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ABSTRACT  

 

Purpose: Standard automated perimetry (SAP) is one of the most widely used functional 

tests in glaucoma management, and as such, it serves as the benchmark for comparison to 

all other forms of glaucomatous testing. Optical coherence tomography (OCT) is also a 

commonly used technology in glaucoma management and allows for a quantifiable 

structural measurement. One of the more relevant OCT-based measurement for glaucoma 

is the peripapillary retinal nerve fiber layer (RNFL) thickness; however, investigations 

comparing OCT RNFL thickness measurements to the actual histology measurements of 

the RNFL have been rather limited, especially pertaining to measurements in the 

presence of glaucomatous disease. Flicker-defined form perimetry is a new addition to 

perimetric testing, and its use in glaucoma testing remains largely unexplored. The 

purpose of this dissertation is to investigate each of these structural and functional 

measurements of glaucoma as they relate to each other (SAP and OCT, OCT and 

histology, SAP and FDF) in order to provide a framework for understanding the optimal 

stage of glaucoma at which each test is valuable. 

 

Methods: In experiment 1, SAP and OCT measurements were obtained from healthy and 

glaucoma participants. Retinal ganglion cell estimates were calculated from the two 

different regions and matched to corresponding regions to determine agreement. In 

experiment 2, health and experimental glaucoma eyes from macaque monkeys were 

measured with OCT RNFL thickness protocols. The retinal tissue was then processed and 

imaged with confocal microscopy so that histological RNFL thickness measurements 
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could be obtained. Comparison between similar regions were made and examined for 

agreement in normal and glaucomatous retina. In experiment 3, SAP and FDF 

measurements were obtained from healthy and individuals with early and moderate 

glaucomatous visual field loss. The distributions of thresholds were determined and test -

retest characteristics of each form of perimetry were compared.  

 

Results: The first experiment showed with age-modification alone, RGC estimates 

derived from SAP and RNFL thickness values were in agreement in subjects with no 

visual field loss and in subjects with early to moderate glaucomatous visual field loss. 

Subjects with end-stage glaucomatous field loss demonstrated a systematic discordance 

between the perimetric and thickness-derived RGC estimates that showed a high 

correlation to stage of disease. Application of a stage-of-disease factor in the model 

produced agreement between OCT and SAP-based RGC estimates across the entire 

spectrum of glaucoma subjects. 

 

RNFL thickness reductions were observed in all eyes with experimental glaucoma. The 

limits of agreement between OCT- and histology-derived thickness measurements were 

quite large (95% limits of agreement: untreated = -51.17 µm to 35.15 µm and treated 

eyes -54.50 µm to 43.43 µm). Percent differences between measurements were much 

larger for the treated group than the untreated group (untreated = 11.18% ± 33.92% and 

treated = 40.95% ± 83.97%). Percent differences showed the highest differences when 

RGC counts per confocal segment (1 confocal segment = 225 µm) fell below 20 

RGC/segment.  
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The third experiment revealed different zones of visual sensitivity in glaucomatous 

disease between SAP and FDF perimetry. The distribution of threshold scores was less 

for FDF (18.53±4.32 dB) when compared to SAP (30.39±2.55), and showed considerably 

lower thresholds with FDF scores in glaucoma subjects (14.09±6.04 dB) when compared 

to the SAP scores (28.70±4.78 dB) for this group. Comparison of test-retest threshold 

scores reveals better repeatability in FDF perimetry than SAP for scores that fall within 

the middle (95% limits of agreement for SAP = -10.7 to 9.7; FDF = -6.7 to 6.5) and lower 

(SAP = -10.3 to 16.8 ; FDF = -8.7 to 7.9) threshold ranges for each instrument.  

 

Conclusions: Significant correlations between individuals with no glaucomatous disease 

and early to moderate glaucomatous disease suggest that the model is applicable to 

estimating ganglion cell populations from both SAP visual sensitivity values and OCT 

derived ganglion cell populations. Discordance between the estimates in the later stage of 

glaucomatous disease suggests that an additional change in the composition of the RNFL 

or a limitation in the measurement of the RNFL thickness may falsely inflate RGC 

estimates in this model. 

