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THESIS SUMMARY

Glaucoma is a progressive optic neuropathy characterized by a specific pattern of optic disc
damage and ganglion cell loss. It is one of the leading causes of blindness in the world. The
gold standard for the diagnosis of glaucoma is the detection of characteristic optic disc
changes and identification of visual field loss on Standard Automated Perimetry (SAP), which
is subjective and often unreliable. It is also evident that due to the redundancy of the visual
system, there exists a time gap in the detection of structural versus functional glaucomatous

changes.

The use of multifocal visual evoked potential (mfVEP) to objectively detect glaucomatous
visual field defects has been well demonstrated. Building on this, a Blue on Yellow mfVEP
(BonY mfVEP) that targets the Koniocellular pathway and Low Luminance Achromatic
mfVEP (LLA mfVEP) that targets the Magnocellular pathway of the visual system have been
developed. The sensitivities of these specialized multifocal technigues have also been recently
studied.

This project seeks to establish the long-term changes associated with these objective
perimetry tests and identify the role of both BonY and LLA mfVEP as potential markers in
the detection of pre-perimetric glaucoma to establish alternative methods to standard
perimetry techniques that offer early detection of functional visual loss. Furthermore,
establishing a relationship between these mfVEP techniques to other subjective perimetry
techniques and high resolution retinal imaging techniques will help decide on a combination
of structural and functional tests that will optimally detect change early as no single test

appears to be definitely superior to others.
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HYPOTHESIS

- SAP is currently the gold standard for detecting functional visual loss associated with
glaucoma. Both BonY mfVEP and LLA mfVEP show the potential to detect
functional visual loss associated with early glaucoma prior to changes on SAP.

- Scotomas detected by BonY and LLA mfVEP reflect local structural and functional
glaucomatous defects as detected by visual field testing with SAP and imaging
techniques such as OCT, HRT and Stereo photography.

- With the conventional understanding that latency delay would more likely reflect
demyelination while amplitude would reflect axonal loss, we hypothesize that the
BonY and LLA mfVEP latency may have the potential for identifying glaucoma
progression earlier than conventional perimetry.

- A combination of specialized mfVEP technique and structural imaging will be the key
identifying early glaucomatous changes and detecting progression thereby enabling a

confident treatment plan to prevent irreversible vision loss.

This research will set to answer the following questions in each chapter.

- Chapters 1 and 2 will look at the wealth of research and information available to support
the aims of the thesis and to establish the research methods; clinical investigations performed,
and enlist the parameters addressed in both normal and diseased eyes.

- Several subjective and objective psychophysical tests have been designed based on the
Magnocellular and Koniocellular visual pathways and aim to detect early functional loss in
glaucoma. In Chapter 3, | will be comparing the performance of subjective and objective
perimetry tests based on each pathway and to determine if tests targeting one pathway are
better than the other in detecting early functional loss.

- In Chapter 4 the baseline latency values of BonY and LLA mfVEP are compared between
the preperimetric glaucoma subjects that had a worsening visual field defect over time and
those that remained stable with no field progression, to assess if latency delay can be an early
indicator of future progression. The role of BonY and LLA amplitudes and its correlation
with other structural and functional parameters is assessed.

- Chapter 5 evaluates the combination of structural and functional parameters, which will
optimally detect early glaucoma and also monitor progression effectively thereby facilitating
early intervention to prevent loss of vision. Prediction of future glaucomatous defects from
baseline structural and functional tests by calculating the Positive Predictive Values (PPV)
and Negative Predictive Values for combination of structural and functional tests is presented.

- Chapter 6 summarizes the results of the study and looks at future directions.
15



CHAPTER 1

INTRODUCTION AND REVIEW OF LITERATURE

1.1 Organization of the Human Retina

The human retina is a thin multilayered tissue that contains three developmentally distinct,
interconnected cell groups that form signal processing networks® namely the sensory
neuroepithelium (SNE) containing Photoreceptors and Bipolar Cells (BC), the Multipolar
neurons consisting of Ganglion Cells, Amacrine Cells and Axonal cells and the Gliaform
Neurons consisting the Horizontal cells (HC). These are arranged and adapted within the

different layers of the retina to meet the various functional requirements (Figl.1).

The Photoreceptors and Bipolar Cells form the first stage of the vertical chain of the neural
pathways in visual processing. The retinal pigment epithelium (RPE) has a highly specialized
organization related to its functional role as an intermediary between the choroid and the
neural retina. RPE cells are polarized and are involved in diverse activities essential to retinal
homeostasis and visual function. Coding of visual information begins with conversion of light
energy to membrane potential changes in photoreceptors. Rods have exquisite sensitivity to
light and can detect even a single photon and hence responsible for dim light vision. Cones
are 100 times less sensitive than rods, but exhibit much faster response kinetics during photo
transduction®3, The photoreceptors are connected to the ganglion cells by via the Bipolar
cells which get inputs either from rods or cones*>6. The axons of the Retinal Ganglion Cells
(RGCs) carry all the visual information from the inner retina to the brain through the two

optic nerves?,

16



Fig 1.1: Anatomical layers of the retina comprising the cells contributing the signal
processing networks. RPE- Retinal Pigment Epithelium, OLM- Outer Limiting Membrane,
ONL- Outer Nuclear Layer, OPL- Outer Plexiform layer, INL- Inner Plexiform Layer, GCL-
Ganglion Cell Layer, NFL- Nerve Fibre Layer, ILM- Internal Limitng Membrane
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1.2 The Optic Nerve Head

The Optic disc consists of the RGC axons (retinal nerve fibers) converging to exit the eye,
forming the neuroretinal rim (NRR) and a central cup, which can vary in size, together with
retinal arteries and veins. The RGC axons near the center of the visual field move away from
the fovea towards the optic disc in an arcuate pattern entering in the superior and inferior
portions of the disc. This prevents the axons from crossing the highly sensitive fovea resulting

in a horizontal raphe temporal to the macula (Fig 1.2).
The fibers arising from the RGCs both superior and inferior to the horizontal raphe follow a

strict segregation and any injury to these specific locations produces characteristic visual field

defects, patterns of neuronal rim loss and optic disc pallor’22.
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Fig 1.2: Orientation of the optic nerve fiber bundles in the right eye. M- Macula, P- Optic
disc, R- Horizontal Raphe, PM- Papillomacular fibres, AF- Arcuate fibres, T- Temporal side,
N- Nasal side (Millodot Dictionary of Optometry and Visual Science, 7" edition, 2009,
Butterworth-Heinemann)
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1.3 The Visual Pathways

Many distinct pathways of visual information originate from the retina in order to process
multiple distinct visual signals emerging from the photoreceptors. Along with the five major
types of RGCs namely ON and OFF parasol, ON and OFF midget, and small bistratified cells
which project to the Lateral Geniculate Nucleus (LGN), several additional cell types with
distinctive morphology have been identified®'%12, Recent studies postulate that there can be
many more visual functional pathways present than the 3 established pathways widely

accepted, namely, Parvocellular, Magnocellular and Koniocellular pathways*%1314 (fig 1.3).

THE MAGNOCELLULAR (M) PATHWAY originates in the retina largely with the parasol
cells, which comprise about 10% of all retinal ganglion cells. Parasol cells have large
dendritic and receptive fields and selectively project to the magnocellular layers of the LGN.
Functionally, the M pathway is thought to be important for the perception of high frequency
flicker'>16, They enhance the peripheral retina’s ability to pick up motion and low contrast
information and also respond to luminance contrast, high temporal and low spatial frequency
stimuli'’. Due to the low prevalence of the magnocellular RGCs, they are considered non-

redundant.

THE PARVOCELLULAR PATHWAY begins with the retinal midget cells, comprising
approximately 80% of all ganglion cells. Midget cells of the retina have relatively small
dendritic and receptive fields and form the major projection to the parvocellular layers of the
LGN. The P pathway appears to be important for the high visual acuity %20, The
parvocellular RGCs are wavelength selective and respond to high spatial frequency, low

contrast sensitivity and low temporal frequency stimuli.

THE KONIOCELLULAR PATHWAY sends signals through the LGN to the primary visual
cortex?:2223, There is evidence that Koniocellular ganglion cell types are present in the central
retina?*. Koniocellular pathways receive input from the cones serving the central-most
degrees of the visual field and it is possible that the cones in the rod-free area of the foveola
exclusively serve the midget-parvocellular pathway?>2¢. They have a variable receptive field

organization, large dendritic field size and receive stimulation from blue wavelengths?.
20



The structure—function relations of other koniocellular populations are less directly
established. Two classes of atypical (‘ON—OFF’ and ‘suppressed-by-contrast’) receptive
fields were reported in the central retina?'>2 and in the central visual field representation in
the LGN. Due to the smaller population, Koniocellular cells are also considered to be a part of

non-redundant group of RGCs.
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Fig 1.3: Parallel pathways from the retina to the cortex?®. Midget, Parasol and bistratified
ganglion cells linked to parallel pathways that remain anatomically separate through the
LGN into the Primary Visual Cortex (V1). Midget ganglion cells project to the parvocellular
layers of the LGN and on to layer 4CB of VI (red). Parasol ganglion cells project to
magnocellular layers of the LGN and on to layer 4Co of VI (vellow). Small and large
bistratified ganglion cells project to Koniocellular layers of the LGN and on to layer 2/3
(blue).
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1.4 Glaucomatous Optic Neuropathy

Glaucoma is the leading cause of preventable irreversible blindness in the world. It is a
progressive optic neuropathy characterized by a specific pattern of optic disc damage and
ganglion cell loss. Early detection and lowering the intraocular pressure remain the most
important factors for clinicians. Primary Open Angle Glaucoma (POAG) is the most common
type of glaucoma in the Western world, affecting population of over 40 years of age and
remains one of the three major causes of blind registrations in Australia®. There seems to be
an increasing incidence of the disease with increase in age and half of those affected in any
population studies are undiagnosed. With the ageing population on the rise in Australia, there
will be a steep rise in the financial burden both for the individual and the medical system with
the diagnosis of glaucoma. Severe and irreversible damage has usually occurred to the visual
field in one or both eyes by the time the disease is detected and a treatment course is started.
Earlier studies3'32 have demonstrated beyond doubt that irreversible nerve fibre loss occurs
before SAP detects visual field defects. The rate of progression of the visual field defect
varies in patients, and treatment efficacy is variable. Several recent studies®®3* have
established that while treatment slows the disease, treated patients may still show slow

advancement of visual field loss.

The following are the common signs that exist in isolation or together that suggest the

diagnosis of glaucoma
e Increased cup-disc ratio of >0.6
e Asymmetry in the CD ratio between eyes, >0.2
o Vertical elongation of the Optic disc rim denoting loss of rim superiorly or inferiorly
e Notching or focal loss of the neuroretinal rim,
e Localized wedge defects on the nerve fiber layer
e Associated disc hemorrhages
e Peripapapillary atrophy

Developing neuroretinal rim loss or developing/ progressing visual field loss usually points to

the diagnosis of glaucoma. There is a great variability in diagnosing and correlating
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progressive structural changes correlating with functional changes. Intraocular pressure (IOP)
of greater than 21mmHg is the most reproducible and largely accepted risk factor for Primary
Open Angle Glaucoma. Other significant factors include family history, myopia, altered optic

nerve head blood supply and increasing age.

The course of glaucomatous progression is highly variable. Identifying factors that predict
progression can help guide clinical practice and patient treatment and monitoring. It has been
estimated that the incidence of blindness 20 years after the initial diagnosis of POAG is 27%
for one eye and 9% for both eyes in a primarily white population®®. Data from population-
based, cross-sectional studies revealed that for patients with POAG, the mean change in
visual field testing for European-derived, Hispanic, African-derived and Chinese was —1.12, —
1.26, —1.33 and —1.56 dB/year, respectively. The differences in the mean deviation (MD)
were not statistically significant by ethnicity. Because some participants were treated, the data

cannot be used to represent the natural history of POAG®.

The Early Manifest Glaucoma Trial (EMGT) and the Collaborative Normal Tension
Glaucoma Study (CNTGS) have provided important data on the natural course of POAG and
on its risk factors for progression and are progressive studies that tested large groups of
people with glaucoma without treatment. Patients need to be monitored carefully after being
diagnosed with glaucoma to determine the rapidity of glaucoma progression. Individualised

treatment plans must be tailored to patients and to their rate of progression.

The EMGT? study was randomised to the no-treatment group studied in detail about the
natural course of POAG and can be used to predict the likelihood of visual loss from
glaucoma. 49% of the individuals without treatment progressed, compared with 30% with
treatment (an average IOP lowering of 25%)%3 . 68% of the untreated patients showed
definite visual field progression, with an overall median time to progression of 42.8 months
after a 6 year follow up. There was a significant variation in time to progression among the
subjects after 4 years of follow up. In some cases, the disease deteriorated within 1 year but

most of the time, it took several years to demonstrate progression.

The Collaborative Normal Tension Glaucoma Study (CNTGS)* found that there was a wide
variability in the clinical course of the disease and documented the natural course of untreated
Normal Tension Glaucoma (NTG). The focus was on patients with glaucomatous optic nerve
damage and visual field loss accompanied by an IOP within the normal range. This study
established that the level of 10P still influences the course of NTG. Both these studies
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indicate that treatment should be personalized based of the stage of disease and rate of

progression.

1.5 Structural Assessments in Glaucoma

1.5.1 Stereo disc photography

The evaluation of the optic nerve and retinal nerve fiber layer (RNFL) is essential to the
recognition of glaucomatous damage and remains the most important technique in the
evaluation of the subject with glaucoma with objective documentation of the disc where
possible. Morphological examination of the optic nerve head using stereoscopic photos is a
cost effective and simple method that is clinically mandatory in glaucoma diagnosis monitor

progression.

An optic nerve or RNFL abnormality is often, but not always, the first sign of glaucomatous
damage. Early glaucomatous damage can be difficult to detect, requiring careful observation
of the optic nerve and RNFL. Optic disc photography or optic nerve and RNFL imaging (see
below) should be performed at the initial visit and yearly thereafter to document the optic

nerve and RNFL status*°.

A thorough optic nerve examination should be used along with perimetry to diagnose
glaucoma and to assess disease severity. Staging the disease and consideration of risk factors
for glaucoma progression enables the clinician to establish a target intraocular pressure. The
structural assessment (optic nerve and RNFL) and functional evaluation (perimetry) are used
together to monitor for change over time as well restage the patient’s condition. Optic disc
and RNFL assessment should include the evaluation of optic disc size, rim shape and area,
presence of RNFL loss, peripapillary atrophy (PPA), and retinal or optic disc hemorrhages.

This will improve the ability to diagnosis and manage glaucoma**.

The Ocular Hypertension Treatment Study (OHTS)*?, EMGT and European glaucoma
prevention study*® have all used the optic disc photography as a method for assessment of
optic disc damage in their randomized clinical trials. Standardizing the optic disc evaluation

enables reproducibility in the evaluation of optic disc photographs#44°
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By subjectively assessing the optic nerve, the clinician can make note of the other disease
processes that can affect the functional evaluation. It also enables comprehensive evaluation
of parameters such as disc hemorrhages, and disc pallor. There have also been several
advances in computer-based technologies that can provide the examiner with reproducible

assessments of the ONH.
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Fig 1.4: Progression of optic nerve cupping in the left eye of a patient with glaucoma.
The image on the left shows a relatively normal optic cup indicated by the arrow. The image
on the right shows progression of the disease in the same subject after 5 years.
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Detecting change and monitoring progression:

Monitoring the optic disc change can be achieved by comparing the serial photographs over
time. Comparing the trajectory of the blood vessels on the optic disc between stereo
photographs helps in detecting change. Estimating the cup/disc ratio is insufficient for
monitoring structural changes. Presence of beta-zone PPA and enlargement of beta-zone PPA

have been shown to be associated with glaucoma progression*6:47.48,

Limitations: There is a lot of variability in classifying the optic nerve head as glaucomatous
between practitioners and between visits®. There is also a high inter and intra observer
variability in disc assessment. Increasing media opacities can hamper the comparison of serial
photographs. Clarity of the media and patient cooperation is also essential in obtaining a good

quality image.

1.5.2 Scanning Laser Ophthalmoscopy using Heidelberg Retinal Tomograph 11 (HRT I1)

HRT provides a real-time imaging technique that produces multiple coronal optical cross-
sections of the retina and optic nerve head. These are combined to give a three-dimensional

image of the optic nerve.

The Heidelberg Retina Tomograph (HRT; Heidelberg Engineering, Heidelberg, Germany) is
a widely used CSLO device. The HRT uses a diode laser beam (wavelength, 670 nm) and
captures a series of 32 sequential two-dimensional scans in a total acquisition time of 1.6
seconds. The optical transverse resolution of the HRT is 10 um and the axial resolution 300

um.

The HRT 11 uses a higher resolution and measures a 15-degree scan area and automatically
adjusts the fine focus and scan depth. This also keeps the axial resolution of the scan at 62 um
by varying the number of imaging planes. This ensures constant digital resolution despite the

differences in the depth or size of optic disc.

The HRT 11 calculates stereometric parameters, including cup shape, cup volume, rim area,
rim volume, mean retinal nerve fiber layer (RNFL) thickness, mean height of contour, mean
contour elevation, mean cup depth, and mean height inside contour line, and compares them

to the normal ranges.
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The Glaucoma Probability Score (GPS) can distinguish between healthy and glaucomatous
eyes. GPS is an operator-independent algorithm at least with respect to defining the disc
margin. In addition to the numeric GPS score, the Moorfields Regression Analysis (MRA)
shows a graphical representation of the GPS with a) red crosses that indicate an ‘outside
normal limits’ disc sector, b) yellow exclamation mark indicating a ‘borderline’ disc sector
and c) green check marks indicating a ‘within normal limits’ disc sector. These classifications

cannot be used in isolation and all other clinical features should be taken into consideration.

If the GPS classification changes between repeated tests in the absence of glaucomatous
progression, the test should be considered unreliable®°, GPS classification is based on the
manufacturer suggested cutoff values. Borderline classifications should be interpreted with a
degree of caution as eyes close to the lower and higher cutoffs may well be differently
classified on repeat testing®. Change in GPS over time (linear regression) is in moderate

agreement with change in rim area and change in visual sensitivity®?.

The MRA compares the topography of the optic disc to that of a normative database. An
advantage of the MRA is that it can be used to compare the neuroretinal rim areas in six
sectors to the corresponding areas of visual field and provide a global comparison of the data.
The six segments are the superior half of disc, inferior half of disc, superior temporal

segment, inferior temporal segment, superior segment and inferior segment®2,

HRT-I1 software also performs Topographic Change Analyses (TCA) on the topographic
parameters obtained. TCA compares topographic values in discrete areas of the image and
utilizes a comparison of each follow-up image to its baseline, and represents change with a
pixel plot. The HRT automatically performs the TCA if there is one mean baseline image and
at least two follow-up images. TCA is a powerful analysis that can often detect very small

changes in the optic disc tomography.
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Limitations: Mean pixel height standard deviation (MPHSD) provides an objective
measurement of HRT image quality. Factors affecting the image quality are age, high myopia,
and increased visual impairment and media opacities. The acceptable cut off for good image
quality is 40 um. Higher cut off value of MPHSD increases test-retest variability®354% and

may result in inaccurate measurements for some optic disc structures.

The test provides topography of the disc but cannot directly measure RNFL thickness, but
rather uses an arbitrary level of 50um below the paillomacular bundle as its reference plane to
calculate RNFL thickness.

Despite the limitations, several studies show that measurements with the HRT are highly

reproducible and accurate in determining the optic disc topography in numerous
StUdieS56'45'57'58’59.
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Fig 1.5: Heidelberg Retinal Tomograph (HRT I1) scan report showing MRA. The image
on top shows the topographic map of the optic disc. Dark colors are elevated and light colors
appear deeper. Red indicates the cup, while the blue and green areas demonstrate the sloping
and non-sloping neuroretinal rim (NRR), respectively. The bottom figure shows the MRA as
utilized by the HRT I1 in a healthy optic nerve. MRA compares the sectoral NRR areas to the

corresponding areas of the visual field in six different sectors, as shown in the analysis at the
bottom of the figure.
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1.5.3 Spectral Domain-Optical Coherence Tomography (SD-OCT)

OCT is a non-contact, non-invasive imaging technique that provides high resolution, cross

sectional images of the posterior segment of the eye.

