
 

1 
 

 
 
 
 
 

IDENTIFICATION AND CHARACTERISATION OF 
GANGLION CELL LOSS IN OPTIC NEUROPATHIES 

 
Prema Sriram 

B S (Optometry) 
 

Australian School of Advanced Medicine 
Faculty of Human Sciences 

Macquarie University 
 

 
 

A thesis submitted to Macquarie University in fulfillment of the 
requirements for the degree of Doctor of Philosophy 

 
 

May 2014 
 
 

Supervisors 
Prof Stuart L Graham 

A/Prof Alexander Klistorner 
Dr Hema Arvind 

  



 

2 
 

TABLE OF CONTENTS 
 
 
 
           Page 
 
Declaration of Originality        5 

Acknowledgements         6 

Thesis Summary         7 

Thesis Outline          8 

List of Abbreviations         10 

Chapter 1: Introduction to ganglion cells 

1.1 Anatomy of the retina        13 

1.1.1 Cellular organization of the retina     13 

1.1.2 General histological organization of the retina   17 

1.2 Anatomy of the Optic Nerve Head and Retinal Nerve Fibre layer  22 

1.3 Anatomy and physiology of the Retinal Ganglion cells    25 

1.4 Axonal loss in different diseases       27 

1.4.1 Glaucoma        28 

1.4.2  Multiple Sclerosis       31 

1.5 Methods of assessment of ganglion cell function     38 

 1.5.1 Structural tests  

      a. Disc photography       39 

      b. Scanning laser ophthalmoscopy     42 

                 c.  Optical coherence tomography     46 

      d.  Scanning laser photography      50 

 1.5.2  Functional tests 

      a.  Standard Automated Perimetry     51 



 

3 
 

                 b.  Short Wavelength Automated Perimetry    56 

c. Frequency Doubling Technology Perimetry    62 

d. Electroretinogram       68 

i. Oscillatory potentials in glaucoma     70 

ii. Photopic negative response in glaucoma    71 

iii. Scotopic threshold response in glaucoma    72 

iv. Pattern Electroretinogram      72 

v.  Multifocal Electroretinogram     76 

vi. Visual Evoked Potential      78 

Chapter 2: Structural and Functional Identification of Early Glaucoma 

2.1 Introduction         94 

2.2 Aim of the study        95 

2.3 Methods         95 

2.4 Results          98 

2.5 Discussion         102 

Chapter 3: Reproducibility of multifocal VEP latency using different stimulus 

presentations 

3.1 Abstract         106 

3.2 Introduction         107 

3.3 Methods         108 

3.4 Results          112 

3.5 Discussion         114 

Chapter 4: Optic Neuropathy in Multiple Sclerosis 

4.1 Introduction         118 



 

4 
 

4.2 Methods         119 

4.3 Results          120 

 4.3.1 MS Non Optic Neuritis eyes      122 

 4.3.2 Optic Neuritis eyes       131 

4.4 Discussion         133 

Chapter 5: Transsynaptic retinal degeneration in optic neuropathies: Optical Coherence 

Tomography study 

5.1 Abstract         137 

5.2 Introduction         138 

5.3 Materials and methods       139 

5.4 Results          141 

 5.4.1 Glaucoma group       141 

 5.4.2 Multiple sclerosis group      144 

5.5  Discussion         146 

Chapter 6: Conclusion        149 

References          152 

Appendix I (Ethics approval) 

 
  



 

5 
 

DECLARATION OF ORIGINALITY 
 
 
 
 
I hereby declare that this thesis is my original work, as supported by chapters 

published in various peer reviewed journals, except where acknowledgement has 

been made below and where due reference has been in the text. To the best of my 

knowledge, this thesis does not contain material that has been accepted for the award 

of any other degree or diploma at the University or any other tertiary institution. An 

Ethics committee approval was obtained from the University of Sydney and 

Macquarie University (HREC Approval number: 05- 2009/11594) prior to 

commencement of the study. All the experiments included in this thesis were 

performed at Save Sight Institute, University of Sydney and Australian School of 

Advanced Medicine, Macquarie University. 

 

I give consent for the thesis to be made available for photocopying and loan if 

accepted for the award of the degree. 

 

 

Prema Sriram 

May 2014 

  



 

6 
 

ACKNOWLEDGEMENTS 
 
 
 
 
 
I wish to express my gratitude and thankfulness to my supervisors Prof Stuart Graham, A/Prof 

Alexander Klistorner and Dr Hema Arvind for their support and guidance throughout my 

research. Their encouragement, enthusiasm and valuable suggestions have been a great source 

of motivation for improvement. 

 

I would also like to thank Dr John Grigg, Ophthalmologist and neurologists Dr Con 

Yiannikus, Dr Raymond Garrick, Dr Michael Barnett and Dr John Parratt who have 

helped me recruit patients for my study. 

 

I thank my friends Deepa Viswanathan and Radha Govind for having cheered and 

motivated me during tough challenges in the last 4 years. 

 

I wish to acknowledge Macquarie University for having offered support in terms of funding 

under the International Macquarie Research Excellence Scholarship (iMQRES) scheme. 

 

I also wish to thank Glaucoma Australia for having funded my study 

 

Finally, last but not the least, I would like to thank my parents, husband and my 

children for their never-ending love, trust and support. Without them I would have 

never gotten through this journey and completed this thesis. 

  



 

7 
 

THESIS SUMMARY 
 
 
 
 
 
This thesis explores the identification of ganglion cell loss in optic neuropathies, and utilizes new 

technologies. Two commonly prevalent optic neuropathies have been studied – Glaucoma, which 

is common among the older population and Mutiple Sclerosis (MS) associated optic neuropathy, 

which is more prevalent in the younger population.  

The aim of the glaucoma study was to identify the combination of the tests would identify very 

early loss of ganglion cells. Knowledge of this impact will then allow clinicians to identify 

patients with early glaucomatous damage and start treatment before evident visual field loss. The 

study revealed that Heidelberg retina tomograph (HRT) and Low contrast multifocal visual evoked 

potential (LLA mfVEP) were two sensitive tests in detecting patients with preperimetric and early 

glaucomatous defects. The aim of the MS study was to identify ganglion cell loss in patients with 

MS with or without previous history of Optic Neuritis (ON). The study also aimed to prove if the 

eye is a primary site of neurodegeneration in patients with multiple sclerosis. This could possibly 

shed some light in the pathological changes in the eye that occurs with MS related 

neurodegeneration. The results of the study indicated the presence of a trans neuronal 

degeneration, which could be retrograde (from optic radiation to retina) or anterograde (from 

retina to visual cortex). We also proved the absence of retrograde degeneration since the ERG 

changes were of similar magnitude in both ON and NON eyes of MS patients. 
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THESIS OUTLINE 
 
 
 
 
Chapter 1: INTRODUCTION 
 
The introduction includes a brief overview of the retinal structure, anatomy of the Optic 

Nerve Head (ONH), ganglion cells and their axons. Ganglion cell losses in different 

diseases, with detailed review on two specific diseases– glaucoma and MS have been 

included. Different methods to assess ganglion cell loss have also been discussed in detail. 

 
 
 
Chapter 2: STRUCTURAL AND FUNCTIONAL IDENTIFICATION OF EARLY 

GLAUCOMA 

This chapter describes a major study that investigated the various diagnostic tests used in 

clinical glaucoma practice. The study aimed to determine the diagnostic test(s) that identified 

earliest ganglion cell loss in glaucoma. Results of the study have been discussed in detail. 

 
 
 
Chapter 3: REPRODUCIBILITY OF MULTIFOCAL VEP LATENCY USING 

DIFFERENT STIMULUS PRESENTATIONS 

This study was performed to assess the reproducibility of latency of multifocal 

visual evoked potential (mfVEP) recorded using different stimulus presentations, 

and to identify the peak with least variability. Results of this study have been 

discussed in detail in this chapter. 

 
 
 
Chapter 4: OPTIC NEUROPATHY IN MULTIPLE SCLEROSIS 
 
This chapter involves a comprehensive functional and structural assessment of the entire visual 

pathway in MS to evaluate possible association of both proximate (outer retinal) and distal (optic 

tract and optic radiation) pathology with loss of ganglion cell and its axons. Results of this study 
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have been discussed.  

 

Chapter 5: TRANSSYNAPTIC RETINAL DEGENERATION IN OPTIC 

NEUROPATHIES: OPTICAL COHERENCE TOMOGRAPHY STUDY 

This study was performed to determine if there was any loss of INL secondary to the loss of 

GCL in patients with long standing ganglion cell loss in conditions such as glaucoma and ON 

associated with multiple sclerosis. Results of this study have been discussed in detail in this 

chapter. 

 
 

Chapter 6: CONCLUSIONS 
 

The results of all the studies conducted as part of this thesis has been summarised in this chapter. 

A section on future directions from this study has also been included. 

  



 

10 
 

LIST OF ABBREVIATIONS 
 
 
 
 
 

1. ANCOVA  Analysis of Covariance 

2. ANOVA Analysis of Variance 

3. APP Amyloid Precursor Protein 

4. BBB Blood Brain Barrier 

5. BonY Blue on Yellow 

6. CDMS Clinically Definite Multiple Sclerosis 

7. CNS Central Nervous System 

8. CNTGS Collaborative Normal Tension Glaucoma Study 

9. CR Coefficient of reliability 

10. CSLO Confocal Scanning Laser Ophthalmoscope 

11. EEG Electroencephalogram 

12. EGPS European Glaucoma Prevention Study 

13. EMGT Early Manifest Glaucoma Trial 

14. ERG Electroretinogram 

15. ERP Event Related Potential 

16. FDT Frequency Doubling Technology 

17. GCL Ganglion Cell Layer 

18. GON Glaucomatous Optic Neuropathy 

19. GPA Guided Progression Analysis 

20. HFA Humphrey Field Analyser 

21. HRT Heidelberg Retina Tomograph 

22. HTG High Tension Glaucoma 

23. ICC Intra Class Coefficient 



 

11 
 

24. INL Inner Nuclear layer 

25. IOP Intra Ocular Pressure 

26. IPL Inner Plexiform Layer 

27. LGN Lateral Geniculate Nucleus 

28. LLA Low Luminance Achromatic 

29. MD  Mean Deviation 

30. mfERG  Multifocal Electroretinogram 

31. mfVEP  Multifocal Visual Evoked Potential 

32. MRA  Moorefield Regression Analysis 

33. MRI  Magnetic Resonance Imaging 

34. MS  Multiple Sclerosis 

35. NAWM Normal Appearing White Matter 

36. NIRS Near Infra Red Spectroscopy 

37. NON Non Optic Neuritis 

38. OCT Optical Coherence Tomography 

39. OHT Ocular Hypertension 

40. OHTS Ocular Hypertension Study 

41. ON Optic Neuritis 

42. ONH Optic Nerve Head 

43. ONHC Optic Nerve Head Component 

44. ONTT Optic Neuritis treatment Trial 

45. OP Oscillatory Potential 

46. OPL Outer Plexiform Layer 

47. PERG Pattern Electroretinogram 

48. PET Positron Emission Tomography 



 

12 
 

49. PhNR Photopic Negative Response 

50. PO Pattern Onset 

51. POAG Primary Open Angle Glaucoma 

52. PPMS Primary progressive Multiple Sclerosis 

53. PR Pattern Reversal 

54. PXEG Pxeudoexfoliation Glaucoma 

55. RGC Retinal Ganglion Cell 

56. RNFL Retinal Nerve Fibre Layer 

57. RPE Retinal Pigment Epithelium 

58. RRMS Relapsing Remitting Multiple Sclerosis 

59. SAFE Structure and Function Evaluation Study 

60. SAP Standard Automated Perimetry 

61. SD Standard Deviation 

62. SD-OCT Spectral Domain Optical Coherence 

  Tomography 

63. SITA Swedish Interactive Threshold Algorithm 

64. SLP Scanning Laser Polarimetry 

65. SNR Signal to Noise Ratio 

66. SPMS Secondary Progressive Multiple Sclerosis 

67. STR Scotopic Threshold Response 

68. SWAP Short Wavelength Automated perimetry 

69. TTX Tetrodotoxin 

70. UHR-OCT Ultra High Resolution Coherence Tomography 

71. VEP Visual Evoked Potential 

  



 

13 
 

CHAPTER 1: INTRODUCTION TO RETINA 
 
 
 
 
 
1.1  ANATOMY OF THE RETINA 
 

 
The retina is the best-studied part of the human brain. Embryologically it is a part of the 

Central Nervous System (CNS),1-5 but is readily accessible to examination and can be 

investigated with relative ease by both scientists and clinicians. Moreover, an estimated 80% 

of all sensory information in humans is thought to be of retinal origin,6 indicating the 

importance of retinal function for the ability to interact with the outside world. 

 

 
 
1.1.1  CELLULAR ORGANIZATION OF THE RETINA 
 
The major cellular components of the retina are the RPE cell, the photoreceptor cells, the 

interneurons, the ganglion cells, and the glial cells (Figure 1). 

 

 
 
a. RETINAL PIGMENT EPITHELIUM 
 
Like the sensory components of the neuroretina, the RPE cell is of neuroectodermal embryonic 

origin.1-5, 7, 8 Each adult human retina contains about 3.5 million RPE cells9 whose diameters vary 

four- fold between 14 mm in the central retina and 60 mm in the peripheral retina.10 The density 

of RPE cells is greater in the fovea (5,000 cells/mm2) than in the periphery (2,000 cells/mm2).11 

In the central retina, where RPE cells are most tightly packed, they take the shape of regular 

hexagonal tiles that form a single layer of cuboidal epithelium. Tight junctions between adjacent 

RPE cells form the outer blood- retina barrier, an important physiologic barrier to the free flow of 

molecules between the leaky choriocapillaris and the photoreceptors of the neuroretina.12-18 The 

flow of the subretinal fluid through the RPE has been reported to reflect active transport of ions 

or difference in oncotic pressure and plays an important role in the attachment of the retina to the 
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RPE. 

 
b. PHOTORECEPTORS 
 
The photoreceptors are the sensors of the visual system that convert the capture of photons 

into a nerve signal in a process called phototransduction.19 The human retina contains 

approximately four to five million cones and 77–107 million rods.19-21 Only cones are 

found in the foveola, whereas rods predominate outside the foveola in the remaining fovea 

and the entire peripheral retina. Among the three cone photoreceptors, red cones (63% or 

2.9 million) are more common than green (32% or 1.4 million) and blue cones (5% or 0.2 

million).22 Each photoreceptor consists of an outer segment (photopigment), inner segment 

(mitochondria, endoplasmatic reticulum), a nucleus, an inner fibre (analogous to an axon), 

and the synaptic terminal.23 The inner fibre is the axon of the photoreceptor cell and 

transmits the photoreceptor cell signals to the OPL via its synaptic terminals. Due to the 

absence of inner nuclear layer cells in the foveola, the inner foveolar fibres have to travel to 

the OPL in the surrounding macula to make synaptic contact. 

 
 
 
c. INTERNEURON CELLS 
 
Interneurons in the inner nuclear retinal layer connect the photoreceptor layer with the 

ganglion cell layer. These interneurons consist of the bipolar, horizontal, amacrine, and 

interplexiform cells, which form complex neuroretinal circuitries in the Outer Plexiform 

layer (OPL) and Inner Plexiform Layer (IPL) to process the photoreceptor signal and 

transmit this information to the ganglion cell layer (GCL). In the simplest case, the 

photoreceptor cell is directly connected to a ganglion cell via a bipolar cell. Bipolar cells 

receive input from either rods or cones.6, 25, 26 Cone bipolar cells may make contact with as 

few as one cone, while rod bipolar cells may receive input from up to 70 rods. Depending 
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on their response to glutamate, bipolar cells are classified as being hyper-polarising (OFF-

centre) or depolarising (ON-centre). Photoreceptors also interact with horizontal cells in the 

OPL.27 Three types of horizontal cells have been described in the human retina.28, 29 

Amacrine cells are mainly found in the inner nuclear layer, although some are seen in the 

GCL and the IPL as well.30 There are as many as 30 different types of amacrine cells, 

though the functional significance of each of these is not fully understood.21 Another 

interneuron in the inner nuclear layer – the interplexiform cell – has processes extending 

into the IPL and OPL. Thus, on their way to the ganglion cell, visual signals are transmitted 

and modified by bipolar, horizontal, amacrine, and interplexiform cells as part of the visual 

processing within the retina.27 

 

 
d. GANGLION CELLS 
 
The ganglion cells are responsible for transmitting visual information from the retina to the 

brain. The ganglion perikarya are located in the GCL, while their dendrites make contact with 

bipolar and amacrine cells in the IPL. Up to 20 different ganglion cell types have been 

described in the human retina – the two best known types are the midget and the parasol cells, 

which make up about 80% of ganglion cell population.21 The midget ganglion cell (also 

known as P or b cell) receives input from midget bipolar cells at a ratio of up to one-to-one in 

the fovea. It is a small cell with a relatively small dendritic arbor. The parasol ganglion cell 

(M or a cell) has a much more extensive dendritic arbor that resembles an opened umbrella in 

histological preparations of the retina. Midget and parasol cells project to the parvocellular 

and magnocellular layers of the Lateral Geniculate Nucleus (LGN), respectively.31, 32 Because 

of the anatomic distance between the retina and the brain, the ganglion cell axons require 

effective mechanisms for transport of metabolites and organelles away from (anterograde) 

and back to (retrograde) the ganglion cell nucleus. Axonal transport occurs at slow (<10 mm/ 
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day), high (hundreds of mm/day), or intermediate velocities. 

 

 
e. GLIAL CELLS 
 
Four glial cell types are found in the retina: Muller cells, astrocytes, micoglia, and 

occasionally, oligodendrocytes. Muller cells are the main glial cells of the retina.33-36 Their 

perikarya are located in the inner nuclear layer with cell processes that span the entire 

neuroretina.33 The proximal extensions of Muller cells expand and flatten to form so-called 

endfeet whose basal lamina forms the inner limiting membrane.37 Distally, Muller’s 

extensions give rise to the outer limiting membrane by forming a series of junctional 

complexes. Lateral extensions of Muller cells surround the retinal neurons. Muller cell 

processes also cover retinal blood vessels. They play a crucial role in maintaining the local 

environment that allows the visual process to function optimally. Astrocytes are thought to 

derive from stem cells in the optic nerve and are found in the superficial layers of the 

neuroretina where they surround ganglion cells, nerve fibres, and superficial retinal blood 

vessels.38 Microglia enter the retina from the circulation.38 They are phagocytic and part of the 

reticuloendothelial system. They are usually found in small numbers in the nerve fibre layer, 

but are mobile and can reach any part of the retina. Oligodendrocytes give rise to the myelin 

sheath in the peripheral nervous system. Though normally unmyelinated, retinal nerve fibres 

occasionally are seen to be myelinated, indicating that oligodendrocytes can reach the retina 

in certain conditions. 

 
1.1.2 GENERAL HISTOLOGICAL ORGANIZATION OF THE RETINA 
 
The retina is the neurosensory component of the eye. Its outer part is supplied by a vascular 

layer, the choroid, and protected by a tough outer layer, the sclera. The cellular elements of 

the retina are arranged and adapted to meet the functional requirements of the different 
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regions of the retina (Figure 1). 

 
 
 
a. Bruch’s Membrane 
 
This membrane separates the choriocapillaris from the RPE. It is an elastic membrane 

composed of five layers: the basement membrane of the choriocapillaris, an outer collagenous 

layer, a central elastic layer, an inner collagenous layer, and the basement membrane of the 

RPE. It stretches from the optic disc at the posterior pole to the ora serrata anteriorly and varies 

in thickness between 2 and 4 µm at the posterior pole and 1– 2 µm at the ora serrata. With age, 

Bruch’s membrane grows thicker and its ultrastructure becomes less distinct. 

 
 
 
b. Retinal Pigment Epithelial layer 
 
Each eye contains about 3.5 million RPE cells,9 which are held together by junctional 

complexes to form a continuous epithelial monolayer. The tight junctions (zonulae 

occludentes) between these RPE cells separate the choriocapillaris from the photoreceptors of 

the outer retina, thus creating the outer blood-retina barrier, a selective barrier between the 

outer retina and its choroidal blood supply.12-18 This barrier helps to control the extracellular 

milieu and maintain the function of the outer retina. 

 
 
 
 
c. Photoreceptor Layer 
 
Rods and cones are tightly stacked together into a single pallisading layer of photoreceptors.19, 20, 

23, 39-41 This thin, subcellular stratum is the only light-sensitive part of the neuroretina and the site 

of phototransduction. All other layers of the neuroretina collectively serve to process and transmit 

these nerve signals. 
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d. External Limiting Membrane 
 
This is not a true membrane, but created by junctional complexes between adjacent 

Muller cells as well as between Muller and photoreceptor cells. The subretinal space is a 

potential space lying between the outer blood retina barrier and the external limiting 

membrane.42-43
 

 
 
 
e. Outer Nuclear Layer 

 
The outer nuclear layer contains the nuclei of the photoreceptor cells and is thickest in the 

foveolar area. The human retina contains approximately four to five million cones and 77– 

107 million rods.19-21. The maximum rod density is found in the “rod ring” about 4.5 mm, or 

20–25°, from the foveola. The absence of rods from the foveola (“rod-free zone”) accounts 

for the physiological central scotoma that is experienced under extreme scotopic conditions. 

 
 
 
f. Outer Plexiform Layer 
 
In the OPL, photoreceptor cells of the outer nuclear layer form connections with the bipolar 

and horizontal cells of the inner nuclear layers. This is an important initial processing step in 

the retina: Individual cone photoreceptor signals are connected in such a way that they give 

rise to concentric receptive fields with an antagonistic centre- surround organisation. These 

signals are then transmitted to the next layer of processing, the IPL, by bipolar cells.44, 45 

 

g. Inner Nuclear Layer 
 
 
This layer harbours the nuclei of not less than five different types of cells: the horizontal, the 

bipolar, the amacrine, the interplexiform, and the Muller cells. The horizontal cells are located 

along the outer limit of the inner nuclear layer facing the OPL, whereas the amacrine faces  

the IPL. The nuclei of the bipolar, interplexiform, and Muller cells take up intermediate 
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positions.21, 27, 33
 

 
h. Inner Plexiform Layer 
 
The IPL is the second retinal processing layer with net- works between bipolar, amacrine, and 

ganglion cells. The IPL shows sublayering into six lamina. This enables the parallel 

representation and processing of the photoreceptor input through specific interactions 

between the bipolar, amacrine, and ganglion cells in each of the six lamina of the IPL.45 The 

visual message leaving the retina is in the form of ganglion cell spike discharges that occurs 

either when a spot of light stimulated the retina (ON discharge to light) or when the spot of 

light was turned off (OFF discharge). The OFF-centre bipolar chains excited OFF ganglion 

cells, and ON-centre bipolar cell chains excited ON ganglion cells. To keep the ON and OFF 

channels separate through the ganglion cells to the brain, the IPL is divided into two 

functionally discrete sublaminae, called a (the two strata below the amacrine cell bodies) and 

b (the other three strata stretching to the ganglion cell bodies). The interactions are only 

allowed between basal-contacting cone bipolar types and one set of ganglion cells in 

sublamina a, whereas invaginating- contacting cone bipolar cells can interact only with 

another set of ganglion cells branching in sublamina b. 

 
i. Ganglion Cell Layer 
 
This layer contains about 1.2 million ganglion cells as well as a number of other cell types,  Inner 

Limiting Membrane and Vitreoretinal Interface including “displaced” amacrine cells, astrocytes, 

enthothelial cells, and pericytes.19, 38, 46 The thickness of the GCL is greatest in the perifoveal 

macula consisting of between eight and ten rows of nuclei (60–80 µm), decreases to a single row 

outside the macula (10–20 µm), and is absent from the foveola itself.24, 47 The small midget and 

the larger parasol cells make up 80% of the GCL and behave as either ON or OFF cells depending 

on the location of their dendrites in the ON or OFF-regions of the IPL. The ON-OFF centre-



 

20 
 

surround organisation of receptive fields that was first created in the OPL is thus maintained at 

the ganglion cell level.20, 21, 45 

 

 

j. Nerve Fibre Layer 

 
 
Ganglionic axons travel towards the optic nerve head within the nerve fibre layer. Thin and 

difficult to discern in the far periphery, the nerve fibre layer becomes thicker towards the 

disc as a result of the convergence of all retinal ganglion axon fibres on the optic disc. The 

axons are accompanied by astrocytes in the nerve fibre layer and are separated into small 

bundles by the cellular processes of Muller cells and the internal limiting membrane.25, 48 

The exact cross- sectional ordering of the axonal fibres of the peripheral and central 

ganglion cells in the retina remains controversial.26, 36
 

Temporal to the disc lies the macula, which has the highest density of ganglion cells. Axons 
 
from the macula project straight to the disc, forming the papillomacular “bundle.” The 

remaining axons of the temporal retina reach the optic disc only by arcing around the 

papillomacular bundle. As a result, all temporal ganglion cell axons originating from 

outside the macula are compressed into the superotemporal and inferotemporal sectors of 

the optic nerve, above and below the temporal entry of the papillomacular bundle fibres. 

The superior and inferior nerve fibre bundles are therefore much thicker (almost 200 mm) 

compared to the papillomacular bundle (65 mm) and easier to see on clinical examination, 

especially in red- free light. Nasally, axons enter the nasal half of the optic disc more or less 

straight from their retinal location. In addition, ganglion axon fibres do not cross the 

horizontal meridian (the horizontal raphe) in the temporal retina. 

