetry (Quigley, Addicks & Green, 1982; 
Quigley, Dunkelberger & Green, 1989). This finding 
has prompted the development of alternative tests, in
cluding motion detection, which may be more sensitive 
in detecting early glaucomatous visual damage. We 
have previously demonstrated glaucomatous loss of 
motion sensitivity using a line displacement test (Fitzke, 
Poinoosawmy, Ernst & Hitchings, 1987; Fitzke, 
Poinoosawmy, Nagasubramanian & Hitchings, 1989; 
Ruben & Fitzke, 1994; Baez, McNaught, Dowler, 
Poinoosawmy, Fitzke & Hitchings, 1995), and a num
ber o f workers have confirmed these findings using line 
stimuli (Johnson, 1994; Johnson, Marshall & Eng, 
1995) and random dot kinetograms (Silverman, Trick & 
Hart, 1990; Bullimore, Wood & Swenson, 1993; Trick, 
Steinman & Amyot, 1995; Wall & Ketoff, 1995; 
Bosworth, Sample & Weinreb, 1997; Joffe, Raymond & 
Chrichton, 1997).

* Corresponding author. Fax: -1-44 171 6086834.

Experimental work in primates has shown that mag
nocellular ganglion cells are primarily responsible for 
the perception of motion elicited by small line displace
ments (Lee, 1993; Lee, Wehrhahn, Westheimer & Kre
mers, 1993). This is consistent with evidence from other 
studies which suggests that primate perception of mo
tion to a variety of stimuli is primarily a function of the 
magnocellular system (Livingstone & Hubei, 1987; 
Merigan & Maunsell, 1990; Merigan, Byrne & Maun
sell, 1991). However motion sensitivity may not be 
exclusively a property of the magnocellular system, as 
parvocellular mechanisms have also been shown to 
participate in such functions (Lee, Wehrhahn, West
heimer & Kremers, 1993; Anderson, Drasdo & Thomp
son, 1995).

A principal hypothesis to account for the early occur
rence of motion sensitivity defects is the concept of 
preferential loss of larger diameter magnocellular gan
glion cells, in early glaucoma, which has received sup
port from a number of histological studies (Quigley, 
Dunkelberger & Green, 1988, 1989; Glovinsky, Quigley 
& Dunkelberger 1991; Chaturvedi, Hedley & Dreyer, 
1993; Glovinsky, Quigley & Pease, 1993). An alterna
tive hypothesis to account for a variety of early deficits 
of visual function in glaucoma is based on the concept 
of reduced redundancy (Johnson, 1994).

0042-6989/98/$ - see front matter ©  1998 Elsevier Science Ltd. AH rights reserved. 
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The redeuced redundancy theory postulates that 
those tests which isolate a very sparse population of 
ganglion cells, with little physiological redundancy, will 
identify the earliest loss in glaucoma. Such selective 
tests have identified deficits o f motion sensitivity (a test 
of magnocellular ganglion cell function) (Fitzke, 
Poinoosawmy, Ernst & Hitchings, 1987; Fitzke, 
Poinoosawmy, Nagasubramanian & Hitchings, 1989; 
Silverman, Trick & Hart, 1990; Bullimore, Wood & 
Swenson, 1993; Ruben & Fitzke, 1994; Johnson, 1994; 
Johnson, Marshall & Eng, 1995; Trick, Steinman, & 
Amyot, 1995; Wall & Ketoff, 1995; Bosworth, Sample 
& Weinreb, 1997; Joffe, Raymond & Chrichton, 1997), 
blue-on-yellow sensitivity (a test of the short wave
length sensitive ganglion cells) (Sample & Weinreb, 
1992; Johnson, Adams, Casson & Brandt, 1993b,a), 
and flicker sensitivity (Lachenmayr, Drance, Douglas & 
Mikelberg, 1991; Casson, Johnson & Shapiro, 1993; 
Tyler, Hardage & Stamper, 1994).