Spectral domain OCT (SD-OCT) has enabled clinicians to obtain very high-resolution images
of the ONH and RNFL structures and the technique are much faster than the earlier time
domain OCT techniques. Several studies advocate macular imaging®6® as a useful tool for
structural assessment of glaucomatous damage as the macula has the highest concentration of
ganglion cells®. This technique also provides reproducible measurements in normal and
glaucomatous eyes. Inter-test variability of SDOCT is also excellent. Average RNFL
measurements showed the best reproducibility®®%2, No relationship was found between the
severity of glaucoma and variability of OCT RNFL measurements®. However, in advanced
disease the RNFL reaches a “floor’ or lower limit and is therefore less useful to detect further

change.

The strength of the OCT technologies lies in its ability to measure structural parameters
without the need for a reference plane or magnification correction and their ability to image
all three scanning areas namely, RNFL, ONH, and macula. The Spectralis SD-OCT
(Heidelberg Eng.) has an axial resolution of 3.9um with a transverse resolution of 14um and
scan depth of 1.9mm. The dual-beam scanning system consists of a confocal scanning laser
ophthalmoscopy (CSLO) reference beam to acquire reference scans for eye movement
tracking and a second beam to simultaneously acquire OCT images. The system provides a
“RNFL change report” that shows the individual baseline and follow-up scans for the overall

and sectoral RNFL measurements®4.

Progression on OCT has been defined as a reproducible mean RNFL thinning of >20.m®,
The guided progression analysis (GPA) evaluates and compares scans acquired longitudinally
and gives a summary analysis after considering the expected test-retest variability. The
corresponding rate of change and a p value is given. Rate of change on Time-Domain OCT is
-0.72um/ year and -1.26 to -2.12 pum/ year on Spectral Domain OCT®667.68 Evaluation of
GPA is a better tool than assessing the ONH and macular thickness parameters in detecting
change over time®. RNFL thickness declines with time in normal (around 0.2-0.5um per year,
but much faster in glaucoma cases ®’. In clinical practice however, faster rates can be
frequently seen’®71.7273 1t does not correlate well with the decline of Visual Field Index (VFI)
on perimetry’4,
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Limitations of OCT: As for all optical imaging technologies, image quality may be
compromised in patients with media opacities. The signal strength influences the
measurements taken. Another major drawback is the non-compatibility of current SDOCT
technology with the earlier OCT technologies. There is also a lack of ethnicity-specific
normative database. There is currently a progression analysis software available in the OCT

but this was under trial and was unavailable for the analysis of this study.
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Fig 1.6: Spectralis SD-OCT scans and RNFL change report of a glaucoma subject with
baseline and follow-up showing progressive loss of the RNFL
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1.6 Functional Assessments in Glaucoma

1.6.1 Standard Automated Perimetry

Automated perimetry has become an integral tool in the management of glaucoma and is
widely used as the metric to determine functional loss. The Humphrey Visual Field Analyzer
(HFA 11-i) is the most widely used automated perimeter among clinicians. Standard threshold
automated perimetry (SAP) involves determining the minimum luminance necessary for the
patient to detect the presentation of a static white light stimulus of constant size in various
locations of the visual field. The value of automated perimetry testing depends on the
reliability of the patient’s responses and careful administration of the test by the

investigator,

There is significant inter-test variability in individual glaucoma patients and the presence of
high risk factors for developing glaucomatous damage that makes it difficult to determine the
presence of damage with statistical confidence. It is also difficult to distinguish between true
progression and fluctuation unless the test is repeated multiple times’®. Repeating the test is a

tedious process often not followed in common practice, despite the published evidence3! 76,

SAP uses a static achromatic stimulus. It is thought to nonselectively invoke all the primary
RGC types responsible for vision. Since there is considerable overlap in the receptive fields of
retinal ganglion cells, a test with a nonselective stimulus may not be highly sensitive for the
earliest loss of retinal ganglion cells due to the considerable redundancy in the coverage of a
given location in the retina”. Therefore, unless the damage is very localized, standard
threshold automated perimetry may not detect visual field loss until the optic nerve has

already suffered considerable damage®.

The presence of changes in RNFL, site and severity of the defects, peripapillary changes,
changes in the neuroretinal rim and vasculature were assessed in various cross-sectional
studies on structure-function relationships in glaucoma. The results indicate a strong
correlation between subjective assessment of the optic disc using disc photography and
standard automated perimetry’®. The incidence of field progression was significantly higher in
subjects defined as having glaucomatous optic discs at baseline, indicating that structural

changes were likely to be present before visual field changes®.
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Several factors that influence variability of the visual field results such as patient
performance, poor reliability indices, fatigue, media opacities, learning effects, uncorrected
refractive error and true physiological variability together account for only one third of the
variability found in testing’®8°8l, Swedish Interactive Threshold Algorithm (SITA) is a
testing strategy that greatly reduces the testing time and variability compared to the full
threshold testing. In addition, SITA STANDARD algorithm also uses the Guided Progression
Analysis (GPA) on the HFA to identify the progression of the existing defect. This is based

on the progression analysis developed for the Early Manifest Glaucoma Trial (EMGT)?®.

Measuring the rate of VF progression

Subjective judgment of visual field printouts is unreliable and agreement among clinicians is
poor®3, Statistical analysis in the perimeter or stand-alone software is advantageous to

measure progression.

Progression of a glaucomatous visual field loss is defined as a reproducible drop in the visual
field mean deviation of at least 2dB3. Both local and global metrices such as Mean Deviation
(MD) or Visual Field Index (VFI) are needed for assessing progression. Total Deviation
based methods are more sensitive to cataract while pattern deviation methods may

underestimate progression rates.

Various scoring systems are used to measure visual field loss progression in clinical trials.
The Advanced Glaucoma Intervention Study (AGIS)* used the actual difference in the
threshold values from normal. The Collaborative Initial Glaucoma Treatment Study
(CIGTS)® used the probability values associated with these differences. This scoring design
assigns weights to the probability values and uses nearest locations to establish the severity
and the depth of the defect. Both systems grade the severity of visual field loss. CIGTS

scoring system has a higher temporal variability than AGIS system.

All Glaucoma clinicians and researchers use HVF perimetry to help with both the diagnosis
of glaucomatous field loss and to assess the progression. Currently glaucoma progression
analysis, progressor and VFI (Visual Field Index) are used for trend and event analysis. Most
clinicians utilize a combination of trend and event analysis and there is consensus that better

methods to detect progression are required.
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Fig 1.7: Example HFA report of a patient with early glaucoma
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1.6.2 Short Wavelength Automated Perimetry (SWAP)

Blue-yellow perimetry, or SWAP, is designed to assess short wavelength loss, which is

believed to be detectable earlier in glaucoma patients and is mediated by the midget small

bistratified ganglion cells®®. SWAP assesses the S cone visual field under yellow adaptation
that reduces participation of the other cone systems. SWAP varies from SAP in that a narrow-
band size V blue-light stimulus (peak sensitivity 440 nanometer [nm]) is presented on a
broad-band yellow background illumination®’. The development of SWAP as a visual field
test was based on the finding that glaucomatous optic nerve damage may be associated with
an acquired color vision deficit in the blue-yellow spectrum and/or red-green spectrum®. The
clinical application of the technique was developed by Stiles to assess the blue-yellow

chromatic channel®®.

The incidence of new glaucomatous visual field abnormalities when testing with SWAP is
comparable to that detected with standard threshold automated perimetry. However, when a
defect appears with SWAP, it may be more likely to persist in follow-up tests than when a

defect appears in standard threshold automated perimetry®°%.92,

Initial studies reported that localized short wavelength losses were more prevalent in patients
who have ocular hypertension and glaucoma®®. The short wavelength deficits are larger than
the defects seen in standard threshold automated perimetry, and the rate of progression was
twice as high in SWAP®4, However more recent studies suggest that the performance of SAP
was equal to or slightly better than SWAP and not significantly different from FDT®. There
is a higher variability between tests and intratest in SWAP than in standard threshold
automated perimetry®!. This indicates that larger deviations from normal values are required
for statistical significance. For subjects with established glaucomatous visual field loss on
SAP, the area of visual field loss is larger on SWAP% 97, In another study by Johnson et al®,
the defects on SWAP were larger in the progressing group as opposed to those that were
stable. The findings of this study also indicated that SWAP results could predict the
development of glaucomatous visual field loss 3 to 5 years earlier®. This was identical to an
earlier study by Sample et al®’. Despite the correlation of the structural changes on the ONH
to the functional defects detected on SWAP, increasing evidence suggests that the structural

changes precede the functional visual loss®® 100,
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Several longitudinal studies indicate that SWAP detects functional loss 3-5 years prior to the
abnormalities being detected on SAP10% 102,103 |n eyes with established visual field defects,
the progression of the defect on SWAP is faster than SAP. However, a more recent study by
Van de Schoot et al. suggests that SAP appears to be as sensitive as SWAP to conversion in a

large majority of the eyes®?.

Limitations of the SWAP technique are the long test duration, influence of media opacities
and a greater magnitude of long-term fluctuation compared with standard threshold automated
perimetry, making it difficult to assess progression accurately. SWAP is now considered less

valuable for the detection and monitoring of glaucomatous progression®,
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Fig 1.8: Example SWAP report of a patient with early glaucoma
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1.6.3 Frequency Doubling Technology (FDT) Perimetry

This rapid visual function test exploits the frequency doubling illusion® where the
alternating light and dark bars appear to have twice the actual number of bars when shown at
low spatial frequency (less than 1 cpd) and high temporal frequency (greater than 15 Hz)
counterface flicker. The large-diameter ganglion cells in the magnocellular visual pathway
mediate this process. FDT perimetry is a contrast threshold test with a more complex target

than standard threshold automated perimetry.

In general, FDT is a useful tool for the detection of glaucoma for both full threshold testing
and as a screening device. A number of studies show that the FDP has a high sensitivity and
specificity for the early glaucoma detection using the HFA as gold standard?°® 1%.% for early

glaucoma and a higher values for moderate and advanced glaucomat’: 108,

Predicting Progression: In a recent study by Xin et al the change in mean deviation (MD) of
HVF over time and the change in MD of FDT over time were compared. The agreement
among tests on which eyes showed progression was poori®, Studies comparing FDT against
SAP in eyes with glaucoma defined by structural damage to the optic disc, find that the

diagnostic precision of the FDT is similar to or slightly better than SAP10. 111,

The main advantages of FDT perimetry are the short testing time, resistance to blur and pupil
size, and the convenience of a portable and relatively inexpensive instrument. Some of the
disadvantages are the insufficient fixation checks, inability to store the data in memory, and
poor printout quality. Data on reproducibility has been conflicting. While one study reported a
poor reproducibility in borderline cases another indicated that reproducibility for FDT is
better that for standard threshold automated perimetry for all cases from normal to advanced
glaucoma. FDT perimetry is currently most useful as a screening tool, although further
advances in this technology may allow it to become appropriate for long-term follow-up of

patients.

The FDT was adapted to test a more conventional Humphrey 24-2 test grid pattern in the
Matrix perimeter''2, This provided more detailed topography for scotomas, with a similar or

slightly lower sensitivity to SAP3,
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Fig 1.9: Example FDT report of a patient with early glaucoma
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1.7 Electrophysiology in Glaucoma

With appropriate stimulation and recording techniques, electrophysiology allows the selective
monitoring of the function of retinal pigment epithelial cells, rods, cones, retinal bipolar cells
and ganglion cells, and of the optic nerve pathway to V1 and higher. All of these techniques
have been examined in glaucoma.

The techniques can be broadly divided into Electroretinograms (ERG) and Visually Evoked
Potentials (VEP). The full field ERG only shows minor changes in glaucoma and is therefore

not useful in glaucoma %4,

The origin of the MULTIFOCAL ELECTRORETINOGRAM (MmfERG) signals as a
photopic stimulus is generated by the retinal bipolar cells, which are driven by the cones (Fig
10a). There is strong evidence that even advanced glaucoma does not affect the basic mfERG
components. Several further studies that tried to monitor the retinal ganglion cell (RGC)

function with the mfERG have had somewhat limited success!?®.

The PHOTOPIC NEGATIVE RESPONSE (PhNR) is recorded under photopic conditions,
like a full-field ERG and appears as a slow negative wave after the positive b-wave (Fig 10b).
PhNR amplitudes are significantly reduced in glaucoma patients and a reduction of PhNR
amplitudes correlates well with visual sensitivity losses as measured by automated static

visual field testing®6 17,118,

The PATTERN ELECTRORETINOGRAM (PERG) (Fig 10c). The signal is generated by
using a high-contrast patterned reversing stimulus on a television monitor and is sensitive to
changes in the health of the retinal ganglion cell (RGCs). Several studies have shown that
PERG can be an early glaucoma indicator in ocular hypertension with a high sensitivity and
specificity before conversion to demonstrable glaucomatous disease!'® 120121 |t is important
to note that the levels of RGC dysfunction do not always correlate to the structural changes
seen on OCT and the PERG signal relies on the normal functioning of the RGCs'?,
Longitudinal studies by Bode et al. and Bach et al. have shown that the PERG can predict
visual field changes up to 4 years ahead of reliable field loss!?%2!, These findings also
correlate well with the study by Banitt et al. that loss of retinal ganglion cell function precedes
structural loss by 8 years in glaucoma suspects®?. However, the signal is very small (4-8uV)
and subject to many confounding factors including media opacities and refraction, with a high

inter-test variability making its interpretation difficult clinically.
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Fig 1.10: Examples of various electrophysiology recordings in the eye

a) Multifocal Electroretinogram traces and a 3-D plot reflecting the response density
across the stimulated area of a normal eye
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b) Characteristic waveform of the Photopic Negative Response ERG (PhNR)- is the slow
negative potential following the b-wave in the Photopic ERG
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c) Example of a Pattern Electroretinogram (PERG) response
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1.8 The Visual Evoked Potentials (VEP) in Glaucoma

The visually evoked potential is a summed electrical signal generated by the occipital region
of the cortex in response to visual stimulation. It is measured similarly to the
electroencephalogram (EEG) with scalp electrodes and is isolated from the background EEG

by signal averaging.

a) The Flash Visual Evoked Potential (VEP) uses a diffuse flash presented in a Ganzfeldt
bowl under photopic adaptation conditions. The flash VEP displays large inter-individual
variation and is thus primarily used as a gross test of cortical response in uncooperative
patients or in those with poor fixation. The major limitation of this technique in detecting
glaucoma is that the evoked responses are dominated by foveal input, which has cortical over

representation and is unable to detect abnormalities in the peripheral field?5 126,

b) The Pattern VEP has been shown to be sensitive to optic nerve lesions caused by
demyelinization?’, ischemia'?®, and compression of the anterior visual pathway!?°. Glaucoma
has also been reported to affect the VEP by causing both reductions in amplitude®*° and
increases in latency3: 132 Increased pattern VEP latency has been associated with optic disc
cupping and the presence of visual field loss. In ocular hypertension the pattern VEP has been

normal unless eccentric viewing or provocative techniques have been employed®=3,

The standard stimulus used for the Pattern VEP is a checkerboard consisting of black and
white squares, which alternate in regular phase frequency every 1-2 seconds with a certain
fixation point. The optimal response is achieved with a spatial frequency of 10-20 minutes of
arc with a temporal frequency of 8Hz'34 135 With current developments in the technique,
changes in contrast, spatial and temporal frequency and chromatically varied gratings are now
possible. It has been recorded that chromatic contrast stimuli usually elicits a small cortical

response that can be difficult to detect?3¢ 137,

c) The Chromatic VEP: Blue yellow pattern VEPS have been demonstrated to primarily
prolong the response peak time whilst the amplitude remains relatively unaltered. It has been
established that full field chromatic (blue-yellow) pattern VEPs may be more sensitive than
achromatic (black-white) in detecting glaucoma and may predict the clinical signs of
glaucomatous progression'®: 13 In a longitudinal study conducted by Horn et al. between
glaucoma patients and normal controls, the peak time of the blue yellow VEPs in had a high
sensitivity (90%) although the amplitude did not differ significantly between the two groups.
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There was a significant prolongation of the latency in those with progressive disease at least
two years before morphological changes arose indicating a role in monitoring progression of

glaucomal®®,

Overall, the conventional VEP with pattern or chromatic stimuli show abnormal results in
glaucoma but have not been established as being able to reliably diagnose early glaucoma.
The tests only examine the central 10 degrees of visual field and provide a single response so
are not useful for isolating defects in glaucoma. Graham et al did demonstrate that hemifield
PERGs might be able to detect gross functional loss in glaucoma?. However, to obtain
multiple VEPs at different retinal locations would be too time consuming. Therefore, a new
topographic method of VEP recordings based upon Sutter’s multifocal technology was

developed to circumvent these problems?% 142,
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Fig 1.11: Normal Pattern-reversal VEP recorded from mid-occipital scalp 50-degree

checkerboard pattern stimuli
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1.9 Multifocal Visual Evoked Potentials and its Role in Glaucoma

The standard visual evoked potential (VEP) originates from excitatory and inhibitory
postsynaptic potentials in neurons of the (primary) visual cortex and provides a means of
measuring the integrity of the visual pathway. The multifocal VEP (mfVEP) substantially
adds to the information obtained, by providing a topographic map of VEP responses across
the central visual field. It has the advantage of being able to detect responses from underlying
signal generators with different orientations, which tend to cancel one another out when
recording a summed response in the conventional VEP. Several studies have shown the
relatively high sensitivity of mfVEP in detecting glaucomatous damage!43 144 145, 146, 147

However, nearly all of this work has been based on amplitude measures of the mfVEP.

1.9.1 MULTIFOCAL STIMULATION is achieved by using pseudorandom stimulus
presentation (M-sequences). Two opposite checkerboard-pattern conditions undergo
pseudorandom binary exchange at 60 sites of the visual field. With this, there is a 50%
probability for the checkerboard pattern to reverse its polarity every 15 millisecond (duration

of every frame of stimulation display)48 149, 150, 151,

With multifocal visual evoked potentials (mfVEPs) the visual field can be sampled for
response abnormalities. Thus, mfVEPs open the possibility of an objective visual field test.
The issue, however, is greatly complicated by the variability of the responses across the visual
field and between subjects. Cortical morphology dictates the mfVEP shape and influences
mfVEP magnitude; consequently it is one important cause of the variability of mfVEPs®2. To
account for the cortical magnification of the visual field representation specifically scaled
circular checkerboard patterns are used for stimulation. The stimulus has a dartboard
configuration with 60 closely packed segments. These segments are cortically scaled with

eccentricity to stimulate roughly equal areas of the striate cortical surface.

1.9.2 ORIGIN OF MFVEP SIGNALS: Evidence suggests that mfVVEP signals are mostly
generated in the V1 or striate cortex531%4, The responses do not all have the same waveform,
which leads to the suggestion that other sources must be contributing. Fortune et al.**® have in
their study have suggested that like the pattern VEP, mfVVEP has both striate and extrastriate

contributions although the extrastriate component may be smaller in mfVEP.
48



VEP signals from all areas of the visual field up to 20 degrees of eccentricity can be recorded
using horizontally oriented bipolar electrodes straddling the inion called the Bipolar Occipital
Straddle (BOS). This facilitates the registration of the horizontally oriented dipoles from the
base of the calcarine sulcus. Results are then obtained by using Kernel analysis. There is good
correlation between the multifocal VEP (first slice of the second-order kernel) and the areas

of visual field loss in patients with glaucoma, and optic atrophy43 156,

Multifocal VEP magnitude is particularly valuable for an objective visual field assessment in
glaucoma patients. Multifocal VEP latency measures promise further insight into visual
system abnormalities in patients with optic neuritis and multiple sclerosis®” 158, With the
multifocal technique separate responses from many visual field locations (more than 50, can

be obtained within a short time interval) per recording. Responses to different stimuli, e.g.

flash or pattern reversal can be extracted from summed responses recorded with a single

electrode pair.