 

k. Inner Limiting Membrane and Vitreoretinal Interface 
 
The innermost processes of the Muller cell enlarge and flatten on the vitreal side to form the 
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inner limiting membrane. Vitreous collagen fibrils insert into this membrane of the retina, so 

rendering the retina vulnerable to vitreoretinal traction force. 37
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Figure 1: Overview of retinal structure 
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1.2 ANATOMY OF THE OPTIC NERVE HEAD AND RNFL 
 
 
 
 
The retinal ganglion axon fibres travel within the nerve fibre layer to converge on the optic 

nerve head (also termed the optic disc) while obeying strict retinotopic organisation. The adult 

optic nerve head is typically elliptical in shape, having a slightly greater mean vertical (1.9 

mm) than mean horizontal (1.7–1.8 mm) diameter,19 though its size and shape can vary 

greatly even in healthy eyes.19, 46, 49-51 RGC axons converge at the ONH in an organised 

pattern. Axons coming from the nasal, superior and inferior retina have a relatively straight 

course towards the ONH, while axons coming from the temporal regions of the retina 

describe an arcuate course around the macular region, resulting in a horizontal raphe temporal 

to the macula (Figure 2). Axons that originate from the fovea run, somewhat, directly to the 

temporal edge of the ONH and form the papillo- macular bundle.24 Arteries and veins that 

originate from the central retinal vessels lie superficially in the RNFL, and are partially 

covered by nerve fibres. 
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Figure 2: Diagram of the optic nerve fibres of the right eye 
 
 
 
 

 
 

(M, macula; P, optic disc; R, retinal raphe; PM, papillomacula fibres; AF, arcuate fibres; T, 

temporal side; N, nasal side) 
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The central RGC axons are located in the inner part of the optic nerve rim whilst peripheral 

RGC axons are found in the outer layers of the optic disc rim. The central part of the optic 

nerve head that contains no retinal fibres and appears optically empty forms the optic cup. 

The relationship between disc and cup size (the cup- disc ratio) can vary widely in healthy 

eyes.51
 

 

 
 
All retinal ganglion axons pass through the optic nerve head, which consists of three parts: the 

pre-laminar portion (between the lamina cribrosa and the vitreous), the lamina cribrosa, and 

the postlaminar portion. Surrounded by astrocytes in the prelaminar portion, the axon bundles 

stream through the foramina of the lamina cribrosa, which is made of condensations of scleral 

collagen, to enter the postlaminar portion where oligodendrocytes and connective tissue 

become part of the glial structure. A number of histological structures delineate the 

prelaminar optic nerve head from the vitreous, the retina, and the choroid. In the 

oligodendrocyte-containing postlaminar portion, the axon fibres become myelinated and the 

optic nerve ensheathed by the meninges. 

 
 
 
After passing through the optic nerve head, the retinal axons travel in the intraorbital (about 

30 mm), the intracanalicular (5–12 mm), and the intracranial portions of the optic nerve (8–19 

mm). At the optic chiasm, the nasal fibres decussate to join the temporal fibres of the 

contralateral optic nerve to form the optic tract, which projects to the LGN, the pretectal 

nuclei, the superior colliculus, the hypothalamus, and possibly other brain structures.19
 

 
 
 
Because all retinal ganglion cell (RGC) axons and all retinal blood vessels have to pass 

through the optic disc, relatively small lesions at the optic disc and in the optic nerve can 

have devastating clinical effects.52, 53 Pathology affecting these ganglionic axons along 

their anatomic course between the retina and the brain gives rise to characteristic visual 
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field defects54, 55 and patterns of neural rim loss and pallor50, 56-59 that help to localise lesions 

clinically. 

 

 

1.3 ANATOMY AND PHYSIOLOGY OF THE RETINAL GANGLION 

CELLS 

Cone receptors consist of three cell types known as long, medium and short wavelength (L, M, 

and S) that are located in the outermost layer of the retina, and are connected to the ganglion 

cells by bipolar cells. A complex interconnected network is created with horizontal cells 

located between the cones and bipolar cells, and amacrine cells in between bipolar and 

ganglion cells.60
 

 

 
 
Bipolar cells connect, compare, and relay information from cone photoreceptors to ganglion 

cells. Complex networks of horizontal and amacrine cells assist in the collection and 

comparison of information received from cones. Cone photoreceptors that provide input to a 

ganglion cell through bipolar cells are called the receptive field of that ganglion cell. Two 

types of bipolar cells have been identified. The first polarises in the same way that cones 

polarise, i.e., hyper-polarisation in reaction to light; these are called “Off” cells. The other 

type, the “On” cells, polarises in the reverse direction. This difference arises from different 

glutamate receptors on the surface of these cells. In the fovea, where visual acuity is highest, 

most cones connect with one “Off” and one “On” bipolar cell.71, 72 In the periphery, the 

number of On/Off cells increases. Overall, such a structure creates a receptive field, which for 

example, can detect an edge or create a centre/surround organisation.73 

 

Ganglion cells are the final output neurons of the vertebrate retina. They collect information 

about the visual world from bipolar cells and amacrine cells (retinal interneurons). This 
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information is in the form of chemical messages sensed by receptors on the ganglion cell 

membrane. Transmembrane receptors, in turn, transform the chemical messages into 

intracellular electrical signals. These are integrated within ganglion-cell dendrites and cell 

body, and ‘digitized’, probably in the initial segment of the ganglion-cell axon, into nerve 

spikes. Nerve spikes are a time-coded digital form of electrical signalling used to transmit 

nervous system information over long distances, in this case through the optic nerve and into 

brain visual centres. 

 
 
 
Ganglion cells are also the most complex information processing systems in the vertebrate 

retina. It is a general experimental truth that an organism as a whole cannot behaviourally 

respond to visual stimuli that are not also detectable by individual ganglion cells. Different 

cells become selectively tuned to detect surprisingly subtle ‘features’ of the visual scene, 

including colour, size, and direction and speed of motion. These are called ‘trigger features’. 

Even so signals detected by ganglion cells may not have a unique interpretation. Equivalent 

signals might result from an object changing brightness, changing shape, or moving. It is up 

to the brain to determine the most likely interpretation of detected events and, in the context 

of events detected by other ganglion cells, take appropriate action. 

 
 
 
Several physiologically and morphologically distinct types of ganglion cells exist. One, 

known as the magno cell, responds rapidly to stimulation, has thick axons with more myelin 

and large receptive fields (i.e., collects information from several cones). Another type known 

as the parvo cell, has thin axons with less myelin, responds slowly to stimuli and has smaller 

receptive fields. In the LGN, distinct layers of magno and parvo cells have been identified 

using several staining methods. Magno cells collect information from all types of cones; 

hence they detect “luminance” and can signal motion, stereopsis and depth. The parvo system 



 

28 
 

is used for detection of “chromatic” modulation and thus the form and material of an object. 

Their processing pathways also differ: magno cell information is processed through  the 

“where” pathway to the parieto-occipital cortex, while information from parvo cells is mostly 

processed through the “what” pathway in the infero temporal-occipital cortex.61 One other 

major type of ganglion cells is known as the konio cell. Konio cells are much less in number 

than the other two types and form three tiny separate layers in between the magno and parvo 

cells in the LGN (although up to 6 koniocellular layers have been reported – ref??). 

Structurally, they are smaller than parvo cells. The physiological response of konio cells is 

not as well studied as the other two cell types, while they may play a role in seasonal mood 

changes62 and colour constancy mechanism.63, 64 Seasonal mood changes might as well be 

affected by the recently-found ganglion cells known as melanopsin containing retinal 

ganglion cells (mRGC).65
 

 
 
 
Data processing in the visual system starts in the eye itself, distinguishing it from any other 

organ in the body.60 While the eye itself is not considered as a part of the CNS, the 

multilayered structure of the retina enables early processing of the retinal cone responses. The 

information generated by cone photoreceptors in the retina is compressed and transferred to 

higher processing centres through the magno, parvo and konio cells. These ganglion cells, 

which travel from the retina to the LGN and then to the primary visual cortex, have different 

structural and functional characteristics, and are organized in distinct layers in the LGN and 

the primary visual cortex. 

 
 
 
Ganglion cell axons terminate in brain visual centres, principally the LGN and the superior 

colliculus. The axons are directed to specific visual centres depending of the visual ‘trigger 

features’ they encode. The optic nerve collects all the axons of the ganglion cells. In man this 

optic nerve bundle contains more than a million axons. 



 

29 
 

 
 
 
The optic nerve, with its 1.6 million fibres, carries information from about 4 million cones.74 

Therefore, data compression occurs at the retinal level. In the model of L, M and S cone 

responses in natural environments, a mathematically optimised solution for data compression 

matches the physiological response of the three types of ganglion cells.75
 

 
 
 
“Data decompression” seems to take place in the cortex, since the 1.6 million ganglion cells 

connect to about 120 million neurons in the visual cortex.76 Therefore, lesions in each of the 

three compressed pathways cause considerable functional loss as compared to lesions in 

other areas of the CNS. 

 

 

1.4  AXONAL LOSS IN DIFFERENT DISEASES 

As mentioned above, since all RGC axons and all retinal blood vessels have to pass through 

the optic disc, relatively small lesions at the optic disc and in the optic nerve can have 

devastating clinical effects.52, 53 Pathology affecting these ganglionic axons along their 

anatomic course between the retina and the brain gives rise to characteristic visual field 

defects54, 55 and patterns of neural rim loss and pallor50, 56-59 that help to localise lesions 

clinically. Evidence has accumulated that these three pathways show characteristic patterns of 

malfunction in MS,66, 67 Glaucoma, Parkinson’s,68 Alzeimer's disease69-70 and several other 

disorders. There are about 7 to 12 other types of ganglion cells including a photosensitive 

ganglion cell.65 However, these cell types are much less  frequent and do not create distinct 

layers in the LGN. 

 
 
 
The most common conditions associated with axonal loss are firstly glaucoma, which is more 
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common in the older population (discussed in detail in chapter 2) and secondly optic neuritis 

(ON), which is more common in the younger population. An episode of ON can occur in the 

majority of patients having multiple sclerosis, which is an inflammatory demyelinating 

condition of the CNS. Hence this thesis looked at patients with MS(discussed in detail in 

chapter 4) and not clinically isolated cases of optic neuritis, where the cause is unknown. 

 
 
 
1.4.1 Glaucoma 
 
The term “Glaucoma” refers to a group of progressive optic neuropathies, which result in the 

slow degeneration of the RGCs and optic nerve atrophy.77 Clinically it is characterised by a 

specific pattern of changes at the optic nerve head associated with corresponding visual field 

loss.77 It is usually associated with elevated Intra Ocular Pressure (IOP), however it is not a 

necessary finding for the diagnosis. Adult glaucoma may be classified as primary or 

secondary depending on the presence or absence of associated ocular pathology contributing 

to the elevation of IOP. Adult primary glaucoma is also classified as being of the open-angle 

or angle-closure type, according to the manner by which aqueous outflow is impaired. 

 

Primary open angle glaucoma (POAG) is the most common type of glaucoma, and is one of 

the leading causes of blindness worldwide. The disease is largely asymptomatic, the visual loss 

starts usually in the periphery, is insidious and slowly progressive.56 Disc and field changes do 

not always occur in tandem, with structural changes often preceding field loss, although the 

reverse is seen in some situations. If the IOP is never documented as being elevated, the 

condition may be termed normal tension glaucoma (NTG). 

 
 
 
Axonal degeneration of RGCs and apoptotic death of their cell bodies are observed in 

glaucoma, in which the reduction of IOP is known to slow progression of the disease. The 

mechanisms of degeneration of neuronal cell bodies and their axons may differ. The axons 
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of RGCs are approximately 50 mm in length and form synapses with cells in the LGN of 

the thalamus. The axons are arranged in bundles separated and ensheathed by glial cells. 

Upon exiting through the lamina area, the axons become myelinated with oligodendrocytes. 

Glaucomatous optic neuropathy (GON), the second leading cause of blindness worldwide, 

is therefore defined as a neurodegenerative disease characterized by structural damage to the 

optic nerve and the slow progressive death of RGCs.78, 79 

 

NATURAL HISTORY OF GLAUCOMA 
 

 
The lack of symptoms in POAG plays a large role in delaying its detection and diagnosis. 

Typically, POAG is slowly progressive, remaining asymptomatic until late. By the time 

POAG becomes symptomatic, severe and irreversible damage has usually occurred to the 

visual field in one or both eyes. The rate of progression of the visual field defect varies in 

patients, and treatment efficacy is variable. Some patients’ progress despite aggressive 

therapy.80 

 

 
The incidence of blindness 20 years after the initial diagnosis of POAG has been estimated at 

27% for one eye and 9% for both eyes in a primarily white population.82 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.82
 

 
 
 
Data from individuals in the Early Manifest Glaucoma Trial (EMGT) randomised to the no- 

treatment group shed light on the natural course of newly detected POAG and can be used to 

predict the likelihood of visual loss from glaucoma. After 4 years of follow-up, 49% of the 
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individuals without treatment progressed, compared with 30% with treatment (an average 

IOP lowering of 25%).83, 84 After 6 years of follow-up, 68% of the untreated patients showed 

definite visual field progression, with an overall median time to progression of 42.8 months. 

The study also revealed a very large variation in time to progression among the subjects. This 

variability in clinical course was also found by the Collaborative Normal Tension Glaucoma 

Study (CNTGS). Similar to the EMGT,85 the CNTGS documented the natural course of 

untreated NTG.86 The study specifically focused on patients with glaucomatous optic nerve 

damage and visual field loss accompanied by IOP in the normal range. While some believe 

that NTG represents a distinct variety of glaucoma from POAG, the two most likely represent 

a continuum of glaucomas. Most cases progressed slowly, requiring several years to 

demonstrate progression; in other cases, deterioration manifested within 1 year. 

 

 
Because the course of glaucomatous progression is highly variable, identifying factors that 

predict progression can help guide clinical practice and patient treatment and monitoring. In 

the EMGT, faster and greater progression was noted in older patients (!68 years of age) when 

compared with younger patients. Frequent disc haemorrhages predict faster progression, as  

did bilateral disease and greater visual field loss at initial diagnosis, as measured by perimetric 

mean deviation (MD). Pseudo-exfoliation (PXF) glaucoma, when compared with NTG and 

HTG, was also noted to be a more aggressive disease, with a mean progression rate 

corresponding to full-field blindness within 10 years. In addition, glaucoma patients with 

higher IOP are more likely to progress rapidly than  those with IOP <21. NTG patients 

progressed more slowly and had a lower risk of rapid evolution to blindness. Therefore, the 

immediacy and aggressiveness of therapy for these patients may be less than that for patients 

with HTG and PXF glaucoma. That being said, high intra-group variability exists and, 

therefore, treatment should be guided by individual presentation. 
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The EMGT and the CNTG are the only two prospective studies that studied large groups of 

people with glaucoma without treatment. These two studies have provided important data on the 

natural course of POAG and on its risk factors for progression. 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. 

 

1.4.2 Multiple sclerosis 
 
MS is a chronic inflammatory neurodegenerative disease of the CNS. Axonal loss is now 

accepted as the major cause of irreversible neurological disability in MS.87 Acute 

inflammation results in axonal transection and ultimately axonal and neuronal loss. Evidence 

exists that the demyelination processes in MS affects magno and parvo pathways, in a 

specific order.61 The visual system represents an ideal model to study axonal loss and factors 

associated with it due to the fact that it sub-serves a single class of functions, which are easily 

identifiable and measurable in vivo. Thus, axonal loss in the absence of acute inflammation 

can be assessed by measuring retinal nerve fibre layer (RNFL) thickness and amplitude of the 

Visual Evoked Potentials (VEP), while latency of the VEP and its progressive change are 

indicative of de/remyelination along visual pathway. 

 
 
 
PATHOLOGY OF AXONAL INJURY IN MULTIPLE SCLEROSIS 
 
 
When MS pathology was defined at the end of the nineteenth century, whether the primary 

lesion in the CNS affected myelin or axons was controversial. Marburg in 1906 pointed out 

that the hallmark of the MS lesions is primary demyelination with relative sparing of axons. 

Fromann (1878), mainly concentrating on spinal cord lesions, emphasized axonal transection 

and loss within lesions and tract degeneration. In contrast, Charcot (1880), focusing more on 

brain lesions, defined MS as a demyelinating disease, and acknowledged the presence of 
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axonal injury and loss.91 Detailed morphological studies performed at the turn of the 

nineteenth century showed clearly that primary demyelination is the key and most 

characteristic pattern of tissue damage in MS lesions. 

 

While demyelination is still considered the most characteristic histopathological feature of 

MS, a significant association has been recently found between permanent functional deficit 

and loss of axons and it is now believed that axonal injury constitutes the basis for 

neurological disability in MS. It has been established that axonal loss is an early event in the 

disease pathogenesis and is not limited to long-standing chronic MS lesions. By using 

Amyloid Precursor Protein (APP), Ferguson et al92 were able to demonstrate axonal damage 

within acute MS lesions. This was confirmed by Trapp et al,93 who used confocal laser 

microscopy to study axonal transection in early MS lesions. Kornek et al94 later demonstrated 

that massive axonal injury may even occur during the first few weeks after onset of 

demyelination. Post- mortem studies have shown that axonal loss can be detected in the 

normal appearing white matter and cortical grey matter, suggesting a more diffuse pathology 

than previously considered. 

 
 
Pathologic studies implicate acute inflammatory demyelination as a principal cause of axonal 

transection and subsequent axonal degeneration. There are various mechanisms of axonal 

damage in acute lesions. The inflammatory microenvironment contains a multitude of 

substances produced by activated immune and glial cells that potentially injure axons, 

including proteolytic enzymes, cytokines, oxidative products, and free radicals. Inflammation 

induces aberrant glutamate homeostasis and production of nitric oxide and can also affect 

energy metabolism and the viability of affected cells. Acute axonal damage may occur via 

mechanical compression caused by increased extracellular pressure from inflammation- 
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induced edema. Severe swelling in the CNS can lead to herniation or compression damage. 

Inflammation can also result in the disruption of normal vascular function, which could lead 

to ischemic-mediated axonal damage. 

 
 
 
Axons transected during acute inflammation continue to degenerate over the following 

months, which results in MRI detected white matter atrophy. Acute inflammation and brain 

atrophy, however, do not proceed in parallel. It takes up to a year for atrophy to be fully 

manifested. It was also suggested that permanent demyelination in the absence of active 

inflammation may contribute to axonal degeneration by making axons more vulnerable to 

physiological stress. Significant slow-burning axonal damage was found by Kornek at el94 

even in plaques, completely devoid of active myelin destruction in cases where no active 

lesion was detected. However, this slow burning process was absent when a plaque 

remyelinated. Chronic demyelination of axons results in alterations in neurofilament spacing 

as a result of changes in phosphorylation status and axolemmal redistribution of ion channels. 

Lack of trophic support from myelin or myelin forming cells may also cause degeneration of 

chronically demyelinated axons. Disruption of normal axon-myelin interaction is another 

factor believed to contribute to induction of axonal degeneration. Functional oligodendrocyte 

pathology alone (in the absence of inflammation) can cause significant axonal loss and 

progressive neurologic disability. Therefore, while axonal loss is not caused by 

demyelination per se, the loss of myelin may have detrimental effect on axons through the 

variety of mechanisms and as a result has indirect effect on progress of disability. 

 
 
 
In addition, it has been recently demonstrated that there is an apparent dissociation between  

lesion load and degree of white matter neurodegeneration and therefore, inflammatory 

demyelination alone cannot explain increasing neurological disability in MS. Thus, recently, 
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Bitsch et al95 investigated relations between axonal injury, demyelination, and inflammation 

in MS tissue obtained by biopsy. Axonal injury, as identified by APP accumulation, and 

reduced axonal density were observed in active lesions, but also in inactive and remyelinated 

MS lesions. Because APP accumulation correlated with the number of macrophages and 

CD8+ T lymphocytes, but not with expression of putative mediators of demyelination such as 

tumor necrosis factor and inducible nitric oxide synthase, investigators suggested that axonal 

damage in MS lesions might not be directly proportional to demyelinating activity. Study of 

diffuse axonal injury in MS patients with low cerebral lesion load and no disability also 

suggests that axonal and/or tissue injury begins very early in the course of MS and might be at 

least partially independent of cerebral demyelination. A similar conclusion was reached by. 

Zivadinov and Zorzon96 based on review of 10 studies investigating relationship between Gd-

enhancing lesions and brain atrophy. 

 
 
 
One of the possible explanations for the relatively poor correlation between inflammation and 

development of brain atrophy was offered by Lassman (New information on inflammatory 

changes in MS. ECTRIMS, 2008) and is based on neuropathological studies. He suggested 

that, while the acute inflammatory process is associated with a disturbance of the blood brain 

barrier (BBB), there is, in parallel, a gradual accumulation of inflammation trapped inside the 

CNS, behind a closed and repaired BBB (so called compartmentalized inflammation), which 

leads to slow expansion at the borders of pre-existing lesions. Such lesions reveal an inactive 

plaque core that is surrounded by a rim of profound microglia activation. At the lesion 

border, located within the zone of microglia activation, evidence for ongoing demyelination 

and axonal injury is often seen. These findings suggest that in focal white matter plaques 

there is a slow, but continuous progression of demyelination and axonal injury within the 

plaque margins, reflecting a slow expansion of the pre- existing lesions. This slow plaque 
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growth may represent a pathologic substrate of gradual worsening of pre-existing clinical 

deficits. A similar conclusion was advocated by Patani et al,97 who found evidence of ongoing 

inflammation at the border of majority of the white matter lesions. A recent study by 

Henderson et al also demonstrated preceding loss of oligodendrocytes in tissue bordering an 

expanding MS lesion. While there is also a possibility of diffuse NAWM inflammation in 

MS, it has only been reported in progressive (SP or PP) forms of the disease. 

 
 
 
 
 
 
VISUAL SYSTEM IN MULTIPLE SCLEROSIS 
 
 
 
The visual system is highly susceptible to damage in MS. 

The optic nerve is particularly vulnerable, as ON is the presenting symptom of MS in 

approximately 20% of patients. The Optic nerve treatment trial (ONTT) reported that the risk 

of development of MS after an episode of isolated unilateral ON is 38% at 10 years98 and 

50% at 15 years.99 Another study reported that 54% of patients with ON go on to develop MS 

after 30 years.100 Up to 75% of female patients and 35% of male patients initially presenting 

with ON ultimately develop MS.101 The most significant contribution of imaging in the 

setting of demyelinating ON is in imaging the brain. This is due to the fact that the most 

valuable predictor for the development of subsequent MS is the presence of white matter 

abnormalities. In a patient with demyelinating ON, the presence of even a single, 3 mm-

diameter, T2-signal lesion seen on MRI increases the probability that additional neurological 

manifestations sufficient for a diagnosis of MS will develop. 

Optic radiation lesions are also common in MS and the occipital gray matter is also 

targeted by MS.102, 103, 104 In addition, recent studies105,106 demonstrated significant damage of 

outer- retina in MS patients. 
 
 
The visual system comprises a chain of hierarchically organized and synaptically linked 
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neurons, which maintain strong topographic connectivity between retina and primary visual 

cortex. Owing to recent technological advances, many components of the visual system 

became now accessible to in vivo structural and functional measurements. Therefore, the 

visual system represents an ideal model to study axonal loss and factors associated with it due 

to the fact that it sub-serves a single class of functions.107 Thus, axonal loss in an absence of 

acute inflammation can be assessed by measuring RNFL thickness and amplitude of the 

Visual Evoked Potentials (VEP), while latency of the VEP and its progressive change is 

indicative of de/remyelination along visual pathway (with exclusion of outer retina and extra- 

striate cortex). 

 
 
The RGCs, in particular, have attracted researcher’s attention recently. RGC represent typical 

neurons and therefore are analogous to the brain grey matter, while RGC axons are analogous 

to the brain white matter. The neuronal and axonal loss of RGC, therefore, can be used as a 

model to study MS-related neurodegeneration of the CNS. A major advantage of using RGC 

is that their cellular and axonal loss can now be measured by Spectral Domain Optical 

Coherence Tomography (SDOCT) with high level of precision.108 

 
 
 
In addition, the effect of chronic demyelination of the optic nerve on RGC loss can be studied 

using latency of mfVEP,109 while the effect of trans-neuronal degeneration or primary retinal 

pathology on RGC loss can be examined using structural and functional assessment of 

neighbouring cellular structures of the visual pathway.105,110,111
 

 
 

 
Numerous studies reported that acute inflammation of the optic nerve as seen in optic 

neuritis, (ON) results in damage and subsequent loss of significant number of RGC axons. 

Among the normals, mean RNFL thickness thinned by approximately 2.0 µm for every decade 

of increased age. After a single episode of ON the thickness of RNFL, which comprises the 
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intra-ocular (non- myelinated) part of the optic nerve and consists of RGC axons is reduced 

on average by about 20%.108 This is followed by degeneration of RGC bodies.112
 

 
 
 
The clinical course of demyelinating ON initially involves an episode of demyelination 

followed, in the majority of cases, by near-full recovery; recurrent attacks are also 

compatible with good visual function.113 However a small group of patients will have a 

poor visual outcome after a single attack and progressive visual loss can be seen in MS. 

The pathogenesis of demyelinating ON is thought to involve an inflammatory process that 

leads to activation of peripheral T-lymphocytes which cross the BBB and cause a delayed 

type hypersensitivity reaction culminating in axonal loss. Clinical recovery reflects the 

combined effects of demyelination with conduction block and axonal injury on the one 

hand, and remyelination with compensatory neuronal recruitment on the other. However, 

irreversible axonal damage occurs early in the disease process. A study using ocular 

coherence tomography (OCT) demonstrated that axonal injury is common in ON114 and 

observed RNFL thinning in 74% of individuals within 3 months of acute ON. 

 
In this and another cross-sectional study of MS patients with ON,115 RNFL was 
 
significantly reduced in the affected eye when compared with fellow eyes or disease-free 

controls. These and other studies116 have correlated RNFL thinning with impaired visual 

function. OCT can be employed to monitor such progressive axonal loss in both primary and 

secondary progressive MS.117 

 
 

An increasing number of studies118-130 have demonstrated significant axonal and neuronal 

loss of RGC in MS patients with no history of ON (MS-NON). A recently published meta- 

analyses showed an average RNFL thinning of 7 µm (i. e. about 7%) in MS-NON eyes.108
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Correlation of RNFL thickness with stage of MS, brain atrophy, degree of disability and 

disease duration found in a number of cross-sectional studies incited considerable interest in 

using an assessment of the anterior visual pathway as a structural marker of CNS 

neurodegeneration in MS119, 120, 124, 126, 127, 129, 131-133 and was even suggested as a possible 

outcome for future neuroprotection trials. 124, 126, 134 Progressive axonal loss of optic nerve 

fibers in MS-NON eyes has been recently demonstrated by Talman et al121 in the longest up 

to date follow up study of 299 patients who were monitored for up to 4 years. The authors 

reported that each year of follow-up was associated, on average, with 2.0 µm decreases in 

RNFL thickness. 