Previously published investigations of motion sensi
tivity losses in glaucoma have concentrated on differ
ences in the motion thresholds between groups. 
Although Silverman, Trick & Hart (1990) reported a 
qualitative lessening o f the slope of the psychometric 
curve of motion in some patients with glaucoma, there 
has been no detailed analysis of frequency-of-seeing 
curves for a motion response in glaucoma to date. 
Frequency-of-seeing curves describe the relationship be
tween the probability o f seeing a stimulus and a stimu
lus parameter such as intensity (luminance stimulus) or 
stimulus displacement (motion stimulus). The S-shaped 
frequency-of-seeing curve has been shown to describe 
the relationship between luminance sensitivity and vari
ability in automated perimetry (Chauhan & House, 
1991; Weber & Rau, 1992; Olsson, Heijl, Bengtsson & 
Rootzen, 1993; Chauhan, Tompkins, LeBlanc & Mc
Cormick, 1993; Henson, Evans, Chauhan & Lane, 
1996; Wall, Maw, Stanek & Chauhan, 1996). The 
threshold is usually defined as the stimulus intensity at 
which 50% of the stimuli will be seen. In addition the 
steepness of the frequency-of-seeing curve can be calcu
lated to provide a measure of the intratest variability 
around the threshold at that test location. A steep 
gradient represents little variability, whilst shallow gra
dients indicate large intratest variability. A number of 
workers have found a significant correlation between 
threshold and the slope of the frequency-of-seeing curve 
for luminance stimuli (Chauhan & House, 1991; Weber 
& Rau, 1992; Olsson, Heijl, Bengtsson & Rootzen, 
1993; Chauhan, Tompkins, LeBlanc & McCormick, 
1993; Henson, Evans, Chauhan & Lane, 1996; Wall, 
Maw, Stanek & Chauhan, 1996). These studies have 
reported a shallowing of the slope of the frequency-of- 
seeing curve in glaucoma patients with decreased sensi
tivities, reflecting an abnormally high intratest 
variability. In addition, Chauhan, Tompkins, LeBlanc

& McCormick (1993) have shown that glaucoma pa
tients have widely differing frequency-of-seeing curves 
for similar thresholds and were able to identify patients 
who had normal Humphrey field thresholds, but who 
had an abnormally shallow slope o f the frequency-of- 
seeing curve . This study tests the hypothesis that 
frequency-of-seeing analysis can characterise additional 
differences between the motion response of normal 
subjects and glaucoma patients, beyond that achieved 
by measuring thresholds alone. The identification of 
these differences may allow us to improve the sensitivity 
and specificity of motion testing in glaucoma.

2. Methods

2.1. Testing strategy

We measured motion sensitivity using a line displace
ment test presented in the superotemporal field to ob
tain Motion Displacement Thresholds (MDT). This site 
was chosen as previous results have identified signifi
cantly elevated Motion Displacement Thresholds at this 
location in glaucoma patients, with good separation 
between patients and controls (Fitzke, Poinoosawmy, 
Ernst & Hitchings, 1987; Fitzke, Poinoosawmy, Naga
subramanian & Hitchings, 1989). The MDT test was 
performed using a computer generated line stimulus 
presented on a monochrome monitor (Phillips green 
monochrome P31 monitor, model number 750205, pix- 
elation 300 x 920, frame rate 50 Hz). The view distance 
was 1.24 m. The width of the stimulus was formed by 
addressing two horizontal pixels. The stimulus sub
tended 2° X 2 min arc in size and the background 
8 X 10°, as measured directly from the display. The line 
stimulus was presented in the superotemporal field at 
15° eccentricity on the 30° meridian. The luminance of 
the background was 7 cd/m^ and the stimulus was 27 
cd/m^.

The subject viewed a fixation target and was in
structed to press a response button when movement 
was seen. A warning tone was sounded which was 
followed by 1.5 s during which the stimulus was sta
tionary. During the following 2 s, the stimulus (if it 
were to move), would undergo sudden oscillatory dis
placements at 2.5 Hz. beginning at a random time after 
the start of this interval. If the subject pressed the 
response button before stimulus movement had begun, 
then this was counted as a false positive response.