1.9.3 VARIATIONS IN THE NORMAL MFVEP are present between the eyes of the same
subject, across the visual field and across individuals. The variations in the folding and
positioning of the brain in relation to the electrodes are the same for the representation of the
two eyes. There is also a small inter ocular latency difference across the midline with the left
eye leading in the left visual field and the right eye leading in the right visual field*°. The
mfVEP amplitude and waveform varies across the visual field in several ways. The responses
from the upper and lower field are reversed in polarity in most subjects and are consistent
with the anatomy of V1143160 The same studies showed that the waveform of the responses
along the vertical meridian differs from the waveform of the other responses in several
subjects. The responses also vary in amplitude even from areas at the same eccentricity. There
is also a difference in size of the responses between the right and left eyes for corresponding
sectors of the visual field. A latency difference between the eyes is also seen along the
midline, which is likely due to the conduction time of the unmyelinated ganglion cell axons

on the retinal surfacel®?,

In recent years, there has been many advancements in the mfVEP technique including
changes in the electrode positions!®? 145 144 multiple channel recordings!#> 163 pattern

sequence'®®, EEG scaling, dichoptic stimulation®* 165 inter-eye asymmetry and analysis of
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waveforms!® 167 as well as improvement in the signal to noise ratio (SNR) and use of

alternative stimuli patterns66: 168,

In glaucoma, damage to the retinal ganglion cells causes visual field defects. At present,
patients with suspected glaucoma, based on structural optic disc changes or high intraocular
pressure, are assessed with static visual field perimetry, which requires the patients to judge
the test stimuli subjectively. The possibility of an objective detection of glaucoma-induced
visual field defects is opened by mfVEPs. It has been established that multifocal pattern VEP
using a multi-channel bipolar recording technique shows a strong relationship between
subjective visual field loss and the recorded cortical response. The technique can reliably map
visual field loss in adults and children and the findings strongly correlate with subjective

perimetry results6% 170,

The mfVEP recordings for the two eyes of the same individuals are considered identical if
there are no defects in either eye. While different strategies proved successful for the
evaluation of mfVEP magnitude and latency, root-mean-square (RMS) calculations and
correlations of the responses with reference traces have the advantage of being based on a
number of points as opposed to single peak values and yield reliable estimates of response
magnitude and latency. Estimates of mfVEP magnitude, latency, and cortical topography are

valuable tools for the assessment of visual function’?,

The ratios of the RMS amplitudes for the responses from each eye are calculated if the
mfVEP is significantly smaller in one eye than the other. The significance level can then be
obtained by comparing this ratio to the mean and standard deviation (SD) of a group of
normal subjects. Scaling of the probability plot of HVF and mfVEP has to be identical to be

compared directly to each other!®,
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Fig 1.12 a: mfVEP stimulus display of 60 cortically scaled sectors where each sector

displays an independent pattern-reversing checkerboard!’?
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Fig 1.12 b: Cortically scaled dartboard black and white pattern stimulus with 58
segments and nasal step test region'’?
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Fig 1.12 c: Local mfVEP responses. Expanded traces from one of the segments
demonstrated lower amplitude and delayed latency in a glaucomatous eye (bottom) compared

with that in the fellow eye (top)*’2.
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1.9.4 SPECIFICITY OF THE MFVEP AND REPRODUCIBILITY

Fortune et al. studied the effects of age, sex and race on mfVEP recordings on 100 healthy
participants and concluded that there was no overall effect of age on the signal to noise ratio
(SNR) of mfVEP recordings. There was no evidence of localized effects. There was no
significant interaction between race and location. But the RMS amplitude was larger, on
average, in females than in males. This sex difference has been reported for both conventional
and multifocal recordings. The RMS amplitude of the noise, was also larger in females!’3. A
study conducted by Nakamura et al on the effect of refractive errors on mfVEP responses
concluded that high myopia reduces the SNR of mfVEP responses even with refractive
correction'’. The team also proposed that a normative database for high myopes should be

established to evaluate mfVVEP responses for highly myopic glaucoma patients.

Specificity of mfVEP was found to be excellent by using cluster criteria for monocular and
inter-ocular tests.

Several studies by the same group were conducted to ascertain the reproducibility of mfVEP
test on normal controls and subjects with glaucoma. Confirmation of an abnormal cluster is
specifically indicative of a true defect on the mfVEP. It is also essential to note that
confirmation of mf\VEP abnormalities increases specificity because significant clusters are

unlikely to repeat in controlst’> 176177,

The study by Klistorner et al. examined the source of variability in the mf\VEP amplitude. The
study aimed at establishing a relationship of this variability to the strength of the signal across
the visual field. The variability of mfVEP was significant between tests despite care to
replicate electrode position. The change in amplitude was also eccentricity dependent and
there was increased variability towards the peripheral visual field. The study concludes that
mfVEP is not useful in monitoring the deepening defect after 10dB but can be used to follow
an expanding scotoma'’®, Studies by James et al. and Zhang et al. more recently are working
towards improving the SNR by increasing amplitude and reducing noise of the mfVEP using
the pattern-pulse mfVEP167. 179,

Based on the fact that monocular mfVEP responses from the two eyes of healthy controls are
almost identical, Graham et al**® and Hood'*? proposed that the comparison of the two
monocular mfVEP recordings from patients may allow the detection of early and localized

damage of the ganglion cells or optic pathway. A small group of patients with ganglion cell
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loss and optic nerve damage participated in the study along with healthy controls. There were
marked differences between the mfVVEP responses from the two eyes of all the participants
with disease. The interocular analysis of the mfVVEP allows for an objective identification of

monocular field defects and also helps quantify the same!4*

Several studies indicate a great degree of correspondence between subjective and objective
visual field measurements and anatomical measurements, which highlights the potential of

mfVEPs to assist visual field perimetry in glaucoma patients18%.147.181,182,183

195 LATENCY CHANGES IN MFVEP SECONDARY TO GLAUCOMATOUS
DAMAGE

The latency of the conventional pattern-reversal VEP (cCVEP) has been reported to increase
with glaucomatous damage®* 18, The mean latency of the open angle glaucoma (OAG) (68
eyes with OAG) was 27.8 ms longer than that of their control group in a study conducted by
Parisi et al.*8¢ All of their patients with OAG showed VEP latencies that were longer than any
of the 80 control eyes and the sensitivity and specificity of the VEP was 100%. The increased
latency correlated with both the severity and location of the visual field defects. This study

was surprising, as previous reports had only shown mild delays in cVEP in glaucoma.

Rodarte et al.**® demonstrated small mfVEP delays, i.e. of a few milliseconds rarely
exceeding 10 ms, which affected only about 40% of the glaucoma patients tested. Further, the
sensitivity was poor and there was a considerable overlap between the latencies of 100 eyes of
50 glaucoma patients (25 Normal Tension Glaucoma and 25 High Tension Glaucoma) and
control (94 eyes of 47 subjects) groups. This contrasts with greater latency effects of
glaucoma reported in a recent cVEP study'®’. The differences in the study population of these
two studies does not justify the difference in their findings. But the differences in the two tests
(test stimuli and recording technique), cVEP and mfVVEP may account for at least some of the

discrepancy in the results.

In a study by Grippo et al.'¥” comparing the cVEP with mfVEP response in glaucomatous
damage, the cVEP and the mfVEP latencies for the subjects with glaucoma were longer than
the controls. Fewer than 12.3% of patients had latencies falling outside the range of the
controls and the specificity values were contradicting with the study by Parisi et al*®® which

reported a sensitivity and specificity of 100%.

55



Prolonged cVEP latency could provide a potential mode of detecting abnormal ganglion cells
if a method for reliably measuring the latency could be developed. While trying to assess the
abnormality of monocular mfVEP timing, a template method was suggested by Hood et al'8
by summing the responses across regions or using a cluster criterion to improve the
specificity of a test for abnormal latency measures. The confidence levels used were also
adjusted based on the SNR of the response. The group also proposed that inter-ocular latency
differences of the mfVVEP get larger with age. Despite a weak correlation, they suggested

having age-matched controls®®.

Hood et al*®! also reported that the black and white mfVEP detects less than 90% of abnormal
hemifields associated with early glaucoma and approximately 5% of cases are missed as
compared with subjective achromatic standard perimetry . Hence, improvement of the
multifocal technique was still needed in order to use it as an objective measure of assessing

early glaucomatous functional loss.

1.9.6 BLUE ON YELLOW MULTIFOCAL VEP (BonY mfVEP)

The rationale for blue-on-yellow mfVEP design is similar to the one used for subjective
SWAP targeting a blue and yellow subset of the visual pathway (Koniocellular pathway)

which has a sparse neural representation and less functional redundancy?38 139 190,

Based on the fact that glaucoma and ocular hypertension can be associated with blue- color
vision disturbances!®, Korth et al*®® attempted to isolate the blue-sensitive pathway with
pattern VEP. They recorded the pattern-onset VEP in response to blue stripes (460nm)
presented with or without a bright yellow adaptation light (570 nm), which were then

compared against the visual field defects. The test was found to be highly specific (94%).

Horn et al*®?> conducted a longitudinal study on perimetric and preperimetric patients with
chronic open-angle glaucoma using VEP measurements using the blue-on-yellow pattern
stimulation. A strong yellow (570nm) homogenous adaptation light was superimposed with a
blue stripe pattern (460nm). The VEP peak times of subjects in the preperimetric group was
significantly prolonged in patients with progressive disease and were detected 2 years before

morphological changes were evident.

Following these earlier leads Klistorner et al.’®® investigated the sensitivity of a blue-on-

yellow mfVEP in the detection of early glaucomatous field loss. 50 patients with early
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glaucoma were tested with both black-and-white mf\VEP and blue-on-yellow mfVEP (BonY
mfVEP). The amplitude and latency values were compared to those of normal controls.
Larger scotomata were noted on blue-on-yellow mfVEP compared with black-and-white
mfVEP of the same eyes. The defects detected on SAP corresponded topographically with the
amplitude reduction on BonY mfVEP with significant correlation. The technique was found
to be highly (95%) specific. The group used the Accumap (ObjectiVision Pty. Ltd, Sydney,
Australia) and the Opera software described elsewhere!*’. Fig 13 shows the blue-on-yellow
stimulus used for the mfVEP recordings adapting the sparse presentation technique described
by James and Maddess'®’. The bright yellow background has a luminance of 125 cd/m? and
the 4X4 grid of blue checks scaled proportional to the segment size had a luminance of 20

cd/m?2.

A subsequent study from the same group®®® analyzed the BonY mfVEP amplitude asymmetry
and latency values of 30 patients with glaucomatous optic discs and normal standard visual
fields (i.e. pre-perimetric patients). The amplitude asymmetry was significantly abnormal in
over 45% of subjects. The defect was monocular and corresponded to the eye with the worse
disc. The defect also corresponded to the location of the worst affected rim on OCT. With
average field losses of -5dB or more, the median SNR (Signal to Noise Ratio) of mfVEP has
already been reduced to a value that is in the range of noise. There is little or no signal in the

mfVEP responses for losses of about -10dB or more®°.
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Fig 1.13 The Blue-on-Yellow mfVEP stimulus based on sparse stimulus presentation?®®,

Approximately one sixth of the segments are activated at any particular time.
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1.9.7 LOW LUMINANCE ACHROMATIC MULTIFOCAL VEP (LLA mfVEP)

Similar to the Koniocellular pathway, the Magnocellular pathway also involves a set of
ganglion cells with less redundancy. This pathway conveys information about low contrast
and low spatial frequency achromatic images. The contrast response functions of
magnocellular neurons demonstrate saturation at low levels of luminance contrast'®*. FDT
perimetry, which is available in the clinical setting, is based on the frequency doubling
illusion and thought to be targeting the M pathway and is reported as sensitive in early

glaucomat®® 19,

In 1997, Klistorner et al'®’ established that selective stimulation of the magnocellular pathway
can be achieved using low-contrast stimuli. They demonstrated that it was possible to
differentiate between magnocellular and parvocellular pathways using different contrast
conditions. They also showed that magnocellular response changes early in the disease!®.
Therefore, based on the saturating nature of the contrast response function in the
magnocellular pathway and taking into account the eccentricity of the early glaucomatous
visual field defects (10 — 20 degrees), the team has designed the Low Luminance Achromatic
mfVEP (LLA mfVEP).

The stimulus is identical with the BonY mfVEP but uses the equivalent in gray scale. The
yellow background is replaced by light gray of the same luminance (125 cd/m?) and the blue
color of the checkerboard has been replaced by darker gray checkerboard with the same

luminance (20 cd/m?).

Arvind et al'® compared the multifocal pattern onset VEPs using BonY, LLA and high-
luminance contrast achromatic (HLA) stimulations in 30 normal subjects and 23 subjects with
early glaucoma and found that BonY and LLA mfVEPs performed comparably, and both
were significantly better than High- luminance achromatic mfVEP in identifying early
glaucoma. They also assessed the specificity of BonY and LLA stimulation in 25 normal
subjects and found that specificities for BonY and LLA were similar at 96% and was
significantly higher than HLA mfVEP, which stood at 79.3%.
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More recently, Sriram et al’°® studied the performance of LLA mfVEP in pre-perimetric
glaucoma and also compared it to other functional and structural measures used in glaucoma
detection. It was noted that LLA mfVEP identified approximately 50.6% of eyes with pre-
perimetric glaucoma, significantly higher than other perimetric measures and similar to HRT.

A combination of LLA mfVEP and HRT testing was proposed to be highly sensitive (76.5%)

for pre-perimetric glaucoma.

60



Fig 1.14: The Low luminance achromatic mfVEP stimulus based on sparse

stimulus presentation testing the magnocellular pathway?*°
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1.10 Structure and Function Models In Glaucoma

Historically, it has been generally believed that structural abnormalities of the optic nerve and
retinal nerve fiber layer precede visual function loss associated with glaucoma. There is
considerable evidence in support of this view for standard automated perimetry?01202:82,
However, the development of new visual function tests that are suggested to be more sensitive
than SAP opens up the possibility that some visual function deficits may be concurrent with
or occur before measurable structural glaucomatous damage. The derivation of quantitative
relationships that link structure and function for normal eyes or eyes with glaucomatous

neuropathy is important for understanding the basic disease process.

A study by Alencar et al?® evaluated and compared rates of change in neuroretinal rim area
(RA) and retinal nerve fiber layer thickness (RNFLT) measurements in glaucomatous
patients, glaucoma suspects, and normal controls followed over time. The average rate of
decline for RNFLT measurements was significantly higher in the progressing group compared
to the non-progressing group (-0.65um/year vs. -0.11um/year, respectively; P<0.001) The
ability to discriminate eyes progressing by SAP and/or stereo photographs from stable eyes

was significantly greater for RNFLT compared to RA measurements.

Garway-Heath et al?®* observed a good level of association between the strength of
correlation between points in the Visual Field and relative location of those test points in the
peripheral retina and in corresponding RNFL bundles at the ONH thus validating the

relationship between structure and function changes in glaucoma.

In the study by Felipe et al?®® a joint multivariate mixed-effects model was implemented
within a Bayesian hierarchical modeling framework to evaluate the relationship between the
two longitudinal measures obtained over time (i.e., the GDx RNFL measurements and SAP
VFI) Linear mixed models were used to evaluate the evolution of each response over time.
Estimates of sensitivity and specificity of the Bayesian method were compared with those
obtained by the conventional approach of ordinary least squares (OLS) regression. Bayesian
methods allow the distribution of glaucomatous visual field progression rates in the
population to constrain individual progression rate estimates. The same group also combined
a structure / function approach to estimate retinal ganglion cell (RGC) counts?® with the
purpose of merging results of structural and functional tests into a single index that could be

used for diagnosis, staging, and detecting glaucomatous progression.

A study by Meira-Freitas et al?®’ evaluated the ability of baseline and longitudinal estimates
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of retinal ganglion cell (RGC) counts in predicting progression in eyes suspected of having
glaucoma. Participants had normal standard automated perimetry (SAP) at baseline. Retinal
nerve fiber layer thickness assessment was performed with optical coherence tomography
(OCT). Joint longitudinal survival models were used to evaluate the ability of baseline and
rates of change in estimated RGC counts for predicting progression over time, adjusting for
confounding variables. The study concluded that baseline and longitudinal estimates of RGC

counts might be helpful in predicting progression better than conventional approaches.

Gardiner et al?® studied 109 healthy controls with 166 subjects who either were diagnosed
with glaucoma or suspected to have the disease using HRT and SAP. The HRT images were
divided into 36 sectors, which were then correlated with SAP thresholds. They came up with
a map relating regions of the ONH to SAP test locations particularly suitable for localized
glaucomatous loss. Their results point out that the narrowing of the NRR in some areas is

more significant than the others in predicting functional loss.

A linear model that relates RNFL thickness on OCT to losses in SAP sensitivity for arcuate
regions of glaucomatous visual fields was postulated by Hood et al?® in 2007. The model was
applicable for all stages of the disease. The study indicated that SAP losses of more than -
10dB would not yield an RNFL thickness detectably different than the baseline level and
conclude that RNFL thickness is of limited use for regions of extensive damage. They suggest

that progression is best observed by examining the relatively healthy regions of the same eye.

There have been several recent developments in imaging methods in the clinical assessment
of the optic nerve head. It has been suggested that the Bruch’s Membrane Opening (BMO)
should be a consistent anatomical landmark from which NRR measurements should be
made?1069.7.211 A comparative study was done against disc margin-based rim area using
CSLT, Bruch’s membrane opening-based horizontal rim width, peripapillary RNFL thickness
using SD-OCT and Visual Field sensitivities to assess the structure-function relationship. This
study used the Garway-Heath map?22%* customized for various biometric parameters. The
current disc margin based rim assessment showed a weak structure-function relationship but
the same was enhanced using the Bruch’s membrane opening based horizontal rim width and

showed a higher correlation with visual field sensitivity?'*.

The correlation between the circumpapillary RNFL thickness and the mean deviation of HVF
varies with optic disc morphology in OAG?2%3 suggesting that different disc types such as focal
ischemic, myopic glaucomatous, senile sclerotic and generalized enlargement should be
considered in structure-function studies in glaucoma. Our study excluded all of the mentioned

disc types and the different disc morphologies was not a confounding factor in the study.
63



1.11 Comparing electrophysiology of the visual pathway with conventional
measures of visual field loss using HVF and other structural measures like
OCT and HRT

For glaucoma patients, a reasonable correspondence has been demonstrated between
subjective visual field perimetry and the assessment of visual field topography based on
mfVEP magnitude. In a study by Goldberg et al.}4” mfVEP was performed for patients with
Primary Open Angle Glaucoma (POAG). The VEP amplitude reductions correlated well with
the visual field defects recorded on HVF. The topographic location of the defect was also well
correlated between the functional tests. MfVEP also detected deficits in the hemifields with
normal HVF results in glaucoma patients with unilateral hemifield defects?!4. Contradicting
these findings was a study conducted by Bengtsson et al?® using an early version of
AccuMap where the agreement between VEP and standard perimetry was relatively poor for

the glaucoma group.

Recently, Greenstein et al.’®! assessed 40 eyes of patients with open-angle glaucoma to see if
the visual field defects determined with automated static perimetry and with mfVEPs
correlated with the visual fields defects predicted from anatomical measures of the optic nerve
head. Healthy and glaucomatous optic discs were discriminated with confocal scanning laser
ophthalmoscopy (Heidelberg Retina Tomograph 11, HRT Il) for six different sectors of the
optic nerve head. Each of these sectors was related to corresponding visual field regions.
Thus, for six regions, visual fields were predicted from the state of the respective optic nerve
head sectors. In 87% of the regions subjective automated static perimetry and objective
mfVEP-based visual fields were in agreement. Of these regions, 85% were in agreement with
the visual field defects determined from the anatomical measurements acquired with confocal

scanning laser ophthalmoscopy of the optic nerve head.

The sensitivity of mfVEP, HVF and OCT in detecting visual abnormality in Multiple
Sclerosis (MS) was compared by Laron et al?!®. MfVEP amplitude/latency identified more
abnormality on MS-ON (Multiple sclerosis with Optic neuritis) eyes than HVF and OCT. It
was concluded that MfVEP detects identifies both demyelination and neural degeneration as
indicated by increased latency and reduced amplitude respectively. The test also revealed
more abnormality than HVF and OCT in MS patients. A similar relationship between MfVEP
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and OCT was established by Sriram et al?!” in non-optic neuritis eyes of subjects with
Multiple sclerosis. Strong topographical associations between structural and functional
methods of optic nerve integrity using OCT and MfVEP is also well established in subjects

with optic neuritis?!8.

Hood et al*®! studied the hemifields of both eyes of 50 subjects with OAG using monocular
mfVEP and SAP and concluded that both tests showed a comparable number of defects. The

mfVEP showed more abnormalities than HVVF when the interocular test results were included.