 
 
 
However, the pathological basis of the RNFL reduction in the MS-NON eyes at present is not 

clear. There is a possibility that some loss of RNFL and RGC may be caused by sub- clinical 

inflammation in the optic nerve or lesions of the optic tract. However, lesions of the optic 

tract in MS are rare,111, 135 while true presence of sub-clinical inflammation in the optic nerve 

has never been proven. 

 
 
This raises the possibility that other mechanisms such as primary retinal pathology or trans- 

neuronal degeneration may also be involved in RGC axonal loss. Of relevance a recent 

histological study have demonstrated significant pathological changes of retinal cells distal to 

RGC, including bipolar cells and photoreceptors.106 While structural (OCT based) in vivo 

assessment of outer retina produced conflicting results,136, 137 functional analysis based on 

electroretinography (ERG) demonstrated reduced function of outer retina in MS patients. 

RGC can also potentially be affected by changes in proximal part of the visual pathway. The 

neurons closest to RGC are located in LGN and their axons form the optic radiation, which is 

known to be a frequent site of MS lesions.103, 138 Loss of RGC and their axons following 

axonal transection above the LGN, however, would require trans-neuronal degeneration. 
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1.5 METHODS OF ASSESSMENT OF GANGLION CELL FUCNTION84
 

 

 
Most of the available information on RGCs originates from animal models. In animals, 

electrophysiology has been the main method for assessing ganglion cell function. Recording 

electrical activity can be performed at the intracellular level, the extracellular level, or using 

multiple electrodes with tens or even hundreds of concurrent activity recordings. Noninvasive 

methods used in humans include behavioural and psychophysical techniques combined with 

functional imaging, such as functional magnetic resonance imaging (fMRI), positron emission 

tomography (PET)) scan and near infrared spectroscopy (NIRS ). Noninvasive 

electrophysiological data from humans using electroencephalography (EEG) or EEG during 

presentation of stimuli, known as event- related potentials (ERP), have been valuable for 

evaluation of ganglion cell function. 

 
 
 
Behavioural techniques include simple tasks, such as contrast sensitivity measurement, 

designed to distinctively stimulate magno, parvo, or konio cells. Stimuli containing only 

luminance information (i.e., with no chromatic modulation) selectively stimulate magno cells, 

while chromatic modulation without any luminance changes elicits a response from parvo and 

konio cells. Since parvo cells mainly receive input from L and M cones in an excitatory/ 

inhibitory combination, a combination of chromatic stimuli that selectively excite L and M 

cones can excite parvo cells. Such stimuli may consist of two colours close to dark red and 

dark green with the same luminance levels (isoluminant). Konio cells, on the other hand,  

seem to compare inputs from S cones with L and M cone inputs. Therefore, an isoluminant 

stimulus combining violet/blue with greenish yellow would selectively provoke a response 

from konio cells. Behavioural techniques have been used in combination with EEG recordings 

as well as functional imaging methods. The low temporal resolution of functional imaging 

methods has been a major obstacle for their use in combination with behavioural tasks. 
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In humans, the tests selected for evaluation of the ganglion cells and the nerve fibre layer 

would vary depending on the underlying cause. 

 
 
 
1.5.1 STRUCTURAL TESTS 
 

a. Disc Photography 
 

 
Stereoscopic ONH photography (Figure 3) is a simple and low-cost method providing a three- 

dimensional full-color view of the ONH; in practice, it is the most commonly utilized 

technique to objectively document structural damage in glaucoma suspects.139 Stereoscopic 

views of the optic nerve via ophthalmoscopy or slit-lamp biomicroscopy, documented by 

drawings in the patient's chart, are also an important method to detect glaucomatous 

neuropathy. However, due to the inherent subjectivity of a qualitative assessment, there is 

considerable variability in classifying the ONH as normal or glaucomatous both within and 

between graders.140, 141 Even among glaucoma specialists, there can be high intra- and 

interobserver variability in clinically assessing the optic disk.142 Optic disk damage based on 

photograph assessment has been used as an endpoint in three randomized clinical trials (level  

I evidence): the OHTS, the EMGT, and the European Glaucoma Prevention Study (EGPS). 

These studies have shown that by standardizing optic disk evaluation, photographs can be 

reproducibly evaluated.143, 144 Other level II studies have also overcome some of this 

variability by using a variety of methods to standardize optic disk evaluation.139, 145-148 

 
 
Recently, there have been tremendous advances in the development of computer-based 

technologies with the ability to provide reproducible, quantitative assessments of the ONH. 

An advantage of subjective assessment over quantitative analysis is a comprehensive 

evaluation of the ONH, including parameters that cannot be quantified, such as disk 

hemorrhages and pallor. In fact, given the wide range of normal variations of the ONH, 
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qualitative variables have been shown to have higher specificity than quantitative parameters 

in separating normal from glaucomatous eyes. Furthermore, subjective ONH evaluation 

provides the clinician with the opportunity to assess the impact of other nonglaucomatous 

processes that may impact functional testing. 

 
 
Manual, subjective examination of the ONH via ophthalmoscopy, slit-lamp 

biomicroscopy or stereoscopic optic nerve head photography remain mainstays in the 

evaluation of a glaucoma patient, with objective documentation of optic disk damage 

preferred whenever possible.149 
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Figure 3: Stereo photos of the optic disc (normal) 
 
 
 
 
 
 
 
 
 
 

 
 

 

 

  



 

45 
 

b. Scanning Laser Ophthalmoscopy (SLO) 
 
Confocal Scanning laser Ophthalmoscopy (CSLO)150 is a real-time imaging technique that 

produces multiple coronal optical cross-sections of the retina and optic nerve head (ONH), 

which are then combined to give a three-dimensional image of the optic nerve head (ONH). 

It is based on the principle of spot illumination and spot detection. The system uses a pair of 

conjugated pinholes located in front of the light source and the light detector components. 

This pair ensures that only light reflected from a defined focal plane will reach the light 

detector. The device moves the focal plane to acquire sequential images. Reconstructing the 

series of scans at the various focal planes creates a three- dimensional topographic 

representation of the surface that is scanned. 

 
 
 
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 µm and the axial resolution 

62.5 µm. 

 
 
The operator is required to trace the ONH margin. Based on this contour line, the HRT 

operation software automatically defines the reference plane. This plane is located 50 µm 

posterior to the mean surface height along a 6-degree arc at the inferotemporal region of the 

contour line. The reference plane is then used as a topographic cut-off. Structures below the 

plane are defined as optic cup and structures above the plane as neuroretinal rim. Among 

several stereometric parameters generated are disc area, cup area, rim area, cupdisc area ratio, 

cup volume, rim volume and cup depth. Measurements with the HRT have been found to be 

highly reproducible in numerous studies.151, 152 Three versions of the HRT have been 

available-of these, HRT III is the most recent and HRT II is the previous version. Most 
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planimetric data using the HRT available today has been obtained with the HRT II. One 

method of HRT-II software analysis, Moorefield’s Regression Analysis (MRA), uses a 

program that compares the subject’s optic nerve and RNFL parameters to a normative 

database of 112 subjects, all of whom were white and had ametropia of less than 6 diopters.153 

(Figure 4) The HRT III was designed to incorporate a new, expanded, race- specific database 

to account for this problem. This new normative database consists of 733 eyes of caucasians 

and 215 eyes of African-Americans.154 

 
 
 
This database was found to increase sensitivity with comparable specificity among caucasian 

patients, but increased sensitivity at the expense of specificity among Afican- American 

patients. The operator-marked contour line is an important source of variability in HRT 

measurements. Hatch et al155 assessed the interobserver agreement of HRT parameters 

reflecting the variation in contour line placement. The interobserver agreement was 

substantially better for parameters not dependent on the contour line than for those that are 

dependent on the contour line. 

 
 
 
In many cases, the HRT analyses incorporate blood vessels into the neuroretinal rim. This 

inclusion has been suggested as the reason for the higher HRT rim measurements when 

compared with the findings of optic disk photograph planimetric evaluation.156, 157 The ease of 

use and widespread availability of the HRT have made it a useful tool to obtain normative 

optic disc measurements on large numbers of people158, 159 However, the HRT does not directly 

make linear measurements i.e., linear disc diameters, cup diameters or cup-disc ratios, which 

are the most commonly assessed clinical parameters. This is one of the drawbacks of using the 

HRT to obtain normative planimetric measurements. 

 

Though the HRT is the most popular CSLO, there are other CSLOs based on the same 
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principle – the Rodenstock CSLO and TopconSS CSLO. The latter has been used mainly in 

Japan and Korea. Advantages of HRT include good image quality through undilated pupils 

(though dilation may be necessary at times), and the ability to upgrade existing machines with 

newer software, allowing the clinician to build upon long-term databases. Most importantly, 

the sophisticated registration capability of HRT to superimpose baseline and follow-up images 

allows for automated detection of change to the ONH. The use of HRT in the ancillary study to 

OHTS has resulted in a well-characterized data set, beneficial for future investigations of this 

technique. 
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Figure 4: Example of a HRT report showing Moorefield Regression Analysis 
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c. Optical Coherence Tomography (OCT) 
 
 
The OCT permits high-resolution cross-sectional imaging of the human retina using light. It is 

based on the principle of Michelson interferometry. OCT is a noninvasive, non- contact 

technique that uses a light source consisting of a near-infrared, low coherence 

superluminescent diode laser (wavelength 850 nm) split at a 50/50 beam splitter into two 

arms. One arm sends light to the actual sample (the eye), and the other sends light to a 

reference mirror. The distance between the beam-splitter and reference mirror is continuously 

varied. When the distance between the light source and retinal tissue is equal to the distance 

between the light source and reference mirror, the reflected light from the retinal tissue and 

reference mirror interacts to produce an interference pattern. The interference pattern is 

detected and then processed into a signal. The signal is analogous to that obtained by A-scan 

ultrasonography using light as a source rather than sound. A two-dimensional image is built 

(analogous to a series of stacked A-scans) as the light source is moved across the retina. A 

transverse sequence of longitudinal measurements is used to construct a false colour 

topographic image of tissue microsections that appears remarkably similar to histological 

sections. The OCT image can be displayed on a gray scale where more highly reflected light 

is brighter than less highly reflected light. Alternatively, it can be displayed in colour whereby 

different colours correspond to different degrees of reflectivity. On the OCT scanners 

currently commercially available, highly reflective structures are shown with bright colours 

(red and white), while those with low reflectivity are represented by darker colours (black and 

blue). Those with intermediate reflectivity appear green. Digital processing aligns the A- 

scans to correct for eye motion. Digital smoothing techniques are used to further improve the 

signal-to-noise ratio. The newer generation of OCT-spectral domain OCTs160 utilize the 

spectral properties of light to obtain very high resolution scans in rapid acquisition times. 

Their axial resolutions are claimed to be about 4 microns. However, it is still early days with 
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these machines and further data may become available over time. 

 
 
 
The ONH scan of the OCT3 which makes planimetric measurements is composed of six 

radial scans across the optic disc and centred at the optic disc centre. With the six cross- 

sectional line scans, the ONH analysis measures the amount of nerve fibre at the optic nerve 

head. The termination of the RPE on either side of the ONH is identified as the disc margins. 

The distinction between the optic cup and neural rim is made at a line parallel to the line 

joining the 2 ends of the RPE across the optic disc, with an anterior offset of 150 microns. 

The cup offset is 150 µm by default and is adjustable. The placement of the disc reference 

points is also adjustable. Contour diagrams of the optic disc and optic cup are displayed as 

created from the data obtained from all six radial scans. The individual radial scan analysis 

gives rim area in vertical cross-section, average nerve width at the disc, disc diameter, cup 

diameter, horizontal rim length, and cup offset. The optic nerve head analysis results give 

vertically integrated rim area volume, horizontally integrated rim width, disc area, cup area, 

rim area, cup/disc area ratio, cup/disc horizontal ratio, and cup/disc vertical ratio. 

 
 
 
Very high axial resolution and automatic definition of both disc and cup margins are inherent 

strengths of this method - however, limited transverse sampling may be a source of error. It is 

likely that the unscanned areas between the linear spokes and the unsampled points along 

each spoke also contribute to variation in OCT measurements. Also, errors in automatic 

detection of the disc margin in 53% of cases was reported in one study.161 The commonly 

used time domain OCT (Stratus OCT; Carl Zeiss Meditec, Inc., Dublin CA) till a few years 

ago had ~10-micron axial image resolution. 

 

Limitations of OCT include the need to dilate some patients who undergo OCT, as well as the 
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lack of an ethnicity-specific normative database and progression analysis software, although 

the latter are currently in production. In addition, the Stratus OCT does not have the ability to 

automatically register follow-up to baseline scans to ensure that the measurements are 

obtained at the same location for analysis of change. As for all optical imaging technologies, 

image quality may be compromised in patients with ocular opacities. 

 
 
 
Newer developments in OCT technology have enabled increases in scanning speed to 20,000– 

50,000 A-scans/second in commercial devices, allowing the creation of three- dimensional 

datasets. This technology, known variously as Fourier-domain OCT, spectral OCT, 

frequency-domain OCT, and high-speed, high-resolution OCT, has recently become 

commercially available. Three-dimensional imaging promises to permit registration from scan 

session to session, and to allow arbitrary analysis of three-dimensional datasets. Further, 

recent development of an ultrahigh-resolution (UHR) OCT in commercially available high 

speed OCT devices enables intraretinal imaging comparable to conventional histopathology, 

including visualization of the GCL, photoreceptor layers, and RPE. UHR OCT uses a 

femtosecond laser light source to obtain axial resolutions of ~ 3 mm in the human eye.162, 163 

 
Studies comparing UHR OCT with standard OCT imaging found that ultrahigh- resolution 

enables improved visualization of intraretinal morphology and may enhance the clinical 

utility of standard OCT imaging for glaucoma.164
 

 
 
The Spectralis OCT (Spectralis HRA + OCT, Heidelberg Engineering, Heidelberg, Germany; 

Software version 5.3.3.0) is one such newly developed spectral domain OCT. It uses a 

superluminescent light emitting diode for the spectral-domain OCT and a CSLO to provide 

images of the microstructure of the retina. The light-emitting diode has a wavelength of 870 

nm and an infrared scan simultaneously to assess the RNFL thickness. For this purpose, the 
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instrument uses 1,024 A-scan points from a 3.45 mm circle centered on the optic nerve head. 

The acquisition rate is 40,000 A-scans per second at a digital axial resolution of 3.9 µm. The 

advantage of this OCT is that it uses an eyetracking system, which adjusts the scanner in case 

of eye movement, and provides a clear motion free image. This also ensures that the same 

region of the RNFL is scanned. (Figure 5)  
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Figure 5: Example Spectralis report of a normal subject 
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d. Scanning Laser Polarimetry (SLP) 
 

SLP is a non-invasive method to objectively measure the RNFL; RNFL thickness corresponds 

to a decrease in the GCL from the fovea to the optic disk. SLP has gained popularity as a 

potential diagnostic tool for glaucoma particularly in response to studies indicating that RNFL 

damage may precede optic nerve damage in early glaucoma.165 The instrument consists of 

CSLO with a polarized laser beam; when the polarized light passes through the birefringent 

RNFL, a measurable phase shift is created, which can be correlated to the RNFL thickness.166
 

 
 
SLP was first commercially available as the GDx Nerve Fiber Analyzer (Laser Diagnostic 

Technologies, Inc., San Diego, California). This instrument contained a fixed anterior 

segment compensating device to compensate for the polarization effects of other ocular 

birefringent structures, such as the cornea and lens. In light of evidence that the parameters  

for corneal compensation are different for different subjects,167 a new device with variable 

corneal compensation (GDx-VCC) (Zeiss Meditec, Dublin, CA) has been developed to allow 

for individualized eye-specific compensation of anterior segment birefringence. Several 

studies have shown that the addition of VCC to GDx substantially enhances its discriminating 

power for glaucoma detection168, 169 and correlation with visual field loss.170, 171
 

 
 
GDx VCC has been shown to have good diagnostics accuracy, with reported area-under- the- 

curve values (AUCs) for glaucoma detection ranging from 0.90 to 0.978.172-174 Recent data 

suggests that GDx-VCC may be useful for earlier glaucoma diagnosis. In a cross- sectional 

analysis by Medeiros et al, the GDx-VCC was able to detect structural abnormalities in 

preperimetric eyes with progressive optic disk changes as compared to controls.148
 

 
 
Limitations of older SLP devices include fixed corneal compensation; newer models such as 

the GDx-VCC and GDx-ECC individualize anterior segment birefringence compensation. 
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Anterior and posterior segment pathology does affect the accuracy of SLP measurements. 

Unreliable values for RNFL thickness have been reported in patients with media opacities, 

ocular surface diseases, peripapillary atrophy, and in those who have had keratorefractive 

surgery.175 The presence of vitreous opacities, optic nerve crescents, and other 

nonglaucomatous retinal distortions may induce erroneous RNFL measurements.175 

 
Additionally, some GDx-VCC scans are characterized by problematic atypical birefringence 

patterns (ABPs); ABPs result from artifact introduced by the device’s attempt to compensate 

for poor noise-to-signal ratio.176 An updated technique, enhanced corneal compensation 

(ECC), was developed to reduce this artifact. Recent studies found that GDx-ECC 

significantly reduces the frequency and severity of ABPs and improves the correlation 

between RNFL measures and visual function as compared to GDx- VCC.166, 177, 178 As with 

many rapidly advancing technologies, the need to upgrade hardware with each advancement 

to the GDx has made it challenging for clinicians to follow patients over time with SLP. 

Although progression software is now available, images must be acquired with the current 

generation of instruments to be included in the analysis. Additional research is still needed on 

the new GDx-ECC to evaluate its utility as a diagnostic test for glaucoma, and to evaluate 

progression analysis in large longitudinal cohorts. 

 

1.5.2 FUNTIONAL TESTS 
 

a. Standard Automated Perimetry (SAP) 

 

As the damage that results from glaucoma is largely irreversible, it is imperative to accurately 

identify pathological changes early, as they are at risk of continuous injury. Early detection 

and consequent treatment will delay the progression of glaucomatous neuropathy and 
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permanent functional impairment. 

 

The temporal relationship between the structural changes of the disease at the optic nerve 

head and the functional development of the visual field defect varies with the disease severity. 

As glaucoma progresses, the exact nature of this relationship becomes more complex. At the 

end stage of the disease, functional measures of assessment may prove to be more sensitive,  

as the optic disc approached total cupping.179
 

 
Johnston et al180 in a cross sectional review of structure and functional changes that occur in 

glaucoma, suggest that there is a strong correlation between subjective assessment of the optic 

disc photography and standard automated perimetry. Overall, these cross sectional studies 

assessed the neuro retinal rim, vasculature, peripapillary changes and the RNFL defects with 

the presence, site and severity of the visual field defects. The correlation between 

morphological change and visual dysfunction was demonstrated with both the global visual 

field indices and more regionally, comparing rim changes to the scotoma site.180
 

 

 
SAP evaluates differential light sensitivity using a small (0.47 degree) white flash (200 msec) 

on a dim (31.5 asb) white background. Because all the primary RGC types responsible for 

vision respond to this stimulus, SAP is a nonselective test. Due to the inherent redundancy of 

the visual system, SAP may not provide adequate sensitivity to detect early glaucomatous 

changes.181 In some patients, a significant amount of ganglion cell loss has occurred (25– 

50%) before SAP can detect functional deficits.182 Another concern with SAP, and all visual 

function tests described here, is its high test–retest variability, particularly in regions of visual 

field deficits, making it difficult to assess whether the visual field is worsening on serial 

examination.183, 184 For example in the OHTS, the majority of initial visual field abnormalities 

detected by SAP were not confirmed on repeat visual field testing185 and the study endpoint 
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was reset in year 2 to require three consecutive abnormal results rather than the initially 

proposed two. Similarly, the EMGT study required progression on three consecutive fields to 

reach endpoint.186 

Gordon et al187 presented the risk factor analysis for the Ocular hypertension treatment Study 

(OHTS). This is a critical study that has had a sweeping impact on the clinical management of 

OHT. It was found that nearly 50% of the patients converted to glaucoma based on the optic 

disc criteria alone187 therefore necessitating the need for baseline optic disc photographs. 

However half the patients also progressed based on visual fields.187 The mean cup area was 

higher in the converted group,187 suggesting that perhaps these patients had early changes in 

disc morphology at baseline. 

 
 
 
In another study Johnston et al,188 in the Structure and Function Evaluation Study (SAFE), 

evaluated the prognostic significance of structural changes in the optic nerve on the 

development of visual field defects. This longitudinal study assessed 295 patients over 6 

years. Progression was defined using 6 progression criteria of conventional 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.188 In contrast to the above studies, the EMGT randomly 

allocated subjects with early glaucomatous changes into a treatment group and a control 

group and demonstrated that the vast majority of subjects (51% of controls and 41% treatment 

group) progressed based on visual fields using glaucoma change probability, compared with 

only 1% treated group and no controls progressing on the optic disc photographs.187 

Therefore, it could be suggested that field progression may occur more readily than structural 

change and that perimetry is still an important clinical technique for assessing progression. 

 

Many factors influence the variability of visual field results, such as patient performance and 
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reliability, fixation losses, fatigue, learning effects, changes in pupil size, improper refractive 

correction, and true physiological variability. In a multifactor model of variability in SAP or 

SWAP fields, Blumenthal and colleagues found the three most important contributors were 

defect severity, location of defect, and patient's diagnosis.188 However, all factors together 

accounted for only one-third of the variability found. Some improvements in both test time 

and the variability of SAP have been made by applying the Swedish interactive thresholding 

algorithm (SITA), a strategy that significantly decreases testing time (to 4–5 min) without 

compromising accuracy for detecting visual field defects as compared to much longer full- 

threshold testing.189 SITA STANDARD has become the standard for clinical use with the 

Humphrey Visual Field Analyzer (HFA; Carl Zeiss Meditec, Inc.). Additionally, it is the only 

visual field test that offers an analysis for identifying progression of existing defect, the 

guided progression analysis (GPA) on the HFA, which is based on the progression analysis 

developed for the EMGT.186 (Figure 6) 
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Figure 6: Example HFA report of a patient with early glaucoma 
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Figure 6: Example HFA report of a patient with early glaucoma 
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b. Short Wavelength Automated Perimetry (SWAP) 
 
Short wave automated perimetry (SWAP, Humphrey Field Analyser, Humphrey system, 

Dublin, CA) differs from SAP as the stimulus consists of a blue light stimulus (peak 

wavelength 440 nm, Goldmann size V) that approximates the peak response of the blue cones. 

This is projected onto a high luminance yellow background (570-590 nm, 100 cd/m2) that the 

patient has been adapted to for 3 minutes. It is designed to test the short wavelength sensitive 

pathway, by selectively stimulating a sub-population of the blue cones via the bistratified RGCs 

to target the koniocellular sub layers of the LGN.190 The background simultaneously adapts the 

medium red (M) and long green (L) wavelength cones as well as saturates rod activity.191 The 

instigation for the development of SWAP as a visual field test was based on reports that 

glaucoma was associated with colour vision deficiencies demonstrated in patients affected by 

glaucoma more than 25 years ago192-194 and it is the clinical application of the technique 

developed by Stiles to assess the blue- yellow chromatic channel.195, 196
 

 
 
As mentioned above, the utility of SWAP is currently based on the reduced redundancy 

hypothesis. The concept that early functional damage can be most readily identified by testing 

a subset of ganglion cells that exhibit sparse neural representation,197 with lower degrees of 

overlap between adjacent receptive fields, as this may demonstrate detectable functional 

deficits earlier in the disease process. 

 
 
Early histological studies in primates and humans suggested that large diameter optic nerve 

fibres are selectively lost in glaucoma.198, 199 The rationale for use of SWAP in glaucoma was 

therefore based upon the fact that one ganglion cell type that mediates the koniocellular 

pathway exhibit large cell diameters than the midget cells projecting to the parvocellular 

layers of theLGN.190 The selective loss hypothesis of Quigley and colleagues198 has 

subsequently been questioned in early glaucoma.197 Consequently, it has been suggested that 

any given ganglion cell type which exhibits less functional redundancy, such as the small 
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bistratified ganglion cell involved in SWAP processing, may exhibit damage more readily 

even if there are greater losses for other ganglion cell types.197 The degree of isolation of the 

koniocellular pathway is ideal for glaucomatous patients exhibiting mild loss. In more 

extensively damaged areas the defect can still theoretically be monitored using the stimulus 

although the response is mediated through the achromatic luminance channel, the same 

channel that responds in white on white SAP. 

 
 
 
In recent years, there has been considerable interest in SWAP as a potential means for 

identifying visual field loss prior to conventional white on white perimetry and also for 

detecting progressive field loss in advance of white on white perimetry.200-209 Since SWAP 

has the potential ability to detect early glaucomatous damage there has been research into 

the prevalence of defects on SWAP in ocular hypertensive patients. Ocular hypertensive 

patients at higher risk of developing glaucoma end to show greater prevalence of SWAP 

defects than those at risk.200, 205 Sample et al investigated high risk, medium risk and low 

risk glaucoma suspects, based on the cup disk ratio and IOP, all with normal SAP. The high 

risk group had more damage in SWAP than in the medium and low risk groups.205 

Although the prevalence of detecting a field defect on SWAP is higher than SAP in OHT, 

the incidence rates is the same between the two tests.210 This suggests that both tests are 

identifying the same damage but that one is detecting it earlier. 