 

Agreement between OCT measurements of the peripapillary RNFL and histological 

measurements showed substantial variation. The greatest differences in measurements 

occurred in non-temporal segments when RGC counts fell below a critical value in eyes 

with glaucoma. 
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Flicker-defined form and standard automated perimetry differ in the range of visual 

sensitivities that each instrument is able to measure, with FDF perimetry showing overall 

less sensitivity to both normal and glaucoma participants. Clinically, test-retest 

repeatability is improved for FDF when compared to SAP with threshold sensitivity 

observed in the lower- to mid- loss ranges, however this may be a product of the 

differences in the stimulus properties, testing strategy, dynamic range and of the each 

instrument, differences in the measurement scale, or a combination of one or more of 

these factors.  
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Chapter 1 - Introduction 
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INTRODUCTION 

Glaucoma describes a collection of disease conditions that result in a progressive 

optic neuropathy and loss of retinal ganglion cells.1 Worldwide, glaucoma is the most 

common cause of irreversible blindness; The World Health Organization estimates the 

number of people blind from glaucoma in 2002 were 4.4 million .2 The American Health 

Assistance Foundation reports that approximately 2.5 million people above 40 years of 

age have glaucoma and as many as 130,000 are blinded from the disease.3 Identification of 

glaucomatous disease poses a significant public health  concern, as it is speculated that as 

many as 3 million Americans will have glaucoma by the year 2020.3 

Glaucoma can be divided into several categories based on etiology and the 

presence of anatomical differences of the disease. The first distinction is used to indicate 

the source of disease, either primary or secondary glaucoma. Primary glaucoma describes 

conditions in which the glaucoma itself is the only identifiable pathological process . 

Secondary glaucomas are conditions that show evidence of a separate pathological process 

resulting in the glaucomatous loss, typically through a rise in intraocular pressure. 

Examples of primary glaucomas include the most common form of glaucoma encountered 

in the United States, primary open angle glaucoma and normal-tension glaucoma (which is 

a subset of primary open angle glaucoma itself). Some examples of secondary glaucomas 

include pigmentary dispersion glaucoma, exfoliative glaucoma, neovascular glaucoma, 

angle-recession glaucoma, and steroid-induced glaucoma. In addition to primary and 

secondary distinctions, glaucomas can be further divided the anatomical characteristics of 

open-angle versus closed-angle glaucoma, which is used to describe the openness or 

apposition of the space between the trabecular meshwork and the iris in the eye.1 
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Diagnosis of glaucoma in the early stages of disease can be difficult, and the 

decision to treat may be based on the presence of identifiable risk factors for glaucoma.4-8 

Many of these risk factors are often identified through routine eye examinations; among 

these are elevated intraocular pressure, neuro-retinal rim thinning or optic nerve cupping 

and/or appearance, family history, and evaluation of the retinal nerve fiber layer.9-12 

Initially, the presence of one or more of these risk factors  initiates the need for further 

specialized testing and the clinician has a number of instruments available to assist with 

diagnosis. When patients exhibit one or more risk factors in the absence of structural or 

functional evidence of loss, they are often labeled “glaucoma suspects” and monitored in 

order to detect glaucoma if it should occur. If at the time of diagnosis, true glaucomatous 

disease is suspected or confirmed, treatment is initiated and the patient is monitored for 

progressive changes. 

Various clinical instruments have been employed in the detection and monitoring 

of structural or functional abnormalities in glaucomatous disease. Routine testing for 

glaucoma or glaucoma suspects typically employs standard automated perimetry (SAP), 

which provides a functional measurement of the patient’s threshold to light sensitivity in 

various locations of the central visual field. Structural measurements of the optic nerve 

head and/or peripapillary retinal nerve fiber layer with high resolution imaging have also 

become routine in glaucoma management, and can provide a more objective measurement 

of the structural aspects of the eye. Structures measured with imaging include the retinal 

nerve fiber layer, the ganglion cell layer or complex, and the optic nerve head. Both 

functional and structural measurements offer two modes of information: first, event 

analysis, which relies on comparison to an age-matched normative database developed for 
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the instrument. The second type of analysis is serial or trend analysis, which compares the 

measurement in question to one or more previously taken measurements in the same 

individual in order to detect loss over time of function, structure or both. 