SAP, mfVEP and HRT results of 20 subjects with open angle glaucoma were assessed in a
study by Greenstein et al?®. The optic nerve head measurements for the 6 sectors in HRT
were related to the HVF locations and the 60 sectors of the mfVEP display. This study also
used the map developed by Garway-Heath et al°*? to relate the test locations of the HVF and
the mfVEP to sectors of the ONH measured with the HRT II. It appeared that most sectors
defined as abnormal on the mfVEP but normal on the HVF were located in the center of the
visual field. The study included borderline HRT results as abnormal, which in the author’s

opinion lead to a decrease in the number of sectors showing agreement on the two tests.

1.12 Application to clinical trials

Currently there is no specific test that can be regarded as the perfect reference standard for
detection of glaucomatous structural and /or functional progression. Progression detected by
functional means will not always be corroborated using structural tests and vice versa.
Corroboration of glaucomatous progression through the use of more than one test may
provide effective and more rapid detection of disease progression than repeated confirmation
of change using a single modality. The use of visual fields as the sole endpoint in glaucoma
trials is potentially limited by the need for large samples, long term follow-up, variability of

results and inconsistency in the available methods to define visual field progression.

Progressive optic disc damage could be used as an endpoint in glaucoma clinical trials with a
number of advantages, including faster acquisition of a sufficient number of endpoints with
reduction in sample size requirements. In several studies many patients developed visual field
progression despite undetectable changes in the optic disc®1220. Therefore, it is important to
use both structural and functional endpoints in studies of glaucoma progression.

Disagreement between structural and functional measures of detecting progression could be
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related to the different algorithms employed to assess change, to the variability of
measurements over time, or to the different scales used to assess structure and function. It is
likely that a combination of structural and functional measurements would improve detection

of clinically significant disease progression compared to either method used alone.

Although there are several studies that assess the structure function relationship in glaucoma
comparing the disc measurements using SD-OCT and CSLO to visual field sensitivities using
SAP, very little has been reported on combining this relationship to include

electrophysiological measures of visual function in glaucoma.

66



CHAPTER 2

MATERIALS AND METHODS

2.1 Aim

The aim of this thesis is to further understand the role of specialized objective perimetric
methods (BonY and LLA mfVEP) targeting specific visual pathways and comparing their
ability to detect the change and likely progression of preperimetric glaucoma with
conventional methods of structural and functional tests for glaucoma in clinical practice. This
chapter describes in detail the study design, recruitment of participants, criteria for inclusion
and exclusion, methods involved in the various structural and functional tests for glaucoma

and statistical analysis involved.

2.2 Human Ethics

Human ethics approval was granted initially through University of Sydney, HREC Approval
Number: 2102/ 743 and subsequently Macquarie University External ethics 05-2009/11594
was granted under the title “Optimizing the detection of early glaucoma targeting specific

visual pathways in combination with structural measures”.

All human experimental work was conducted under the tenets of the Helsinki agreement with
written and verbal informed consent. All participation was voluntary and no coercion or

incentives were offered.

2.3 Recruitment of Study Participants: Normal Controls

Subjects for inclusion in the study cohort were age matched and recruited from the general
community as part of ongoing research projects undertaken at the Save Sight Institute,
Sydney. All subjects underwent basic ophthalmological assessment including dilated fundus

examination by a consultant ophthalmologist. Eligibility criteria included best-corrected
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visual acuity of 6/9 or better; normal anterior and posterior segment examination, healthy
optic disc morphology and normal and reliable visual fields on HVF. The visual field was
considered reliable if the fixation losses were less than 20% and the false negative and false

positive rates were less than 33% (rates of reliability fixed by the perimeter software).

2.4 Glaucoma Subjects

Fifty-one early-glaucoma subjects were recruited from a Sydney-based private glaucoma
practice. Glaucoma diagnosis was made prior to the study based on the glaucomatous cupping
of the optic disc, as judged by stereoscopic ophthalmoscopy. The subjects had at least one

glaucomatous optic disc but still normal, reliable visual fields in that eye.

2.5 Inclusion Criteria

Glaucomatous optic discs were identified based on one or more of the following criteria: (a)
Definite focal rim notching, (b) Cup-disc asymmetry > 0.2 with no disc size asymmetry, plus
rim irregularity, (c) markedly thinner inferior than superior rim (representing violations of the
ISNT rule) of an eye with no abnormal disc configuration (e.g., tilting). Reliable and normal
SITA-Standard achromatic Humphrey 24-2 visual field in at least one eye with glaucomatous
disc change on at least 2 occasions was required for inclusion. The Glaucoma Hemifield Test
was normal and there was no abnormal field depression on total or pattern deviation plot. The
subjects had a best-corrected visual acuity of 6/9 or better. Refractive error < + 3.0 D with

astigmatism < 2.0 D were included.
2.6 Exclusion Criteria

Patients with significant cataract or other media opacities and/or any other past or present
history of diseases involving the cornea, lens, macula or any disease involving the retinal
pathway were excluded. Optic discs with focal ischemia, myopic and tilted glaucomatous,
senile sclerotic discs and optic discs with generalized enlargement were excluded from the
study. We don’t believe that color blindness will have any impact on SWAP or BonY
perimetry. Unfortunately, we could not find any reference indicating the impact of color
blindness on SWAP. Also since color vision is a rare condition, we expect the overall effect,

if any, of color blindness in SWAP and BonY perimetry to be negligible.

All the glaucoma subjects had an initial baseline visit with a complete ophthalmic

examination and the structural and functional tests for glaucoma. The investigations thereafter
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were repeated every year for a period of 5 years. HVF testing was repeated twice for baseline
recording to confirm normal visual fields and the subsequent development of a scotoma to
confirm the defect in case of progression. The controls underwent the same set of

investigations once at the beginning of the study and at the end of the 5-year period.

2.7 Tests and Measurement Techniques

All subjects underwent visual acuity testing, subjective refraction, standard white on white
perimetry (Humphrey 24-2, SITA-Standard), short wavelength automated perimetry (SWAP,
24-2 SITA-SWAP), FDT Matrix perimetry (24-2, full threshold), Spectralis OCT, Heidelberg
Retinal Tomography (HRT I11I) and color stereoscopic optic disc photographs. MFVEP was
recorded using low luminance achromatic (LLA) stimulation and Blue on Yellow stimulation.
The order of tests was randomized and the subjects received sufficient breaks between tests to

avoid fatigue.

2.8 Subjective Perimetry Tests

2.8.1 White on white Standard Automated Perimetry (SAP) and Short Wavelength
Automated Perimetry (SWAP) tests were performed using a Humphrey Field Analyzer
using the 24-2/SITA-Standard, and SWAP programs (HFA, Zeiss Humphrey Systems,
Dublin, CA). The participants were optimally corrected for near for both SAP and SWAP.
While performing SWAP, all participants were allowed to adapt to the background light for at
least 5 minutes before testing. Each participant was given the same instructions for the
examination, regardless of their perimetric experience, to minimize the effects of operator
bias. The test was repeated if the reliability indices were not within the accepted limit

(Fixation loss > 20%, False positive or False negative >33%).

A defect or scotoma on the subjective visual field tests (both SAP and SWAP) is defined as a
cluster of three or more abnormal points in the same hemifield with P<5%, with at least two
points at P < 2% on the pattern standard deviation(PSD) plot. Points immediately above and
below the blind spot did not qualify as part of the scotoma. Peripheral rim points qualified as
part of the overall scotoma only if two or more of the points qualifying as the scotoma
nucleus had to be nonrim. The defect should be repeatable on subsequent visit??*. For the

purposes of this study we used the same criteria for abnormality in SAP and SWAP
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Guidelines for Progression:

Any new defect should be confirmed with subsequent visit. In a previously normal region of
the field, on two or more reliable tests, the existence of a new isolated defect, defined as a
cluster of three points worsening by 5dB each, one of which has worsened by 10dB could be

taken as evidence for progression.

Disease progression is defined by the Early Manifest Glaucoma Trial (EMGT) criteria as a
statistically significant loss of sensitivity at three or more test points in the same location on
three consecutive visual field evaluations. Deviations from baseline are presented numerically
as well as symbolically, with an open triangle demonstrating progression on one field, a half-
dark triangle indicating progression on two fields, and a fully dark triangle signifying
progression on three consecutive fields. Based on this, suspected progression on GPA has >3
open triangles. Possible progression is noted when there is > 2 half-open triangles and > 2

black triangles indicates likely progression on GPA%: 222,

HVF mean deviation values were recorded and used as a means to classify glaucoma into
those with early glaucoma (MD>7dB), moderate (MD 7-13dB) and advanced (MD>14dB).

The criteria used for glaucomatous visual field defect in SWAP vary across studies?23224.103,
The prevalence of abnormal SWAP defects strongly depends on the applied criteria. The
clinical criteria that are significant are poorly defined. Several studies therefore apply the

same criteria for conversion in SWAP as in SAP111.102, 196

2.8.2 Frequency doubling perimetry was performed with the FDT Humphrey Matrix (Carl
Zeiss Meditec) using the 24-2 full-threshold strategy with 5° stimuli and a spatial frequency
of 0.5 cycles per degree, counter phase flickered at 18Hz. Reliability and abnormality criteria

was similar to the other perimetry tests.

2.9 Structural Tests

2.9.1 RNFL Imaging with the Spectralis Spectral Domain-OCT (software-v. 5.3.3.0) was

used to obtain RNFL thickness measurements. Images with quality score > 25dB (range 0-40
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dB) were considered acceptable. Ideally all images should have signal strength of 6 or more.
For each sector of RNFL (superonasal, superotemporal, inferonasal, inferotemporal, nasal and
temporal), the software provided a GPA classification of thickness (within normal limits,
borderline, and outside normal limits) based on the comparison with an internal normative

database.

The GPA (guided progression analysis) was classified as within normal limits if its value fell
within the 95% confidence interval (CI) of the healthy, age-matched population. A
‘borderline’ result indicated that the value was between the 99% and 95% CI, and ‘outside
normal limits’ result indicated that the value was lesser than the 99% CI. Abnormality in this
study was defined as any sector with RNFL thickness < 99% CI. Progression rates on OCT
are defined as a reproducible mean RNFL thinning of >20um in the given sector’>?2°, The
GPA evaluates and compares scans acquired longitudinally and gives a summary analysis
after considering the expected test-retest variability. The corresponding rate of change and a p
value is given. Evaluating GPA is considered better than ONH and macular thickness
parameters in detecting change over time. At least 4 visits are needed to get a GPA report. The
GPA overlays serial RNFL thickness profiles and performs linear regression analysis of
average RNFL thickness against the duration of follow-up. Progression is defined when a
significant negative slope in the linear regression analysis between RNFL thickness at any

clock hour and age®* 206,

The instrument also provides a “RNFL Change Report” that includes individual baseline and
follow-up scans for the overall and sectorial RNFL measurements and classifications. In this

study, all borderline values were considered as normal for analysis.

2.9.2 The Heidelberg Retinal Tomograph III (HRT-III) (Heidelberg Explorer Software v.
1.5.10.0, Heidelberg Engineering) was used to acquire CSLO images in the study. Good

images required a focused reflectance image with a standard deviation not greater than 50 um.

Glaucoma Probability Score (GPS) and Moorfields regression analysis (MRA) are the two
classification systems available in HRT. The GPS is an operator-independent algorithm with
respect to defining the disc margin. In addition to the numeric GPS score, a graphical
representation of the GPS is generated with red crosses that indicate an ‘outside normal
limits’ disc sector, a yellow exclamation mark indicating a ‘borderline’ disc sector and green

check marks indicating a ‘within normal limits’ disc sector. If the GPS classification changes
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between repeated tests in the absence of glaucomatous progression, the information provided

would be unreliable.

The Moorefield’s Regression Analysis (MRA) provides a classification for each disc sector
(similar to Spectralis OCT) and classifies the sectors as within normal limits, borderline, and
outside normal limits. MRA uses an algorithm to compare the NRR area globally and in six
sectors (temporal, superotemporal, inferotemporal, nasal, superonasal and inferonasal) with

fixed values from a normative database. Only MRA was used for analysis in this study.

2.9.3 Stereo photographs of the optic disc: 20° sequential stereo-photographs (centered on
the optic disc) were taken under dilation with a digital fundus camera (Zeiss VISUPAC 450)
at the baseline visit and annually thereafter. Two glaucoma specialists, who were masked to

clinical information and to each other’s findings, graded the optic disc photographs.

Both examiners confirmed a) eligibility based on definition, b) identified the location of
glaucomatous rim changes as right superior, right inferior, left superior and/or left inferior and
c) identified the location of the worst rim. The disc photos were used only for the diagnosis of
glaucoma and inclusion of the study participants. Progression of the disease was identified

with a combination of repeatable visual field defect on HVF and OCT progression.

2.10 Multifocal Visual Evoked Potentials

The mfVEP was performed using Accumap version 2.0 (ObjectiVision Pty. Ltd., Sydney,
Australia). Two different pattern onset stimulus presentations were used. Both the Low
Luminance contrast Achromatic (LLA) stimulus and the Blue-on-Yellow (BonY) consisted of
a cortically scaled dartboard pattern of 58 segments (eccentricity to 24°, nasally to 32°). 56 of
these segments were arranged in five concentric rings (eccentricities 1-2.5°, 2.5-5°, 5-10 °,
10-16° and 16-24°) and two segments straddled the horizontal meridian nasally (24-32°). The

fixation target occupied the central 1°.

(i) For the BonY mfVEP, each segment contained a 4x4 grid of grey checks scaled
proportional to segment size (luminance, 20 cd/m?), which appeared briefly on a lighter grey
background (luminance, 125 cd/m?) according to a pseudorandom binary sequence. Briefly,
the pseudorandom sequence had a total length of 440 elements and consisted of 2 types of

elements (element 0 and element 1) distributed pseudo-randomly. Element 1 of the binary
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sequence was represented by 2 consecutive states: a pattern-on (checker-board blue-and-
yellow pattern) state, which lasted 2 frames, and a pattern-off (diffuse, bright yellow
illumination of the entire segment) state, which lasted 7 frames. For the element O of
stimulating sequence, the pattern-off state (diffuse yellow illumination) was active for all 9

frames of the element.

(it) The LLA mfVEP stimulus was similar to the BonY stimulus, but its equivalent in gray
scale. The yellow background was replaced by light gray of the same luminance as the
yellow, and the blue color of the checkerboard was replaced by a darker gray of the same

luminance as the blue.

The visual stimulus was generated on a 21-inch high-resolution display (Hitachi Ltd., Tokyo,

Japan) with a refresh rate of 75 Hz.

MfVEP Recording: Four gold-cup electrodes (Grass- Telefactor, Warwick, RI) placed in a
custom-built electrode holder were used for bipolar recording with two electrodes positioned
4 cm on either side of the inion, 1 electrode in the midline 2.5 cm above the inion, and 1
electrode 4-5 cm below the inion. The electrodes are secured with a Velcro tape firmly around
the forehead of the subject. Electrical signals were recorded along 4 channels, as the
difference between superior and inferior, left and right, and obliquely between left and
inferior and between right and inferior electrodes. The ground electrode was placed on the ear

lobe.

The subjects were seated comfortably with their chin elevated to relax the neck muscles. All
subjects were refracted optimally for near and seated 30 cm from the display using full
aperture lenses. All recordings were conducted monocularly, with an undilated pupil starting
right eye first. All glaucoma subjects and controls were alternately assigned to start with
either LLA mfVEP or BonY mfVEP.

The visual evoked responses were amplified 100,000 times (sampling rate, 512 Hz) and
bandpass filtered (1-20 Hz). Recording of each eye lasted 5 to 7 minutes depending on the
number of runs required to maximize signal-to-noise ratio (SNR). 6-8 runs will typically
provide the accepted SNR. All recordings were performed monocularly. The custom
designed software correlated the electrical responses with the stimulus appearance and

assigned signals to the corresponding segments. This software also scaled the responses to the
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background electroencephalogram to reduce the inter-individual variability. A noise artefact

algorithm identifies any noise contamination.

Analysis of the raw data is essentially the same for BonY and LLA mfVEP. Raw trace data
are analyzed using the OPERA (Objective Perimetry Evoked Response Analysis) custom
designed software. Maximal peak-to-trough amplitudes for each wave within the interval of
60-180 m sec are determined and compared among channels for every stimulated segment of
the visual field. The software selects the wave of maximal amplitude from each zone in the
field and creates a combined topographic map. The amplitude values from the Trace array are

compared to the normative database and probability of abnormality plots is constructed.

Defining a scotoma on BonY and LLA mfVEP is defined as a cluster of three abnormal
zones on the amplitude deviation plot with at least two of those zone with a P value < 0.02
and at least 1 segment of P< 0.01 b) a cluster of 3 or more abnormal segments on intereye
asymmetry deviation plot with P<0.01, ¢) 2 or more zones with P<0.005 and d) Accumap
Severity index > 30. In the asymmetry plot, at least two of the zones should qualify as

nucleus, non-rim zones.

The AccuMap Severity Index (ASI) is designed to give an overall score based on the number
of abnormal zones on both amplitude plot and the asymmetry plot, with relative weighting for
severity and to score zones for clusters in certain locations within the field. This provides an
overall index of whether the AccuMap result is within normal limits (score less than 11,
P>5%), borderline (score in 11-19 range, 5%>P>1%) or outside normal (score >20, P<1%).
The Noise artefact provides an indication of the quality of the recording should be within

acceptable limits.

Due to the extensive number of investigations involved in the study, the tests were done over
two days. The subjective visual field tests, and optic disc imaging was done on the same day
with adequate rest period between tests to avoid fatigue. BonY and LLA mfVEP recordings

were done on a different day within the same week.

2.11 Statistical analysis

Comparison of the performance of the subjective and objective tests on was done using

contingency tables. P value was calculated using McNemar’s test on IBM SPSS Statistics

74



Version 24, IBM Corp. Chi squared and Odd’s Ratio values were also calculated using Prism
7 for Mac OS X, Graphpad Software, Inc.

The baseline parameters of the subjective and objective tests between the progressive and
non-progressive groups were compared and P values were calculated using the Mann-
Whitney- Wilcoxon (Wilcoxon rank sum) Test on Prism 7 for Mac OS X, Graphpad
Software, Inc. The change between the baseline and follow up parameters for the various tests
within the progressive and non-progressive groups were calculated using the Paired T tests on
Prism 7 for Mac OS X, Graphpad Software, Inc. Change over time (baseline Vs. final visits)
for the parameters between the progressors and non-progressors were analyzed using the
Kruscal-Wallis test of repeated measures one-way ANOVA, Prism 7 for Mac OS X,
Graphpad Software, Inc. Correlation between the parameters was measured using Excel on
Mac, MS office 2011, Microsoft Inc. P values for the correlation was performed using
StatPlus:max, AnalystSoft Inc. add on for Excel 2011.

Sensitivity, specificity, Positive PV and NPV were all calculated using the contingency table
analyses on Prism 7, Graphpad Inc. using Wilson/Brown method (CI 95%) and P value

calculated using Fisher’s exact test.

2.12 Major technical issue affecting scope of thesis

The baseline investigations for all the recruited subjects and control volunteers were
completed using an original AccuMap amplifier. This was later replaced with a grass
amplifier during the course of the study. The mfVVEP recordings for both the BonY and LLA
mfVEP were tested with the replaced amplifier before resuming follow-up recording for the
study participants and it seemed to be performing adequately. However, when the final
analysis of the mfVEP amplitude and latency data for the follow up years was completed, the
generated results did not fit into any predictable pattern. The polarities of the recordings were
noted to be reversed in several of the follow up recordings compared to the baseline

recordings.

The recording device facilitates recalculating each run for all the visits. Using this, all runs
were recalculated for both BonY and LLA mfVEP for both controls and subjects for the entire
follow-up period was done over several weeks to isolate the cause for such a discrepancy. By
reviewing each of the recordings, | was able to establish that all these changes occurred after a

certain timeline associated with the change of the grass amplifier. Application of correctional
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factors unfortunately did not rectify the error. There appeared to a new variable performance
introduced by the newer amplifier shortly after it was implemented that was not detected.
After extensive review of these findings the decision had to made to exclude all follow up
BonY and LLA mfVEP recordings and data for both subjects and controls which was a major
setback for this study as it removed the longitudinal mfVVEP data. The baseline recordings
done with the original amplifier and the data generated remained unaffected so this was used
as an initial cross-sectional study (Chapter 3) and then as a baseline predictor for future
glaucomatous change using the data from all the other test protocols (Chapters 4 and 5).
Unfortunately, the ability to examine for longitudinal changes in mfVEP responses was lost

because of this technical problem, and a large amount of data had to be disregarded.