After a suitable instruction period, subjects under
went a test which consisted of ten presentations each of 
ten different displacements in 2 min arc intervals from 
0 to 18 min arc presented in a random order. The test 
includes ten presentations of a 0 min arc displacement 
(stationary target catch trials) and if the subject presses 
the button to 0 min arc displacement then this was



M .C . W estcott et a t. /V is io n  Research 39 (1999) 6 3 1 -6 3 9 633

recorded as a false positive response. The experimenter 
observed the subject for the duration of the test to 
ensure reliable fixation throughout the test.

2.2. Subjects

The study was approved by the Moorfields Hospital 
Ethics Committee and followed the tenets of the Decla
ration of Helsinki. All patients and controls gave in
formed consent prior to agreeing to participate. We 
defined a glaucoma eye as primary open-angle glau
coma (POAG) if it fulfilled the following diagnostic 
criteria:
1. Documented evidence of an intra-ocular pressure 

> 21 mmHg on at least one occasion in the presence 
of an open angle.

2. Abnormal optic disc with glaucomatous optic disc 
cupping.

3. Previously documented glaucomatous visual field 
defect on the Humphrey 24-2 field test.

A field was defined as glaucomatous on the 
Humphrey 24-2 if at least one hemifield contained a 
cluster of a minimum of three adjacent depressed points 
on the STATPAC2 pattern deviation plot with one 
point having a probability of P < 1% and two adjacent

Right HFA 24-2

points having a probability of P < 2% (Piltz, Drance, 
Douglas & Milkelbergh, 1991). We evaluated the 
Humphrey 24-2 field at the MDT test site using the 
field thresholds of the four locations nearest the MDT 
test site (see Fig. lA). We defined the Humphrey 24-2 
field at the motion test site as being abnormal if the 
field thresholds of at least one of these four locations 
was contiguous with a hemifield cluster of depressed 
locations, according to the above criteria.

Glaucoma suspect eyes were eligible if they had at 
least one of the following: glaucomatous optic disc 
cupping, clinical evidence of retinal nerve fiber layer 
defects, or a documented intra-ocular pressure >21 
mmHg on at least one occasion, in the presence of a 
normal Humphrey 24-2 field (defined as normal or 
borderline Glaucoma Hemifield Test in the absence of 
any clusters of depressed locations in either hemifield). 
We excluded any eyes with significant ocular pathology 
other than glaucoma, including evidence of cataract or 
secondary glaucoma, and eyes which were being treated 
with topical miotics. We recruited suitably age matched 
controls if they had no significant ocular history, had a 
normal ocular examination with an lOP less than 21 
mmHg and had normal Humphrey HFA 24-2 fields 
(defined as a normal Glaucoma Hemifield Test with
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Fig. 1. (A) Humphrey 24-2 greyscale and Statpac2 total deviation plot from normal control aged 69, showing site o f motion testing (arrow) with 
four closest Humphrey test locations; (B) normal subject’s motion frequency-of-seeing curve. Black circles represent raw data points with 
probit-fitted curve (solid black curve), and 95% Cl (dashed black curves). Dashed black hne indicates normal 50% seen threshold o f 5.5 +  SE 0.4 
min arc with normal interquartile range o f 1.5 ±  SB 0.5 min arc (dashed grey lines); (C) humphrey 24-2 o f a glaucoma patient aged 69 with an 
inferior arcuate scotoma. Arrow indicates site o f motion testing on greyscale plot, with four closest Humphrey 24-2 test locations (box) showing 
normal threshold sensitivity, within 95% population limits on Statpac2 output; and (D) motion frequency-of-seeing curve o f same patient, with 
elevated threshold (11.6 + SE 0.9 min arc) and abnormally shallow slope, indicated by elevated interquartile range o f 7.6 +  SE 1.3 min arc.
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global indices within 95% Cl for normal subjects with 
no hemifield clusters of depressed points). All 
Humphrey 24-2 fields met standard reliability criteria of 
<  20% fixation losses, <  33% false negatives, <  33% 
false positives. All patients and controls had a corrected 
visual acuity in the tested eye of >  6/9 achieved with 
less than ± 4  dioptres spherical equivalent and less 
than 2 dioptres of astigmatism. We tested 29 control 
subjects and 42 patients. The controls underwent test
ing in one randomly selected eye. Twenty-seven patients 
had one eye meeting either POAG (« =  14) or glaucoma 
suspect criteria (« =  13) and underwent testing in this 
eye only. Fifteen patients had POAG in one eye and a 
glaucoma suspect fellow eye, and underwent testing of 
both eyes in a randomised order. Because these patients 
were contributing both eyes to the study, we performed 
two independent analyses of the data: the first using 
data from both eyes of these patients, then reanalysing 
using data from only one eye selected at random from 
each of these patients. We present the data using both 
eyes of these patients, as all statistically significant 
results reported in this study were confirmed using both 
analyses, and did not differ at the P  =  0.005 level of 
significance.