 
 
 
In those with established glaucomatous SAP visual field loss, the area of visual field loss is 

larger on SWAP.200, 205, 209 Johnson et al, found that over 5 years, SWAP defects were found 

to be 80% larger and twice as large as those classified into the stable group and 3-4 times as 

large in the progressive group.209 Therefore, large defects on SWAP may be predictive of 

glaucoma progression on SAP. 
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SWAP defects correlate well with the structural changes of the ONH in those with 

glaucoma.211, 212 There is increased prevalence of SWAP defects in those with optic nerve 

damage compared to those without.211 Correlations between SWAP and RNFL imaging or 

optic disc imaging are stronger than those found with SAP.213, 214 and it can predict a higher 

proportion of patients with progressive optic disc damage based on serial photographs.215 

However, increasing evidence from comparative studies suggests that functional abnormality 

detected by SWAP is actually preceded by structural abnormalities of the optic nerve head 

and or RNFL,203, 216-218 this suggests that ONH imaging may be of greater clinical value in the 

detection of early disease. 

 
 
 
Longitudinal studies have been performed by two independent laboratories showing that 

SWAP defects may occur up to 3-5 years before there are abnormalities seen on SAP.203, 205, 

209, 215, 219 The first studies indicating the clinical ability of SWAP to predict progression in 

glaucoma, were by Johnson et al. In 1993 they investigated OHT patients over 5 years detected 

with normal SAP.207 OHT patients had abnormal SWAP results at the outset with normal SAP. 

Of these patients 5 subsequently developed corresponding SAP abnormalities indicating an 

ability to detect early change.203 A second study validated SWAP as a tool to identify early 

glaucoma progression, 32 glaucomatous eyes 

underwent SWAP and SAP annually over a 5 year period and were classified as either stable or 

progressing. These results were confirmed by a series of cross-sectional studies.212-215 Girkin et 

al, conducted a prospective study of glaucoma patients over 4 years; the patients were also 

defined as stable or progressing. 22 of the 47 patients had progressed and SWAP obtained a 

better area under the curve in comparison to SAP and therefore SWAP may improve the early 

detection of glaucoma.215
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Since then SWAP has been reported to provide a clinical advantage, some studies indicate 

that progression of glaucomatous field loss can be detected 1-3 years prior to SAP,200, 209 at a 

greater rate (approximately twofold) of progressive field loss.201 In eyes with established 

defects the rate or progression is faster than with SAP.209 The defects are predictive of both 

the onset and location of subsequent field loss with white on white perimetry.203, 205, 206, 209 

However a recent report showed no advantage of SWAP over SITA SAP. 

 
 
 
Satisfactory test quality can be influenced by media opacity such as the aging lens or corneal 

scarring. The lens becomes more yellow with time as cataract develops and the absorption of 

short wave sensitive light increases. This acts as a blue filter that generally diffusely 

depresses the height of the hill of vision derived by SWAP.191 It is best to interpret the results 

in light of this and assess the pattern standard deviation and pattern deviation plots.201, 220, 221 

It has been stated that it accounts for 63% of the variability of SWAP.201 Sample et al solved 

this problem by applying statistical analysis to factor out the lens effects that were found to 

be consistent across the field.222 

 
 

The short-term variation (variation in threshold values for the same point on the field) for 

SWAP has been shown to be 25-30% higher than for SAP. Long term variability (test-retest 

variation) full threshold variability for normals and glaucomas is higher than SAP,223, 224 

which makes it difficult to interpret true progression of pathology as a greater change is 

needed over time before it can be reliably judged as progression. There is also a higher 

range of sensitivities within the tested areas (the hill of vision has a steeper shape than SAP 

and FDT),225 which enlarges the confidence intervals for those indices that do not take into 

account the hill of vision and reduces the diagnostic ability of the test. 
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The longer test duration (usually 12-15 minutes) including prior adaptation to the yellow 

stimulus207 is an important limitation. Both the increased test time and variability has largely 

been overcome by with the introduction of SITA-SWAP. This reduces the test time to about 3-

6 minutes, correlates well with the full threshold SWAP results, has lower inter-subject 

variability rates, however it has significantly higher normal thresholds of sensitivity.220, 221
 

 
 
 
It is still subjectively more difficult to see the Blue on Yellow (BonY) stimulus than 

white on white SAP, which potentially increases fatigue. There is also a learning effect,208 

which must be taken into consideration when analysing results and occurs even with those 

expert at SAP. (Figure 7) In advanced cases, the test is limited by the perimeters dynamic 

range, there is a lower level of perceived luminance of the target, therefore it is limited in 

monitoring advanced cases of glaucoma and these should be followed by SAP. 
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Figure 7: Example SWAP report of a patient with early glaucoma 
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Figure 7: Example SWAP report of a patient with early glaucoma 
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c. Frequency Doubling Technique Perimetry 

 

FDT determines the contrast sensitivity for detecting the frequency-doubling stimulus. The 

frequency doubling effect occurs when a vertical sine wave pattern of low spatial frequency 

(0.25-0.50 cyc/degree) undergoes high temporal frequency counterphase flickering (12-25 

Hz) and results in the appearance of twice as many as light and dark bars as there are 

physically present.226
 

 

 
 
Researchers have attributed this illusion predominantly to a subset of the magnocellular 

system,227, 228 which is primarily involved in motion and flicker detection. It has been 

suggested that it is mediated by the non linear response properties of the parasol ganglion 

cells (My) which project to the magnocellular layers of the LGN.229 These cells compromise 

only 3-5% of all RGCs, a deficit would be manifest if only a small portion of these cells are 

affected, due to the reduced redundancy in the coverage of a given location.230, 231 The FDT 

was designed to emphasis the response characteristics of the parasol ganglion cells and the 

magnocellular pathway.232
 

 
 

The FDT perimeter (Humphrey Zeiss Systems, CA with frequency doubling technology from 

Welch Allyn, Skaneates Falls, NY) uses both suprathreshold and threshold strategies. The 

contrast sensitivity for the frequency-doubled stimulus is modified in each location to calculate 

threshold sensitivity. Targets are presented at 19 test areas located within the central 24 degrees 

eccentricity. Threshold strategies take 4-5 minutes, where as suprathreshold takes less than 1 

minute per eye and are used mainly for glaucoma screening. 

 
 
Maddess and Henry initially suggested that this technique could be useful to distinguish 

between those with glaucoma and those that were normal, by measuring the contrast 
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sensitivity obtained for the frequency doubled stimuli.227 The instrument utilized 10 degree 

targets to test contrast sensitivity using spatial frequency undergoing counterphase flicker at 

high temporal frequency.230, 232, 233 

Maddess and Henry investigated ocular hypertensive patients and normal subjects and 

tested them on the FDT and SAP. The OHT patients only detected stimuli when 

abnormally high luminance levels of the FDT were applied. This suggested that the 

measurement of the contrast sensitivity of a frequency doubled grating stimulus may 

represent a good indicator of neural damage from raised IOP.175
 

 

 
 
Johnson and Samuels reduced the stimulus size of the FDT (5 degrees for the 24-2 and 30-2 

programs and 2 degrees for the 10-2 program) and introduced a larger number of testing 

locations, more efficient methods to calculate threshold and a slightly longer duration (6 

minutes). This was claimed toimprove the sensitivity and specificity for the detection of early 

field loss and to reduce the test-retest variability.232 This is commercially available as the FDT 

matrix (Carl Zeiss Meditec, Dublin, CA). 

 
 
 
The FDT has been described as a useful tool for the detection of glaucoma for both full 

threshold 232, 234 and screening procedures.228, 235, 236 and has been assessed for test-retest 

variability.237, 238 In general, it shows good sensitivity and specificity in the detection of 

field loss in those with established glaucomatous change.228, 230, 233-237,239 Johnson and 

Samuels demonstrate a sensitivity of 93% and a specificity of 100% in those with early to 

moderate glaucoma using the full threshold FDT.232 Sample et al state that the FDT 

parameters have higher diagnostic accuracy when compared to other functional tests such 

as SAP and SWAP.228 Trible, investigated those with early, moderate and severe glaucoma 

and found a sensitivity of 35, 88 and 100 % and a specificity of 91%.240 Delgado et al 

reviewed a number of studies and detected a sensitivity of 85% and specificity of 90% for 
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early glaucoma, and a higher sensitivity and specificity of 97% for moderate and advanced 

glaucoma.241
 

 
 
The diagnosis of early glaucomatous defects has been more controversial, with studies 

resulting in different sensitivities. Some authors have found similar results between SAP and 

FDT, using a morphological “gold standard”242, 243 where as others resulted in a sensitivity of 

20-54% in those with pre-perimetric glaucoma and normal SAP.231, 243, 244 

 
 
 
FDT Matrix provides a new testing pattern with smaller targets, spatial frequency of 0.5 

cycles/degree and 18 Hz and up to 54 or 69 locations. Average testing time is 5-6 minutes. 

Medeiros et al compared the abilities of the FDT Matrix and SITA-SAP to diagnose 

glaucoma, taking into account disease severity. They found that the FDT Matrix performed 

considerably better than SITA SAP for the detection of early glaucoma. In those with more 

severe disease there was no significant difference.244 Other studies, such as Sakata et al found 

that the FDT Matrix detected more abnormal field defects in glaucoma than SITA SAP, 

although the difference was (not???)statistically significant.245 Burgansky-Eliash did not find 

any difference in the tests, glaucoma patients were defined according to optic disc 

photographs or OCT.243 The FDT Matrix is seen as a promising technique to provide early 

diagnosis of glaucomatous visual field loss; further longitudinal studies are needed for 

assessment of its utility in detecting progression. 

 
 
 
FDT has been known to detect functional loss before SAP. Medeiros et al followed 105 

glaucoma suspects for 3.5 years. All patients had normal fields at onset as assessed by SAP, 

with suspicious optic disc appearances and raised IOP. At baseline, 24% had abnormal FDT 

results, 16% developed SAP abnormalities throughout the duration of the study.246 Therefore 

an abnormal FDT result at baseline predicted the onset and location of future SAP 
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abnormalities. Another 3.5 year longitudinal comparison between FDT and SAP detected 

progression in the same number of patients, 49% although only 25% were in the same 

patients,247 suggesting that the 2 methods identified patients with differing patterns of disease. 

 
 
 
There is evidence that FDT may detect field loss earlier than SAP. Bayer and Erb found that FDT 

identified progression of existing SAP in 74% of eyes and was able to detect progression 12-24 

months prior to SAP.248 Haymes et al followed 65 glaucoma patients every 6 months; they found 

that FDT detected 31-49% progressions, SAP detected 35- 49% of progression. Only 15-25% was 

detected by FDT and SAP at the same time.247 They used different criteria to detect progression, 

including several scores using glaucoma change probability analysis  and linear regression 

analysis. The FDT was able to detect progression in more patients than SAP for most of the 

criteria used. When patients progressed in both FDT and SAP the abnormalities were seen prior 

to SAP in most cases. (Figure 8) 
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Figure 8: Example FDT Matrix report of a patient with early glaucoma 
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As a result of its diagnostic performance, shorter test time, probability, lower expense and 

ease of use,232 it is a cost effective screening tool in glaucoma. In normal subjects the intra 

and inter test variability of the FDT is similar to SAP. In patients with glaucomatous eyes, 

the variability of the FDT remains stable,249 in contrast, SAP variability increases 

dramatically as the defects severity increases.250 The smaller influence of media opacities, 

pupil diameter and refractive error on the results is consistent with reduced variability with 

lower test retest variability when compared to both SAP and SWAP.237 There is a more 

precise discrimination between normal and abnormal responses as the hill of vision is flatter 

in comparison to SAP and SWAP and allows lower point to point confidence intervals.251
 

 
 
 
The learning effect is absent in a large number of subjects. For those whose performance 

improves, it is only the first examination that is affected.252 It can be used in children,253 and it 

has been suggested that it is unaffected by defocus and uncorrected refractive errors up to 6 

diopters,254 although some findings have found the contrary.249 Measurements are resistant to 

pupil size differences, unless the difference in pupil diameter between the two eyes is more 

than 2mm.232
 

 
 
 
The disadvantage of the FDT is the suboptimal spatial resolution due to the large stimulus 

size and low number of targets presented. The low target number makes the ability to 

monitor progression more difficult and limits its clinical use in glaucoma follow up.255, 256 

Cataracts also affect the threshold sensitivities, although probably to a lesser extent than 

short wave automated perimetry. Sensitivity values are improved in both normal and 

glaucoma patients post cataract surgery.257 
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d. Electroretinogrm (ERG) 

 

The ERG is the summed transient electrical response produced from the entire retina after it 

has been exposed to a single flash of diffuse bright light, delivered from a full field dome. It is 

recorded indirectly by various electrodes in contact with the eye, for example, Burian Allen, 

DTL and gold foil. The signal from the active recording electrode is compared with the signal 

from a reference electrode placed remotely from the eye, either on the forehead or on the 

lateral orbital rim. This response depends on the state of retinal adaptation (dark or light 

adapted) as well as the intensity of the flash, it consists of 3 components, a-, b- and c- 

waves.258 

 
 
Electrical potentials arise because of localised conductance changes in the membranes of active 

cells, which give rise to inward or outward currents that flow into the extracellular space and 

produce potential gradients. In the dark adapted state, scotopic ERGs are recorded after at least 20 

minutes dark adaptation, dim flashes produce the b wave which represents current produced from 

membrane depolarisation of rod bipolar cells. A current loop occurs as the increase in 

extracellular potassium enters and depolarises the Muller cells causing a current flow towards the 

inner retina.259, 260 As the flash intensity increases, a faster initial negative deflection is produced, 

the a-wave, which predominantly reflects hyperpolarisation of the rod photoreceptors secondary 

to a reduction in sodium conductance of the plasma membrane. This is then truncated by the rise 

in the b-wave (Figure 9).258 
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Figure 9: Responses of a dissociated Müller cell (penetrated near the nucleus) to K+ ejections 

from an extracellular pipette 
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The c-wave is a slower positive wave that follows after the relatively fast a- and b-wave. 

The origin of the c-wave is the decrease in extracellular potassium around photoreceptor cell 

outer segments in the sub retinal space and the high resistance of tight junctions of the RPE. 

This results in an electrical potential between the apical and basal surface of the RPE. The 

wave represents the summation of the corneal positive sub component generated at the RPE 

and a corneal negative sub component generated by the hyperpolarisation at the distal 

portion of the Muller cells.261 

 
 
 
Once photopic adaptation occurs, the response becomes cone driven as the background light 

saturates the rod contribution to the ERG. A smaller response is produced from the flashes,  

the light adapted a-wave represents the cone photoreceptors and 'off' bipolar cells. The b-

wave is from the depolarising 'on' and 'off' bipolar cells.262
 

 

 
 
Many studies have shown that the full field ERG is essential for the diagnosis of numerous 

disorders such as retinitis pigmentosa, cone dystrophy, retinoschisis and congenital stationary 

night blindness. However, it is not clinically useful in the detection of glaucoma as there are only 

minimal reductions in amplitude or latency delays in comparison to the normal population,263-266 

perhaps this is because there is little retinal ganglion input into the response. It is also a gross 

potential that reflects all the cells of the retina, the full field ERG shows poor sensitivity in 

comparison to the pattern ERG in the detection of early to moderate glaucomatous loss.264 It 

provides no topographical information and the patients need to be fully dilated because small 

pupils decrease retinal illuminance and hence ERG responses. 

 

i. Oscillatory potentials in glaucoma 
 
Cobb and Moreton in 1954 first described rhythmic wavelets now known as oscillatory 



 

75 
 

potentials.265 They occur in response to a strong stimulus, as a series of high frequency 

(100-160 Hz), low amplitude oscillatory wavelets that are superimposed along the 

ascending limb of the b-wave. They are contributed to by both rod and cone systems and are 

present in both scotopic and photopic recording conditions. Their cellular origin is 

uncertain, they are said to be post-receptoral in origin. Two components are thought to be 

involved: neuronal interaction and inhibitory feedback circuitry responses from the IPL, 

which account for the oscillatory nature of the response.267-269 It has been suggested that 

they are generated by both amacrine and bipolar cells, the early potentials are related to the 

'on' pathway the latter ones to the 'off' pathway.266
 

 
 
 
Differing results have been found with OPs ability to detect glaucoma: one study indicated 

that they have poor sensitivity in detecting glaucoma.264 Conversely, others demonstrated a 

reduction in OP responses in glaucoma.270, 271 When compared to the pattern ERG which 

showed a reduction in unilateral glaucoma, the OPs were normal.272
 

 
 
 
ii. Photopic negative response (PhNR) in glaucoma 

 
The PhNR is a slow negative response that occurs in response to a long flash, in the dark 

adapted ERG, immediately after the b-wave. It has been suggested that this response is 

generated in the inner retina, that it originates from ganglion cell spiking activity and is 

therefore likely to be affected in optic neuropathies such as glaucoma.273, 274 Viswanathan et 

al269 induced experimental glaucoma in macaque monkeys and determined the effects of 

tetrodotoxin (TTX) on blocking spiking activity in the PhNR and pattern ERG. They found 

similar results, indicating common retinal origins.267 
 

 
 
The PhNR is reduced in patients with POAG,268, 269, 275 with a good correlation with pattern 

ERG reductions.268 The s-cone PhNR was found to be more sensitive in detecting glaucoma 
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than the pattern ERG.275 It also has the advantages of being a larger response not requiring 

refractive correction. 

 
 
iii. Scotopic threshold response (STR) in glaucoma 

 
The STR occurs below the b-wave threshold, it is a negative response to a very dim light 

during dark adaptation and has a latency 100-140 msec. With progressively brighter stimuli 

the STR amplitude increases until it is buried by the emerging b-wave. It is a reflection of the 

inner retinal function.276, 277 It is believed to reflect the activity of amacrine and ganglion 

cells.278
 

 
Selective STR abnormalities have not yet been reported in human glaucoma.279 However, it 

has shown promise as being sensitive in experimental glaucoma,280, 281 and acutely elevated 

IOPs.282, 283 One study found that the STR was only mildly affected in glaucoma whereas the 

P2 was significantly reduced.273
 

 
 
 
iv. Pattern ERG (PERG) in glaucoma 

 
The PERG is the most common minimally-invasive measure of perimacular ganglion cell 

function and inner retinal activity284-289 and has been proposed as a parameter to indicate early 

glaucoma. It is recorded using ISO-luminant reversing black and white checkerboard or 

grating, which reverses its local luminance whilst keeping the average luminance constant 

throughout the recording. The ganglion cells and the inner retinal cellular components 

generate a response to changes in the light-dark edges of a pattern stimulus. 

 
 
 
There are two types of responses: the transient PERG and the steady state PERG. The transient 

PERG is recorded using a reversal rate less than 6 reversals per sec (3 Hz) and is ideal for 

identification of specific waveform components. It has an initial small negative response (N1 or 
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N35) at 35 ms, followed by a large positive component (P1 or P50) at 50 ms, followed by a 

further negative wave at 95 ms (N2 or N95) (Figure 10) 
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Figure 10: Normal transient PERG response 
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These latter two components are the focus for the clinical diagnostic work. The N95 becomes 

obscured by the next P50, producing the second type of response, the steady state response if 

the frequency of stimulation is fast (>10 reversals per second). The response is a sinusoidal 

wave, which does not allow for component analysis, limiting its clinical application. The 

technique is minimally invasive requiring a gold foil, thread or fibre as an electrode as a 

contact lens degrades the image quality.274, 290 

 
 
Since the original suggestion by Maffei and Fiorentini in 1981 that the PERG could be used 

to monitor the electrical response of the ganglion cell, there have been a large number of 

studies on patients with glaucoma.264, 284,291-300 These studies had different aims. Firstly, to 

test the hypothesis that the PERG has a ganglion cell origin by studying conditions that 

directly affect the ganglion cell response. The P50 was found partly reduced, and the N95 

severely reduced in monkeys treated with TTX which abolishes the action potentials 

generated from ganglion cells.267 This is consistent with PERG recordings after optic nerve 

transection.285
 

 
 
Secondly, the PERG was tested in subjects with known glaucoma to assess its clinical value. 

There is a consistent consensus that PERG abnormalities are evident in those with diagnosed 

POAG. Notable changes have been observed: both amplitude reductions and latency delays of 

P50, N95 are affected in glaucoma.264, 272, 284, 286, 292-298 Therefore the PERG has been regarded 

as a clinical indicator of RGC function and is consistently markedly affected in glaucoma. 

The PERG has been suggested as method of measuring the RGC function dysfunction in 

patients with OHT prior to the development of glaucoma. The results are more variable in 

those with OHT than in glaucoma: some reporting a latency delay or reduction in amplitude, 

others reporting no change.301-307 Porciatti et287 reported 11 of 12 (91.6%) ocular 

hypertensives had amplitude reductions, while Wanger and Perrson,300 showed only 4 of 7 
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(57.1%) had amplitude reductions in those with unilateral hypertension. Trick et al288 

investigated a larger number of ocular hypertensives, but only a smaller number (15 of 130 

(11.5%) had amplitude reductions. A recent study shows a very high rate of glaucoma 

detection (100%) and a very high sensitivity in OHT, 85% had a delayed P50 and 69% had a 

reduced P50-N95.289
 

 
 
 
Studies suggest that steady state PERG with higher temporal frequency (10-20 reversals) 

compared with transient stimulation (<4 cycles) improves the sensitivity of glaucoma 

detection by increasing the magnitude of the deficit.308, 309 Bach et al also reduced the 

variability by using check size specific PERG. They introduced a PERG ratio between the 

amplitudes of small 0.8 degree checks and the 16 degree checks.294, 310 The PERG with a 

smaller check size tend to be reduced in early and late glaucoma, whereas the PERG to large 

check sizes are reduced only in advanced glaucoma. They reported predictive abnormalities in 

small numbers of those with OHT that subsequently developed glaucoma. ROC specificity 

was 85%.292
 

 
 
Longitudinal studies are few. In a recent study of ocular hypertensives, the PERG (ratio of 

small versus large check response amplitudes) was able to predict the conversion to early 

glaucoma (defined as a reliable new field defect). Over a 1-3 year period, in 95 ocular 

hypertensive eyes 8 eyes developed glaucoma. The sensitivity was 80% and specificity 71%, 

1 year prior to conversion. The predictive value of PERG measurements acquired at longer 

durations was poor in the group of patients prior to conversion to glaucoma. These results 

suggest that the PERG ratio becomes abnormal prior to standard automated perimetry.311 

 

The PERG optimised for glaucoma screening (PERGLA) paradigm312 is another method to help 

refine the technique, it has a smaller amplitude, uses skin electrodes, which avoids contact with 
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the cornea and a grating rather than a checkerboard. The recording procedure is standardised 

which helps minimise variability. The value of this approach has been demonstrated by large 

amplitude reductions in glaucoma of up to 90% and delays in latency of up to 15 ms compared 

with age matched controls.313-315 Other studies found the repeatability of PERG recordings was 

good and similar within and between tests for both healthy and diseased groups (glaucoma and 

OHT). They suggested that this test is promising for monitoring progression.250 Inter-session 

coefficient of variation is approximately 10-12%.302, 303 There has also been developed a 

frequency doubled PERG stimulus with 9 test regions within thefield. This was able to detect 

100% of moderate to advanced glaucoma and found abnormalities in 67% of high-risk subjects. 

 
 
The strengths of PERG are that it is clinically easy to perform and no light adaptation is 

required. The limitation of PERG is that it is acuity dependent: therefore optical blur, media 

opacities and pupil size confound the results.274, 290 Dilation and contact lens electrodes are 

not recommended as they blur the image, hence it requires an electrode that is in contact with 

the lower eyelid. The small response amplitude (<10uV) results in a low signal to noise ratio, 

computer averaging of multiple recordings or sweeps is necessary to isolate this response. 

Blink and eye movement artifacts can be a problem increasing noise and variability. Both the 

inter and intra variability of the response are also limitations,253 therefore care must be taken 

to ensure optimal recording conditions. The standardisation of the recording technique had 

minimised this variability, allowing the technique to be more clinically viable. Another 

limitation is if there is retinal pathology distal to the ganglion cells, this will also affect the 

PERG. The technique also only provides a cumulative signal from the central visual field, so 

it cannot topographically localise abnormalities. 
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v. Multifocal ERG (mfERG) 
 

The standard mfERG is a measure of the function of the outer retinal cells, largely shaped 

from the bipolar cells with smaller contributions from the photoreceptors and inner retinal, 

amacrine and ganglion cells316-318 and the optic nerve head.319, 320 The inner retina makes a 

relatively small contribution to the waveform.321
 

 
 
 
The mfERG is a valuable tool in detecting pathology of the outer retinal layers and photopic 

retinal function.322, 323 However, there are only slight differences detected in the responses of 

those with moderate and advanced glaucoma compared with normal subjects and 

topographical correspondence has not been establishes with the RNFL loss or visual field 

defects. 321, 324-326 

 
 
There has been development of new protocols to try to isolate response components from 

ganglion cell activity, such as the optic nerve head component (ONHC).319 The ONHC is 

thought to originate from the beginning of the axonal myelination near the ONH and reflects 

the activity of the RGCs. A delay in the ONHC is thought to relate to the length of the 

unmyelinated nerve fibres that action potentials must travel between the focal stimulation and 

the ONH. 

 
 
 
Alternative modes of mfERG stimulation were developed, designed to produce larger ONHC 

in normal eyes327, 328 in an effort to detect any losses secondary to glaucoma. Initial studies of 

human327-329 and glaucomatous eyes,329, 330 supported this theory. However, this has been 

limited by variability in the responses,331 as well as the necessity of a contact lens electrode to 

isolate the ONHC, thus limiting its clinical application.  

 
The stimulus for the mfERG was modified to present patterns within each of the hexagonal areas 
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recorded so that a pattern ERG could be recorded from each area of the retina. Because the pattern 

signal was much smaller, generally the stimulus area of the individual hexagons needed to be 

increased and their number reduced to produce a reasonable signal. The first order kernel of these 

recordings was flat, the second order kernel represented the non liner component generated by the 

pattern and showed a consistent signal.332
 

 

 
 
Unfortunately the mfERG pattern stimuli did not improve diagnostic capability to a significant 

amount, although moderate loss has been demonstrated for glaucoma population averages, there 

is substantial overlap with control populations and no relationship to disease measured 

perimetrically.333-335 

 

vi. Visual Evoked Potential (VEP) 

The VEP is a gross electroencephalographic (EEG) recording generated by the cells in the 

occipital cortex. It is easily recorded with scalp electrodes and provides an objective and 

reproducible clinical measure of the function of the visual pathways up to and including the visual 

cortex.306 For over 40 years, the VEP has been used to diagnose and study diseases of the visual 

system detecting any abnormalities along the chain of the visual pathway from the retina to the 

occipital cortex.307 

 

The commonest visual stimulus used is a high contrast pattern reversal black and white 

checkerboard. Thirty years ago Regan established that a temporally reversing chromatic 

checkerboard pattern could generate robust VEPs.336 The cells of the retina and LGN respond 

well to a change in the luminance in their receptive field, the cortical neurons of the striate cortex 

respond more actively to light-dark edges and orientation.337 A checkerboard stimulus is thought 
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to activate many components of the visual system and has the advantage of generating large 

cortical responses whilst minimising variability. 