It must be emphasized that mfVEP is an evolving technology and there will be major
advances in future. Along with advances in novel stimulus presentations like those addressed
in this thesis, improving SNR of the records, reduction in testing time, improved analysis
using new algorithms, the need for making these technologies clinically viable and more
robust for general use becomes essential and the technical challenges we have faced will take

us a step closer to achieving that.
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CHAPTER 3

IDENTIFICATION OF FUNCTIONAL VISUAL LOSS IN
GLAUCOMA - COMPARING THE PERFORMANCE OF
OBJECTIVE AND SUBJECTIVE PERIMETRY TESTS BASED
ON MAGNOCELLULAR AND KONIOCELLULAR
PATHWAYS

3.1 Introduction

It has been established that visual information processing happens along three major retino-
geniculo-cortical pathways namely Parvocellular, Koniocellular and Magnocellular
pathways?26:227,228229230  The role of the parvocellular pathway is well established in the
processing of high contrast, high spatial frequency information and is responsible for about
80% of the information processing from ganglion cells. However, The magnocellular and
Koniocellular pathways contribute for only 10% respectively for information processing. The
magnocellular pathway conveys information about low contrast and low spatial frequency
achromatic images and the Koniocellular pathway conveys a blue-on/ yellow-off color signal

to the brain.

In glaucomatous optic neuropathy, a substantial number of retinal ganglion cells are lost prior
to the development of an achromatic visual field deficit and this has been established in both
human and primate models?%2323!  Standard Automated Perimetry (SAP) is relatively
insensitive to early structural damage from glaucoma, which led to the development of

various psychophysical tests aimed at detecting early functional loss.

Newer subjective perimetry tests have been developed based on the pathways that stimulate
the ganglion cells with less redundancy. These include SWAP (targeting the Koniocellular
pathway) and FDT (targeting the Magnocellular pathway). Several studies have assessed the
ability of the FDT and SWAP to detect glaucomatous visual field defects, even at early stages
of the disease?33103 234235 A study by Ferreras et al 1% assessing the ability of FDT and
SWAP to detect glaucomatous change in preperimetric glaucoma subjects, established that at
least 20% of the patients with preperimetric glaucoma demonstrated functional losses in FDT
and SWAP. A study by Spry et al 2% FDT exhibited the highest repeatability(47%) followed
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closely by SWAP (42%). The more severe the structural damage, the greater the sensitivity

for detecting glaucomatous visual field losses.

Similar studies on the role of objective perimetry using multifocal VEP Blue-on-yellow
stimulus (koniocellular) and Low luminance achromatic stimulus (magnocellular) have been

dong!8? 193,199,200 These have been described in chapter 1.

However, a head to head comparison between these subjective and objective tests targeting

the two pathways has not been previously undertaken.

3.2Aim

To compare the performance of the subjective and objective perimetry tests based on the
Magnocellular pathway namely the Frequency Doubling Perimetry (FDP) and the Low
Luminance Achromatic Perimetry and the performance of the tests based on the Koniocellular
pathway namely Short Wavelength Automated Perimetry (SWAP) and Blue on Yellow
multifocal VEP. The aim is to further determine if one pathway is superior to the other at

detecting glaucomatous damage on both objective and subjective measures.

3.3 Methods

Participants: One hundred and two eyes from fifty-one early-glaucoma subjects (23 Female
and 28 male) were recruited from a Sydney-based private glaucoma practice. Glaucoma
diagnosis was made prior to the study based on the glaucomatous cupping of the optic disc, as
judged by stereoscopic ophthalmoscopy. The subjects had at least one glaucomatous optic
disc but still maintaining a normal, reliable visual field in that eye (i.e. pre-perimetric).
Approval was obtained from the University’s review board. 30 healthy eyes of 15 controls
and underwent a complete ophthalmic examination along with BonY and LLA VEP
recordings, HVF and OCT. Written informed consent was obtained from all the participants
and controls and the study was conducted in accordance with the tenets of the Declaration of

Helinski%®’,

Inclusion and Exclusion criteria, measurement and recording techniques of subjective and
objective perimetry tests involved in this study, defining abnormalities for the relevant tests

have been explained in detail in the Methods section in Chapter 2. Stereo disc photographs
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were used for the diagnosis of glaucoma and inclusion into the study but progression was

identified with a combination of repeatable visual field defect on HVF and OCT changes.

Abnormality criteria of subjective and objective perimetry tests have also been explained in
the Methods chapter. The AccuMap Severity Index (ASI) for LLA and BonY mfVEP is
designed to give an overall index the AccuMap result and classifies the results as, within
normal limits (score less than 11, P>5%), borderline (score in 11-19 range, 5%>P>1%) or

outside normal (score >20, P<1%).

The order in which the tests were performed was randomized using the Random number
generator on Microsoft Excel. Based on this, each subject underwent either subjective or
objective perimetry tests to start with. The same process was used to determine which
subjective (SAP/ SWAP/ FDT) or objective (LLA mfVEP/ BonY mfVEP) perimetry test was
done first All visual field defects on FDT and SWAP were repeatable with excellent
reliability indices. LLA mfVEP and BonY mfVEP recordings were done monocularly..
Recording of each eye lasted 6-8 minutes. Each eye had a minimum of 6 runs to maximize the
signal-to-noise ratio. Each run was then assessed for the recording quality and noise artifacts.
Noisy runs were discarded and repeated. The Opera software correlates the electrical

responses with the stimulus appearance and assigned signals to the respective segments.

3.4 Analysis

Comparison of the performance of the subjective and objective VEP tests on Magno and
Koniocellular pathways was done using contingency tables. P value was calculated using
McNemar’s test on IBM SPSS Statistics Version 24, IBM Corp. Chi squared and Odd’s Ratio
values were also calculated using Prism 7 for Mac OS X, Graphpad Software, Inc.

3.5 Results
Demographics:

Of the 102 eyes, 60 eyes of 42 patients had preperimetric glaucoma and 42 eyes of 34 patients
had early glaucoma. The mean age of the patients was 62.92 + 6.4 years. The median Mean
Deviation at baseline for the 60 eyes was -0.93. All the subjects had investigations done at

baseline, 6 months after baseline and yearly thereafter. The mean follow-up period for the
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cohort was 4.03 £ 1.03 years. Only the baseline visits of the BonY and LLA mfVEP results

were considered for this study.

For the purposes of this study, only the 60 eyes of 42 pre perimetric subjects were included as
we were interested in detection of very early glaucoma. They had a clinical diagnosis of
glaucoma based on glaucomatous disc changes and were under the care of a glaucoma
specialist. The white on white SAP was normal with reliable performance and confirmed on
subsequent testing. The average baseline HFA Mean Deviation of the included eyes was 0.12
+1.27 dB and MD of SWAP and FDP were -0.44 + 2.85 dB and -0.34 + 3.74 dB respectively.

Analysis of the performance of subjective perimetry (FDP) versus the objective perimetry
(LLA mfVEP) tests both based on the Magnocellular pathway and subjective (SWAP) and

objective perimetry (BonY) tests based on the Koniocellular pathway was performed.

3.6 Comparing subjective and objective perimetry tests based on the
MAGNOCELLULAR PATHWAY

Sixteen eyes out of sixty (26.6%) were abnormal on FDP at baseline and 37.5% (6/16) eyes
eventually developed scotoma on HVF over the course of the study (2-5 years). The scotoma
that developed on HVF matched topographically with that on FDT in 5 out of 6 instances
(83.3%).

Thirty four of sixty eyes (56.6%) presented with scotoma on LLA mfVEP at baseline of
which 11 (32.35%) subsequently developed defects on HVF. 81.8% of those defects matched
topographically with the baseline defect on LLA mfVEP. Only 8/60 (13.33%) eyes had
defects on both FDP and LLA mfVEP. 6 (75%) of those 8 eyes had FDP defects
corresponding to the hemifield defect on LLA. 2 eyes presented with defects in the opposite
hemifield. Table 3.1 shows the number of eyes showing abnormality for each test at baseline
for the 60 preperimetric eyes that subsequently developed scotoma on HVF. Functional loss
on HVF appeared 30 (median) months after the defect was detected on LLA mfVEP at
baseline (Mean 17.2 months + 15.35).
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Table 3.1: Performance of the subjective and objective perimetry tests in Progressors

and topographic correlation of the defect. *OCT: Borderline defect was considered

normal.
Eyes with Eyes that Eyes that Topographic Topographic
defect at developed had a correspon- correspon-
baseline subsequent positive dence with dence with
(%) HVF defect defect on HVF defect OCT defect

(%) OCT* (%) developed (%) final visit (%)

FDP 16/60 6/16 (37.5%)  10/16 5/6 (83.3%) 6/6 (100%)
(26.6%) (62.5%)

LLA 34/60 11/34 21/34 9/11 (81.8%) 7/11 (63.6%)

mfVEP (56.6%) (32.3%) (61.7%)

SWAP 15/60 5/15 (33.3%) 9/15 5/5 (100%) 4/5 (80%)
(25%) (60%)

BonY 20/60 7/20 (35%) 12/20 4/7 (57.1%) 417 (57.1%)

mfVEP (33.3%) (60%)
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Table 3.1: Comparison of FDT perimetry and LLA mfVEP (magnocellular pathway) at

baseline using McNemar’s test

FDT perimetry defects at baseline

DEFECT NO TOTAL
DEFECT

2

2

hsi DEFECT  8(23.5%) 26 34

® (76.4%)

W

O

k3,

[1}]

b NO 8 (30.7%) 18 26

g DEFECT (69.2%)

£

3

- TOTAL 16 44 60
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Comparing the eyes with defect at baseline on FDT perimetry and LLA mfVEP, the positivity
rate of LLA mfVEP test was significantly better than the FDT (P = 0.0036) using McNemar’s
test with continuity correction. (Chi squared value was 8.5 with 1° of freedom. Odd’s Ratio

was 3.25 with a 95% CI extending from 1.429 to 8.306).

The sensitivity of the LLA mfVEP was noted to be higher than the FDP; and the
identification of abnormalities associated with a functional visual loss in eyes that progressed
on SAP were quite similar in both the subjective and objective perimetry tests based on the

Magnocellular pathway.

3.7 Comparing the subjective and objective perimetry tests based on the
KONIOCELLULAR PATHWAY

15 out of 60 pre-perimetric eyes (25%) had an abnormal SWAP at baseline and 20 out of 60
(33.33%) had baseline defects on BonY mfVEP. 6 eyes had defects on both SWAP and
BonY. The defects on all 6 eyes corresponded topographically on both the tests. Out of the 15
eyes that developed scotoma on HVF eventually, 5 out of 15 eyes (33.3%) presented with
baseline SWAP defects and 7 (46.6%) on BonY mfVEP.
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Table 3.3 Comparison of SWAP and BonY mfVEP (koniocellular pathway) at baseline

using McNemar’s test

SWAP defects at baseline

DEFECT NO TOTAL
o DEFECT
=
2
L1y]
~ DEFECT 6(30%) 14 (70%) 20
B
ko
[1}]
o
i NO 9(22.5%) 31(77.5%) 40
< DEFECT
S
-
o
m

TOTAL 15 45 60
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Comparing the eyes with defect at baseline on SWAP and BonY mfVEP, there was no
significant difference between the positivity rates of the tests (P = 0.4042) (McNemar’s test
with continuity correction. Chi squared value was 0.696 with 1° of freedom. Odd’s Ratio was
1.556 with a 95% CI extending from 0.627 to 4.074). Both the tests performed equally in
detecting abnormalities.

The results suggest that both SWAP and BonY mfVEP which are based on testing the
Koniocellular pathway may have the ability to identify functional visual loss in glaucoma
earlier that the standard white on white SAP. While the performance of the BonY has been

marginally better in this particular study, SWAP was almost as effective.

3.8 Comparing the performance of the BonY mfVEP and LLA mfVEP tests

based on the Koniocellular and Magnocellular pathway

Table 3.4 shows the contingency table comparing the baseline BonY defects and Baseline

LLA defects. (P value calculated using McNemar’s test with continuity correction was
0.0056. The Chi squared value was 7.682 with 1° of freedom. Odd’s ratio was 0.222 with a
95% CI extending from 0.055 to 0.675).

LLA mfVEP test based on the Magnocellular pathway had a significantly higher positivity
rate compared to the BonY mfVEP.
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Table 3.4: Comparison of BonY mfVEP (koniocellular pathway) and LLA mfVEP

(Magnocellular Pathway) at baseline

Baseline defects on BonY Mf VEP

DEFECT NO TOTAL
DEFECT
DEFECT 16 18 34

(47.06%) (52.94%)

NO 4 22 26
DEFECT  (15.38%) (84.62%)

TOTAL 20 40 60

Baseline defects on LLA Mf VEP
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To further look at the association between the subjective and objective perimetry tests,
Pearson’s correlation coefficient was calculated between the baseline mean deviation (MD) of
Frequency Doubling Perimetry (FDP) and the baseline AccuMap Severity Index (ASI) (Page
77 in the Method’s chapter) of LLA mfVEP and between MD of SWAP and ASI of BonY
mfVEP.

There was a negative correlation between the mean deviation of the FDP and the ASI of the
low luminance achromatic mfVVEP as expected (correlation coefficient r = -0.3624; P=0.004.
In other words, the severity index of LLA increased with decrease in the mean deviation of
the FDP (Fig 3.1).

As with FDP and LLA mfVEP, there was a negative correlation between the SWAP MD and
ASI of BonY mfVEP (correlation coefficient r = -0.3147; P=0.015). In both instances, the
severity index of the mfVEP technique increases with decrease in MD of the subjective
perimetry test and the correlation coefficient of both groups are similar. The correlation

between the tests of the Magnocellular pathway is marginally stronger (Fig 3.2).
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Fig 3.1: Correlation between the MD of FDT and ASI of LLA mfVEP at baseline
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Fig 3.2: Correlation between the MD of SWAP and ASI of BonY mfVEP at baseline
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The outliers in both instances have been verified and found to be a true value. Comparing the
performance of both the objective perimetry tests reveals that the LLA mfVEP based on the
Magnocellular pathway revealed that 16 out of 60 eyes had baseline defects on both LLA and
BonY tests out of which only 6 eyes eventually developed defects on HVF (37.5%) and 4 out
of 6 (66.6%) times the scotoma corresponded topographically both between the two mfVEP
tests and with the HVF defect (Fig 3.4 b). The defect was considered to be topographically
corresponding if the hemifield location of the baseline mfVEP defect matched the location of
the new HVF defect in subsequent visit. Development of a new defect on HVF has been
described in Page 69 of ‘Methods’ in Chapter 2.

AccuMap Severity Index (ASI described in page 77, Methods Chapter) was also compared
between the baseline LLA mfVEP and BonY mfVEP for the 60 pre-perimetric eyes. The
average ASI (£ SD) of LLA mfVEP was 23.15 + 26.30 and that of BonY was 19.46 + 28.38.
Although the ASI of LLA is marginally higher than the BonY, (paired T test) revealed a P
value of 0.1603 (95% CI -8.866 to 1.499; R? 0.03314). The difference between the ASI of
both tests was not statistically significant (Fig 3.3).
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Fig 3.3: Bar graph demonstrating the comparison between ASI of BonY mfVEP and
LLA mfVEP at baseline
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Fig 3.4 a: Subject 25 showing normal HVF at baseline and abnormalities on SWAP and
FDT
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Fig 3.4 b: Subject 25 showing abnormal LLA mfVEP and BonY mfVEP at baseline,

abnormal HVF at 4" year follow-up.

Right
AccuMap Severity Index: 76
Rating: Outside normal limits

Baseline LLA mfVEP March
2011

Right
AccuMap Severity Index: 65
Rating: Outside normal limits

Baseline BonY mfVEP March
2011

Pattern Deviation

S <4 EEN -4
GmY o = == s
Outside normal kmita ¢« o« I8 P -
{ ~
VFl  94% ‘:‘ i
(- =
MD  -297dB PC2% ..
PSD 26208 P<2% ¥ g |3
z %0
. s .

HVF defect at 4t year follow up Feb 2015
Defect first showed up in Nov 2015

93



3.9 Discussion

In this study, among the four tests compared (FDT, SWAP, LLA mfVEP and BonY mfVEP)
baseline abnormality in pre-perimetric glaucoma was always detected on more than one test.
The primary criteria for inclusion of glaucoma subjects included were normal repeatable HVF
despite the presence of glaucomatous optic disc. LLA mfVEP showed the highest sensitivity
at baseline, which is in agreement with a previous study?®. However, that advantage was

reduced when subjects subsequently developed a scotoma on HVF a few years into the follow
up.

In terms of comparison within specific pathway types, LLA mfVEP was more sensitive to
changes in early pre-perimetric glaucoma than FDT. But the sensitivities of the objective
(BonY mfVEP) and subjective (SWAP) perimetry tests targeting the koniocellular pathway
were comparable. There was a negative correlation between the Severity Index of both the
objective perimetry tests and Mean deviation of the subjective perimetry tests. The baseline

severity indices of BonY and LLA mfVEP were also analogous.

The results indicated that only 32.35% of those flagged as abnormal in baseline LLA mfVEP
eventually develop HVF defects. There was a high range in the follow up period for the
subjects ranging from 2 years to 5 years and there is a possibility that some of these eyes will
develop a visual field defect later. Out of the 15 eyes that progressed, there was only one
subject with a 3-year follow-up and 9 eyes had over 5 years of follow-up data. The time frame
of the appearance of the defect on HVF was varied and there was no difference in the
progression rates in those with less or more than 4 years of follow-up. To examine if the LLA
mfVEP defects indicate true defects or false positive, concordance of the defects with OCT
was analyzed. Approximately 60% of all eyes showing abnormality on the four tests have
abnormal OCT supporting associated structural damage. Eyes with anatomical variations of
the optic nerve were ruled out and the number represents only those with true glaucomatous
changes. This suggests the presence of a true abnormality on the functional tests rather than a
false positive. All the 11 eyes out of the 34 abnormal eyes on LLA had abnormality on OCT
and an additional 10 eyes (29%) indicated abnormality where the HVF was still normal.
There exists a clear possibility for eyes showing abnormality on LLA mfVEP to develop a
visual field defect on future HVF testing. Ideally this study would have reported on
longitudinal changes in mf\VEP parameters, but although testing was performed this data was

unusable due to the change in amplifier used (see section 2.11).
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The mean age of our study population was (£ SD) 63.76 = 6.2 years. Although all clinical
evaluations were done for the subjects in every follow up visit, subjects with early cataract
were not excluded from the study if their best-corrected (refractive error within the acceptable
limits as mentioned in the Inclusion criteria) visual acuity was better than 6/9. Several studies
confirm that image degradations can induce changes in mfVEP responses. Image blur can
impact the response topographies of mfVEPs leading to mainly central response
reduction'®®238 Since media opacities can impact all perimetry, impact of image blur is not a
unique disadvantage?3%240.238  However, none of the study participants had media opacities
that could potentially compromise the mfVEP recordings. Care was also taken to correct the
refractive error appropriately to avoid retinal blur. Decreasing pupil size can also contribute to
reduced retinal illumination and thereby affect the mfVEP recording!’>15% 241168, pyt all

subjects had normal pupil diameters, with no patients using pilocarpine.

Multifocal VEP responses to achromatic stimulation saturate at approximately 40% to 50%
luminance contrast'®* 197.242 similar to levels used in this study for LLA mfVEP. The contrast
response function of parvocellular neurons is linear, while magnocellular neurons
demonstrate saturation at low levels of luminance contrast?*® 1% The low luminance
achromatic stimulus seems to have an advantage over Blue on yellow stimulus and the
subjective perimetry tests, being more sensitive to the smallest decline in ganglion cells.
These results also concur with previous reports that suggest that magnocellular responses

change early in the course of glaucoma®®24 but this remains a controversial observation.

In conclusion, we observed in pre-perimetric glaucomas a slightly higher detection rate of
abnormality on objective (mfVEP) compared to subjective tests (SWAP/FDT), and this
applied to both koniocellular or magnocellular based testing. There was a negative correlation
between LLA mfVEP severity index and MD of the FDT and between the BonY mfVEP
severity indexes with MD of SWAP but the correlation of the subjective and objective tests of

the magnocellular pathway was statistically significant.
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CHAPTER 4

BLUE-ON-YELLOW AND LOW LUMINANCE
ACHROMATIC MULTIFOCAL VEP LATENCIES: ARE
THEY EARLY INDICATORS FOR FUTURE GLAUCOMA
PROGRESSION?