The mean age of the controls was 58.7 +  10.5 years, 
with a range 31.3-74.9 years. The mean age of patients 
with glaucoma suspect eyes tested was 60.9 ±11.5 years 
(range 30.6-78.8 years) and POAG eyes tested was
62.9 ±  10.7 years (range 30.6-78.8). Analysis of vari
ance showed no statistically significant differences be
tween the group’s ages at the 0.05 level. The Humphrey 
24-2 Mean Defects (MD or weighted average deviation 
from the age-corrected normal reference field) of the 
glaucoma eyes ranged from — 14.2 to — 1.3 dB, (me
dian — 4.6 dB), and the glaucoma suspect eyes from 
— 4.2 to +  1.8 dB (median — 0.7 dB). The MDs of the 
glaucoma eyes and suspect eyes were significantly lower 
than the Humphrey 24-2 MDs of the control eyes 
(range —2 . 7 - +  2.5 dB, median 0.05 dB) at the P <  
0.05 level. Although all suspects had Humphrey 24-2 
fields that fulfilled our definition of normality, five (of 
28) had a depressed MD, one had a depressed PSD, 
and five had a depressed CPSD at the P < 0.05% level.

2.3. Analysis

We generated frequency-of-seeing curves of the sub
ject’s responses to the motion stimulus, and the data 
were imported to SPSS for Windows, (release 6.0, 
SPSS, Chicago, IL) for further analysis. We performed 
probit analysis of the data using SPSS and the motion 
displacement threshold (MDT) was defined as the dis
placement corresponding to a 50% frequency-of-seeing 
of the probit fitted curve. We used the interquartile 
range as a measure of the slope of the frequency-of-see- 
ing curve, as this measure has previously been used by

other investigators (Chauhan, Tompkins, LeBlanc & 
McCormick, 1993). The interquartile range is the stim
ulus displacement interval that corresponds to 25-75%  
frequency-of-seeing of the probit fitted curve. Fig. IB 
shows the motion frequency-of-seeing curve from a 
normal control, with the calculated parameters. Fig. lA  
shows the site of motion testing, superposed to the 
subject’s Humphrey 24-2 plot. Because the variances of 
the groups were dissimilar for both the motion 
thresholds and interquartile ranges (Levene Test for 
Homogeneity of Variances P < 0.05), non parametric 
Kruskal-Wallis tests were performed to identify for 
significant differences between the three groups. Post- 
hoc Mann-Whitney U  tests were then performed to 
identify the significant differences between pairs of 
groups.

To characterise the extent to which the slope pro
vides additional information we analysed the data ac
cording to a stepwise logistic regression model 
incorporating both the motion thresholds and the in
terquartile ranges, and their squared terms. This was 
performed for normal against glaucoma eyes, and for 
normal against suspect eyes. The results of the logistic 
regression analysis were used to generate a receiver 
operating characteristic (ROC) curve which was com
pared to the ROC curve generated using the motion 
threshold alone. The ROC curve is a plot of sensitivity 
versus one-specificity for each possible cut-off across 
the measurement range of the variables, and is useful in 
comparison of two or more test parameters (Graham, 
Drance, Chauhan, Swindale, Hnik, Mikelberg & Dou
glas 1996). The overall ability of a parameter to sepa
rate normals from patients was summarised by 
calculating the area under the ROC curve. According 
to this analysis, the discriminating ability of a parame
ter is represented by the area score, with higher area 
scores indicating better discriminating ability.