 

Functional Measurements 

There are several clinical and research-based instruments that provide functional 

testing of vision and can be used to detect and manage glaucomatous disease. The two 

evaluated within this dissertation, SAP and flicker-derived form (FDF) perimetry, rely on 

perimetric measurements of visual field sensitivity. Other forms of commercially available 

perimetry included short wavelength automated perimetry (SWAP) and frequency 

doubling technology perimetry (FDT) and will be discussed in part. In addition to 

perimetry, electrophysiological measurements of the visual pathway provide an alternative 

form of functional testing, and investigations into their role in clinical care is ongoing . 

 

Standard Automated Perimetry (SAP) 

SAP remains the gold standard for monitoring and detecting glaucomatous visual 

field loss. The most common instrument in use is the Humphrey Visual Field Analyzer 

(Zeiss-Humphrey Instruments, Dublin, CA, USA), which uses a white test stimulus of 

varying intensity projected onto a uniformly lit background (33 cd/m²). The most 

frequently employed test pattern for glaucoma, known as the 24-2 pattern, contains 54 test 

locations separated by six degrees of visual angle, with the most central horizontal and 

vertical points on the vertical and horizontal meridians separated from the horizontal and 

vertical midlines by three degrees. Stimulus intensities range from 0 to 10,000 apostilbs, 
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and sensitivity is recorded as the amount of attenuation in decibels (dB) (or log x 10 base 

units) from a 10,000 apostilb intensity.13, 14 The instrument is able to vary the size of the 

test stimulus, but the most common stimulus used is a size III test target which represents 

0.43° of visual angle. 

Figure 1.1 shows an example of a normal visual field report. The visual field report 

contains several graphical and quantitative metrics designed to display the results of an 

individual test, but the overall interpretation relies on the clinician’s ability to incorporate 

all of the findings. In Figure 1.1, the upper portion, (A), contains information regarding 

the reliability of the testing performed including fixation losses, false positives and 

negatives, as well as the testing strategy, stimulus size, refractive correction and age of the 

patient. Below this on the right (B) are point-wise raw threshold scores that the patient 

obtained during testing given in decibels. A raw score of 32 dB means the test subject was 

able to see a stimulus that was 3.2 log units dimmer than the brightest stimulus, while a 

raw score of 0 dB means the subject was unable to perceive the brightest stimulus the 

instrument could produce. To the right of the raw score values is a grayscale map (C), 

which is meant to give the clinician a quick overview of the subject’s visual field for that 

stimulus size. (D) shows the total deviation from age-matched controls, and (E) reports the 

overall pattern deviation which is intended to remove individual subject testing-bias, 

detriments due to media opacities, or other causes of overall depression when compared to 

the age matched normal. (F) and (G) are statistical interpretations of the total deviation (D) 

and pattern deviation plots (E), which graphically display the significance level at which a 

point differs from the age-matched normal sensitivity for that location. (H) reveals the 

global indices of the visual field. These consist of the mean deviation, which represents 
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the overall depression of the visual field compared to an age-matched control subject; the 

pattern standard deviation, which reveals the difference between the individual’s hill of 

vision and a standard hill of vision ignoring any mean depression. The Glaucoma 

Hemifield test (GHT) compares grouped values above and below the horizontal meridian 

to determine if there is substantial difference in sensitivity and will denote a visual field as 

within normal limits, borderline, or outside normal limits. Finally, the Visual field Index 

(VFI) is another metric used to detect perimetric abnormalities and is given in percentage 

(with 100% being graded as normal lower VFI’s more likely to be abnormal).  

Figure 1.2 shows the report from a patient with moderate visual field loss and two 

commonly observed visual field defects observed in glaucomatous disease. The shape of 

visual field defect observed in the grayscale and pattern standard deviation in the superior 

half of the visual field (A) is termed an arcuate visual field defect (superior in this case). 