4.1 Introduction

In glaucoma, damage to the ganglion cells and/or their axons produce characteristic visual
field defects. The latency of the responses can possibly indicate the health of these retinal
ganglion cells. Several studies indicate that latency can be used as a measure of early
glaucomatous damage before retinal ganglion cell death. In glaucoma patients, large latency
delays of over 20ms has been detected using conventional VEP (cCVEP) technique®®* 245 185,
Parisi et al*®® reported that all their patients with POAG had on an average 27.8ms longer
latencies than the control group. In a study by Rodarte et al*>® about 40% of their study

participants showed modest mfVEP latency delays.

The Blue on Yellow mfVEP and Low luminance mfVEP has been described by Klistorner et
al*®® and Arvind et al**® respectively. The studies revealed a negative correlation between age
and average amplitude of blue on yellow mfVEP and a positive correlation between age and
latency. The team also observed a loss of amplitude and an increase in latency with age more
than 60 years. A normative database was also established for the tests with amplitude
corrected for age based on best fitting of data. The inherent latency change with age was not
incorporated in the normative database. Several studies have been published by this group
indicating that both BonY and LLA mfVEP is significantly better than the conventional
mfVEP in identifying early glaucoma.

A multifocal VEP recording in normal subjects varies between eyes, across individuals and
across the visual field. For subjects without visual field defects, mfVEP recorded from
monocular stimulation of each eye should essentially be identical. But a small amplitude
asymmetry along the horizontal meridian and inter-ocular latency difference across the
midline (about 4-5 ms) with right eye leading in the right visual field and vice versa common.

There is also a wide variation in mfVEP recordings of normal individuals because of the
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location of the calcarine fissure in relation to the electrode placement or external landmarks
and differences in the cortical convolutions in the V1 region?46247.248 Within the visual field,
the mfVEP responses vary in amplitude from regions at the same eccentricity; the average
responses are smaller below the horizontal meridian than above and responses along the
vertical meridian differs from the waveform of other responses indicating more than one
source of the generated mfVEP signals. A latency difference of about 5ms can be found
between the eyes along the midline due to the conduction time of the unmyelinated ganglion

cell axons on the retinal surfacel6l. 167,249

Since previous reports in the literature on VEP latency delays in glaucoma had been quite
variable as mentioned above, with the conventional understanding that latency delay would
more likely reflect demyelination while amplitude would reflect axonal loss, we studied the
mfVEP latency delay for both LLVEP and BonY VEP to determine if there were any subtle

changes that might be identified and useful clinically in glaucoma.

4.2 Aim

To compare the baseline latencies of BonY mfVEP and LLA mfVEP between the
preperimetric glaucoma subjects that had a worsening visual field defect over time and those
that remained stable with no field progression and to assess if this parameter can be an early
indicator of future progression. This chapter will also aim to establish the relationship
between the baseline latencies and amplitudes of BonY and LLA mfVEP tests with other
functional and structural measures of glaucoma (Mean Deviation of the SAP and the RNFL
thickness measured with OCT). Correlation between the hemifield latencies of the mfVEPs
and hemifield SAP and OCT parameters will be assessed to establish defect correspondence
between the tests.

4.3 Methods

Participants: One hundred and two eyes from fifty-one early-glaucoma subjects (23 Female
and 28 male) were recruited from a Sydney-based private glaucoma practice. Glaucoma
diagnosis was made prior to the study based on the glaucomatous cupping of the optic disc, as
judged by stereoscopic ophthalmoscopy. The subjects had at least one glaucomatous optic
disc and normal, reliable visual fields in that eye. Approval was obtained from the

University’s review board. 30 healthy eyes of 15 controls and underwent a complete
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ophthalmic examination along with BonY and LLA VEP recordings, HVF and OCT. Written
informed consent was obtained from all the participants and controls and the study was

conducted in accordance with the tenets of the Declaration of Helinski?3’,

Inclusion and Exclusion criteria, measurement and recording techniques of subjective and
objective perimetry tests involved in this study, defining abnormalities for the relevant tests
have been explained in detail in the Methods section in Chapter 2. Stereo disc photographs
were used for the diagnosis of glaucoma and inclusion into the study but progression was

identified with a combination of repeatable visual field defect on HVF and OCT changes.

Abnormality criteria of subjective and objective perimetry tests have also been explained in
the Methods chapter. All visual field defects on FDT and SWAP were repeatable with
excellent reliability indices. LLA mfVEP and BonY mfVEP recordings were done
monocularly. The order in which the tests were performed was randomized. Recording of
each eye lasted 6-8 minutes. Each eye had a minimum of 6 runs to maximize the signal-to-
noise ratio. Each run was then assessed for the recording quality and noise artifacts. Noisy
runs were discarded and repeated. The Opera software correlates the electrical responses with
the stimulus appearance and assigned signals to the respective segments. Both BonY and
LLA mfVEP recordings on the Accumap™ (Obijectivision Pty Ltd, Sydney) use a 58-segment
dartboard configuration. The segments are cortically scaled with eccentricity to stimulate
approximately equal areas of the striate surface. The Objectivision system generates the
latency and amplitude values for each of the 58 segments, which are imported as excel files.
The average amplitude and latency for the eye as well as the hemifield averages were then
obtained from the excel sheet. Maximal peak to trough amplitudes for each wave were
determined and compared among channels from each segment in the field. The hemifield

mean deviation values for HVF were calculated manually for each subject.

4.4 Analysis

The baseline parameters of both the mfVVEP tests were compared and P values were calculated
using the Mann-Whitney- Wilcoxon (Wilcoxon rank sum) Test on Prism 7 for Mac OS X,
Graphpad Software, Inc. Comparison of the means of various parameters of the subjective
and objective tests for both the groups were also calculated using the same. The change
between the baseline and follow up parameters for the various tests within the progressive and
non-progressive groups were calculated using the Paired T tests on Prism 7 for Mac OS X,

Graphpad Software, Inc. Change over time (baseline Vs. final visits) for the various structural
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and functional parameters between the progressors and non-progressors were analyzed using
the Kruscal-Wallis test of repeated measures one-way ANOVA, Prism 7 for Mac OS X,
Graphpad Software, Inc. Correlation between the baseline BonY and LLA mfVEP latencies,
MD of HVF and global RNFLT of OCT were done using Excel on Mac, MS office 2011,

Microsoft Inc.

4.5 Results

60 eyes of 42 pre-perimetric subjects were included for the analysis. 15 eyes 13 subjects
(9male, 4 female) showed development of a visual field defect during the course of the study.
The mean age of the progressive group was 63.7 £ 5.9 years.  The visual field defects were
confirmed with subsequent testing. Criteria for a new defect include a cluster of three points
worsening by 5dB each, one of which has worsened by 10dB. Disease progression is defined
as a statistically significant loss of sensitivity at three or more test points in the same location
on two or more consecutive visual field evaluations®. The average Mean Deviation of HVF

in progressives was -0.58 + 0.98dB.

45 eyes of 33 subjects (18 male, 15 female) had stable normal visual fields throughout the
course of the study. The mean age of the group was 62.3 £ 6.1 years. The average Mean
Deviation of HVF in the non-progressive group was 0.35 + 1.27 dB.

Table 4.1 shows the comparison of different parameters of structural and functional tests

between the progressive and non-progressive groups at baseline and final visits.
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Table 4.1: Comparing the structural and functional parameters between the Progressive
and Non-progressive groups at Baseline. P Value calculated using Mann-Whitney-

Wilcoxon test

Test Parameter

MD HVF

MD SWAP

MD FDP

OCT RNFLT Global

OCT RNFLT Inferior

OCT RNFLT Superior

HRT mean RNFLT

Progressive (n=15)

-0.58 £ 1.02

-1.70+ 2.45

-1.25+3.21

77.33 +10.86

98.33+17.49

92.53+12.39

0.20+ 0.06

Baseline Visit

100

Non-progressive (n=45)

0.35+1.27

-0.02 + 2.88

-0.03+ 3.91

85.33+7.08

109.2 + 15.90

107.4 +10.71

0.22 £0.072

P Value

0.004""

0.037°

0.101(ns)

0.007""

0.008""

0.005""

0.55 (ns)



The structural parameters between the progressive and non-progressive groups were
compared using the Mann-Whitney- Wilcoxon (Wilcoxon rank sum) test. The average
baseline Mean Deviation of HVF, SWAP was significantly worse in the progressive eyes (P
Value 0.004, 0.037 respectively). Although the average MD of FDT was marginally lower in

the progressives, the same was not statistically significant.

The global RNFLT in OCT showed a significant difference between the two groups (P=
0.007) and the average RNFL thickness was considerably smaller in the progressives. The
average superior and inferior RNFLT in OCT were also significantly reduced in the
progressive eyes (P = 0.008 and P = 0.005 respectively). There was no difference in the mean
RNFLT of HRT in both groups.
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Table 4.2a: Change in structural and functional parameters over time in the Progressive
and non-progressive groups (Paired T test)

PROGRESSIVE NON PROGRESSIVE

n=15 n=45
Test Baseline Final P Value Baseline Final P Value
Parameter
MD HVF -0.58 + 1.02 -1.57 £ 2.03 0.019° 0.35+1.27 017+1.14 0.313
(ns)
MD SWAP -1.70 + 2.45 -0.53 + 3.83 0.047° -0.02 +2.88 0.69 + 3.20 0.010"
MD FDP -1.25+3.21 -2.40+3.73 0.027° -0.03+ 3.91 -0.40+ 3.61 0.205
(ns)
OCT RNFLT 77.33 +10.86 74.93 +11.06 0.163 85.33+7.08 82.46+9.75 -:0.(_)_001
Global (ns)
OCT RNFLT 98.33+17.49 94.66 +19.70 0.105 109.2 + 15.90 105.93 + -:0.(_)_001
Inferior (ns) 15.19
OCT RNFLT 98.33+17.49 87.4+12.95 0.037° 107.4 +10.71 100.73 + 0.0052°
Superior 16.19
HRT mean 0.20 £ 0.06 0.18 +0.09 0.163 0.22 £ 0.072 0.21 +0.08 0.334
RNFLT (ns) (ns)
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Table 4.2b: Comparing the change in parameters over time between the Progressive and
non-progressive groups (Kruskal-Wallis test of RM one-way ANOVA).

Kruskal-Wallis test of Repeated Measures one-way ANOVA

Test Parameter P Value
MD HVF 0.0005**
MD SWAP 0.0740 {ns]
MD FDP 0.0/98 {ns]
OCT RNFLT Global 0.0021%*%*
OCT RNFLT Inferior 0.0022**
OCT RNFLT Superior <0.0001**

HRT mean RNFLT 0.7009 (ns)
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Change in the structural and functional parameters over time was also calculated for both
groups using the Paired T test on Prism7 for Mac (Table 4.2a). There was a significant change
in the MD of HVF, SWAP and FDT (P value 0.019, 0.047 and 0.027 respectively) over the
study duration in the progressive group as expected and no significant change was noted in
MD of HVF and FDT in the stable eyes. Interestingly, the difference in the MD of SWAP was
highly significant (P value 0.010) in the non-progressive eyes as well. The MD of SWAP in
both progressive and non-progressive eyes improved from the baseline to the final visit and is
contrary to what is expected in a progressive disease emphasizing the variability associated

with SWAP and its role in detecting progression.

While the difference in the global and inferior RNFLT of OCT between visits in progressive
eyes was insignificant, the superior RNFLT had a significant (P = 0.037) change over time.
The average global, superior and inferior RNFLT had a significant difference between visits
in the non-progressive eyes. Change in the mean RNFLT of HRT between visits was not

significant in both groups.

Comparison of change in parameters over time between the progressive and non-progressive
eyes was analyzed using the Kruscal-Wallis test of repeated measures one-way ANOVA
(Table 4.2b). The change in MD of HVF, global, superior and inferior RNFLT of OCT over
the study duration between the two groups was very significant (P value 0.0005, 0.002,
<0.0001 and 0.002 respectively) The change over time was not significant for MD of SWAP,
MD of FDT and mean RNFLT of HRT between groups.
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Table 4.3: Comparison of baseline parameters of BonY mfVEP and LLA mfVEP (Mann-
Whitney-Wilcoxon test)

Test Parameter Progressive Eyes (n=15) Non-progressive Eyes P Value
(Mean +SD) (n=45) Mean + SD)

BonY mfVEP ASI 30.73 £32.38 15.71 + 26.25 0.060 (ns)
BonY mfVEP 567 £ 161 644 + 175 0.040"
Amplitude (nV)
BonY mfVEP 1149 + 14 141 +13 0.080 (ns)
Latency (ms)
LLA mfVEP ASI 35.33 +34.16 19.08 + 22.11 0.011™
LLA mfVEP 484 + 144 5911172 0.007 **
Amplitude (nV)
LLA mfVEP 161 +11 158 +13 0.315 (ns)
Latency (ms)
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Table 4.4: Comparison of baseline parameters between BonY mfVEP and LLA mfVEP
in progressive eyes (Independent T test)

BonY mfVEP LLA mfVEP P Value
ASI 30.73 +32.38 35.33 + 34.16 0.4079 (ns)
Amplitude 567 + 161 484 + 144 0.0098*#*

Latency 149 + 14 161 +11 0.0014**
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Baseline BonY and LLA mfVEP parameters were compared between the groups using the
using the Mann-Whitney- Wilcoxon (Wilcoxon rank sum) test. The average severity index for
BonY mfVEP was higher (nearly twice) in the progressive eyes but the difference was not
statistically significant. The BonY amplitudes were significantly reduced in the progressive
eyes (P value 0.040). The difference in the average amplitudes between the groups was ~ 75
nV. The LLA mfVEP ASI was significantly higher and LLA amplitudes were significantly
reduced in the progressives (P value 0.011 and 0.007 respectively). The difference in the

average amplitudes of LLA mfVEP between the two groups was ~ 105 nV.

The average BonY latency in the progressive eyes was 8ms longer but this difference was not
statistically significant. The latency delay between the groups was 3ms in LLA mfVEP (P not
significant) (Table 4.3). Independent T test was performed between the average ASI,
amplitude and latency values between BonY and LLA mfVEP in the progressive eyes. The
baseline severity index was higher in the LLA than BonY but the difference was not
statistically significant. The average baseline amplitude was over 80 nV lower and the
average latency was 12 ms longer in LLA mfVEP compared to BonY mfVEP (P = 0.009 and
P = 0.001 respectively) shown in Table 4.4.
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Figure 4.1: Comparison of baseline BonY mfVEP and LLA mfVEP Latencies for the 60-
pre perimetric eyes.
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Figure 4.2: Comparison of baseline BonY mfVEP and LLA mfVEP Amplitudes for the
60 pre-perimetric eyes.
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Figures 4.1 and 4.2 show the comparison between the baseline latencies and amplitudes of
BonY and LLA mfVEP in the 60 pre-perimetric eyes. The error bars represent the 95% CI of
the mean latencies (Fig 4.1) and amplitudes (Fig 4.2) in LLA and BonY mfVEP at baseline in
the pre-perimetric group. The average baseline latencies of LLA mfVEP were significantly
longer and the average amplitudes were smaller in the pre-perimetric eyes (P < 0.0001 in both

instances).

Correlation between the baseline latencies of BonY and LLA mfVEP with baseline MD of
HVF and global RNFLT of OCT have been shown in Figures 4.3 and 4.4 respectively. There
was a significant negative correlation between the BonY mfVEP and MD HVF (P = 0.007)
but the correlation between LLA mfVEP and MD HVF was poor. The association between
global RNFLT of OCT and both mfVEPs was weak.
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Figure 4.3: Correlation of BonY and LLA latencies with MD HVF at baseline for
preperimetric eyes.
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Figure 4.4: Correlation of BonY and LLA latencies with global RNFLT of OCT at
baseline for preperimetric eyes.

Correlation of BonY and LLA Latencies with global RNFLT of OCT at
baseline in Preperimetric eyes

190
180 -
170
160 -
w
£
£ 150 <
- BonY
()
§ 10 ® ua
-
L ssseee |inear (BonY)
130 -
= Linear (LLA)
120 -
R?*=0.04115
110 - ¢ )
R? = 0.02079
100 T Y T Y T T T T

30 a0 50 60 70 80 90 100 110 120
Global RNFLT - OCT at baseline

112



Figure 4.5: Correlation of BonY and LLA amplitudes with MD HVF at baseline for
preperimetric eyes.

¢ BonY

¥ ua

Linear (BonY)

sssses | naar (L‘_A]

BonY R = 0.15614
LLA R* = 0.12488

mfVEP Amplitude

100 -

-200 -

Mean Deviation of HVF at baseline

113



Figure 4.6: Correlation of BonY and LLA amplitudes with global RNFLT of OCT at
baseline for preperimetric eyes.
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Figures 4.5 and 4.6 show the correlation between BonY and LLA baseline amplitudes and
MD HVF and global RNFLT of OCT respectively. Both the MD HVF and RNFLT OCT
showed a positive relationship with the amplitudes of BonY and LLA. The correlation and P

values are listed in Table 4.5.
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Table 4.5: Correlation of BonY and LLA latencies with global RNFLT of OCT and MD
HVF at baseline for preperimetric eyes.

Table 4.5: Correlation of BonY and LLA latencies with global RNFLT of OCT and MD HVF
at baseline for preperimetric eyes.

LLA Latency BonY Latency | LLA Amplitude BonY
Amplitude
MD of HVF RZ=0.015 RZ2=0.117 R1=0.124 RZ=0.156
P=0.342 P =0.007 P =0.005 P=0.001
Global RZ=0.020 RZ=0.041 RZ=0.131 RZ=0.123
RNFLT of
ocT P=0.120 P=0.271 P=0.004 P =0.005
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Figure 4.7: Correlation of superior mfVEP latencies with superior MD of HVF.
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Figure 4.8: Correlation of inferior mfVEP latencies with inferior MD of HVF.
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Figure 4.9: Correlation of superior mfVEP latencies with superior RNFLT of OCT.
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Figure 4.10: Correlation of inferior mfVEP latencies with inferior RNFLT of OCT.
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The association between BonY and LLA latencies with MD HVF and RNFLT OCT for
superior and inferior hemifields were studied separately. Only the superior RNFLT of OCT
showed a moderate negative correlation with the superior latencies of LLA mfVEP. All other

hemifield correlations between the mf\VVEPs with HVF and OCT were weak.

4.6 Discussion

In this study, we investigated the possibility of baseline latencies of BonY and LLA mfVEP
in detecting preperimetric glaucoma and predicting future progression of preperimetric
glaucoma. Previous reports on VEP latency delays in glaucoma had been quite variable, with
the usual understanding that latency delay would more likely reflect demyelination, while
amplitude reduction reflects axonal loss. The study also set out to investigate the long-term
changes in associated factors for structural and functional progression in patients with
preperimetric glaucoma. The relationship between BonY and LLA mfVEP parameters with
subjective perimetry tests and structural measures of glaucoma in progressors and non-

progressors were also assessed.
4.6.1 Perimetric changes at baseline and progression rates:

There was a clear difference in the baseline indices of SAP, FDT and SWAP between the
progressors and non-progressors. The MD of HVF and SWAP were significantly higher in the
progressors but the MD of FDT did not show a significant difference. Long term changes in
the mean deviation of HVF, FDT and SWAP were all significant in the progressive eyes. The
change in the MD of HVF over the study duration (4.03 + 1.03 years) was less than the
average loss of about -2dB found in the EMGT study®° but this change was statistically
significant and agrees with the reasonable expectation for the MD to decrease in the
progressive eyes. The end point for this study on preperimetric eyes was the subsequent
development of a new scotoma on HVF as described in the Methods chapter. Mean deviation
change in SWAP from baseline to the final visit was also interestingly significant in the non-
progressive eyes. Studies indicate that SWAP defects progress faster than defects on SAP%. It
is possible that these preperimetric eyes may develop subsequent visual field defects on SAP
in the future. Similar to SWAP, FDT has also shown high sensitivity in the detection of early
glaucomal®®113251 and has been reported to be a strong predictor of future glaucomatous
damage for SAP?52.112253 Several studies indicate that there is a high diagnostic utility of FDP
for glaucoma screening®*. Patients with abnormal baseline FDT perimetry were

approximately 9 times more likely to develop VF loss on SAP, consistent with previous
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studies'*?52 and some longitudinal studies in glaucoma progression indicating that FDT can
detect progression earlier than SAP?>>. Conflicting evidence was given by Sponsel et al.?%
who found that neither mean Deviation nor pattern deviation of FDT could categorize visual
fields consistently. A study by Spry et al?®” suggested that FDT cannot be used confidently to
monitor glaucoma progression. An earlier study by Kim et al. 2°® showed no significant
differences between SAP and FDT indices (MD and PSD) at baseline between progressors

and non progressors.