 

The stimulus is a checkerboard consisting of black and white squares that alternate in a 

regular phase frequency every 1-2 seconds with a certain fixation point. A spatial frequency 

of 10-20 minutes of arc with a temporal frequency of 8Hz gives an optimal response.338, 339 

With standard electrode positioning of about 2 cm above and below the inion, the resulting 

waveform is a large biphasic response, consisting of components which reflect the activity of 

the striate cells in area 17 (the first positive component N75, occurs at 50-75 ms) and possibly 

extrastriate cortex (deflected wave P100, occurring at 95-110 ms) (Figure 11).340, 341  More 

recently, the technique has allowed changes in contrast, spatial and temporal frequency as 

well as chromatic gratings we varied to be studied. Chromatic contrast stimuli, however, 

usually elicits small cortical responses that can be difficult to detect.342
 

 
 
 
The stimulus for a flash or full field VEP is a diffuse flash presented in the Ganzfeld bowl 

under photopic adapted conditions. The flash VEP displays large inter individual variation 

and are thus primarily used as a gross test of cortical response in uncooperative patients or in 

those with poor fixation. The response is a series of positive and negative components; the 

most prominent is the P2. 
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Figure 11: Normal Standard VEP response 
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Both the standard flash and the pattern VEP responses are of limited value in the study of 

glaucoma. While they have been shown to be abnormal in some cases the sensitivity in early 

glaucoma is very poor and consequently many cases are missed.314, 315, 343 The  major 

limitation of this technique in detecting glaucoma is that evoked responses are dominated by 

foveal input, which has cortical overrepresentation and is unable to detect abnormalities in the 

peripheral field.344-346 The fovea is represented disproportionately as a large cortical area 

occupying the posterior portion of the striate cortex where the scalp VEP electrodes are 

placed. The peripheral visual field is represented by a smaller cortical area located more 

anteriorly in the striate cortex and provides a limited contribution to the VEP. It has been 

estimated that the central 2 degrees of the visual field produces 65% of the response, 

compared to the ERG where the fovea is thought to represent less than 2% of the total 

response.332
 

 
 
 
The technique does not provide a topographical measure and hence is unable to determine the 

location of pathology. This is important especially in glaucomawhere damage often involves 

localised regions of the retina and foveal involvement only late in the disease. The pattern 

VEP is also easily affected by refractive error,347 and is best 

corrected for near vision, the small check size also tends towards central bias.308, 309 To 
 
avoid this variability in amplitude, most studies focused on delay in latency. Up to 50% of the 

POAG patients and 25% of OHT patients have a delay in latency compared to normal 

subjects. This was found to correlate with morphological change in the optic discs and 

severity of field defects.313
 

 
 
 
Topographic correlations have also been studied, hemifield defects in glaucoma patients were 

observed to cause a decrease in amplitude and were topographically correlated in quadrantic 

analysis.348 Also the pattern VEP generated by stimulating the mid peripheral visual field (central 
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5 degrees blocked) detected 44% of POAG and 15.4% of OHT had a latency delay ranging from 

3-20 ms.  

 

Overall, the conventional VEP shows variable results in glaucoma and cannot be reliably used 

to diagnose glaucoma. To obtain multiple VEPs at different retinal locations would be too 

time consuming. Therefore a topographic method of VEP recordings,349 based upon Sutter's 

multifocal technology was developed to circumvent these problems. 

 
 
 
It has been shown that the topographic organisation of the RGCs is projected and maintained 

along the visual pathway to the visual cortex and thus discrete VEPs can be recorded from 

each representative area of the retina that is stimulated. The visual cortex is located on either 

side of the calcarine fissure in the occipital lobe. The cortical cells that receive responses from 

the peripheral fields lie anteriorly, with those from macula at the tip. The upper fields are 

represented in the lower half of the visual cortex and the lower in the upper half.350 It is due to 

the spatial maintenance of the retinal projections to the cortex that the multifocal technique is 

possible. 

 
 
 
The multifocal stimulation technique has been a major advancement in the field of 

electrophysiology. The technique was developed by Sutter and Tran351, 352 and applied to VEP 

recordings by Baseler and colleagues.349, 353 It has allowed the presentation of a multifocal 

stimulus and enabled the recording of evoked responses simultaneously in many locations, 

topographically mapping spatially localised damage in the visual pathway. This technique 

evolved as sequential recordings from multiple areas of the retina as using focal ERGs were 

too time consuming. Two concepts are fundamental to the application of this technique, 

scaling of the stimulus and the use of binary sequence, such as the m- sequence to drive 

temporal change in the stimulus. 
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Cortical scaling occurs when each element increases in size from the centre to the periphery, 

such that they stimulate equal areas of the striate cortex at different eccentricities, thereby 

avoiding foveal dominance in the evoked responses.349 The increase in the stimulus size with 

eccentricity is proportional to cortical magnification and is based on equations derived from 

histological studies.354 The original stimulus used by Baseler resembled a series of hexagons 

with checkerboards comprising 24 equal triangles forming each hexagon.349 The pattern of the 

stimulus was controlled by a pseudo random binary exchange of two opposite checkerboard 

pattern conditions at each of the test sites in the visual field. Each input site modulated with 

time according to the same pseudorandom binary m sequence.349 

 

 
This m sequence was the original binary sequence to be employed in VEP recordings.349 This 

property was utilised by Sutter who employed 56 such sequences shifted by an integer  

number of stimulus frames to 56 locations in the visual field. The responses generated for 

each location are different and therefore do not contaminate the responses for other locations. 

The responses were correlated with the stimulus element and averaged, resulting in an 

effective method of mapping evoked responses.355 Thus, the individual signals may be 

extracted from the EEG by cross correlation of the response evoked and the stimulus 

sequence. To maintain isoluminance about half the total elements are white and half are black. 

 
 
 
The stimulus paradigm however, has provided greater insight into temporal interaction of 

neural elements. In order to decrease the test time the binary sequence is presented at the 

maximum refresh rate of the cathode ray tube of 75 Hz. At this high speed the effect of a 

stimulus on the response of the subsequent stimulus can be studies using the Weiner kernel 

analysis technique.356, 357 This allows the analysis of cross correlation kernels which can 

characterise non linear analysis between visual events that occur in the visual system.358
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The first order kernel is calculated by adding all recordings following a black frame and then 

subtracting all recordings from a white frame. The response from the hexagon is summed and 

the responses from other hexagons diminished. The second order response is used to calculate 

the response from successive flashes of the white hexagon and is used to determine the short- 

term adaptation from the preceding flash. The first slice of the second order response 

represents the visual evoked potential to a reversal between two successive intervals, regardless 

of the direction of transition (0 to 1 or 1 to 0), summed over all the reversals in the m-sequence 

cycle, minus all instances in which no reversal occurred. It is analogous but not identical to the 

conventional pattern reversal VEP.353 The second slice calculates the effect of a flash in the 

frame before the immediately preceding frame. The second order response lasts much longer 

than one frame (13.3 ms at 75 Hz).359 

 
 
 
Klistorner et al using flash mfVEP found that the first slice of the second order kernel showed 

response to a low luminance contrast saturating at 40%, while the second slice showed non- 

saturating linear increase in response with contrast. This behaviour was found to resemble the 

magnocellular and parvocellular dichotomy and was attributed to these mechanisms.360 Using 

pattern mfVEP, Baseler and Sutter showed that 2 components of the evoked potentials 

showed topographic distribution, one dominated in the central field, while the other occurred 

more in the periphery. These were also found to vary differently with contrast. This 

topographic distribution was thought to resemble the parvocellular to magnocellular 

distribution of neurons between centre and periphery.353 However, some reports suggest that 

there is no differential distribution of neurons between the centre and periphery.363
 

 
 
 
Baseler and colleagues found the application of the m sequence very successful in mfERG 
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monitoring but did not consider it to be useful for clinical mfVEP recordings.349 The mfVEP was 

limited by the use of midline electrodes, either fronto-occipital362 or bipolar electrodes.353
 

This resulted in signals being dominated by the inferior hemifield, especially in the flash 

mfVEP and was only able to detect areas of the striate cortex, which had surface 

perpendicular to the vertical dipole. The cortical convolutions therefore limited the detection 

of the stimulus from areas representing the horizontal and vertical meridian of the visual field. 

The pattern mfVEP although smaller than the central flash mfVEP, produced more uniform 

responses throughout the visual field. Flash mfVEP was a limited technique as it had limited 

topographic value, analysing more of the central test zone, the peripheral responses were too 

small. 

 
 
 
The mfVEP was the first multifocal test used to topographically map the visual field loss from 

a variety of pathologies including glaucoma.362 Graham et al first examined the use of mfVEP 

in glaucoma patients using bipolar straddle electrode positions. 42 glaucoma patients with 

reproducible visual field defects were tested. The mfVEP showed loss of amplitude in the 

areas corresponding to the scotomas seen on SAP.363
 

 
 
 
Over the last 10 years many advancements in the techniques have occurred,  including 

changes in the electrode positions,363-366 multiple channel recording,364, 367 pattern sequence,367 

EEG scaling,271 dichoptic stimulation,368, 369 inter-eye asymmetry and analysis of 

waveforms,370, 371 as well as improvement in the signal to noise ratio (SNR)360, 370, 372 and use 

of alternative stimuli patterns.373-377
 

 
 
 
To date, studies from different centres have confirmed the mfVEP as a tool for the objective 

assessment of visual field defects, primarily for glaucomatous visual field loss.370, 378-381 The 

method has also been applied to other optic neuropathies, ON and multiple sclerosis,382-394 and 
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ischaemic optic neuropathy,395 and has shown promise in the assessment of neurological 

disorders such a cortical lesions,396-499 compressive optic neuopathies.400, 401 The technique has 

been applied to children,402, 403 as well as those with non organic field loss. 

 
 
 
The new electrode positions were developed, using four bipolar electrodes in the form of a 

cross straddling the inion. This allowed recording from multiple channels rather than a 

single midline channel. This significantly improved the signal strength as the different 

recording vectors overcame the problems of cortical convolution obstructing the previous 

monopolar or single channel recording.363-366 This was confirmed by Hood et al, who 

concluded that the addition of 2 lateral electrodes and multiple channel recordings improved 

the responses from 79% of the SNR exceeding 0.6 for the typical midline channel, to 93% 

when the best SNR was used.364 Meigen and Kramer also found that two additional 

perpendicular electrodes straddling the inion was the most effective recording set up.365
 

 
 
 
The pattern sequence was redesigned in the second commercially available system, 

AccumapTM (Objectivision Pty Ltd, Sydney) that was developed in Australia. This system 

uses a 58-segment dartboard configuration, the segments cortically scaled with eccentricity 

to stimulate approximately equal areas of the striate surface. This system employs a spread 

spectrum technique using Kasami binary sequences. During a standard recording run of 54 

seconds, each of the 58 segments of the visual field are stimulated approximately 2000 

times. This technique computes the resulting signal, by cross correlation of the response 

evoked by a sequence stimulation, with the sequence itself at each of the stimulation sites.367 

This differs from the m sequence based recording systems (such as Veris TM), where the first 

slice of the second order kernel contained the mfVEP response. With this new technique, 

simple cross correlation replaced kernel analysis. Real time recording of the 
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electroencephalographic (EEG) signal was introduced, which allows the quality of the 

recording to be checked during the acquisition of data. The raw mfVEP data is also scaled 

according to the patients background EEG and is their own unique condition characteristics. 

It has been established that this reduces inter individual variability from 42 to 25%. Thus a 

mfVEP signal normalized with respect to the background EEG reduces the variability.360 

Inter eye asymmetry analysis was developed as the right and left response signals were observed 

to be almost identical for normal patients, due to the proximity of the signal generating areas in 

the visual cortex. This has proved useful to detect early defects. (Figure 

12) By comparing test points between eyes for an individual 98.6% of patients were identified 

with field loss. They also found that defects could be identified in some high- risk glaucoma 

suspects with normal SAP. However, it is less reliable for those with symmetrical field  

defects or those with bilateral disease when assessing the less affected eye.370 Hood et al, 

quantitatively measured the eyes of 6 normal subjects and 4 patients whose pathology 

included unilateral glaucoma, ischaemic optic neuropathy and optic neuritis. They found that 

essentially pairs of two eyes of the controls were almost identical except for small naso- 

temporal differences. This differed from the paired 

patient responses which were found to be significantly different.371 It is therefore clinically 

important to assess both amplitude and asymmetry deviation plots. 
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Figure 12: Example mfVEP report of a patient with early glaucoma 
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Several investigations have been done to adapt the mfVEP methods into a dichoptic test. This 

allows simultaneous stimulation of both eyes by independent sequences, thus reducing 

recording time369 as well as providing a statistical advantage when comparing the results 

between the two eyes,371, 383, 384 with more reliable assessment of inter eye asymmetry.368, 369 

 
 
Arvind et al recorded 28 glaucomatous patients and 30 normals. It was found that the 

dichoptic mfVEP responses identified early defects in areas unaffected on SAP in addition to 

field losses detected on SAP and reduced testing time by 30%.368
 

 

 
 
In the past, the intra and inter subject variability of the multifocal technique has limited its 

clinical application. Inter subject variability is due to the difference between the individuals in 

the location and convolution of the visual cortex as well as variation in external cranial 

landmarks.85, 385-387 It results in large standard deviations of normal values and minimizes the 

ability of the technique to detect early cases. Intra-subject variability leads to difficulty in 

monitoring progression of the disease. It is caused from the responses being of opposite 

polarity between the upper and lower fields353 and the nasal responses being slightly faster than 

the temporal,385 due to the differing distance in the ganglion cells from the optic nerve. Just 

above the horizontal meridian, responses from the temporal retina are slightly larger than the 

nasal,370 as well as responses just above being larger than the below.385, 388 It has been 

suggested that this is caused by the horizontal meridian falling below the bend in the calcarine 

fissure. The responses from the vertical meridian differ from the other responses, as extra 

striate cortex may contribute more to the responses near the vertical meridian.327, 395, 396 

 
 
 
Responses from the same subject on different days have been found to be very similar349, 362 

with a coefficient of variation on average being 16% across the whole field367, 389 and the 

repeatability of the mfVEP was found to be slightly more than that of the SAP.390-392 In the 
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study by Chen et al, the repeat reliability of the mfVEP was evaluated within a day and across 

weeks (2-12 weeks) in both normal and glaucomatous eyes.391 Fortune et al, similarly 

reported findings after repeat testing on normal subjects after a year.390 This suggests that 

progression in the early stages should be more easily detected by mfVEP than by SAP. 

 
 
Wangusupadilok et al393 recently described a method that can be used to distinguish 

between inter-test variability and progression of glaucoma. They used 87 patients with 

POAG, underwent repeat mfVEP testing within 50 days (group 1) and a second group of 44 

patients that underwent repeat mfVEP testing within 6 months (group 2). They calculated 

test scores (the total number of test points with p values exceeding 5%) and cluster sizes 

(the number of abnormal test points within a cluster). Group 1 did not show a significant 

difference in either total score or cluster size. Group 2 showed a significant difference in the 

interocular and monocular comparison between tests (p<0.05) as well as the interocular 

comparison of cluster size (p<0.05). This may therefore be a possible method of monitoring 

the progression of functional deficits using mfVEP. 

 
 
There was a need to improve this variability and reproducibility by enhancing the SNR by 

either minimizing noise artifacts or increasing the signal amplitude, to improve diagnostic 

accuracy. Several studies have used alternative stimuli that were developed to evoke larger 

responses. The use of the pattern pulse stimulus rather than a pattern reversal377 and a 

slowed stimulation rate 280 significantly improves the signal to noise ratio (SNR) on 

average 1.9 times. James377 suggested that this is due to contrast gain control mechanisms. 

When stimulated by pattern reversal, spatial contrast is present at all times resulting in 

adaptation of the visual system and hence smaller response amplitudes. Pattern pulse 

stimulus reduced the adaptation by having an interval of no contrast, allowing full recovery 

of contrast sensitivity, and hence larger amplitudes.377 
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This has been supported by further studies that suggest there is an increase in the SNR of 60- 

90% using temporally sparse stimuli instead of pattern reversal.373, 374, 375 The benefit is 

dependent on eccentricity, as the use of this alternative stimuli has been shown to be 

advantageous for the central field (up to 9.5 degrees) displaying larger mfVEP responses 

although in the periphery (up to 23 degrees) there was no demonstrated difference in 

amplitudes.376 Pattern onset stimuli has also been seen to enhance SNR but only in the 

central field with a decrease in the periphery.397
 

 
 
 
 
Fortune et al373 compared a number of stimuli – pattern reversal, pattern onset and sparse 

pulse stimuli to study the effect of spatial sparseness. Spatial isolation increased the SNR by 

62% for temporally sparse pulses and 22% for reversal responses. Temporally sparse pattern 

pulses were also 3.5 times larger although there was no gain in the SNR.373 Therefore spatial 

isolation had a greater effect. Onset responses were 3.5 times larger than conventional 

reversal stimuli and twice as large as those for offset. This supports James findings that larger 

SNR occur when brief contrast stimuli are sparsely distributed in space and time. 

 
 
 
The advantages of this technique are that it is an objective, topographic, non invasive means of 

mapping the visual fields to a wide eccentricity. It is tolerated well by patients. A recent study 

on patient opinions of 7 different clinical tests used in the assessment of glaucoma ranked the 

mfVEP (median rank, 4.0) better than the SAP (median rank, 4.8) although not as high as 

Goldmann applanation tonometry, which ranked significantly better than the others (median 

rank 2.5, p<0.01).398 

 

 
However, the mfVEP is limited by the fact that both refractive error and cataracts blur the 

stimulus. The effect of optical defocus on the response is dependent on eccentricity. Greater 
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than +2.0D defocus caused central amplitudes to be reduced to approximately 60% while 

there was no effect on eccentricities greater than 7 degrees.378, 379 Patients with cataract are 

usually excluded from mfVEPstudies as they cause apparent field defects in the mfVEP as 

well as SAP.379, 380
 

 
The mfVEP is now established as an objective tool that compliments subjective testing as a 

method of visual field examination.362, 389 In spite of the advantages of the mfVEP being 

objective and the possibility of detecting defects earlier than the SAP, there remains a concern 

as the detection of subtle changes in the early stages still remains a continuing challenge. To 

date, this technique has used a black and white stimulus to demonstrate visual field defects in 

glaucoma patients. Our design was to use a Low Luminance Achromatic (LLA) stimulus and 

a blue yellow stimulus in an attempt to detect glaucoma at an earlier stage. 

 
 
In addition to glaucoma detection, the mfVEP is a sensitive and specific test for detecting 

optic neuritis. 399-403 The mfVEP has been reported to be superior to full field VEPs in ON 

patients, by topographically analysing the conductivity of the optic nerve315, 371, 399 and 

recovery of the optic nerve function.404, 405
 

 
 
In a study of 64 eyes with confirmed optic neuritis, 97.3% were abnormal on VEP testing.406 

Both amplitudes were reduced and latencies delayed, the latency z score had 100% sensitivity 

and specificity for detecting ON when compared to normal patients,406 in a recent study of 

patients with MS and a history of ON. Cluster criteria of both amplitude and latency resulted 

in an ROC of 0.96, 91% sensitivity and 95% specificity.401 The mfVEP detects more 

abnormalities in patients with ON than SAP.407 There is a significant delay in latency in 80% 

of eyes and also 57% of the unaffected eyes. Amplitudes were also reduced when analysed in 

quadrants (50.3%) compared with SAP (30.5%).407 Studies on the fellow eyes of patients with 

unilateral ON have also shown reduced amplitudes and delays in latencies, indicating 

widespread sub-clinical inflammatory changes in the CNS.399,408 The magnitude of the 
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electrophysiological changes in the fellow eye were related to the risk of multiple sclerosis.399 

 
 
The mfVEP may aid in monitoring the progression of patients with optic neuritis. In a 

prospective case series, 36.4% of patients with ON and delayed latencies on mfVEP 

progressed clinically to MS over a 1 year period, compared to 0% of patients with normal 

latencies.409 It can also be used to monitor improvement in conduction velocity over time after 

the acute episode of optic neuritis.400 
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CHAPTER 2: STRUCTURAL AND FUNCTIONAL 

IDENTIFICATION OF EARLY GLAUCOMA 

(The results of this chapter will be submitted for publication in IOVS.) 

 
 
2.1  INTRODUCTION 
 

 
Glaucoma is a progressive optic neuropathy characterized by a specific pattern of optic 

nerve head and visual field damage due to the death of RGCs Typically, the diagnosis is 

based on characteristic changes in the optic nerve head combined with a visual field defect 

determined with static automated, achromatic perimetry (SAP). However, substantial 

ganglion cell damage can take place before SAP detects functional deficits.182, 410
 

 
 
Structural measurements of the optic nerve head (ONH) and functional measurements of the 

visual field represent two main pillars of glaucoma diagnosis and management.404 A number 

of diagnostic tests have been developed and attempt to diagnose glaucoma before its 

appearance on subjective standard automated perimetry (SAP) testing.77, 405-409 The structural 

measures are less patient dependent and therefore more objective, demonstration of 

functional loss that corresponds to observed structural changes lends more confidence to the 

diagnosis. 

 
 
Early detection of glaucoma is very important, because the earlier and more reliable 

detection will enable preservation of a significant proportion of the subject's ganglion cells 

normally lost prior to disease recognition, and ultimately thereby preserve vision. The 

current study utilizes several new concepts in early glaucoma diagnosis and applies 

principles proven to be helpful in subjective strategies to new objective measures. These 

alone could provide an even more sensitive tool for diagnosis, and when combined with 

other tests known as early markers, may produce a new diagnostic model to detect the 
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earliest signs of damage in glaucoma.  

 

 
 
2.2  AIM OF THE STUDY 

The aim of the current study was to determine the optimal combination of tests for detecting 

early glaucoma using new and diverse strategies for selective testing of specific visual 

pathways, in combination with structural analysis for nerve fibre loss. 

 
 
 
2.3  METHODS 
 

 
70 glaucoma patients from a specialist eye clinic and 18 normal subjects who volunteered to 

be normal controls were recruited for the study. All patients had a glaucomatous disc in at 

least one eye and had reliable visual fields previously. The patients had previously undergone 

a comprehensive eye examination by the referring ophthalmologist including visual acuity 

testing, IOP and stereo biomicroscopic optic disc examination. In addition, as part of the 

study, they underwent visual acuity testing and refraction, standard white on white perimetry, 

short wavelength automated perimetry, FDT Matrix, LLA mfVEP, BonY mfVEP, Spectralis 

OCT, HRT and stereoscopic disc photographs. The controls were included into the study 

based on having a normal eye examination with no previous history of any ocular problems 

and no family history of any ocular diseases. Approval was obtained from the institutional 

review board. Written informed consent was obtained from all participants, and the study was 

conducted in accordance with the tenets of the Declaration of Helsinki. The order of tests was 

randomized. 

 
 
The white-on-white standard automated perimetry (SAP) and short wavelength automated 

perimetry (SWAP) tests were performed with the Humphrey Field Analyzer model 745, 
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(Zeiss Humphrey Systems, Dublin, Ca), using the SITA –Std 24-2 program. Near addition 

was added to the subject's refractive correction. If fixation losses were more than 20% or 

false positive or false negative rates were more than 33% (rates of reliability fixed by the 

perimeter software), the test was repeated. Abnormal SAP and SWAP was defined by the 

presence of a cluster of 3 or more abnormal points at p<5% with at least one point lower 

than p<1% on the pattern deviation plot, and Glaucoma Hemifield Test outside normal 

limits. 

 
 
FDT 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, counterphase flickered at 18 Hz. Reliability and abnormality criteria was similar to 

the other perimetry tests. 

 
 
The Spectralis SD-OCT (software v. 5.3.3.0) was used to obtain RNFL thickness 

measurements. The high-resolution protocol was used, obtaining 1536 A-scans from a 3.45- 

mm circle centered at the optic disc, providing an axial resolution of 3.9 µm and a lateral 

resolution of 6 µm. The examiner was required to manually place the scan around the optic 

disc. To improve the image quality, the Spectralis SD-OCT includes an automatic real-time 

function that gathers multiple frames (B-scans). The images were then averaged for noise 

reduction. The standard deviation of the signal-to-noise ratio was available to the examiner, 

enabling the assessment of the signal's acceptability. The quality scores ranges from 0 dB 

(poor) to 40 dB (excellent). For each parameter, the Spectralis SD-OCT software provides a 

classification (within normal limits, borderline, and outside normal limits) based on the 

comparison with an internal normative database of 201 healthy eyes of Caucasian patients. 

The parameter is classified as within normal limits if its value falls within the 95% 

confidence interval (CI) of the healthy, age-matched population. A borderline result 
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indicates that the value is between the 99% and 95% CI, and an outside normal limits result 

indicates that the value is less than the 99% CI. In this study all borderline values were 

considered as normal for analysis. 

 
 
The HRT-III (Heidelberg Explorer Software v. 1.5.10.0, Heidelberg Engineering) was used to 

acquire CSLO images in the study. It uses confocal scanning laser principles to obtain a 3- 

dimensional topographic image of the optic nerve. The nerve margin on the mean topographic 

image was outlined by the examiner. Good images required a focused reflectance image with a 

standard deviation not greater than 50 µm. 