3. Results

Table 1 shows the summary statistics of the 50% seen 
motion thresholds and the interquartile ranges of the 
probit fitted frequency-of-seeing curves for the controls, 
glaucoma suspect and glaucoma eyes.

Both the motion displacement thresholds (MDTs) 
and the interquartile ranges were highest in the glau
coma eyes, and lowest in the controls. Glaucoma sus
pect eyes were intermediate. Analysis showed a highly 
significant ranked difference between the groups for 
both variables (Kruskal-Wallis test F <  0.0001). Post 
hoc two sample Mann-Whitney U tests identified sig
nificantly elevated MDTs in the glaucoma eyes (F <  
0.0001) and in the glaucoma suspect eyes (F <  0.001), 
compared to controls. The interquartile ranges were 
also significantly elevated in the glaucoma eyes (F <
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Table 1
Summary o f the statistics for the frequency-of-seeing curves

Group Normals (29 eyes) Glaucoma suspects (28 eyes) Glaucoma patients (29 eyes)

Motion threshold 5.9 ±  1.7 (2.Ô-8.9) 8.7 ± 3 .4  (5.0-17.6) 12.9 ±  5.8 (5.2-34.2)
Interquartile range 3.3 ± 1 .4  (1.0-5.9) 5.3 ± 2 .3  (2.1-9.60) 8.4 ±  4.7 (4.2-25.5)

Values shown are mean ±  1 SD in min arc.
Figures in brackets indicate minimum and maximum values.

0.0001) and in the glaucoma suspect eyes ( f  < 0.005) 
compared to the controls. The MDTs in the glaucoma 
eyes were also significantly raised compared to the 
suspect eyes ( f  = 0.0001), as were the interquartile 
ranges (P < 0.01).

Subgroup analysis did not show any significant dif
ference between the glaucoma suspect fellow eyes of 
glaucoma patients and eyes of glaucoma suspects or 
ocular hypertensives in terms of motion threshold, in
terquartile range, or Humphrey MD.

Logistic regression analysis incorporating both the 
motion thresholds and the interquartile ranges was 
performed for normal against glaucoma eyes, and for 
normal against suspect eyes. In both cases, the in
terquartile ranges (slope) and the threshold were found 
to contribute to the model significantly (P > 0.05).

To investigate the separation between the glaucoma 
eyes and the controls we plotted a ROC curve (Fig. 2A) 
of the motion threshold compared with the logistic 
regression model incorporating the interquartile range. 
A motion threshold cut-off of 9.0 min arc identified 
22/29 glaucoma eyes as abnormal, with a sensitivity of 
76% and a specificity of 100%. The logistic regression 
model incorporating both the threshold and interquar
tile range identified 24/29 glaucoma eyes as abnormal 
with a sensitivity of 83% at 100% specificity. Consider
ation of the interquartile range alone identified 23/29 
eyes as abnormal, with a sensitivity of 79% at 100% 
specificity. Thus in the glaucoma eyes, only two addi
tional eyes were identified as abnormal on the basis of 
an abnormal interquartile range, whereas they would 
have been classified as normal on the basis of threshold 
alone. Of the 24/29 eyes classified as abnormal by the 
regression model, 17/24 eyes had normal Humphrey 
24-2 field thresholds at the motion test site. One such 
example is shown in Fig. ID, which shows an abnormal 
frequency-of-seeing curve with an elevated threshold 
and interquartile range, indicating an abnormally shal
low slope, obtained in a region of field with normal 
Humphrey 24-2 thresholds (Fig. 1C).