4.6.2 Structural changes:

Average global, superior and inferior OCT RNFLT parameters were also significantly
reduced in the progressive eyes at baseline. Although the progressive eyes had a further
decline in the RNFLT over time, only the superior RNFLT had a significant (loss of over
9um) between visits. Interestingly, the statistical significance of the difference in RNFLT
between visits was higher in the non-progressive eyes conflicting with an earlier study by
Medeiros et al’® that showed that the mean rates of change in average RNFL thickness were
significantly faster for eyes with progressive disease compared to non-progressors. This is
possibly because of greater number of eyes (progressive eyes n=15, non-progressive eyes
n=45) even though the actual difference in thickness was similar or lower than progressors.
These results concur with earlier studies®*®® that indicate that thinner OCT RNFLT
measurements at baseline are associated with development of visual field defects in
preperimetric eyes and that RNFL is an ideal independent predictor of glaucomatous change
and progression. There was no difference in the mean RNFL values of HRT between
progressors and non-progressors or over time between the two groups indicating that OCT
RNFLT had a higher sensitivity than HRT measurements and in agreement with an earlier

study by Leung et al®®®,

4.6.3 mfVEP changes:

The Blue on yellow mfVEP technique has previously been described as having significantly
better sensitivity in identifying glaucomatous field loss6%1%, A later report indicated that the
sensitivities of BonY and LLA mfVEP in early glaucoma were comparable and the ASI of

both the mfVEP tests were also similar'®®. No comparison has yet been made between the
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amplitude and latency of these two tests and in different subgroup of subjects. This is the first

study to compare the parameters between these two mfVVEP techniques.

The average baseline BonY and LLA mfVEP parameters were compared between the
progressive and non-progressive eyes. The average baseline BonY amplitude was
significantly reduced in the progressors (~70nV) and the LLA amplitude was ~ 100nV
smaller in the same group. Both the decrease in local visual field sensitivity and local mfVEP
signal amplitude is proportional to local ganglion cell loss'®® 260 MfVEP amplitude
reductions in preperimetric eyes has been reported and differences between amplitudes of
eyes with asymmetric disease has also been previously noted'®¢. Our study results were in
agreement with the earlier study. Comparison of the baseline amplitudes between BonY and
LLA mfVEP that the LLA mfVEP amplitudes were significantly lower than that of BonY (P
=0.0034).

The baseline latencies were compared between the two groups. Although there was a
difference of 8ms between the average latency of BonY between the progressors and non-
progressors (the progressors had a longer latency), this difference was statistically
insignificant. The difference between the LLA mfVEP latency of both groups was only 3ms.
The LLA mfVEP had much longer latencies compared to BonY mfVEP in each group (P =
0.0002). Latency delay of BonY mfVEP in glaucoma has been reported'®® 13, The better
performance of LLA mfVEP may be due to the fact that the low luminance contrast rather
than its chromatic counterparts stimulating the koniocellular pathway stimulated

magnocellular neurons.

Results indicate that even though the latency of mfVEP was delayed significantly in
preperimetric glaucomal®®, the mfVEP latency cannot be used as an early indicator for
functional visual loss or determining progression of glaucoma as hypothesized earlier.
Furthermore, the relationship between the MD HVF and OCT RNFLT and the mfVEP
latencies for BonY and LLA stimuli were weak. The BonY and LLA amplitudes had a
significant association with both MD HVF and MD OCT in the 60 preperimetric eyes in line
with earlier studies that have established the linear relationship between mfVEP amplitude
and subjective perimetry?®®, The hemifield latencies and amplitudes had a poor correlation
with MD HVF and OCT RNFLT in the progressive eyes indicating that there was no
relationship between the hemifield with delayed latency and the topography of the defect
location on HVF based on MD.

The study was unfortunately limited by the lack of follow up data for both the mfVEP

amplitudes and latencies. The ability to examine for longitudinal changes in mfVVEP responses
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was lost because of the technical problem stated in the Methods chapter, and a large amount
of follow-up mfVEP data had to be disregarded. The long-term changes in the amplitudes and
latencies of BonY and LLA mfVEP could not be established in controls due to the same
reason. In the analysis only peak to trough amplitudes were considered. Signal to Noise ratios
(SNR) have been shown to be a useful criteria for evaluating mfVEP records of poor

quality®® but were not considered in this as they do not provide a latency value.

To conclude, the latencies of BonY and LLA mfVEP cannot be used as indicators for
prediction future progression of glaucoma and its associated functional visual loss. However,
amplitudes are true indicators of glaucomatous functional loss with a linear relationship with
subjective visual field testing. The LLA mfVEP seems to be a better and stronger indicator of
early glaucomatous loss both in terms of functional visual loss and its association with other

structural parameters and subjective perimetry.
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CHAPTER 5

STRUCTURAL AND FUNCTIONAL CORRELATES IN PRE-
PERIMETRIC GLAUCOMA: APPLICATION TO EARLY
DETECTION

5.1 Introduction

Early detection is one of the most important and challenging aspects of glaucoma
management. Documenting progression is also extremely important as it may signal the need
for modification of treatment strategies to prevent visual field loss. Glaucoma progression can
be assessed both structurally and functionally. Structural tests are more objective and not
dependent on patient responses. But establishing a functional loss corresponding to the
structural changes strengthens the diagnosis. Objective perimetry using multifocal VEP is
reported as a reliable method to assess functional visual loss in glaucoma'® 47, The use of
novel stimulus presentations using the Blue-on-yellow stimulus (targeting the koniocellular
pathway based on sparse stimulus presentation) and the Low Luminance Achromatic stimulus
(targeting the magnocellular pathway) have been previously reported 1% 1%, Sriram et al?%
established that LLA mfVEP identified preperimetric glaucoma than other perimetric methods
and a combination of LLA mfVEP and HRT was found to have a very high sensitivity for

preperimetric glaucoma.

5.2 Aim

The aim of this part of the study is to evaluate the combination of structural and functional
parameters, which will optimally detect early glaucoma effectively thereby facilitating early
intervention to prevent loss of vision. Calculating the Positive Predictive Values (PPV) and
Negative Predictive Values for combination of structural and functional tests will help in

predicting the future glaucomatous defects from baseline structural and functional tests.
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5.3 Methods

Early glaucoma patients with normal visual fields were recruited for this study from a private
eye clinic in Sydney. Glaucoma diagnosis was made prior to the study based on the
glaucomatous cupping of the optic disc, as judged by stereoscopic ophthalmoscopy. The
subjects had at least one glaucomatous optic disc and normal, reliable visual fields in that eye.
Inclusion and exclusion criteria, abnormality criteria of subjective and objective perimetry
tests, benchmarks for determining progression for the structural and functional tests in

glaucoma have all been detailed in the Methods chapter 2.

The mean follow up period for the cohort was 4.03 £+ 1.03 years. At the end of the follow-up
period the eyes that had progression was determined on the basis of the appearance of a
repeatable visual field defect on HVF. Any new defect was confirmed with testing on a
subsequent visit. In a previously normal region of the field, on two or more reliable tests, the
existence of a new isolated defect could be taken as evidence for progression. Criteria for a
new defect include a cluster of three points worsening by 5dB each, one of which has
worsened by 10dB. The non-progressives continued to have a normal HVF throughout the

study period despite changes to other structural and functional parameters.

The criteria for all abnormal structural and functional test parameters have been outlined in
the Methods Chapter. For the progressive and non-progressive groups, the number of eyes
that showed abnormality at baseline for each individual test and combination of tests were
identified. Baseline defects in progressive and non-progressive eyes for each test was done.
Topographic correspondence of the baseline defects was matched with the final RNFL
changes on OCT and HVF.

5.4 Analysis

Performance metrics was determined for the structural (OCT) test, objective perimetry tests
(BonY and LLA mfVEP) and subjective perimetry tests (SWAP, FDT). Performance metrics
composed of true positive (TP) which indicate an abnormal baseline test that correctly
identified defect (progressed), false positive (FP) in which negative instances (no progression)
incorrectly flagged as abnormal, true negative (TN) which are negative instances correctly

identified as negative (baseline test normal with no progression at the end of the study period)
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and finally false negative (FN) which are normal baseline tests but the eye developed a visual
field defect (progressive) at the end of the study period. Sensitivity and specificity were

determined for each test or combination of tests based on the performance metrics.

Sensitivity (True Positive rate) is defined as the ratio of TPs and the total number of positives.
Sensitivity = TP / TP + FN. Specificity (True Negative rate) is defined as the ratio of TNs and
the total number of negatives. Specificity = TN / TN + FP. The sensitivity and specificity
rates were then used to calculate the Positive Predictive Value (PPV) and Negative Predictive
Value (NPV) for individual tests as well as combinations. Assuming that the prevalence of
early glaucoma among referrals for suspect discs is roughly two of five or 40%, PPV and
NPV were calculated for that prevalence. Sensitivity, specificity, PPV and NPV were all
calculated using the contingency table analyses on Prism 7, Graphpad Inc. using

Wilson/Brown method (CI 95%) and P value calculated using Fisher’s exact test.

5.5 Results

Of the 60 preperimetric eyes recruited in the analysis, 15 (25%) eyes of 13 subjects
progressed to develop a repeatable defect on HVF at the end of the study period. The mean
age of those that progressed was 63.76 = 5.96 years (9 male and 4 female). The average HFA
MD of the progressive eyes in the final visit was -1.57 + 2.03dB, average MD on SWAP was
0.53 £3.82 dB, and on FDT it was -2.40 £ 3.73 dB.

45 eyes (75%) of 33 subjects remained preperimetric for the entire duration of the study. The
mean age of those that had a normal and stable HVF was 62.33 + 6.22 years (18 male and 15
female). The average HFA MD of the non-progressive eyes in the final visit was 0.17 + 1.14
dB, average MD on SWAP was 0.69 + 3.20 dB, and on FDT it was -0.40 = 3.61 dB. There
was no significant difference in age between the progressive and the non-progressive patients
(P =0.599).

Table 5.1 summarizes the sensitivities of all the diagnostic tests. LLA mfVEP exhibited the
best sensitivity in identifying patients with progression. P value compared to LLA mfVEP

was calculated using McNemar’s test.
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Table 5.1: Sensitivity of tests in progressive eyes (n=15). P value* compared to LLA using
McNemar’s test (95% CI)

Test Sensitivity, n (%) P Value* Topographic
Correspondence
with final HVF
defect
LLA mfVEP 12 (80%) - 83%
BonY mfVEP 9 (60%) 0.371 ob%
swap 5(33.3%) 0.023 20%
FDOT 6 (40%) 0.0412 100%
ocT 6 (40%) 0.013 20%
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Both LLA mfVEP and BonY mfVEP are more sensitive to glaucomatous progression
compared to the subjective perimetry tests and the structural test of OCT. SWAP had the
lowest sensitivity while both FDT and OCT were comparable. The baseline defects identified
by FDT corresponded 100% with those that developed on HVF over the course of the study.
BonY had the lowest topographic correspondence at 56%. LLA, SWAP and OCT were
comparable at 83%, 80% and 80% respectively.

Table 5.2a and 5.2b show the sensitivities, specificities, positive and negative predictive
values for individual tests and combination of tests with a ClI of 95%. While the sensitivity of
LLA was the highest, it also had the lowest specificity. Both FDT and SWAP had a high
specificity and was also comparable. Of the 15 eyes that progressed, 8 (53.3%) eyes were
positive on LLA, BonY and OCT. This was the maximum number of eyes that were identified

for any combination of functional tests with OCT (positive on any one or more tests).

Combination of one structural test with one functional test was assessed in an effort to
increase the diagnostic performance to predict progression of glaucomatous damage. The
combination of tests was considered positive if any one of the tests yields a positive result.
When combining two tests, a combination of OCT and LLA mfVEP gave the highest
percentage of eyes identified as progressive (73%) but the specificity of this combination was

the lowest among all individual tests and test combinations.
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Table 5.2 a: Sensitivity, Specificity, Positive and Negative Predictive Values of individual
tests (95% CI). *PPV and NPV calculated for prevalence of 40% and 25%

Test Sensitivity | Specificity PPV* NPV* PPV NPV
n [%} % (25%prevalence) | (25%prevalence)

oCcT 6 (40%) 71.1 0.42 0.68 0.33 0.55

LLA mfVEP | 12 (80%) 51.1 0.47 0.82 0.36 0.68

BonY 9 (60%) 71.1 0.35 0.64 0.27 0.52
mfVEP

FDT 6 (40%) 77.7 0.49 0.70 0.40 0.59

SWAP 5(33.3%) 77.7 0.45 0.70 0.35 0.58
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Table 5.2b: Sensitivity, Specificity, Positive and Negative Predictive Values for
combination of tests (95% CI). *PPV and NPV calculated for prevalence of 40%

Test Sensitivity Specificity PPV* NPV*

n (%) %
OCT+LLA 11{73%) 31.1 0.36 0.86
OCT+BonY 10 (66.6%) 42.2 0.30 0.70
OCT+FDT 9 (60%) 48.8 0.38 0.75
OCT+5WAP 9 (60%) 23.3 0.54 0.73
OCT+LLA+FDT 12 (80%) 42.2 0.71 0.87
OCT+BonY+5WAP 10 (66.6%) 45.6 0.37 0.72
OCT+FDT+5WAP 9 (60%) 55.5 0.63 0.85
OCT+LLA+FDT+5WAP 12 (80%) 40 0.69 0.87
OCT+BonY+FDT=SWAP 10 (66.6%) 40 0.38 0.74
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Positive and negative predictive values were calculated for the individual tests as well as
combinations. PPV and NPV were calculated for the prevalence of 40% assuming that the
prevalence of preperimetric glaucoma among referrals for suspect discs is roughly two of five.
Among individual tests, FDT had the highest PPV (49.4%) while LLA (47%) and OCT
(42.9%) were close enough. Positive and Negative predictive values have also been calculated
for 25%. The best Positive Predictive Value (71%) and the best Negative Predictive value
(87%) was seen for the combination of OCT + LLA + FDT Matrix. For a combination of one
structural and one functional test, the best NPV (86%) was for LLA and OCT.

Figures 5.1 and 5.2 show the Venn diagram combinations of positivity for all the tests for

progressive and non-progressive groups.
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Figure 5.1: Comparison of the positive tests in eyes that progressed on SAP
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Figure 5.2: Comparison of the positive tests in non-progressive eyes
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Fig 5.3 Example of progression on HVF as shown by the overview report
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Fig 5.4: Example of subject with baseline abnormality showing progression on FDT
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Fig 5.5: Example of subject with baseline abnormality showing progression on SWAP

Total Deviation

Pattern Deviation

*ERN

12<5%
#<2%
#<1%
W<05%
Total Deviation
¥
N |
L EX N
15.46%
$<2%
#<1%
W<05%
Total Deviation
e &3 g
BEER
FEEH
R BB
i+ X5%
$<2%
#<1%
W<05%

Co@E .
c|m

-
RSN | I

Pattern Deviation

Pattern Deviation

SITA-SWAP
MD -0.71dB
PSD 6.33dB P<0.5%

SAVE SIGHT INSTITUTE
DEPARTMENT OF OPHTHALMOLOGY
THE UNIVERSITY OF SYDNEY
MACQUARIE ST, SYDNEY

PH: 02 9382 7300

SITA-SWAP
MD  -0.49dB
PSD 7.60dB P<0.5%

SAVE SIGHT INSTITUTE
DEPARTMENT OF OPHTHALMOLOGY
THE UNIVERSITY OF SYDNEY
MACQUARIE ST, SYDNEY

PH: 02 9382 7300

BLUE-YELLOW
MD -354dB
PSD 9.08dB P<0.5%
SF  OFF
CPSD OFF

SAVE SIGHT INSTITUTE
DEPARTMENT OF OPHTHALMOLOGY
THE UNIVERSITY OF SYDNEY
MACQUARIE ST, SYDNEY

PH: 02 9382 7300

137



Figure 5.3 shows progression of visual field defects from preperimetric at baseline. Figures
5.4 and 5.5 show progression of visual field loss on FDT and SWAP respectively for subjects

who had baseline defects in these two tests.

5.6 Discussion

Many studies have examined the association of structural and functional measures of
glaucoma to understand better the nature of the disease and to evaluate and compare different
clinical measures. Documented progression of glaucoma may require modification of
treatment strategies to prevent loss of vision. However, determining progression is one of the
most important and challenging aspects of management. Progression of glaucoma can be
assessed with both structural and functional tests. This chapter compares the performance of
LLA mfVEP and BonY mfVEP amplitudes in predicting subsequent progression in isolation
and in combination of other structural and functional tests. The previous chapter showed no

significant changes in latency so this was not considered as part of this analysis.

Our research group previously investigated LLA mfVEP?® and BonY mfVEP® in
preperimetric glaucoma. LLA was abnormal in 43% and BonY in 50% of preperimetric
glaucoma cases. The advance of the current longitudinal study indicates that LLA mfVEP
also has a very high sensitivity in flagging eyes that have the potential to progress over time.
Recent advancements in OCT have resulted in increased reproducibility and accuracy in the
assessment of progressive damage to RNFL and ONH and macula affected by glaucomatous
damage?®®t 262, A study by Wollstein et al.%® concluded that there was a greater likelihood of
detecting glaucomatous progression with OCT compared to standard HVF. Mean rates of
change in RNFL thickness measurements of OCT were significantly faster for progressive
disease compared to non-progressors?63264265. QCT is also more likely to detect progression
in the preperimetric settings far greater than identifying disease worsening at advanced
stages’®. In this study, the sensitivity of LLA in progressors was even higher than that of OCT
as a baseline predictor. This result agrees with earlier studies that indicate that structural
measures like OCT may not be more sensitive than a functional test, depending on the
underlying relationship between structure and function and the relative variability of each
test?%6, Unfortunately, due to the change in amplifiers, this study was not able to compare
longitudinal mfVEP results with OCT or VF progression rates, which had been part of the

original study design.
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. LLA mfVEP also outperformed BonY mfVEP in sensitivity. The preferential stimulation of
the magnocellular pathway compared to the koniocellular pathway may support the

performance of using an LLA stimulus®7. 242 164,267, 21,

Among non-progressors, LLA mfVEP also shows the highest rate of test positives. While
these could represent false positives, it is possible that these patients may develop defects
indicating progression on HVF over time. Chauhan et al.?®® estimated that even with 3 tests
per year, a -4dB loss would be needed for detection in 2 years assuming a moderate amount of
variability. Certainly many of these subjects showed some possible changes but these did not

reach our criteria for progression.

Several studies indicate that OCT is an excellent test to measure structural change and
progression associated with glaucoma, but also the device outperforms HRT 11 in this aspect.
A study by Suda et al.?®® indicates that longitudinally detectable progressive glaucoma
changes were detectable with VF testing and SD-OCT but not with HRT 1I. The test-retest
variability also is known to inhibit the ability to detect glaucoma progression?%® which may
explain why HRT Il indices had a lower ability to detect glaucoma progression. Sensitivity of
RNFL damage detection using HRT 11 is found to be lower than OCT and OCT had a much

lower measurement error than HRT with less variability of measurements27%.272,

For these reasons, we considered OCT as the gold standard for assessing RNFL change
associated with progression in preperimetric glaucoma and all combination of functional tests
were done in combination with OCT as the structural parameter. The combination of one
structural and one functional test is common practice in glaucoma clinics around the world
and is realistic in most clinical situations. For this reason, combination of functional tests with

OCT as the structural parameter was used to maximize sensitivity.

The combination of OCT and LLA vyields the highest sensitivity (73%) for one structural and
one functional parameter and OCT + LLA + FDT had the highest sensitivity (80%) for the
combination of one structural, one subjective and one objective perimetry test. This
combination also had the highest PPV and NPV amongst all combination of tests. In addition,
FDT had the highest (100%) percentage of topographic correlation with the final HFV defect.
LLA mfVEP and OCT were not far behind at 83% and 80% respectively. Abnormal defects
on global, superior or inferior hemifields were considered as a defect on OCT. This could
have significantly increased the sensitivity of the OCT test. For both LLA and BonY mfVEP,
a defect on either amplitude deviation or asymmetry deviation was considered as an
abnormality. Adding a fourth study to the combination of tests did not increase the

sensitivity. Adding SWAP to the combination of OCT + FDT + LLA increases the PPV to
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85.7%. PPV and NPV are important because identifying those who will remain stable is as

important as recognizing progressors.