This visual field also demonstrates a superior and inferior nasal step (B) where there is 

loss of sensitivity in the far nasal visual field region. Note the statistically depressed 

locations observed in the total deviation differ somewhat from the pattern standard 

deviation plot which can be interpreted that there is an overall depression that may or may 

not be related to glaucoma. The global indices also reflect abnormality, with a mean 

deviation score that is -10.47 dB (10.47 dB below an age-matched normal) and a pattern 

standard deviation that is also high (9.66 dB), which tells us that this visual field profile 

differs markedly from the expected shape of the hill of vision. 

Several limitations may influence the ability to obtain a robust and useful visual 

field in any form of perimetry. First, automated perimetry is a subjective test; as such, it 

relies on the subject’s response ability to report the perception of the stimulus. This can be 
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greatly influenced by patient attentiveness, fatigue, bias in response criteria, and length of 

examination.15-17 Short-term fluctuation describes variability of the subject’s response 

within a single visual field examination. Long-term fluctuation describes variability from 

one examination to the next, and can be influenced by learning effects in addition to many 

of the factors already inherent in short term fluctuation, such as attention to test ing or 

fatigue effects.16, 17  

Relevant to SAP testing, an additional limitation is a relative insensitivity to 

detecting early glaucomatous damage. Investigations by Harwerth, et al.,18, 19 have 

demonstrated that sensitivity losses from SAP are not reflective of ganglion cell loss until 

a substantial proportion of the ganglion cells are lost. Further investigations by Harwerth, 

et al.,6 showed an improved relationship between sensitivity loss and ganglion cell 

populations that was dependent on retinal eccentricity; however, in some locations, there 

were ganglion cell losses of 40 to 50% before SAP defects were outside the 95% 

confidence limits of inter-subject variability.  Kerrigan-Baumrind, et al.,20 also found that 

a substantial proportion of retinal ganglion cell losses (25-35%) were required to show 

sensitivity loss at the 0.5% level. This suggests that improvement upon perimetric 

techniques in a manner that would increase sensitivity to RGC loss would be a valuable 

clinical tool in the detection and management of glaucomatous disease. 

Another limitation with SAP in glaucomatous disease is test-retest variability in 

regions showing reduced thresholds. An investigation by Heijl et al.,21, 22  looked at select 

reductions in threshold due to glaucoma and found poor repeatability of thresholds 

initially showing varying degrees of depression. A similar finding was demonstrated in the 
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test-retest distributions by Wall et al.,23 where thresholds initially below 20 dB had retest 

distributions that encompassed the entire range of thresholds in SAP.   
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Figure 1.1 – Standard Automated Perimetry Report. Various components of the standard 

automated visual field report are labeled. A) Reliability indices and testing characteristics. 

B) Absolute threshold sensitivity values. C) Grayscale interpretation. D) Total deviation 

from age-matched normals. E) Pattern-standard deviation. F) Total deviation from age-

matched normals with statistical interpretation. G) Pattern-standard deviation with 

statistical interpretation. H) Global indices of overall test. 
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Figure 1.2 - Standard Automated Perimetry Report Demonstrating Glaucomatous Visual 

Field Loss. This visual field represents a patient with a moderate superior arcuate scotoma 

(A) and superior and inferior nasal steps (B). Note the total deviation plots many more 

points as being statistically below the age-matched normal, some of which are removed in 

the pattern-standard plot.  
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Alternative forms of Perimetry 

Although achromatic perimetry remains the conventional standard in glaucoma 

management, the relative insensitivity to early glaucomatous loss18-20 has prompted the 

use of alternative forms of perimetry. One of the first automated alternative forms of 

perimetry to be used in this manner was short wavelength automated perimetry (SWAP). 

SWAP perimetry utilizes a blue stimulus presented on a uniform yellow background, with 

a large sized target (size V = 1.72°). The basis for SWAP comes from evidence of a select 

population of retinal ganglion cells, known as the bi-stratified RGCs, which are 

responsible for coding blue-yellow color opponency.24, 25 Comparison of SWAP and SAP 

has demonstrated that SWAP is able to detect defects from glaucoma earlier than with 

SAP26-28, however test-retest variability and inter-subject variability with SWAP remains 

relatively high.29  

A second form of perimetry to utilized for this purpose is based on the frequency 

doubling illusion30 and is commercially available as two instruments (FDT Humphrey 

Matrix and the Welch Allen FDT). FDT perimetry utilizes a grating of low spatial 

frequency (0.25c/deg) presented at a high temporal rate of flicker (25 Hz) as a stimulus. 