In the glaucoma suspects the motion threshold alone 
identified 6/28 suspect eyes as abnormal, with a sensi
tivity of 21% at 100% specificity (Fig. 2B). The logistic 
regression model incorporating the interquartile range 
identified 15/28 glaucoma eyes as abnormal resulting in 
a sensitivity of 54% with 100% specificity. The in

terquartile range alone identified 14/28 eyes as abnor
mal (sensitivity of 50% at 100% specificity). All 28 
suspect eyes had normal Humphrey 24-2 fields accord
ing to our enrolment criteria. Thus amongst suspects

Normals versus Glaucoma

Areas under ROC curve

—  MDT 0.95 

logistic (MDT & slope) 0.98

20 40 60 80
1 - specificity (%) 

Normals versus Suspects

Areas under ROC curve

—  MDT 0.79 

logistic (MDT & slope) 0.82

20 40 60 80
1 - specificity (%)

Fig. 2. Receiver operating characteristic (ROC) curves for the motion 
thresholds (grey line) in comparison to the logistic regression model 
incorporating the interquartile range (black line), (a) The ROC curve 
for glaucoma eyes versus controls. Areas under the ROC curve were 
0.95 for the motion thresholds, and 0.98 for the logistic regression 
model, (b) Shows the ROC curve for suspect eyes versus controls. 
Areas under the ROC curve were 0.79 for the motion thresholds, and 
0.82 for the logistic regression model.
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Fig. 3. Relationship between calculated interquartile range and 
threshold o f motion frequency-of-seeing curves for all subjects. The 
solid line represents the least-squares linear fit through the data. 
Dashed lines represent cut-offs below which all o f the control values 
for motion threshold (vertical) and interquartile range (horizontal) 
lie. One subject’s data could not be well enough described by the 
probit to warrant inclusion in the graph because even at 18 min arc 
displacement the subject only saw the line occasionally.

abnormal ranges without abnormal thresholds were 
more common, accounting for nine of the 15 abnormal 
results. The difference between the proportion of sus
pects identified as abnormal using the regression model 
compared to the threshold alone was statistically signifi
cant (proportion test P < 0.05).

Thus abnormal slopes would seem to indicate early 
progression of the disease which may not be measurable 
by the threshold alone. This is shown schematically in 
Fig. 3 which shows the relationship between the in
terquartile range and the threshold. The top left hand 
quadrant contains the nine suspect and two glaucoma 
eyes which could be diagnosed as abnormal on the basis 
of an abnormal interquartile range when consideration 
of the threshold alone would class them as normals. We 
investigated the correlation between the threshold and 
the interquartile range which was significant for all 
subjects ( f  < 0.0001, = 0.56, excluding one outlier

= 0.71). Analysis within groups showed a significant 
correlation between the threshold and the interquartile 
range at f  < 0.005 for the controls (r̂  =  0.27), glaucoma 
suspect eyes (r̂  = 0.32) and for the glaucoma patients 

= 0.41). Although statistically significant, the degree 
of correlation between threshold elevation and shallow
ing of the slope of the frequency-of-seeing curve was low, 
and we observed considerable variation in the slope of 
the frequency-of-seeing curve for a given threshold 
value, both within and between the subject groups. This 
is illustrated in Fig. 4A -C  which show frequency-of-see- 
ing curves from patients with similar motion thresholds, 
with markedly different interquartile ranges. Although 
these subjects had essentially the same thresholds (8.4- 
8.6 min arc) the interquartile ranges increased roughly in 
proportion to the seriousness of their glaucoma: extend
ing from a normal value of 4.2 ± SE 0.8 min arc for a 
suspect eye (Fig. 4A) to 9.6 ± SE 2.2 min arc in a

glaucoma eye (Fig. 4C). In contrast, we identified four 
eyes that had abnormal motion thresholds with normal 
interquartile ranges that were within the control range. 
Fig. 4D illustrates the frequency-of-seeing curve ob
tained from a glaucoma eye with an abnormal motion 
threshold (13.2 min arc) and a normal interquartile 
range (5.1 ±  SE 1.0 min arc).