 
 
The software for the HRT-III also incorporates the Moorefield’s Regression Analysis (MRA), 

which compares the patient's rim area with a predicted rim area for a given disc area and age, 

based on confidence limits of a regression analysis derived from 627 normal patients (452 

Caucasians, 111 of African origin, and 64 Indians). Each sector and the global rim area are 

classified as within normal limits if the measurement is within the 95% CI, borderline if the 

measurements are between the 99.9% and 95% CI, and outside normal limits if the 

measurements is lower than the 99.9% CI. Only the MRA was used for the purpose of 

analysis in this study. Similar to the OCT, all borderline values were considered as normal. 

 
 
 
The mfVEP was performed using Accumap version 2.0 (ObjectiVision Pty. Ltd., Sydney, 

Australia). Two different pattern onset stimulus presentations were used. Both stimuli 

consisted of a cortically scaled dartboard pattern of 58 segments; 56 segments were arranged 

in five concentric rings (eccentricities 1–2.5°, 2.5–5°, 5–10°, 10–16°, and 16– 24°), and 2 

segments straddled the horizontal nasally (24°–33°). A fixation target occupied the central 1°. 

For the BonY mfVEP, each segment contained a 4x4 grid of blue checks scaled proportional 

to segment size (luminance 20 cd/m2 that appeared briefly on a bright yellow background 
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(luminance 125 cd/m2 according to a pseudorandom binary sequence). Briefly, the sequence 

had a total length of 440 elements and consisted of two types of elements (elements 0 and 1) 

distributed pseudorandomly. Each element of the sequence lasted nine frames of the monitor. 

Element 1 of the binary sequence was represented by two consecutive states: a blue pattern-on 

(checker-board blue-and-yellow pattern) state,which lasted two frames, and a pattern- off 

(diffuse, bright yellow illumination of the entire segment) state, which lasted seven frames. 

For the element 0 of stimulating sequence, the pattern-off state (diffuse yellow illumination) 

was active for all nine frames of the element. The LLA stimulus was similar to the BonY one, 

but was 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. A scotoma on mfVEP was considered to be 

present if on the amplitude deviation plot, there were 3 or more contiguous non-rim points of 

amplitude less than p<2% of the normal database, with at least 1 point, p<1%; or on the 

asymmetry plot, at least 3 contiguous points with p<1% or 2 contiguous points p<0.5%. 

 
 
 
Abnormal discs were identified based on one or more of the following criteria: (1) definite 

focal rim notching, (2) cup-to-disc asymmetry of 0.2 or more with no disc size asymmetry 

plus rim irregularity, and (3) relative thinning of the neuroretinal rim with no abnormal disc 

configuration as explanation (e.g., tilting). The disc photographs were examined by two 

masked observers, assessed for confirmation of glaucoma, and graded for the presence or 

absence of a defect in the superior or inferior rim. The visual fields of all patients were 

analysed and those with no field defects were termed to have preperimetric glaucoma and 

those with field defects but MD>-6 dB were termed to have early glaucoma. All tests 

(imaging and visual field tests) were considered to have a positive hemifield defect if a defect 

identified by that test corresponded topographically to the disc damage identified on 
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photographs. Combinations of two and three tests were performed to identify the best 

combination of tests that detected early glaucomatous damage. 

 

 

2.4  RESULTS 
 
 
101 eyes of 64 patients had a glaucomatous disc appearance confirmed. There were 32 

females and 32 males. The mean age of the patients was 64.89 ±8.15 years. 16 eyes of 15 

patients were found to have early glaucoma and 85 eyes of 59 patients had preperimetric 

glaucoma based on white on white perimetry. 

 
 
OCT was found to have 100% specificity, while HRT was found to have the best sensitivity 

in identifying patients with preperimetric glaucoma. Low contrast mfVEP also had a high 

sensitivity of 50.6% for preperimetric glaucoma. The sensitivity of each of the tests was 

calculated for patients with early glaucoma and pre perimetric glaucoma.  

(Table 1) 
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Table 1: Sensitivity of all the tests 
 
  Controls 

(n=36) 
Preperimetric (n=85) Early glaucoma (n=16) Total group 

(n=101) 
  Specificity Sensitivity p value* Sensitivity p value* Sensitivity p value* 
VF SAP 35 -NA -NA 15 0.69 15 <0.0001 

(97.22%) (93.75%) (14.85%) 
 SWAP 31 18 <0.0001 12 (75.0%) 1.00 30 <0.0001 

(86.11%) (21.18%) (29.70%) 
 FDT 35 16 <0.0001 13 1.00 29 <0.0001 

Matrix (97.22%) (18.82%) (81.25%) (28.71%) 
VEP LLA 32 43  12 (75.0%)  55  

(88.89%) (50.59%) (54.46%) 
 BonY 32 33 0.06 12 (75.0%) 1.00 45 0.05 

(88.89%) (38.82%) (44.45%) 
HRT  31 44 1.00 12 (75.0%) 1.00 56 1.00 

(86.11%) (51.76%) (55.45%) 
OCT  36 21 <0.0001 8 (50.0%) 0.18 29 <0.0001 

(100%) (24.71%) (28.71%) 
 
* p value calculated using Mcnemar test comparing the sensitivity of LLA (since it had the 

highest sensitivity) with other tests. 

The sensitivities were also calculated for a combination of two tests (Table 2). The combination 

of LLA and HRT (any one test positive) was found to have the best sensitivity, identifying 

77.65% of patients with preperimetric glaucoma. 
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Table 2: Sensitivities for combination of two tests 
 
 Preperimetric (n=85) Early glaucoma (n=16) Total group (n=101) 

 Sensitivity p value* Sensitivity p value* Sensitivity p value* 

SAP-SWAP 18 (21.18%) <0.0001 15 (93.75%) 1.00 33 (32.67%) <0.0001 

SAP-Matrix 16 (18.82%) <0.0001 15 (93.75%) 1.00 31 (30.69%) <0.0001 

SAP-LLA 43 (50.59%) <0.0001 16 
(100.00%) 

0.48 59 (58.42%) <0.0001 

SAP-BonY 33 (38.82%) <0.0001 16 
(100.00%) 

0.48 49 (48.51%) <0.0001 

SAP-HRT 49 (57.65%) <0.0001 16 
(100.00%) 

0.48 65 (64.36%) 0.0005 

SAP-OCT 21 (24.71%) <0.0001 15 (93.75%) 1.00 36 (35.64%) <0.0001 

SWAP-
Matrix 

25 (29.41%) <0.0001 14 (87.50%) 0.48 39 (38.61%) <0.0001 

SWAP-LLA 48 (56.47%) <0.0001 14 (87.50%) 0.48 62 (61.39%) 0.0002 

SWAP-
BonY 

44 (51.76%) <0.0001 15 (93.75%) 1.00 59 (58.42%) <0.0001 

SWAP-HRT 54 (63.53%) 0.0022 15 (93.75%) 1.00 69 (68.32%) 0.0059 

SWAP-OCT 33 (38.82%) <0.0001 15 (93.75%) 1.00 48 (47.52%) 0.0059 

Matrix-LLA 46 (54.12%) <0.0001 15 (93.75%) 1.00 61 (60.40%) <0.0001 

Matrix-
BonY 

46 (54.12%) <0.0001 15 (93.75%) 1.00 61 (60.40%) <0.0001 

Matrix-HRT 55 (64.71%) 0.0036 14 (87.50%) 0.48 69 (68.32%) 0.0059 

Matrix-OCT 28 (32.94%) <0.0001 14 (87.50%) 0.62 42 (41.58%) <0.0001 

LLA-BonY 48 (56.47%) <0.0001 13 (81.25%) 1.00 61 (60.40%) <0.0001 

LLA-HRT 66 (77.65%)  14 (87.50%)  80 (79.21%)  

LLA-OCT 49 (57.65%) 0.0002 14 (87.50%) 0.48 63 (62.38%) 0.0003 

BonY-HRT 61 (71.76%) 0.0455 14 (87.50%) 1.00 75 (74.26%) 0.0455 

BonY-OCT 45 (52.94%) <0.0001 13 (81.25%) 1.00 58 (57.43%) <0.0001 

HRT-OCT 54 (63.53%) 0.0008 14 (87.50%) 0.48 68 (67.33%) 0.0037 
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* p value calculated using Mcnemar test comparing the sensitivity of LLA-HRT combination of 

tests (since it had the highest sensitivity) with other tests combination. 

 

2.5  DISCUSSION 
 

 
There are several tests performed in the clinic to diagnose glaucoma. This study was 

conducted to understand which single test or a combination of two tests would help identify 

patients with early ganglion cell loss and treat them early to prevent further extensive damage 

to the optic nerve. In this study, we found that the LLA mfVEP identified a field damage 

corresponding to disc damage in 50.6% of patients with preperimetric glaucoma. In the entire 

group of patients, which included patients with preperimetric and early glaucoma, HRT was 

found to correspond with optic disc damage in 55.45%, followed by LLA mfVEP in 54.46%. 

These two tests were found to be more sensitive in identifying patients with very early 

glaucomatous changes. 

 
 
 
The structure-function relationship in glaucoma is well known and recognized.411, 412 A number of 

tests that target this relationship and attempt to diagnose glaucoma prior to its appearance on 

subjective white-on-white visual field testing have been developed, with varying degrees of 

success.413-417 While structural measures are less patient- dependent and therefore more objective, 

demonstration of functional loss that corresponds to observed structural changes lends much more 

confidence and credibility to the diagnosis. 

 
 
 
SWAP and FDP are visual function tests that target different RGC subsets. SWAP isolates 

and tests the function of blue-on axons in the koniocellular pathway,413 whereas FDP targets 

cells of the magnocellular pathway,414 although a recent study suggests a cortical 

mechanism may underlie the doubling perception.418 Both cell types are relatively sparse 
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within the retina, which may allow functional loss to be detected sooner than with SAP.419 

Both tests attempt to improve detection of field loss in glaucoma by selectively stimulating 

visual pathways with low functional redundancy, and both techniques have shown success, 

with about 20% success in identifying preperimetric glaucoma.417 Arend and Plange 

reported that SWAP and FDT showed that progression in early glaucoma could be detected 

before SAP damage occurs. However, SWAP seems to have a considerable learning curve, 

which counteracts its effective usage for detecting progression early. Leeprechanon et al420 

reported that the diagnostic precision of FDP was similar to that of SWAP in early detection 

of glaucoma before it becomes visible on SAP perimetry. 

 
Structural changes are generally proposed to precede functional changes and hence one would 

expect a higher sensitivity on structural tests then the functional tests. However, Jeoung et al 

reported that the sensitivity of the OCT ranged from 18.9% to 83.8% in patients with 

preperimetric glaucoma depending on the parameters used to define an abnormal OCT.412 In 

this study we found the sensitivity of OCT to be low (24.71%). This could probably be 

because most of the study patients had very early RNFL loss and all borderline defects were 

termed as normal. 

 
 
The HRT variables have reported higher detection rates of 42% for preperimetric glaucoma 

and between 74-87% for early glaucoma.413 This study reports a similar sensitivity of 

51.76% in preperimetric glaucoma and 75% in early glaucomas. The mild discrepency could 

be due to the difference in criteria used to define abnormal HRT in the two studies. 

However, it was found to be the single best test in identifying preperimetric glaucoma. Since 

all our patients included in the study were selected based on the appearance of a 

glaucomatous disc, this could have biased the results. However the disc area as measured by 

HRT on the patients in this study was 2.13 ± 0.47 mm2 which is significantly larger than the 

disc area reported by Blue Mountains eye study. This could probably explain why HRT was 
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found to show high sensitivity in this study. 

 
Objective perimetry using multifocal stimulation is a relatively new psychophysical test. 

Since it provides a topographical measure of damage, its results can be compared with SAP. 

Objective perimetry has been reported to have several advantages over subjective 

perimetry.414 Patients prefer performing this test to automated perimetry because of the 

removal of any decision-making and performance pressure. It has no learning curve. 

Objective perimetry is also useful in patients with unreliable fields that cannot be interpreted, 

where it can be used to confirm or exclude field loss. It has the potential to detect malingerers 

and may be useful in children. Different stimuli presentations on mfVEP have showed 

different sensitivities. The conventional black-and-white pattern reversal stimulus 

demonstrated 80% to 92% sensitivity in early glaucoma.417, 418 Its sensitivity in preperimetric 

glaucoma has been reported to be 21% of perimetrically normal fellow eyes of glaucomatous 

patients418 and in 20% of glaucoma suspects.419 The LLA and the BonY are two different 

stimuli used in mfVEP. They differ from the regular pattern reversal stimulus in the contrast 

stimulation and colour and using the pattern onset stimulus. The novel LLA102 and BonY419 

mfVEP have been reported to identify functional loss in nearly 40-50% of patients with 

preperimetric glaucoma. This variability in sensitivities could probably be due to different 

pathways being stimulated by different pathways being affected. 

 
In this study the LLA was found to be the best functional test in identifying preperimetric 

glaucoma. The sensitivity of LLA mfVEP was also as good as that of the HRT, though 

traditionally structural tests have been thought to have higher sensitivities than functional 

tests. The sensitivity of LLA was higher, but not found significantly so from that of BonY. 

This is very similar to the finding reported by Arvind et al.102 The mfVEP responses to 

achromatic stimulation saturate at approximately 40% to 50% contrast, which is similar to 

what has been used in this study for LLA and BonY. 
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Response at this level of luminance contrast has been described to have predominant 

magnocellular contributions, which may be the reason for the excellent performance of LLA 

in this group of patients. 

 
 
The sensitivities of the other perimetric tests-SWAP and Matrix were about 20% for 

preperimetric glaucoma, in keeping with previously published data. In perimetric glaucoma, 

the sensitivities increased to 75-80% for almost all tests, however in the realm of 

preperimetric glaucoma, where clinical decisions are hardest to make, and where 

demonstration of functional loss makes the greatest difference to clinical management, LLA 

mfVEP outperformed the other functional tests significantly. 

 
 
The HRT-LLA mfVEP combination of tests identified losses corresponding to disc changes 

in 78% of subjects (66 eyes) with preperimetric glaucoma. This is an extremely encouraging 

result, considering that this combination of tests would take about 20-30 minutes to perform, 

and provides topographically corresponding structural and/or functional evidence of damage 

in this group of patients with very early glaucoma. They offer an excellent opportunity for 

early intervention, and significantly limiting irreversible NFL loss. 

 
In conclusion, we found that the LLA, HRT and their combination had the best sensitivity in 

identifying preperimetric glaucoma, together identifying corresponding losses in nearly 80% of 

eyes with preperimetric glaucoma. 
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CHAPTER 3: REPRODUCIBILITY OF MULTIFOCAL VEP LATENCY 

USING DIFFERENT STIMULUS PRESENTATIONS 

 

Latency is used to identify and monitor demyelination in optic nerve disease. We need to identify 

the optimal stimulus and the signal peak that provides the best reproducibility to monitor latency 

in a longitudinal study. Hence, this chapter was done as a sub study since we will use latency of 

mfVEP as a measure of inflammatory demyelination along the visual pathway. This study has 

been published in Documenta Ophthalmologica (Doc Ophthalmol. 2012 Aug;125(1):43-9). 

 

3.1 ABSTRACT 
 
 
 
Purpose 

To study the reproducibility of latency of mfVEP recorded using different stimulus 

presentations, and to identify the peak with least variability. 

Methods 

Ten normal subjects, aged between 22 and 52 years (mean age 32 ± 8.37 yrs)  participated in 

the study. All subjects underwent mfVEP testing with Pattern-reversal and Pattern-pulse 

stimulus presentations. The stimulus subtends 26 degrees from fixation and includes 24 

segments. Only the vertical channel was recorded on all subjects. Testing was repeated after 

1-2 weeks. Only the right eye of all subjects was analysed. Segments with low signal to 

noise ratios (SNR<1.5) were excluded from analysis. The latencies were analysed to 

confirm values from the same peak for the two tests. The latency values were then analysed 

for the start of the response, the 1st peak and the 2nd peak. 
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Results 

The waveforms were reproducible throughout the field. Reproducibility of latency at the “start 

of the response” was significantly lesser than the first and the second peaks studied, while the 

reproducibility of latency at the first peak was not statistically different from the second peak 

for both pattern reversal and pattern pulse stimulation. The latency values were not different 

between the 1st and the 2nd session for either pattern reversal or pattern pulse stimulation for 

any of the peaks. 

Conclusion 
 
The pattern reversal stimulus presentation produced less variability in latency. The 1st peak is the 

most reproducible among the three measures in both the stimulus presentation. 

 

 
INTRODUCTION 
 
 
 
Visual evoked potentials (VEP) are used as an objective means for measuring function of the 

visual pathway and are understood to be generated at the level of striate cortex by the 

combined activity of postsynaptic potentials.421, 422 The mfVEP allows recording of local VEP 

responses, provides a measure of these local losses and is a reliable and objective method of 

assessing neural damage to the optic pathways.422, 423 The possibility of topographical study of 

optic nerve function with measurement of amplitude and latency from locally derived VEP 

responses, in numerous small areas of the visual field, has proven to be an advantage of the 

mfVEP over the  conventional VEP since diseases of the RGCs and the optic nerve cause 

spatially localized losses in visual function.424-426 The disease can affect the latency as well as 

the amplitude of the VEP, and hence, it is important to measure both.421, 427
 

 
 
Delayed conduction of VEP has been found in a high proportion of patients with ON and is 
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thought to reflect demyelination of the optic nerve fibres, with the subsequent shortening of 

latency thought to represent the process of remyelination. There have been studies 

suggesting that the mfVEP is more effective in identifying demyelinating events.428, 429 With 

new treatments for remyelination being introduced, latency measurement can be used as a 

marker for de-/remyelination. However, variability of the mfVEP latency and difficulty 

defining the appropriate method for determining latency has been a problem for its clinical 

application. This is often due to the wide variety of waveforms within the field and changes 

in waveform between tests. Rendering a template has been one approach. 430, 431
 

 

 
Relatively little is known about the repeat reliability of latency of the mfVEP. The purpose of this 

study is to assess the reproducibility of latency of the mfVEP under two different test conditions 

in the same individual. With the possibility that pattern reversal and pattern pulse stimulus 

presentations stimulate different subsets of neurons and may therefore both be diagnostically 

useful in the clinical setting, we examined reproducibility of both stimulation methods. 

 
 
3.2 METHODS 
 

 
The mfVEP was performed on 10 normal subjects, aged between 22 and 52 years. All 

subjects had a best corrected visual acuity of 6/6 in both eyes and normal anterior and 

posterior segment on evaluation. The subjects underwent mfVEP recording on the pattern 

reversal and the pattern pulse stimulus presentation. The test was repeated on all subjects, 1–2 

weeks later to study reproducibility. Procedures followed the tenets of the Declaration of 

Helsinki, and informed consent was obtained from all participants. 

 

The mfVEP testing was performed using the AccumapTM (Objectivision Pty Ltd., Sydney, 

Australia). The display consisted of a cortically scaled dartboard with 24 segments arranged 
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in three concentric rings, with an eccentricity up to 26o and a central fixation target extending 

up to 1o. The stimulus in any segment consisted of a 6 x 5 black and white check pattern. The 

segment size was scaled according to the cortical magnification factor. Corresponding to the 

size of the segments, the size of the individual checks also increased with eccentricity. 

Luminance of the white check was 146 cd/m2, and luminance of the black check was 1.1 

cd/m2 producing a Michaelson constant of 99 %. The mean background luminance of the 

computer screen was 73.5 cd/m2, and a dim room light was always on. The system used a 

spread spectrum technique with families of binary sequences to drive the visual stimulus (see 

previous publications).432-435 For pattern reversal stimulation, two opposite checkerboard 

pattern conditions underwent pseudorandom binary exchange at each of the 24 sites, with the 

probability of reversal being 50% at each frame of the monitor (Figure 13a). 

 

 

Figure 13a: Pattern reversal stimulus 
 

 

For each segment of the visual field the pattern reversed each time, the binary pseudorandom 

sequence assigned to the segment has an element 1 and remained unchanged when the sequence 
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had element 0.432 For pattern pulse stimulation, each element 1 of the binary sequence is 

represented by two consecutive states: state ‘‘pattern-on’’ checkerboard pattern (duration 2 

frames) and state ‘‘pattern-off’’ diffuse illumination (duration 7 frames) of the whole segment 

with an intensity of a mean luminance between the black and white check (73.5 cd/m2)432 (Figure 

13b). 

 

 

Figure 13b: Pattern pulse stimulus 
 
 
 
The duration of each run is 56 s on both pattern reversal and pattern pulse stimulations. The 

runs were repeated till good trace improvement was achieved. An average of 8–10 on pattern 

reversal and 6–7 runs on pattern pulse stimulation were required. Subjects were seated 30 cm 

from the screen with refractive correction for near vision. They were asked to fixate on the 

small, randomly changing number at the centre of the stimulus pattern, which was used to 

monitor fixation. Pupils were not dilated, and all recordings were performed monocularly. 

Two gold cup electrodes (Grass, RI, USA), one electrode 2.5 cm above and one 4.5 cm below 

the inion in the midline were used for bipolar recording. Visual evoked responses were 

amplified 1 x 105 times and band-pass filtered 1–20 Hz. Data were analysed using Opera 
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V1.3 software. The largest peak-trough amplitude within the interval of 70–200 ms was 

determined. The wave of maximum amplitude for each segment in the visual field was 

selected, and a combined topographical map was created by the software.432-435 The signals 

were then analysed to confirm values from the same peaks for the two tests and also to 

identify waveforms with reversed polarity. The raw data were exported into Microsoft excel 

format for analysis. Difference between minimum and maximum amplitude within interval of 

analysis (70–200 ms) was calculated. Noise level was calculated as the standard deviation of 

amplitudes between 400 and 800 ms. Signal-to- noise ratio (SNR) was calculated by dividing 

amplitude of signal by noise. SNR was calculated for all segments. Segments with SNR>1.5 

were excluded from analysis. Figure 14a–c shows examples of a few waveforms with poor, 

moderate and good SNR. 
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Figure 14 a Poor signal-to-noise ratio (SNR = 0.9). b Moderate signal-to-noise ratio (SNR = 1.4). 

c Good signal-to-noise ratio (SNR = 3.5) 

 

 

Traces with reversed polarity between the two sessions were also excluded. Three various latency 

definitions were tested: start of the response, first and second major peaks (Figure 15). 
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Figure 15: Waveform showing the three different locations studied 
 
 

 
 
 
 
The first point to cross the 95th percentile of noise was considered as the start of the response. 

The mean difference of latencies between the two sessions was calculated to assess the test retest 

variability. Data analysis Paired t test was performed to calculate the difference between two 

sessions. Intra Class Coefficient (ICC) and Coefficient of Reliability (CR) were performed to 

calculate repeatability. Statistical significance was defined as p<0.05. A  repeated measure 

ANOVA was performed to examine differences between the rings. 

 
 
3.4 RESULTS 
 

 
The tests were performed on 10 normal subjects (mean age 32 ± 8.4 years). The recordings 

were obtained from both eyes, but only the results from right eye were used for analysis. 

Twenty per cent of the sectors on pattern reversal stimulus and 12.1 % of sectors on pattern 

pulse stimulus presentations had to be excluded due to either low SNR in any one session or 

reversed polarity between two sessions. Most of the signals excluded due to poor SNR were 

in the superior rim area. The average value of latencies on both stimulus presentations is 

shown in Table 3. 
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Table 3: Average latencies on pattern reversal and pattern onset 

stimulations at the 3 peaks studied 
 

 Start of response 
(mean±SD) (in ms) 

1st peak (mean±SD)  
(in ms) 

2nd peak (mean±SD)  
(in ms) 

 PR PO p 
value PR PO p 

value PR PO p value 

1st 
session 

99.67± 
9.16 

96.55± 
10.14 0.046 118.54± 

6.91 
121.79± 
6.45 0.010 161.70 

±6.88 
176.31± 
9.06 <0.0001 

2nd 
session 

97.57± 
6.81 

94.75± 
5.76 0.090 119.13± 

6.38 
121.85± 
5.65 0.002 162.65± 

4.56 
174.37± 
2.97 <0.0001 

p 
value 0.217 0.263  0.437 0.961  0.289 0.132  

 
 

* paired t test was performed to obtain the p values 
 

 
The latency values were not different between the first and the second sessions for either pattern 

reversal or pattern pulse stimulation for any of the peaks. The latencies were significantly longer 

on the pattern pulse presentation for both first and second peaks for both sessions. The average 

values for the inter visit difference in latency was 11.9, 3.2 and 4.6 ms for the start of response, 

first peak and second peak on the pattern reversal and 9.6, 3.9 and 6.5 ms on the pattern pulse 

stimulation, respectively. Tukey’s multiple comparison tests revealed significantly lower 

variability for the first and second peaks compared to start of the response for pattern reversal 

stimulation, with no significant differences between the first and second peaks. For pattern pulse 

stimulation, the first peak was the least variable, significantly lower than the second peak, which 

was significantly lower than the response onset. The test– retest variability was obtained by 

calculating the ICC and CR between the two sessions (Table 4). 
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Table 4: Intra class coefficients and average CR for PR and PO stimulus presentations 
 
 

 Start of 
response 

1st peak 2nd peak 
 ICC CR ICC CR ICC CR 
Pattern 
Reversal 
(PR) 

0.817 38.82 0.974 9.61 0.976 11.69 

Pattern 
Onset (PO) 0.766 24.47 0.816 11.12 0.865 18.77 

p value  0.0006  0.347  0.060 
 

The variability of latency within the field did not vary significantly between pattern reversal 

and pattern pulse stimulations for any of the three locations studied (p values 0.11, 0.63 and 

0.14, respectively, for the start of response, first peak and second peak). The CR was 

calculated for each sector and then averaged for the three rings to analyse the effect of 

eccentricity (Table 5). 

 

Table 5: Coefficient of repeatability across the 3 rings 
 

 1st 
ring 

  2nd 
ring 

  3rd 
ring 

  

 PR PO p 
value PR PO p 

value PR PO p 
value 

Start 37.68 19.65 <0.001 38.14 22.73 0.09 40.64 31.03 0.33 

1st 
peak 

9.50 9.22 0.9 8.36 9.61 0.59 10.98 14.53 0.001 

2nd 
peak 

8.58 14.83 0.04 11.78 15.45 0.26 14.72 26.04 0.34 
 
 
 

While there was a general trend towards increased variability from centre to periphery, it did not 

reach significance for any of the peaks studied.  
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3.5 DISCUSSION 
 
 
For the full-field VEP, the timing of the P100 peak is the internationally accepted measure of 

latency.436 With the mfVEP, however, no such internationally accepted measure exists. 