Stereo photographs of the optic disc were not used as a measure for assessing progression. A
recent study, even when three glaucoma specialists agreed, there was a 40% false-positive

rate indicating that stereo photographs are not a good standard for assessing progression?’2.

The major limitation of this study was the lack of longitudinal data for the mfVEP to
determine if functional change was in fact correctly identified objectively, and further
progressed in those showing subjective progression. Subsequent studies will have to address
this. The study does have longitudinal data on the other perimetric and structural measures,

and has been able to confirm the utility of these tests.

In conclusion, the objective perimetry test of LLA mfVEP combined with OCT represented
the best combination of tests both to identify preperimetric glaucoma as indicated earlier 2°°
and to predict subsequent progression of glaucoma. The clinician has to also consider the
tradeoffs between sensitivity and specificity while combining tests. Sensitivity will increase
and specificity will decrease because of greater probability of results being outside the normal

limits for the combination compared with individual tests.
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CHAPTER 6

CONCLUSIONS AND FUTURE DIRECTIONS

This thesis sought to address the hypothesis that both BonY mfVEP and LLA mfVEP show
the potential to detect functional visual loss associated with early glaucoma prior to changes
on SAP, and further establish that scotomas detected by BonY and LLA mfVEP reflect local
structural and functional glaucomatous defects as detected by visual field testing and imaging
techniques. In addition to this, the thesis proposed that a combination of specialized mfVEP
technique and structural imaging was beneficial in identifying early glaucomatous changes
and detecting progression thereby enabling a confident treatment plan to prevent irreversible

vision loss.

Chapter 3 aimed at addressing the research questions related to the performance of the
subjective and objective perimetry tests based on the magnocellular pathway: Frequency
Doubling Perimetry (FDP) and the Low Luminance Achromatic multifocal VEP (LLVEP),
and the performance of tests based on the koniocellular pathway: Short Wavelength
Automated Perimetry (SWAP) and Blue on Yellow multifocal VEP (BonY mfVEP). The aim
was to further determine if one pathway is superior to the other at detecting glaucomatous
damage on both objective and subjective measures. The study demonstrated that objective
perimetry tests (LLA and BonY) had a marginally higher detection rate of abnormality
compared to subjective perimetry tests (SWAP and FDT). This applied to both koniocellular
and magnocellular based testing. The correlation of the subjective and objective tests based on
the magnocellular pathway namely LLA mfVVEP and FDT was significantly better compared
to those of the koniocellular pathway (BonY and SWAP).

Chapter 4 intended to assess if latency delay of LLA and BonY mfVEP can be an early
indicator of future glaucoma progression and to establish a relationship between the baseline
latencies and amplitudes of BonY and LLA mfVEP tests with other functional and structural
measures of glaucoma (Mean Deviation of the SAP and the RNFL thickness measured with
OCT).
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The plan was also to establish the relationship between the baseline latencies and amplitudes
of BonY and LLA mfVEP tests with other functional and structural measures of glaucoma
(Mean Deviation of the SAP and the RNFL thickness measured with OCT). The results
indicate that latencies of BonY and LLA mfVEP cannot be used as ideal indicators for
prediction of future progression of glaucoma and its associated functional visual loss. The
amplitudes as indicated in earlier studies are true indicators of glaucomatous functional loss
with a more linear relationship with subjective visual field testing. The LLA mfVEP seems to
be a better and stronger indicator of early glaucomatous loss both in terms of functional visual

loss and its association with other structural parameters and subjective perimetry.

Chapter 5 examined the combination of structural and functional parameters, which will
optimally detect early glaucoma and also monitor progression effectively. The study looked at
predicting future glaucomatous defects from baseline structural and functional tests by
calculating the Positive Predictive Values (PPV) and Negative Predictive Values for
combination of structural and functional tests. The objective perimetry test of LLA mfVEP
combined with OCT emerged as an ideal combination of tests both to identify preperimetric
glaucoma and to predict progression of glaucoma much earlier than other structural or
functional tests. This combination could also be a clinically relevant and feasible option to

monitor glaucoma progression.

The main limitation of the study was the lack of follow-up data for both LLA mfVEP and
BonY mfVEP both in controls and in glaucoma subjects. A major technical issue with the
mfVEP recording device rendered all the collected follow-up data unusable. This was a major

setback for this study and it removed the longitudinal mf\VEP data from all analyses.

Future work following on from this thesis involves long term prospective studies for LLA
mfVEP in both normal controls and in early glaucoma with a newer and faster mf\VEP
system. This would help us determine the long-term changes in the mfVEP and how these
correlate with the structural changes on high resolution OCT. The recent development of OCT
angiography means it will also be possible to study localize vascular changes at the optic

nerve head and macular regions to see if these correlate with functional and structural losses. .
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While it is still controversial that any particular pathway is preferentially affected early in
glaucoma, this study seemed to favor a magnocellular test strategy. The clinician is currently
faced with a wide variety of tests, and it is not practical to apply all tests to individual
patients. It is however easy to apply a single specialized mfVEP strategy in addition to
conventional VF testing, and when combined with OCT imaging in glaucoma clinics this

could help identify and prevent glaucomatous damage and subsequent vision loss.
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	LIST OF TABLES
	HYPOTHESIS
	- SAP is currently the gold standard for detecting functional visual loss associated with glaucoma. Both BonY mfVEP and LLA mfVEP show the potential to detect functional visual loss associated with early glaucoma prior to changes on SAP.
	- Scotomas detected by BonY and LLA mfVEP reflect local structural and functional glaucomatous defects as detected by visual field testing with SAP and imaging techniques such as OCT, HRT and Stereo photography.
	- With the conventional understanding that latency delay would more likely reflect demyelination while amplitude would reflect axonal loss, we hypothesize that the BonY and LLA mfVEP latency may have the potential for identifying glaucoma progression ...
	- A combination of specialized mfVEP technique and structural imaging will be the key identifying early glaucomatous changes and detecting progression thereby enabling a confident treatment plan to prevent irreversible vision loss.
	This research will set to answer the following questions in each chapter.
	- Chapters 1 and 2 will look at the wealth of research and information available to support the aims of the thesis and to establish the research methods; clinical investigations performed, and enlist the parameters addressed in both normal and disease...
	- Several subjective and objective psychophysical tests have been designed based on the Magnocellular and Koniocellular visual pathways and aim to detect early functional loss in glaucoma. In Chapter 3, I will be comparing the performance of subjecti...
	- In Chapter 4 the baseline latency values of BonY and LLA mfVEP are compared between the preperimetric glaucoma subjects that had a worsening visual field defect over time and those that remained stable with no field progression, to assess if latency...
	- Chapter 5 evaluates the combination of structural and functional parameters, which will optimally detect early glaucoma and also monitor progression effectively thereby facilitating early intervention to prevent loss of vision. Prediction of future...
	- Chapter 6 summarizes the results of the study and looks at future directions.
	1.1 Organization of the Human Retina
	The human retina is a thin multilayered tissue that contains three developmentally distinct, interconnected cell groups that form signal processing networks1 namely the sensory neuroepithelium (SNE) containing Photoreceptors and Bipolar Cells (BC), t...
	The Optic disc consists of the RGC axons (retinal nerve fibers) converging to exit the eye, forming the neuroretinal rim (NRR) and a central cup, which can vary in size, together with retinal arteries and veins. The RGC axons near the center of the vi...
	The fibers arising from the RGCs both superior and inferior to the horizontal raphe follow a strict segregation and any injury to these specific locations produces characteristic visual field defects, patterns of neuronal rim loss and optic disc pallo...
	1.3 The Visual Pathways
	Many distinct pathways of visual information originate from the retina in order to process multiple distinct visual signals emerging from the photoreceptors. Along with the five major types of RGCs namely ON and OFF parasol, ON and OFF midget, and sma...
	The structure–function relations of other koniocellular populations are less directly established. Two classes of atypical (‘ON–OFF’ and ‘suppressed-by-contrast’) receptive fields were reported in the central retina27,15,28 and in the central visual f...
	The EMGT36 study was randomised to the no-treatment group studied in detail about the natural course of POAG and can be used to predict the likelihood of visual loss from glaucoma. 49% of the individuals without treatment progressed, compared with 30...
	The Collaborative Normal Tension Glaucoma Study (CNTGS)39 found that there was a wide variability in the clinical course of the disease and documented the natural course of untreated Normal Tension Glaucoma (NTG). The focus was on patients with glauc...
	1.5 Structural Assessments in Glaucoma
	1.5.1 Stereo disc photography
	An optic nerve or RNFL abnormality is often, but not always, the first sign of glaucomatous damage. Early glaucomatous damage can be difficult to detect, requiring careful observation of the optic nerve and RNFL. Optic disc photography or optic nerve...
	A thorough optic nerve examination should be used along with perimetry to diagnose glaucoma and to assess disease severity. Staging the disease and consideration of risk factors for glaucoma progression enables the clinician to establish a target intr...
	The Ocular Hypertension Treatment Study (OHTS)42, EMGT and European glaucoma prevention study43 have all used the optic disc photography as a method for assessment of optic disc damage in their randomized clinical trials. Standardizing the optic disc...
	By subjectively assessing the optic nerve, the clinician can make note of the other disease processes that can affect the functional evaluation. It also enables comprehensive evaluation of parameters such as disc hemorrhages, and disc pallor. There ha...
	Detecting change and monitoring progression:
	Monitoring the optic disc change can be achieved by comparing the serial photographs over time. Comparing the trajectory of the blood vessels on the optic disc between stereo photographs helps in detecting change. Estimating the cup/disc ratio is insu...
	Limitations: There is a lot of variability in classifying the optic nerve head as glaucomatous between practitioners and between visits36. There is also a high inter and intra observer variability in disc assessment. Increasing media opacities can ham...
	1.5.2 Scanning Laser Ophthalmoscopy using Heidelberg Retinal Tomograph II (HRT II)
	HRT provides a real-time imaging technique that produces multiple coronal optical cross-sections of the retina and optic nerve head. These are combined to give a three-dimensional image of the optic nerve.
	The Heidelberg Retina Tomograph (HRT; Heidelberg Engineering, Heidelberg, Germany) is a widely used CSLO device. The HRT uses a diode laser beam (wavelength, 670 nm) and captures a series of 32 sequential two-dimensional scans in a total acquisition ...
	The HRT II uses a higher resolution and measures a 15-degree scan area and automatically adjusts the fine focus and scan depth. This also keeps the axial resolution of the scan at 62 μm by varying the number of imaging planes. This ensures constant d...
	The Glaucoma Probability Score (GPS) can distinguish between healthy and glaucomatous eyes. GPS is an operator-independent algorithm at least with respect to defining the disc margin. In addition to the numeric GPS score, the Moorfields Regression Ana...
	If the GPS classification changes between repeated tests in the absence of glaucomatous progression, the test should be considered unreliable49,50. GPS classification is based on the manufacturer suggested cutoff values. Borderline classifications sho...
	Limitations: Mean pixel height standard deviation (MPHSD) provides an objective measurement of HRT image quality. Factors affecting the image quality are age, high myopia, and increased visual impairment and media opacities. The acceptable cut off for...
	The test provides topography of the disc but cannot directly measure RNFL thickness, but rather uses an arbitrary level of 50um below the paillomacular bundle as its reference plane to calculate RNFL thickness.
	Despite the limitations, several studies show that measurements with the HRT are highly reproducible and accurate in determining the optic disc topography in numerous studies56,45,57,58,59.
	Fig 1.5: Heidelberg Retinal Tomograph (HRT II) scan report showing MRA. The image on top shows the topographic map of the optic disc. Dark colors are elevated and light colors appear deeper. Red indicates the cup, while the blue and green areas demons...
	1.5.3 Spectral Domain-Optical Coherence Tomography (SD-OCT)
	OCT is a non-contact, non-invasive imaging technique that provides high resolution, cross sectional images of the posterior segment of the eye.
	1.6 Functional Assessments in Glaucoma
	1.6.1 Standard Automated Perimetry
	Automated perimetry has become an integral tool in the management of glaucoma and is widely used as the metric to determine functional loss. The Humphrey Visual Field Analyzer (HFA II-i) is the most widely used automated perimeter among clinicians. St...
	There is significant inter-test variability in individual glaucoma patients and the presence of high risk factors for developing glaucomatous damage that makes it difficult to determine the presence of damage with statistical confidence. It is also di...
	SAP uses a static achromatic stimulus. It is thought to nonselectively invoke all the primary RGC types responsible for vision. Since there is considerable overlap in the receptive fields of retinal ganglion cells, a test with a nonselective stimulus ...
	The presence of changes in RNFL, site and severity of the defects, peripapillary changes, changes in the neuroretinal rim and vasculature were assessed in various cross-sectional studies on structure-function relationships in glaucoma. The results ind...
	Several factors that influence variability of the visual field results such as patient performance, poor reliability indices, fatigue, media opacities, learning effects, uncorrected refractive error and true physiological variability together account ...
	All Glaucoma clinicians and researchers use HVF perimetry to help with both the diagnosis of glaucomatous field loss and to assess the progression. Currently glaucoma progression analysis, progressor and VFI (Visual Field Index) are used for trend and...
	1.6.2 Short Wavelength Automated Perimetry (SWAP)
	Blue-yellow perimetry, or SWAP, is designed to assess short wavelength loss, which is believed to be detectable  earlier in glaucoma patients and is mediated by the midget small bistratified ganglion cells86. SWAP assesses the S cone visual field unde...
	The incidence of new glaucomatous visual field abnormalities when testing with SWAP is comparable to that detected with standard threshold automated perimetry. However, when a defect appears with SWAP, it may be more likely to persist in follow-up tes...
	Initial studies reported that localized short wavelength losses were more prevalent in patients who have ocular hypertension and glaucoma93. The short wavelength deficits are larger than the defects seen in standard threshold automated perimetry, and ...
	Several longitudinal studies indicate that SWAP detects functional loss 3-5 years prior to the abnormalities being detected on SAP101, 102, 103. In eyes with established visual field defects, the progression of the defect on SWAP is faster than SAP. H...
	Limitations of the SWAP technique are the long test duration, influence of media opacities and a greater magnitude of long-term fluctuation compared with standard threshold automated perimetry, making it difficult to assess progression accurately. SWA...
	Fig 1.8: Example SWAP report of a patient with early glaucoma
	1.6.3 Frequency Doubling Technology (FDT) Perimetry
	1.7 Electrophysiology in Glaucoma
	With appropriate stimulation and recording techniques, electrophysiology allows the selective monitoring of the function of retinal pigment epithelial cells, rods, cones, retinal bipolar cells and ganglion cells, and of the optic nerve pathway to V1 a...
	The techniques can be broadly divided into Electroretinograms (ERG) and Visually Evoked Potentials (VEP). The full field ERG only shows minor changes in glaucoma and is therefore not useful in glaucoma 114.
	The origin of the MULTIFOCAL ELECTRORETINOGRAM (mfERG) signals as a photopic stimulus is generated by the retinal bipolar cells, which are driven by the cones (Fig 10a). There is strong evidence that even advanced glaucoma does not affect the basic mf...
	The PHOTOPIC NEGATIVE RESPONSE (PhNR) is recorded under photopic conditions, like a full-field ERG and appears as a slow negative wave after the positive b-wave (Fig 10b). PhNR amplitudes are significantly reduced in glaucoma patients and a reduction ...
	The PATTERN ELECTRORETINOGRAM (PERG) (Fig 10c). The signal is generated by using a high-contrast patterned reversing stimulus on a television monitor and is sensitive to changes in the health of the retinal ganglion cell (RGCs). Several studies have s...
	VEP signals from all areas of the visual field up to 20 degrees of eccentricity can be recorded using horizontally oriented bipolar electrodes straddling the inion called the Bipolar Occipital Straddle (BOS). This facilitates the registration of the h...
	Multifocal VEP magnitude is particularly valuable for an objective visual field assessment in glaucoma patients. Multifocal VEP latency measures promise further insight into visual system abnormalities in patients with optic neuritis and multiple scl...
	1.9.3 VARIATIONS IN THE NORMAL MFVEP are present between the eyes of the same subject, across the visual field and across individuals. The variations in the folding and positioning of the brain in relation to the electrodes are the same for the repres...
	In recent years, there has been many advancements in the mfVEP technique including changes in the electrode positions162, 145, 144, multiple channel recordings145, 163, pattern sequence163, EEG scaling, dichoptic stimulation164, 165, inter-eye asymme...
	In glaucoma, damage to the retinal ganglion cells causes visual field defects. At present, patients with suspected glaucoma, based on structural optic disc changes or high intraocular pressure, are assessed with static visual field perimetry, which re...
	Fig 1.12 a: mfVEP stimulus display of 60 cortically scaled sectors where each sector displays an independent pattern-reversing checkerboard172
	Fig 1.12 b: Cortically scaled dartboard black and white pattern stimulus with 58 segments and nasal step test region172
	Fig 1.12 c: Local mfVEP responses. Expanded traces from one of the segments demonstrated lower amplitude and delayed latency in a glaucomatous eye (bottom) compared with that in the fellow eye (top)172.
	1.9.4 SPECIFICITY OF THE MFVEP AND REPRODUCIBILITY
	Fortune et al. studied the effects of age, sex and race on mfVEP recordings on 100 healthy participants and concluded that there was no overall effect of age on the signal to noise ratio (SNR) of mfVEP recordings. There was no evidence of localized ef...
	Specificity of mfVEP was found to be excellent by using cluster criteria for monocular and inter-ocular tests.
	Several studies by the same group were conducted to ascertain the reproducibility of mfVEP test on normal controls and subjects with glaucoma. Confirmation of an abnormal cluster is specifically indicative of a true defect on the mfVEP. It is also ess...
	The study by Klistorner et al. examined the source of variability in the mfVEP amplitude. The study aimed at establishing a relationship of this variability to the strength of the signal across the visual field. The variability of mfVEP was significan...
	Prolonged cVEP latency could provide a potential mode of detecting abnormal ganglion cells if a method for reliably measuring the latency could be developed. While trying to assess the abnormality of monocular mfVEP timing, a template method was sugge...
	Historically, it has been generally believed that structural abnormalities of the optic nerve and retinal nerve fiber layer precede visual function loss associated with glaucoma. There is considerable evidence in support of this view for standard auto...
	2.2 Human Ethics
	Human ethics approval was granted initially through University of Sydney, HREC Approval Number: 2102/ 743 and subsequently Macquarie University External ethics 05-2009/11594 was granted under the title “Optimizing the detection of early glaucoma targe...
	All human experimental work was conducted under the tenets of the Helsinki agreement with written and verbal informed consent. All participation was voluntary and no coercion or incentives were offered.
	2.3 Recruitment of Study Participants: Normal Controls
	Subjects for inclusion in the study cohort were age matched and recruited from the general community as part of ongoing research projects undertaken at the Save Sight Institute, Sydney. All subjects underwent basic ophthalmological assessment includin...
	considered reliable if the fixation losses were less than 20% and the false negative and false positive rates were less than 33% (rates of reliability fixed by the perimeter software).
	2.4 Glaucoma Subjects
	Fifty-one early-glaucoma subjects were recruited from a Sydney-based private glaucoma practice. Glaucoma diagnosis was made prior to the study based on the glaucomatous cupping of the optic disc, as judged by stereoscopic ophthalmoscopy. The subjects ...
	2.5 Inclusion Criteria
	Glaucomatous optic discs were identified based on one or more of the following criteria: (a) Definite focal rim notching, (b) Cup-disc asymmetry ≥ 0.2 with no disc size asymmetry, plus rim irregularity, (c) markedly thinner inferior than superior rim ...
	2.6 Exclusion Criteria

	To further look at the association between the subjective and objective perimetry tests, Pearson’s correlation coefficient was calculated between the baseline mean deviation (MD) of Frequency Doubling Perimetry (FDP) and the baseline AccuMap Severity ...
	There was a negative correlation between the mean deviation of the FDP and the ASI of the low luminance achromatic mfVEP as expected (correlation coefficient r = -0.3624; P=0.004.  In other words, the severity index of LLA increased with decrease in t...
	5.3 Methods
	This thesis sought to address the hypothesis that both BonY mfVEP and LLA mfVEP show the potential to detect functional visual loss associated with early glaucoma prior to changes on SAP, and further establish that scotomas detected by BonY and LLA mf...
	Bibliography