4. Discussion

The aim of this study was to examine the characteris
tics of frequency-of-seeing curves for a motion stimulus 
in normals, glaucoma suspects and glaucomatous eyes. 
We have found a correlation between the slope of the 
frequency-of-seeing curve and the motion threshold, 
with increasing threshold elevation associated with shal
lowing of the slope of the frequency-of-seeing curve, 
signifying a higher threshold variability. However the 
degree of association was low, and we identified consid
erable variation in the slope of the frequency-of-seeing 
curves for a given motion threshold.

A significant finding in this study was that the analysis 
of the interquartile range (slope) in addition to the 
motion threshold achieved a better separation of sus
pects from controls than could be obtained by analysing 
the motion threshold alone. A multivariate logistic 
regression analysis (using a forward selection procedure) 
was used to develop a discriminant function to separate 
glaucomatous eyes from controls, and suspect eyes from 
controls. In both cases a term using the slope data was 
found to contribute significantly to the model {P < 0.05). 
This supports the hypothesis that the slope provides 
extra information allowing for a better discrimination or 
separation between both suspects and controls, and 
glaucomatous eyes and controls.

This is reflected by the improvement in the sensitivity 
of the motion test in the suspects at 100% specificity 
from 21% using threshold alone to 54% using both 
variables. The improvement in separation was most 
marked in patients with only moderately elevated 
thresholds or with thresholds within the normal range. 
For example, only 6/28 (21%) of the glaucoma suspects 
had abnormally elevated motion thresholds outside our 
normal range. Of the remaining 22 eyes with normal 
thresholds, analysis of the interquartile range identified 
an abnormal shallowing of the slope in a further nine 
eyes.

In the glaucoma eyes, abnormally elevated thresholds 
and interquartile ranges coexisted in a high proportion 
(72%). Because of the greater proportion of threshold 
abnormalities in this group, analysis of the interquartile 
range only identified two additional eyes as abnormal, 
compared with the threshold analysis alone.

A caveat of this analysis is that whilst we have 
developed a discriminant function or classification rule
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Fig. 4. Frequency-of-seeing curves from three patients with near identical normal motion thresholds (8 .4 -8 .6  min arc), with differing slopes: (A) 
glaucoma suspect eye from patient aged 63 with normal interquartile range o f 4.2 ±  SE 0.8 min arc; (B) glaucoma suspect eye from patient aged 
68 with abnormally shallow slope and elevated interquartile range o f 6.8 min arc; and (C) POAG eye from patient aged 31 with marked shallowing 
of the slope, with elevated interquartile range o f 9.6 +  SB 2.2 min arc. The threshold remains within normal limits. Frequency-of-seeing curve of 
POAG eye from patient aged 75 with elevated threshold (13.2 ±  SE 0.7 min arc) and normal slope, indicated by interquartile range o f 5.1 ±  SE 
1.0 min arc.

we cannot comment on its performance on an indepen
dent set of data. Moreover, the multivariate logistic 
regression model not only considered the threshold and 
the slope but also their squared terms. A different result 
would be obtained if we had, for example, not included 
the squared (quadratic) terms in the model. In fact, the 
squared terms were not significant ( f  < 0.05) or in
cluded for the separation of glaucomatous eyes from 
controls but did affect the separation of suspects from 
controls. The sensitivity of a discriminant function 
based on the threshold and slope alone (without the 
squared terms) in separating suspects from controls 
would be 43% (12 out of 28 suspect eyes identified as 
abnormal) at 100% specificity. Nevertheless, this is still 
superior to using the threshold information alone (21% 
sensitivity at 100% specificity) and the analysis em
ployed does characterise the extent to which the slope 
provides new diagnostic information. Subsequent stud
ies may validate it as a usable method.

Our findings of a correlation between the motion 
threshold and slope of the frequency-of-seeing curve is 
analogous to that for conventional perimetry, which 
has been reported by a number of researchers 
(Chauhan & House, 1991; Weber & Rau, 1992; Olsson,

Heijl, Bengtsson & Rootzen, 1993; Chauhan, Tomp
kins, LeBlanc & McCormick, 1993; Henson, Evans, 
Chauhan & Lane, 1996; Wall, Maw, Stanek & 
Chauhan, 1996). The considerable individual differ
ences that we identified in the motion frequency-of-see- 
ing curves of patients with similar motion thresholds 
are similar to the findings of Chauhan, Tompkins, 
LeBlanc & McCormick (1993) for a luminance 
stimulus.