Previous studies have shown variability of the mfVEP latency, and it has been difficult to 

define the appropriate technique for determining latency, due to waveform changes 

within field and between tests. Therefore, in the current paper, we analyse the three 

locations along the generated waveform that lend themselves to analysis as possible 

indicators of latency— the start of the response, the first peak (analogous to P100) and the 

second peak (Figure 15), using both pattern reversal and pattern pulse types of 

stimulation. 

 
 
In the current study, we found that reproducibility of the first and second peaks demonstrated 

similar latency variability, which was significantly better compared to the start of response. 

This was true for either pattern reversal or pattern pulse stimulation. When pattern reversal 

and pattern pulse stimulations were compared, the former demonstrated better reproducibility 

for both peaks. 

 
 
The start of the response produced least reproducibility and a high CR for both stimulus 

presentations. Identification of the start of the response depends, to a large extent, on noise 

levels; hence, even small differences in noise levels (and therefore SNR) between the two 

sessions can affect the timing of beginning of the response more than it affects the peaks. 

 
 
We also noted that the latencies of both peaks were significantly longer on pattern pulse 

presentation when compared to pattern reversal stimulus (for both sessions, Table 3). Pattern 

pulse stimulus, due to its low frequency, is believed to mainly stimulate the parvocellular 

neurons.432, 437, 438 The parvocellular neurons, in turn, display slow and sustained responses to 

light, which may result in longer latency. Pattern reversal stimulation, on the other hand, 
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which has a much faster stimulus rate, may recruit more of the magnocellular neurons, which 

display faster responses, resulting in relatively shorter latencies. 

 
While this longer latency was a consistent feature, pattern pulse stimulation also displayed 

more variability in the timing compared to pattern reversal stimulation particularly for the 

second peak, where it reached significance. One possible explanation is a greater extra striate 

contribution to the second peak in pattern pulse, which could render it more prone to the 

effects of visual attention and may therefore result in greater variability.439
 

 
Delayed conduction of VEPs has been found in a high proportion of patients with optic 

neuritis. It is thought to reflect demyelination of the optic nerve fibres (or elsewhere along 

the optic pathway) with the delay caused by a shift from saltatory to continuous conduction 

along the nerve.440 This hypothesis has been supported by recent animal studies.441 

Subsequent shortening of latency over the following weeks or months is thought to 

represent remyelination of the lesion.429, 442 The finding of persistent delayed latency at 1 

year has been reported to be associated with increased risk of conversion to MS.443, 444 

Therefore, latency of the VEP is a crucial diagnostic and prognostic marker, which is 

especially relevant when patients are followed up longitudinally. 

 
 
The clinical usefulness of the full-field VEP is, however, limited by the fact that it provides 

a summed response of a large number of neuronal elements and is greatly dominated by the 

macular region due to its cortical over- representation.426 Being the vector sum of numerous 

differently oriented dipoles, the waveform of the full-field VEP is prone to cancellation and 

distortion, leading sometimes to apparent, rather than real, latency delay.445 The mfVEP, on 

the other hand, allows independent stimulation of small areas of the visual field, resulting in 

detailed topographical assessment of small groups of axons within the optic nerve and 

visual cortex, and therefore is resistant to waveform distortion.436, 446-449 However, it is still 
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subject to changes in waveform shape between recording sessions probably due to subtle 

changes in electrode positioning. This often leads to a reversal of polarity of the signal. In 

addition, the upper rim field locations often show low SNRs, so reliable latency at these 

points cannot be determined. Such polarity changes and low SNRs need to be identified and 

excluded before analysing focal latency changes. This does represent a limitation of the 

technique with 12– 20% test locations excluded, but overall the mfVEP technique still 

represents a vast improvement over full-field techniques, which only provide one latency 

value that is dominated by the lower central field. As the greatest clinical utility of mfVEP 

latency is on longitudinal follow-up, good reproducibility is important for meaningful 

interpretation. However, there have been very limited reports on reproducibility of the 

latency of mfVEP.450 

 
 
In conclusion, we noted that the pattern reversal stimulus presentation produced less variability in 

latency. We also note that the first peak is the most reproducible among the three measures in 

both the stimulus presentations. Hence, if mapping defects using latencies, for example in 

monitoring de-/re-myelination in optic nerve disease, latency plots obtained from pattern reversal 

stimulus using the first peak would provide better results when longitudinally studying 

remyelination. 
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CHAPTER 4: OPTIC NEURPATHY IN MULTIPLE SCLEROSIS 

(The results of this chapter will be submitted for publication in the journal Multiple Sclerosis.) 

 

 
 
4.1 INTRODUCTION 
 

 
MS is an inflammatory and degenerative disease of the CNS with predominant involvement 

of white matter. Although the concept that inflammation and demyelination are major 

pathological substrates of neurological deficit prevailed for a long time, it has recently 

become clear that permanent neurological disability in MS is associated with axonal loss.451 It 

is now believed that axonal injury is an early event in disease pathogenesis and is not 

restricted to long-standing lesions.92, 93
 

 
ON is a frequent initial manifestation of MS.98 In contrast with most brain lesions, the effects 

of disease on the optic nerve are clinically apparent and potentially measurable, and therefore 

present an opportunity to examine the processes of myelin destruction, repair, and axonal 

degeneration.500
 

 
 
It is understood that transection of axons along the visual pathway leads to retrograde 

degeneration, which ultimately reaches the RNFL and RGCs. The RNFL is the only part of 

the CNS where unmyelinated axons can be visualized and axonal degeneration can be 

quantified in vivo.501 Therefore, RNFL thickness as measured by OCT has been recently 

suggested as a structural marker of axonal loss in the optic nerve.131,502 

 
 

The visual-evoked potentials (VEPs), in contrast, were developed as a means of functional 

assessment of the integrity of the visual pathway in ON (for review see Nuver)503. The 

amplitude of the VEPs is believed to reflect the number of functional optic nerve fibres, 
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which is determined by combination of two factors: the severity of the inflammation (acute or 

chronic) along the visual pathway and axonal degeneration.429 Therefore, diminished 

amplitude indicates either inflammatory conduction block or axonal atrophy, or both. Delayed 

conduction of VEPs has also been found in a high proportion of patients with ON and is 

thought to reflect demyelination of the optic nerve fibres443 with the subsequent shortening of 

latency thought to represent the process of remyelination.429,442 

 

While various aspects of RGC axonal damage in MS have been addressed before, none of 

the studies undertook comprehensive functional and structural assessment of the entire 

visual pathway to evaluated possible association of both proximate (outer retinal) and distal 

(optic tract and optic radiation) pathology along the visual pathway with loss of RGC axons, 

which is an aim of the current investigation. 

 
 
4.2 METHODS 
 
 
 
Sixty-two patients with RRMS with no previous history of ON in at least one eye were 

enrolled. All subjects underwent a complete eye examination including OCT, ERG and 

mfVEP. Procedures followed the tenets of the Declaration of Helsinki and written informed 

consent was obtained from all participants. 

 

 
The OCT was performed on a Spectralis scanner (Heidelberg Engineering) using the RNFL 

protocol. Total RNFL thickness and temporal quadrant RNFL thickness were assessed. In 

addition, a radial protocol using a star-like pattern of line scans centred on the macula with 

resolution of 1536 pixels was used. Analysis was performed on vertical scan only. One 

hundred scans were averaged for each line scan. Thirty degrees of visual angle (15 degrees of 

eccentricity) were scanned, but only the central 14 degrees (7 degrees of eccentricity) were 
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used for analysis, since the definition of layers becomes much less distinct beyond that. 

Retinal layers were segmented automatically using a custom designed algorithm which 

applied vessel detection and removal, multiple size median filtering, and Canny edge 

detection to identify borders of retinal layers. 

 
 
 
The GCL and IPL were combined together (GCL/IPL) as well as OPL, ONL and 

Photoreceptor Inner Segment layer since the border between them was indistinguishable in 

several subjects. Inner nuclear layer (INL) was analysed on its own (Figure 16). The thickness 

of each layer was measured at seven points for each hemifield, which were equally distributed 

between 1.75 and 7 degrees of eccentricity. OCT measurements were compared to values of 

50 age and gender matched controls. 

 

 

Figure 16: OCT scanning pattern (left) and segmentation of retinal layers (right) 

 

 

The mfVEP testing was performed using the Accumap™ (ObjectiVision Pty. Ltd., Sydney, 

Australia) employing standard stimulus conditions. A multi-channel mfVEP was recorded 

using 4 channels with an occipital cross electrode configuration. Latency analysis was 

performed as described in previous chapter. Full-field ERG was performed according to 

ISCEV standard using ESPION system (Diagnosys LLC, Lowell, MA, USA). 
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4.3 RESULTS 
 
 
We recruited 62 RRMS patients. Four patients had high myopia and had to be excluded from 

analysis. One patient had a large optic disc and hence his temporal RNFL was not included 

for analysis. Therefore, data from 58 patients (39.9±11.3 years, 18 Males / 40 Females) were 

analysed. Average time from diagnosis of MS was 4.7±2.9years (1-14 years). Twenty five 

patients had a previous history of ON in at least one eye. The ON eyes were analysed as a 

separate group. Thirty-three patients did not have a history of ON. One eye of these patients 

were randomly selected and analysed together with the fellow eyes of ON patients (MS-NON 

eyes). 

 
 
Table 6: Comparison of functional and structural measurements in controls, MS-NON and 

ON eyes 

Controls MS-NON eyes ON eyes 

 Mean±SD Mean±SD p value* Mean±SD p value* 

Total RNFL (µ) 99.2±7.5 93.6±9.9 0.002 74.1±11.8 <0.0001 

Temp RNFL (µ) 70.8±7.8 64.2±9.3 0.0002 45.2±15.1 <0.0001 

GCL (µ) 86.5±5.5 81.4±7.1 <0.0001 64.9±10.1 <0.0001 

INL (µ) 37.3±2.8 37.6±3.1 0.59 40.9±5.1  0.0001 

ORL (µ) 178.9±8.6 176.4±8.7 0.12 179.9±9.7 0.65 

mfVEP 
amplitude (µV) 238.1±36.1 151.6±42.9 <0.0001 123.5±40.5 <0.0001 

mfVEP 
latency (ms) 149.3±5.1 161.5±9.2 <0.0001 172.3±13.2 <0.0001 

Dim white 
b-wave 
Amplitude (µv) 

354.4±134.8 353.7±90.7 0.92 355.3±75.8 0.98 

Dim white 
b-wave latency 
(ms) 
 

97.7±8.9 97.32±7.9 0.89 97.1±8.5  0.8 
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Dark max 3 a-
wave amplitude 
(µv) 

-268.3±48.4 -287.0±58.8 0.11 -282.2±70.5  0.41 

Dark max 3 
a-wave latency 
(ms) 

16.6±1.4 16.8±0.6 0.37 16.8±0.9  0.58 

Dark max 3 
b-wave 
amplitude (µv) 

490.9±103.8 524.5±104.6 0.10 533.6±89.0  0.13 

Dark max 3 
b-wave latency 
(ms) 

53.1±3.6 53.9±4.0 0.26 53.9±4.2  0.43 

Dark max 12 
a-wave 
amplitude (µv) 

-325.5±52.4 -342.5±64.6 0.20 -337.7±71.0  0.49 

Dark max 12 
a-wave latency 
(ms) 

13.5±1.1 13.7±0.9 0.43 13.4±1.1  0.84 

Dark max 12 
b-wave 
amplitude (µv) 

511.9±109.2 537.0±111.1 0.27 537.7±97.8  0.39 

Dark max 12 
b-wave latency 
(ms) 

52.9±1.9 53.4±1.5 0.17 52.9±4.7  0.9 

Photopic 
a-wave 
amplitude (µv) 

-41.4±18.1 -46.3±10.9 0.15 -45.1±12.7  0.42 

Photopic 
a-wave latency 
(ms) 

15.1±0.8 15.4±0.6 0.06 15.4±0.6  0.12 

Photopic 
b-wave 
amplitude (µv) 

174.7±35.5 185.3±41.4 0.21 183.3±42.8  0.44 

 
Photopic b-wave 
latency (ms) 

 
29.8±0.8 

 
30.4±0.8 

 
0.004 

 
30.4±1.1 

 
 0.04 

* p value calculated using student t-test 
 

 
4.3.1 MS-NON eyes 
 
There was a significant reduction of GCL (p<0.0001) in the NON-eyes of MS patients. The 

total and temporal RNFL also showed significant reduction (p=0.002 and 0.0002 

respectively). However, temporal RNFL demonstrated by far the largest thinning as 

compared to normal controls (9.98%, 5.95% and 6.28% for temporal RNFL, total RNFL and 
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GCL thickness respectively). 

In patients without ON in either eye RGC axonal and neuronal loss, where present, was 

binocular (Figure 17, oval includes points below 5th percentile (1.96 SD) of RNFL thickness 

in normal controls). 

 

Figure 17: Correlation of temporal RNFL thickness between right and left eyes 

 

 

Outer retina and its correlation with GCL and RNFL 
 

1. Structural measures: There was no significant reduction in the thickness in the outer retinal 

layers (ORL) (p=0.12) and INL (p=0.59). There was also no correlation of INL or ORL with 

total RNFL thickness, temp RNFL thickness or GCL thickness (Table 7) 
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total and temporal RNFL also showed significant reduction (p=0.002 and 0.0002 

respectively).  However, temporal RNFL demonstrated by far the largest thinning as 

compared to normal controls (9.98%, 5.95% and 6.28% for temporal RNFL, total RNFL and 

GCL thickness respectively).  

In patients without ON in either eye RGC axonal and neuronal loss, where present, was 

binocular (Figure 17, oval includes points below 5% (1.96 SD) of RNFL thickness in normal 

controls). 

 

Figure 17: Correlation of temporal RNFL thickness between right and left eyes 

 

Outer retina and its correlation with GCL and RNFL 

1. Structural measures: There was no significant reduction in the thickness in the outer 

retinal layers (ORL) (p=0.12) and INL (p=0.59). There was also no correlation of INL 

or ORL with total RNFL thickness, temp RNFL thickness or GCL thickness (Table 7) 
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Table 7: Correlation of RNFL and GCL thickness with INL AND ORL 

 INL thickness ORL thickness 

Temp RNFL r2=-0.04 r2=-0.06 
 

thickness 
 

p=0.6 
 

p=0.06 

Total RNFL r2=0.01 r2=-0.003 
 

thickness 
 

p=0.47 
 

p=0.7 

GCL thickness r2=0.03 
 
p=0.2 

r2=0.008 
 
p=0.5 

 

2. Functional measures. Of all ERG parameters, the photopic b- wave latency was significantly 

delayed compared to the normal controls (p=0.001). No other ERG parameters were affected. 

The photopic b-wave latency significantly correlated with GCL thickness, total and temporal 

RNFL thickness (r2=0.12, p=0.01; r2=0.11, p=0.025; r2=0.13, p=0.008 respectively) 

(Figure18 a-c) 

 

Figure18a: Correlation of temp RNFL thickness with Photopic ERG b-wave latency. 
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Table 7: Correlation of RNFL and GCL thickness with INL AND ORL 

 INL thickness ORL thickness 

Temp RNFL 

thickness 

r2=-0.04 

p=0.6 

r2=-0.06 

p=0.06 

Total RNFL 

thickness 

r2=0.01 

p=0.47 

r2=-0.003 

p=0.7 

GCL thickness r2=0.03 

p=0.2 

r2=0.008 

p=0.5 

 

2. Functional measures. Of all ERG parameters, the photopic b- wave latency was 

significantly delayed compared to the normal controls (p=0.001). No other ERG 

parameters were affected. The photopic b-wave latency significantly correlated with 

GCL thickness, total and temporal RNFL thickness (r2=0.12, p=0.01; r2=0.11, 

p=0.025; r2=0.13, p=0.008 respectively) (Figure18 a-c) 

 

  

Figure18a: Correlation of temp RNFL thickness with Photpic ERG b-wave latency.   
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Figure18b: Correlation of total RNFL thickness with Photopic ERG b-wave latency. 

 

 

 

Figure18c: Correlation of GCL thickness with Photpic ERG b-wave latency. 

 

 

 

Posterior visual pathway markers and its correlation with GCL and RNFL 
 
There was significant reduction of the mfVEP amplitude and delay in latency in the MS NON 

eyes as compared to normal controls (p<0.0001 for both) (see Table 6). Amplitude of mfVEP 
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Figure18b: Correlation of total RNFL thickness with Photpic ERG b-wave latency.   

 

 

  

Figure18c: Correlation of GCL thickness with Photpic ERG b-wave latency. 

 

 

Posterior visual pathway markers and its correlation with GCL and RNFL 

There was significant reduction of the mfVEP amplitude and delay in latency in the MS-NON 

eyes as compared to normal controls (p<0.0001 for both) (see Table 6). Amplitude of mfVEP 
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Figure18b: Correlation of total RNFL thickness with Photpic ERG b-wave latency.   

 

 

  

Figure18c: Correlation of GCL thickness with Photpic ERG b-wave latency. 
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correlated with temp RNFL and GCL thickness (r2=0.19, p=0.002 and r2=0.1, p=0.026) and 

displayed tendency for association with total RNFL (r2=0.07, p=0.057) (Figure 19 a- c). 

 

Figure 19a: Correlation of temp RNFL thickness with mfVEP amplitude. 

 

 

Figure 19b: Correlation of total RNFL thickness with mfVEP amplitude. 
 

 
 
 
 

 
 
 
 

 

 130 

correlated with temp RNFL and GCL thickness (r2=0.19, p=0.002 and r2=0.1, p=0.026) and 

displayed tendency for association with total RNFL (r2=0.07, p=0.057) (Figure 19 a-c).   

 

  

Figure 19a: Correlation of temp RNFL thickness with mfVEP amplitude. 

 

  

Figure 19b: Correlation of total RNFL thickness with mfVEP amplitude. 
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Figure 19c: Correlation of GCL thickness with mfVEP amplitude. 
 
 

 
 

The latency of mfVEP was found to significantly correlate with temporal RNFL, total RNFL and 

GCL thickness (r2=0.35, p<0.0001; r2=0.28, p<0.0001 and r2=0.23, p<0.0001 respectively) 

(Figure 20 a-c) 

 
Figure 20a: Correlation of temp RNFL thickness with mfVEP latency. 
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Figure 19c: Correlation of GCL thickness with mfVEP amplitude.   
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and GCL thickness  (r2=0.35, p<0.0001; r2=0.28, p<0.0001 and r2=0.23, p<0.0001 

respectively) (Figure 20 a-c) 

  

Figure 20a: Correlation of temp RNFL thickness with mfVEP latency.   
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Figure 19c: Correlation of GCL thickness with mfVEP amplitude.   
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Figure 20a: Correlation of temp RNFL thickness with mfVEP latency.   
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Figure 20b: Correlation of total RNFL thickness with mfVEP latency. 
 

 
 
 
Figure 20c: Correlation of GCL thickness with mfVEP latency 
 

 
 
 

In patients without ON in either eye the mfVEP latency delay, where present, was binocular 

(Figure 21, oval indicates points above 5% (1.96 SD) of mfVEP latency in normal controls). 
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Figure 20b: Correlation of total RNFL thickness with mfVEP latency. 

 

  

Figure 20c: Correlation of GCL thickness with mfVEP latency 
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Figure 20b: Correlation of total RNFL thickness with mfVEP latency. 

 

  

Figure 20c: Correlation of GCL thickness with mfVEP latency 

 

In patients without ON in either eye the mfVEP latency delay, where present, was binocular 

(Figure 21, oval indicates points above 5% (1.96 SD) of mfVEP latency in normal controls). 
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Figure 21: Correlation of mfVEP latency between the right and left eyes. 
 

 

 

Group analysis 
 

The patients were separated into two groups based on normal/delay latency of mfVEP 

latency. Latency threshold was set up at mean+1.96 SD (95% probability) of latency in 

normal controls. 

 

There were 25 patients with normal latency. Since the duration of MS was found to be 

significantly longer in the group with latency delay (3.4 vs 6.0 years, p=0.001) Univariate 

General Linear Model (ANCOVA) adjusted for disease duration, age and gender was used to 

analyse difference between the groups. Bonferroni correction was 
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used for multiple comparisons. For temporal RNFL significant reduction was detected in the 

group with delayed latency as compared to normal controls (p=0.03). Temporal RNFL in 

delayed latency group was also significantly thinner than in patients with non-delay latency 

(p=0.04). 

 
 
There was significant difference between delayed and non-delayed groups for total RNFL 

(p=0.006). Difference between delayed latency group and normal controls, while highly 

significant by itself (t-test p<0.001), did not survived Bonferonni correction (p=0.2).  GCL 

thickness was also significantly reduced in the delayed latency group compared to the 

normal controls (p=0.015). Difference between delayed and non-delayed groups, while 

significant by itself (p=0.01), again did not survive correction for multiple comparisons 

(p=0.06). There was no significant difference between non-delayed latency group and 

normal controls for all measures (total RNFL, temp RNFL and GCL) 

 
 
 
Linear regression model for GCL axonal and neuronal loss 
 
To assess the contribution of various factors to GCL and RNFL loss, multivariate linear 

regression models were performed. GCL thickness, total RNFL and temporal RNFL were 

used as dependent variables in individual models. The latency of mfVEP was used as marker 

for posterior visual pathway. The photopic b-wave latency on ERG, the thickness of INL and 

ORL were used as indicators of outer retinal involvement. Also age, gender and disease 

duration were entered into the model. Backward elimination variable selection procedure in 

which all variables are entered into the equation and then sequentially removed based on 

removal criteria was used. We used 0.05 probability of F as entry and 0.1 as removal criteria. 

 
Models explained 46.8% of temp RNFL thickness variability, 35.9% of total RNFL thickness 

variability and 30.3% of GCL thickness variability. mfVEP latency was a major contributor 
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in all models. Photopic b-wave latency contributed significantly to temp RNFL and GCL 

models, while ORL thickness was significant in temp RNFL model only (Table 8). 

According to Standardized Beta coefficient, mfVEP latency was by far the strongest predictor 

of axonal RNFL and GCL thinning. 

 
 
Table 8: Linear regression model for GCL, temporal and total RNFL thickness 

 

Model 

 GCL  Total RNFL Temporal RNFL 

Variables Stand. 
Beta 

 Sig Stand. 
Beta 

Sig Stand. 
Beta 

Sig 

mfVEP 
latency 

-0.46 <0.001 -0.61 <0.001 -0.56 <0.001 

Photopic 
b-wave 
ERG 
latency 

-0.25 0.04   -0.24 0.03 

ORL      -0.26 0.02 

 

 

 
4.3.2 Optic Neuritis eyes 
 
As expected, there was a severe reduction in mfVEP amplitude and latency delay in ON eyes 

(p<0.0001 for both) (Table 6). There was also a severe loss of total and temporal RNFL and 

the GCL as compared to both MS-NON eyes and normal controls (p<0.0001 for all). 

However, contrary to MS-NON eyes, the INL showed a significant increase in thickness 

compared to the controls (p=0.0008). It was also negatively correlated with total and temporal 

RNFL (r2=0.26, p=0.007; r2=0.38, p=0.001 respectively) (Figure 22 a, b) and with GCL 

thickness (r2=0.26, p=0.006) (Figure 22c). 
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Figure 22a: Correlation of total RNFL thickness with INL thickness. 
 

 

 

 

Figure 22b: Correlation of temp RNFL thickness with INL thickness. 
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Figure 22a: Correlation of temp RNFL thickness with INL thickness. 

  

Figure 22b: Correlation of total RNFL thickness with INL thickness. 
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Figure 22a: Correlation of temp RNFL thickness with INL thickness. 

  

Figure 22b: Correlation of total RNFL thickness with INL thickness. 
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Figure 22c: Correlation of GCL thickness with INL thickness. 

 

 

Thickness of ORL was not significantly different from normal controls (p=0.65) and did not 

correlate with GCL thickness (r2=0.04, p=0.34) and also temporal and total RNFL 

(r2=0.02, p=0.48; r2 <0.001, p=0.97 respectively). 

 
 
 
The photopic b-wave latency was also significantly delayed in the ON eyes of MS patients 

(p=0.036). Degree of delay was similar to MS-NON eyes. 

 

 
4.4 DISCUSSION 
 
 
Our result confirms previous reports of GCL and RNFL thinning in NON eyes of MS 

patients. By far the largest loss was detected in temporal RNFL, which again is consistent 

with earlier studies.118, 119 176, 456, 457 Preferential loss of temporal RNFL may be related to the 

fact that it supplies the central retina including the macula and is represented by small 

diameter fibres, which may be more susceptible to damage in MS.458, 459 In patients without 

ON in either eye RGC axonal and neuronal loss, where present, was binocular, which suggest 

a retro-chiasmal origin. 
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Figure 22c: Correlation of GCL thickness with INL thickness. 
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The goal of this study was to determine any relationship of this loss with neighbouring 

elements of the visual pathway. We used structural (OCT) and functional (ERG) measures 

of outer-retina and assessed posterior visual pathway using mfVEP latency as the marker. 

The major finding of the study is a strong association found between mfVEP parameters 

(latency delay and, to a lesser extent, amplitude reduction) and thinning of RGC layer and 

RNFL. Group analysis confirms this funding demonstrating significant loss of RGC and 

their axons only in patients with evidence of previous inflammatory demyelination within 

the visual pathway. Since, similar to neuronal and axonal loss of GCL, latency delay is 

binocular (where present) and, therefore, is likely to be a result of retro-chiasmal 

demyelination, this association suggests possible causal relationship between acute MS- 

related retro-chiasmal inflammation (lesions) and RGC axonal and neuronal loss. 