Our results indicate that an abnormal shallowing of 
the slope of the motion frequency-of-seeing curve may 
represent one of the earliest changes in glaucoma, and 
may occur before identifiable threshold elevation. This 
finding suggests that measures of intratest variability 
may be an important component of future motion tests 
in glaucoma. Further longitudinal studies are required 
to investigate whether frequency-of-seeing analysis can 
improve the sensitivity and specificity of motion testing 
in predicting conventional field deterioration.

In addition to the use of frequency-of-seeing analysis, 
a further improvement in our line displacement test 
may be achieved with the use of lower contrast stimuli. 
Lee, Wehrhahn, Westheimer & Kremers (1993) have 
shown that individual parvocellular cells (at 8° retinal
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eccentricity) were capable of responding to line dis
placements of as little as 2 min arc as long as the 
contrast was 40% or greater. They reported parvocellu
lar mediated displacement thresholds of 4 min arc. This 
is similar to the smallest sized thresholds we obtained in 
normals in the present study using a line stimulus of the 
same width (2 min arc). In future it may be advanta
geous to use a lower contrast line stimulus for our 
MDT test in order to better isolate magnocellular 
responses.

The cause of the increased variability that we have 
observed in the motion testing of our patients with 
glaucoma remains unknown. A number of mechanisms 
have been proposed to explain the increased variability 
reported in glaucoma for conventional field testing, and 
similar mechanisms may be invoked to explain our 
findings for motion testing.

One hypothesis is that small inaccuracies of fixation 
in the presence of steep field threshold sensitivity profi
les may account for the increased variability in glau
coma (Henson & Bryson, 1990/1991; Haefliger & 
Flammer, 1991; Vingrys & Demirel, 1993). According 
to this hypothesis, the degree of variability would be 
expected to depend on the magnitude of fixation insta
bility and the number and steepness of the sensitivity 
gradients. However Henson, Evans, Chauhan & Lane 
(1996) have recently cast doubt on this hypothesis by 
measuring perimetric frequency-of-seeing curves both 
with and without fixation error correction in 14 glau
coma patients. They identified a positive correlation 
between the sensitivity and the slope of the frequency of 
seeing curve, with a shallowing of the curve associated 
with locations of lowered sensitivity. A reanalysis using 
only those responses with good fixation had no signifi
cant effect on reducing the variability, either at normal 
locations or damaged field locations (Henson, Evans, 
Chauhan & Lane, 1996).

Alternative mechanisms which are not dependent on 
fixation losses have been proposed to explain the 
changes in the slope of the psychophysical function. 
These include neural mechanisms related to factors 
such as fatigue (Brenton & Argus, 1987) and reduced 
number of nerve fibres (Flammer, Drance & Zulauf, 
1984). We have considered our findings in terms of the 
concept of reduced redundancy, as proposed by John
son (1994).

One prediction of the reduced redundancy hypothesis 
is that selective tests should exhibit greater threshold 
variability than non selective tests. This is because a 
selective test stimulates a sparser subpopulation of gan
glion cells with minimal overlapping receptive fields, 
compared with more non-selective tests (Johnson, 
1994). This prediction of the reduced redundancy hy
pothesis has been supported by Wild, Moss, Whitaker 
& O’Neill (1995), who have shown that the short term 
variability of selective blue-on-yellow testing (SWAP) is

higher than conventional perimetry (Wild, Moss, 
Whitaker & O’Neill, 1995). This mechanism may un
derlie our finding that a high proportion of patients 
have significant shallowing of the slope of the motion 
frequency-of-seeing curve, signifying high intratest 
variability.

Our findings suggest that the analysis of intratest 
variability in motion testing can identify important 
additional differences between glaucoma patients and 
controls. This may lead to improvements in our under
standing of the earliest abnormalities of motion sensi
tivity in glaucoma.
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