 
 
 
Due to the fact that optic tract lesions are very rare in MS, optic radiation is the most likely 

site of such lesions. The transmission of damage from LGN neurons (which form optic 

radiation) to RGC axons, however, requires trans-neuronal degeneration. The phenomenon 

of trans-neuronal degeneration in the optic pathway was described by Matthew and 

colleagues as early as 1960.460 It can be retrograde i.e. from posterior visual pathway to 

anterior visual pathway (for instance, from optic radiation to retina) or anterograde, i.e. 

from anterior visual pathway to posterior visual pathway (for instance, from retina to 

visual cortex). 

 
 
 
The compelling evidence of retrograde trans-neuronal degeneration has emerged from 

animal and human studies recently.461, 462 Mehta and Plant463 reported topographically 

accurate reduction of RNFL thickness in patients with long-standing occipital lesions, 

while Cowey et al demonstrated transneuronal RGC degeneration following cortical 
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lesions in both primate species and humans using MRI.464 Jindahra et al recently 

demonstrated trans-synaptic 

retrograde degeneration in the visual system not only in congenital homonymous 

hemianopia, but also in acquired lesions of occipital cortex465 and Bridge et al showed 

that RNFL thinning presents after post-striate lesions.466
 

 
 
 
Anterograde trans-neuronal dystrophy in human was suggested by Ciccarelli467 in a study 

of optic radiation changes following optic neuritis. There is also some evidence that trans- 

neuronal degeneration may cause axonal loss in MS. Trans-neuronal changes were found 

by Evangelou458 in post-mortem studies of the anterior visual pathway of MS patients. 

Moreover, there is a recent report demonstrating moderate, but significant correlation of 

MRI indexes along the optic radiation with RNFL thickness in MS patients110 also 

advocating trans- neuronal degeneration as a possible mechanism of axonal loss. Last year 

evidence was presented for trans-neuronal degeneration in the visual system of MS 

patients using Diffusion Tensor Imaging (G. Inigo, ECTRIMS, 2012). 

 
 
 
It is, therefore, tempting to speculate that mechanism of trans-neuronal degeneration may 

indeed play some role in axonal and neuronal loss in MS. However, since this study is 

cross- sectional, question of causality cannot be answered with certainty. Longitudinal 

studies are required to address the issue by analysing the relationship between GCL loss 

and posterior visual pathway damage in chronological order. 
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Second major finding is related to outer-retina. We found significant delay of photopic 

ERG b-wave, which indicates functional impairment of cone bipolar cells in NON eyes of 

MS patients. Association of bipolar cells damage and axonal and neuronal loss of RGC is 

supported by the significant correlation found between ERG delay and structural markers 

of GCL integrity (total and temporal RNFL thickness and RGL thickness). However, 

structurally INL (where bipolar cells are located) seems to be unaffected, as the thickness 

of INL was found to be comparable to normal controls. 

 

This structure/function paradox may be better understood by examining ON eyes. A 

recently published report by Saidha et al137 demonstrated a significant increase of INL 

thickness in eyes of RRMS patients, a considerable proportion of whom previously had 

ON. Our study confirmed this finding. In addition, we demonstrated that thickening of 

INL correlates with loss of temp RNFL. In other words, the greater the loss of RNFL 

following ON, the wider the INL. A similar mechanism, but on a lesser scale, may operate 

in NON eyes. Therefore, whatever the underlying mechanism of INL widening is (and 

there have been suggestions of its autoimmune, inflammatory or mechanical origin, which 

may even be not MS-specific137, 468-471), it may mask any potential thinning of the layer 

caused by loss of its neuronal elements. Another possible reason for this could be the 

multiplication of the Muller cell bodies in the INL, which could multiple under stressful 

conditions. The possibility that functional changes of bipolar cells (reflected by ERG 
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change) precede structural damage also cannot be excluded. 

 
 
 
Regardless of the structural data, however, the ERG result demonstrated dysfunction of 

bipolar cells in MS patients,136 which is linked to the loss GCL axons. A retrograde 

degeneration spreading from GCL to bipolar cells is unlikely since ERG changes in ON 

eyes (which have considerably larger RNFL loss) was of similar magnitude to that found 

in NON eyes. This is also in line with studies of experimental optic nerve axotomy, which 

failed to show damage of outer-retina.472, 473 However, whether primary damage of bipolar 

cells initiates anterograde degeneration of GCL, or a primary retinal process affects both 

neuronal layers simultaneously, remains an open question. 

 
 
Taken together, the result of our study suggests a dual nature of GCL axonal and 

neuronal damage in NON eyes of MS patients. While mfVEP delay suggests lesions  

in the posterior visual pathway as a major factor, significant association of RNFL and 

GCL thickness with photopic ERG latency delay also implicates primary retinal pathology. 

The Multiple linear regression models supported a dual nature of GCL axonal and neuronal 

loss by demonstrating a significant contribution of both retinal dysfunction and posterior 

visual pathway damage to  2 out of 3 models. The combined effect of all included variables 

explained 46.8% of temp RNFL thickness variability, 35.9% of total RNFL thickness 

variability and 30.3% of GCL thickness variability. While the contribution of retinal 

dysfunction was significant in GCL and temp RNFL models, estimated predictive power of 
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the posterior visual pathway damage was by far the largest. 

 
There is no reason to believe that the mechanisms of axonal damage described in the 

current study are unique to the visual system. The results, therefore, may (at least to some 

extent) be extrapolated to the entire CNS, suggesting that in addition to the direct effect 

of acute inflammation, trans-neuronal degeneration and primary neuronal pathology may 

also contribute to progressive neurodegeneration in MS. 
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CHAPTER 5: TRANSSYNAPTIC RETINAL DEGENERATION IN OPTIC 

NEUROPATHIES: OPTICAL COHERENCE TOMOGRAPHY STUDY 

Visual Neurophysiology 
 
This study was performed to determine if there was any loss of INL secondary to the loss 

of GCL and thereby prove the presence or absence of transsynaptic degeneration in MS. 

The results of this study have been published in IOVS (Invest Ophthalmol Vis Sci. 2012 

Mar 9;53(3):1271-5). 

 

 
5.1 ABSTRACT 
 

 
Purpose. Recently demonstrated neuronal loss in the inner nuclear layer of the retina in 

MS and glaucoma raises the question of a primary (possibly immune-mediated) or 

secondary (transsynaptic) mechanism of retinal damage in these diseases. In the present 

study we used OCT to investigate retrograde retinal transsynaptic degeneration in patients 

with long- standing and severe loss of ganglion cells due to optic neuropathy.  

Methods. Fifteen eyes of glaucoma patients with visual field defect limited to upper 

hemifield and 15 eyes of MS patients with previous episode of ON and extensive loss of 

ganglion cells were imaged using SDOCT and compared with two groups of age- matched 

controls. Combined retinal GCL/IPL thickness and inner nuclear layer (INL) thickness 

were analyzed. 

Results. In the glaucoma group there was a significant (p=0.0005) reduction of GCL/IPL 
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thickness in the lower (affected) retina compared with normal controls; however INL 

thickness was not statistically reduced (p=0.49). In the MS group reduction of GCL/IPL 

thickness in both hemifields of ON eyes was also significant (p=0.0001 and p<0.0001 for 

inferior and superior retina respectively). However, similar to the glaucomatous eyes, there 

was no significant reduction of INL thickness in both hemifields (p=0.25 and p=0.45). 

Conclusions. This study demonstrates no significant loss of INL thickness in parts of the 

retina with long-standing and severe loss of RGCs. 

 

 
 
5.2 INTRODUCTION 
 
 
Transsynaptic degeneration has recently attracted considerable interest as one of the 

possible mechanisms of neuro- degeneration in MS and glaucoma.476, 477 The visual system 

represents an ideal model to study transsynaptic degeneration because it comprises 

relatively independent pathways of hierarchically linked neurons and can be studied not 

only morphologically, but in vivo. The process of transsynaptic degeneration has been 

documented in the visual system from the GCL extending proximally472-475 but this still 

remains unproven within the retina. Neuronal loss in layers of the retina outside of the 

GCL has been demonstrated pathologically and electrophysiologically in human glaucoma 

and multiple sclerosis476-478, and raises the question of whether the mechanism for this cell 

loss is a primary degeneration (possibly immune-mediated) or secondary on the basis of 

transsynaptic degeneration.479
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An experimental way to study retinal transneuronal degeneration is using optic nerve 

axotomy. While few animal studies failed to find pathologic changes distal to GCL after 

optic nerve axotomy471, 480 a reduction of the inner nuclear layer after long survival times 

has been demonstrated by Hollander et al.470 

 
 
Optic neuropathies such as glaucoma and ON damage axons of RGCs that cause 

retrograde axonal degeneration and finally results in neuronal death. One should not, 

however, expect to find changes in inner nuclear layer compared with healthy individuals 

unless it caused by retinal transsynaptic degeneration. 

 

The OCT permits segmentation and measurement of retinal layers in vivo by using 

selective reflectivity of backscattered near-infrared light by different retinal layers.134, 481 

The spectral- domain OCT technique demonstrates axial resolution in the range of few 

microns and allows clear visualization of individual retinal layers,136, 482, 483 allowing 

evaluation of retinal transsynaptic degeneration in vivo. 

 

The aim of the present study, therefore, was to employ such high-resolution spectral- 

domain OCT imaging to identify evidence of possible inner nuclear layer (INL) 

degeneration in post optic neuritis MS and primary open angle glaucoma (POAG) patients 

with long-standing severe loss of retinal GCL. 
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5.1 MATERIALS AND METHODS 
 
 
Two groups of patients were enrolled in the study. The first group comprised of 15 

POAG patients with dense visual field defects (Humphrey 10-2 program) limited to 

superior hemifield. All patients had at least 20 points in the superior hemifield with p < 

0.005 and not >2 non-rim points with p< 0.02 in the inferior hemifield on pattern 

deviation plot. The diagnosis of glaucoma was based on the finding of a typical 

excavation of the optic disc with neural rim loss corresponding with visual field loss in 

that hemifield. The visual fields were reproducible (same defect >3 fields) and reliable 

(fixation losses, false negatives, and false positives all < 30%). Raised IOP was not a 

criterion for diagnosis. 

 
 
The second group was comprised of 15 patients who had Clinically Definite Multiple 

Sclerosis (CDMS) and a unilateral episode of ON at least 3 years before the study. 

Average time since onset of ON was 3.7 ± 0.8 years (range 3 to 6 years). The diagnosis of 

CDMS was based on the criteria of McDonald et al.484 ON was diagnosed by a neuro- 

ophthalmologist based on clinical findings. Exclusion criteria were an atypical 

presentation, recurrent ON, and a history of other ocular or neurologic disease. 

 
 
 
Thirty-two age- and sex-matched controls were examined with the OCT, 17 for the MS 

group and 15 for the POAG group. The eligibility criteria for control subjects included 

6/6 vision in both eyes and normal ophthalmic examination. All normal subjects 
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underwent complete ophthalmic examination and were found normal on the slit lamp 

biomicroscope, and dilated fundus examination. They also had normal visual fields on the 

Humphrey 24-2 SITA (Swedish interactive thresholding algorithm) standard program. 

One eye of each normal subject was selected randomly. 

 
 
 
The study was approved by the Institutional review board. Procedures followed the tenets 

of the Declaration of Helsinki and informed consent was obtained from all participants. 

 
 
 
OCT Recording and Analysis 
 
The OCT was performed using Spectralis HRA+OCT (Heidelberg Engineering, 

Heidelberg, Germany). A radial protocol using a star-like pattern of line scans centered on 

the macula  with resolution of 1536 pixels was used (Figure 16). The criteria for a good 

quality scan included signal strength greater than 25, good centration of the scan, and 

uniform brightness. Scans that satisfied these criteria were taken for analysis. Analysis 

was performed on vertical scan only. One hundred scans were averaged for each line scan. 

Thirty degrees of visual angle (15° of eccentricity) were scanned, but only the central 14° 

(7° of eccentricity) were used for analysis, because the definition of layers becomes much 

less distinct beyond that. Retinal layers were segmented automatically using a custom 

designed algorithm, which applied vessel detection and removal, multiple size median 

filtering, and Canny edge detection to identify borders of retinal layers. 
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The GCL and IPL were combined together because the border between them was 

indistinguishable in several subjects, while the inner nuclear layer (INL) was 

analyzed on its own (see example in Figure 23). The thickness of each layer was 

measured at seven points for each hemifield, which were equally distributed between 

1.75° and 7° of eccentricity. 

 
 
Statistics 
 
Statistical analysis was performed using statistical software (SPSS 11.0 for Windows; 

SPSS, Chicago, IL). Mean values of GCL/IPL and INL thickness were compared between 

an aged- matched control, affected and nonaffected hemifields of glaucomatous eye, or 

affected and fellow eyes (hemifield-based) of MS patients using Student’s t-test. 

Significance was assessed at the p < 0.05 level. 

 

 
 
5.4 RESULTS 
 

 
All subjects achieved good quality scans (dB > 20). The demographic data for 

each group are presented in Table 9. 
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Table 9: Demographic Data for Each Group 
 

 Age (y) Male/Female 
Ratio 

Visual Acuity 
!6/9 (n) 

Glaucoma group  
(n = 15) 

64.1 ± 9.8 7/8 15 

Glaucoma 
control group 
(n = 15) 

63.8 ± 10.3 6/9 15 

MS group (n = 15) 37.1 ± 8.5 6/9 9 

MS control group  
(n= 17) 

36.4 ± 9.6 7/10 17 

  
 

5.4.1 Glaucoma Group 
 
Averaged Humphrey mean deviation (MD) of affected (superior) hemifield was -23.7 ± 
 
4.9 dB and of nonaffected (lower) hemifield -1.75 dB (p < 0.0001). There was a 

significant (29.0%, p = 0.00037, paired t-test) reduction of GCL/IPL thickness in the 

lower retina compared with normal controls (Table 10). Reduction was significant at all 

eccentricities studied for the affected hemifield (p < 0.02 for all points) (Figure 24A). 

Figure 23 represents an example of Humphrey visual field and OCT scan of an affected 

eye of one of the glaucoma patients. 
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Figure 23: A typical example of Humphrey visual field (upper row) and retinal 

thickness profile (lower row) of a glaucoma patient. Note absence of RNFL and 

significant thinning of GCL/IPL in the upper retina (left side). 

 

 

 

 

 

While the thickness of GCL/IPL in the upper retina was also significantly reduced (p = 

0.005), reduction was of considerably smaller magnitude (11.7%) and was non 

significant for the first, second, third, and seventh points (Table 10). 

Contrary to GCL/IPL, the thickness of INL in the affected hemifield (lower retina) of the 

glaucomatous eye was not significantly different from controls (p = 0.32) (Table 10). 
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There was no difference for any of the points tested (p > 0.2, for all points) (Figure 24 

B). INL thickness in the non affected hemifield (upper retina) was similarly not reduced 

for both averaged (p = 0.94), as well as the individual points (p = 0.1 for all points) 

(Table 10). 
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Figure 24: Averaged thickness of GCL/IPL (A) and INL (B) in affected (left) and non 

affected (right) hemifield of glaucoma patients (black columns) and corresponding hemifield 

of age-matched controls (gray columns). 

 

 

 

5.4.2 Multiple Sclerosis Group 
 
Because ON predominantly affects central fibres of the optic nerve without upper or 

lower field preponderance, both hemifields of the affected eye were considered 
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abnormal.485 There was a significant reduction of GCL/IPL thickness in both hemifields 

of ON eye (28.5% and 30.5% reduction, p = 0.0001 and p < 0.0001 for inferior and 

superior retina, respectively) (Table 10). 

 
 
Table 10. Hemifield GCL/IPL and INL Thickness in Glaucoma and ON 

Patients and Normal Controls 

 GCL/IPL Thickness (µ) INL Thickness (µ) 

Glaucoma Group   

Glaucomatous eye   

Affected (upper) 
hemifield 

52.4 ± 12.0* 41.9 ± 7.3 

Fellow (lower) hemifield 66.6 ± 14.9* 41.5 ± 5.3 

Age-matched normal 
controls 

  

Upper hemifield 73.7 ± 13.4 42.1 ± 5.1 

Lower hemifield 75.4 ± 12.1 41.3 ± 4.1 

MS Group   

ON eye   

Upper hemifield 57.4 ± 7.6* 43.8 ± 4.5 

Lower hemifield 60.0 ± 7.2* 43.2 ± 4.1 

Fellow eye   

Upper hemifield 71.4 ± 11.2* 44.0 ± 5.2 

Lower hemifield 73.8 ± 11.5* 42.4 ± 4.7 
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Age-matched normal 
controls 

  

Upper hemifield 80.2 ± 13.5 42.4 ± 5.2 

Lower hemifield 83.4 ± 11.4 43.0 ± 4.1 

* Statistically significant difference between patients and normal controls 
 
 

Reduction was significant at all eccentricities for both affected hemifields (p 

< 0.02 for all points) (Figure 25A) 

Non-ON eyes also demonstrated a significant reduction of GCL/IPL thickness in both 

hemifields, albeit on a lesser scale (9.7% and 10.6% reduction, p = 0.0003 and p < 0.0001 

for inferior and superior retinas respectively). 

 
 
The thickness of INL, however, did not differ significantly from the normal controls in 

both hemifields of ON eyes (p = 0.1 and p = 0.12 for inferior and superior retina 

respectively) (Figure 25B). Non-ON eyes also had normal INL thickness (p = 0.1 and p 

= 0.12 for inferior and superior retina respectively). 
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Figure 25.Averaged thickness of GCL/IPL (A) and INL (B) in inferior (left) and superior 

(right) hemifield of MS patients (black columns) and corresponding hemifield of age- 

matched controls (gray columns). 

 

5.5 DISCUSSION 
 
The presence of transsynaptic degeneration in the visual system is well documented.472-475, 

486- 489 There is strong evidence of anterograde and retrograde degeneration between RGCs 

and target neurons in higher visual areas. Anterograde degeneration of LGN cells, optic 

radiation, and cortical neurons after loss of RGC was demonstrated in human and 
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experimental glaucoma472-475 and in multiple sclerosis.486, 487 Similarly, retrograde 

transsynaptic changes in RGC after cortical lesions were found in animals and human 

studies.488, 489Expansion of transsynaptic changes into the retina, however, remains 

controversial. Recently a deficit of bipolar cells in the retina of MS patients (identified 

pathophysiologically) has been suggested as possible evidence of transsynaptic retinal 

degeneration.476 However, a similar abnormality in outer nuclear layer reported in the 

same study makes this explanation less likely.479
 

 
An OCT study of the retina in MS patients recently published by Saidha et al136 demonstrated 

that reduction of RNFL and GCL/IPL thickness after an episode of ON was not accompanied 

by INL thinning. However, the follow-up period was probably not long enough to verify the 

existence of transsynaptic degeneration because patients as early as 3 months after acute ON 

may have been included. This study, on the other hand, demonstrated that there is a subgroup 

of MS patients (approximately 10%) in whom the thickness of all retinal layers is reduced 

with RGC layer producing largest degree of reduction (16%) compared with INL (6.6%) and 

ONL (6.7%). Whether this is a result of transsynaptic (anterograde or retrograde) retinal 

degeneration or a con- sequence of primary retinal pathology in MS or simply an artificially 

selected group representing the 

low end of the spectrum of the retinal thickness490 is not clear. 

 

Similar results were demonstrated by Wang et al491 in glaucoma patients. Authors 
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concluded that RNFL and GCL/IPL thickness is reduced while INL thickness remains 

unchanged. However, spectrum of the visual field loss in the study patients varied widely 

and the topographic relationship between visual field sensitivity and GCL/IPL loss was 

examined only in one patient. 

 
 
Therefore, in the present study we used clear-cut cases of optic neuropathies with substantial 

and long-standing RGL loss. We specifically selected glaucoma patients with severe 

perimetrical field loss confined to one (upper) hemifield, which indicates extensive, but 

relatively localized loss of RGC. While normal result of standard perimetry in lower hemifield 

does not preclude loss of ganglion cells (and, in fact, we did find moderate reduction of 

GCL/IPL thickness in perimetrically normal upper retina), it is not likely to exceed 20%.492
 

 
 
Similarly, in the MS group we selected subjects with severe unilateral post-ON loss of 

RGC (of similar magnitude to glaucomatous eyes), which was a result of inflammatory 

transection of optic nerve fibres and subsequent retrograde degeneration. While there was 

significant reduction of GCL in fellow eyes, the degree of thinning was modest compared 

with the ON eye. The thinning of RNFL in fellow eyes is most likely a result of subclinical 

inflammation in a visual pathway of the fellow eye, which is not uncommon in MS.493, 494 

 
 
In our subjects the loss of RGC was relatively long-standing because glaucoma is a 

slowly- progressing disease, while all MS patients had an episode of ON at least 3 years 
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before the study. Despite the severity of RGC loss and its duration we did not find 

evidence of INL thinning in either of the groups. While the most likely explanation of the 

result observed is an absence of transsynaptic degeneration in studied conditions, other 

possibilities must be considered. The INL includes not only nuclei of bipolar cells, but 

also horizontal cells, amacrine cells, interplexiform cells, and supportive Muller cells. 

Even though the percentage of bipolar cells in INL is by far the largest,495, 496 the presence 

of other cell types may obscure detection of bipolar cell decline. Transsynaptic 

degeneration can be an extremely slow process, which may take many years to manifest. 

For example, the duration of disease in a postmortem study, which demonstrated INL 

abnormalities in MS patients was > 20 years.476 A recent study, however, suggested that 

retrograde transsynaptic degeneration in human optic tract is functionally apparent as 

early as 18 months after cortical damage.497 Additionally, a long delay of structurally 

visible changes compared with more subtle functional alteration is another possibility. In 

fact, functional impediment of INL has been reported in both conditions.478, 498-500 Finally, 

changes in cellular composition of the overlying retinal layers (extensive loss of RNFL 

and ganglion cells) can potentially alter light reflectivity of INL structures and therefore 

influence the measurement of INL thickness. Our study is also limited by relatively small 

sample size and cross-sectional study design. 

 
 
In summary, our study demonstrated no significant loss of INL thickness in parts of the 
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retina with long-standing and severe loss of RGC in patients with optic neuropathies. 
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CHAPTER 6: CONCLUSIONS 
 
 
 
 
 
Visual field assessment and several other tests are being used in the clinical diagnosis of 

optic neuropathies, which is accompanied by damage of ganglion cell bodies and their 

axons. The mfVEP, in the past, has proven to provide both perimetric and 

electrophysiological assessment of the visual system and hence has expanded its role from 

glaucoma to the field of neuro-opthalmology. 

 
In the discussion of results in Chapter 2, the sensitivities of several regularly performed 

glaucoma diagnostic tests were compared among patients with preperimetric glaucoma and 

early glaucoma. Current methods of glaucoma diagnosis use standard automated perimetry 

and disc evaluation as gold standard. SAP depends on subjective responses to detect visual 

field defects due to ganglion cell loss. Many patients perform poorly on subjective tests 

and there is also a learning curve associated with it, which makes interpretation 

complicated in patients with early glaucoma. Objective perimetry using mfVEP is a 

relatively new psychophysical test. Since it provides a topographical measure of damage, 

its results can be compared with SAP. 

 
 
Also, there has been no learning curve reported for mfVEP. We have established in our 

study that mfVEP detects field defects even in patients with preperimetric glaucoma, 

which is indicative of ganglion cell damage. Two different stimulus presentations were 
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used in the study. The difference in sensitivities could probably be due to testing two 

different pathways. Although almost similar in sensivities, the performance of LLA was 

slightly better than the BonY. This variability could be due to different pathways being 

stimulated with different sensitivity to glaucoma damage. 

 

HRT was found to be the single best test in identifying preperimetric glaucoma. However, 

since all our patients included in the study were selected based on the appearance of a 

glaucomatous disc, this could have biased the results. When combining two tests to give 

better results the HRT-LLA mfVEP combination identified losses corresponding to disc 

changes in majority of patients with preperimetric glaucoma. This combination could be 

regularly performed in the clinic as it is easy to perform and also does not take much more 

of the patient’s time. 

 

 
Future work on this study would involve a longitudinal follow up of these patients to see if 

they progress to have further optic nerve damage and ganglion cell loss. This would help 

identify which of the diagnostic tests would help detect the defects earlier than the other. 

These tests can then be performed regularly in the clinic to monitor patients with a high 

risk of progression. This would help prevent damage to the optic nerve at an early stage. 

 
 
 
In Chapter 3, two different stimulus presentations were compared to analyse which had 

better reproducibility of latency. The pattern reversal stimulus presentation produced less 
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variability in latency. This stimulus was then used in the following study on patients with 

MS where latency was used as a marker of demyelination in the visual pathway. 

 

In Chapter 4, ganglion cell loss in MS was studied. The results from this study confirmed 

the loss of GCL and their axons even in MS patients without previous history of multiple 

sclerosis. The goal of this study was also to see if there was any relation of this loss with 

other parts of the visual pathway. The mfVEP latency was found to significantly correlate 

with the thinning of the GCL and RNFL, indicating a strong association between loss of 

ganglion cells and visual pathway demyelination. However, since the latency delay was 

binocular, the demyelination is presumed to be retrochiasmal. This correlation indicated 

the presence of a trans neuronal degeneration, which could be retrograde (from optic 

radiation to retina) or anterograde (from retina to visual cortex). The study also found 

significant delay in photopic ERG b-wave in the NON eyes of ON patients indicative of 

functional impairment of the cone bipolar cells located in the INL of the retina. However 

structurally this layer seemed to be unaffected in the NON eyes, although the ON eyes 

showed a significant thickening of the INL. 

 
 
 
The presence of a retrograde degeneration from the GCL to bipolar cells was also studied 

in patients with ON and glaucoma and discussed in Chapter 5. This study proved the 

absence of retrograde degeneration since the ERG changes were of similar magnitude in 
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both ON and NON eyes of MS patients. This suggests a dual nature of GCL and their 

axons in NON eyes of MS patients. Though lesions in the posterior visual pathway was a 

major factor, primary retinal pathology also played a role in ganglion cell loss. 

 
 
 
Future work in this study would involve a longitudinal follow up of these patients with 

mfVEP and OCT with additional MRI to document the effect of new lesions and acute 

ON on ganglion cell loss. The could shed some light into the effect of lesions in optic 

radiations on the GCL and their axons to prove the occurrence of retrograde trans 

synaptic degeneration. 
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