When perceived, the subject notes the appearance of grating with twice the spatial 

frequency of the stimulus. Evidence supports FDT sensitivity to glaucomatous field   

loss31, 32, but the selective RGC pathways responsible for its detection and evidence as to 

increased sensitivity of this stimulus as compared to SAP remains debatable. Unlike 

SWAP however, FDT perimetry shows relatively stable test-retest variability over the 

range of thresholds that the instrument is able to measure.33   
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The use of a newer form of perimetry based on the flicker-defined form (FDF) 

percept has recently become commercially available on the Heidelberg Edge Perimeter 

(Heidelberg Engineering, Heidelberg, DA). Flicker-defined form describes the perception 

of an illusory contour in the presence of a region (5° in size) in counter-phase flicker (at 

15 Hz) to a flickering surround set of elements (Figure 1.3). The contrast between the 

flickering stimulus ranges from 1 and 100 cd/m² with a constant background luminance set 

at 50 cd/m². The final threshold output is reported in decibels, similar to other forms of 

perimetry, although the final decibel reported is a product of the level of contrast 

attenuation using the Michelson definition of contrast (Lmax-Lmin/Lmax+Lmin) and 1.414 (a 

factor used to elevate thresholds to ranges similar to SAP). An example of the FDF report 

is show in Figure 1.4. 

 

Structural Testing 

Optical Coherence Tomography 

Optical coherence tomography is a one form of structural testing that uses the 

back-reflected and back-scattered portions of light from tissues to examine ocular 

anatomy.34 The OCT can be used to measure retinal tissue inside the eye, including the 

nerve fiber layer, and has a resolution of 8-10 micrometers.  The standard measure for 

retinal nerve fiber layer measures a circle 10.87 mm in diameter and centered on the optic 

nerve head with a 3.4 mm in diameter.  The device measures 512 points along this line 

which starts on the temporal side of the optic nerve head and moves along the 

circumference of the circle.  Normative values and statistical confidence intervals for 

nerve fiber layer thickness have been established for the OCT35, and can be used to 
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Figure 1.3 – Flicker-Defined Form Stimulus. Flicker-defined form perimetry is based on a 

region in counter phase flicker from the surround and the perception of a circular illusion 

in the region of counter-phase flicker. This image was obtained from the Heidelberg-Edge 

Perimeter website at www.heidelbergengineering.com/germany/produkte/he. 
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Figure 1.4 - Heidelberg Edge Perimeter Report Using Flicker-Defined Form Perimetry 

Demonstrating Glaucomatous Visual Field Loss. This report for FDF perimetry provides 

similar information as seen with the SAP regarding the patient’s sensitivity to the FDF 

stimulus, except that information for both eyes is presented on one page. In the case 

presented in Fig. 1.4 the right eye demonstrates scattered regions of abnormality and the 

left eye a superior arcuate visual field defect. A. Testing information, performance, and 

global indices. B. Raw threshold scores given in decibels (dB). C. Grayscale graphical 

interpretation. D. Graphical interpretation of Total Deviation scores. E. Graphical 

interpretation of Pattern standard deviation of scores. The bottom timelines shows the 

occurrence for false positive, false negative and fixation losses.  
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interpret whether individual scans are outside normal parameters.  The instrument analysis 

also includes average RNFL thickness per quadrant, average thickness for each of twelve 

sectors, a complete 360 RNFL thickness profile (Figure 1.5) and symmetrical measures 

within an eye and between eyes (right RNFL thickness profile versus left). 

Optical coherence tomography (OCT) allows for objective and highly repeatable 

measurements of the retinal structures,36-38 and its use in glaucoma detection and 

management has become commonplace.39 Sensitivity and specificity studies show 

excellent potential for OCT RNFL thickness to detect disease.40-42 

Although the loss of thickness at the RNFL as detected with OCT is  often 

suggested to precede the loss of sensitivity with SAP, 7, 43 it is unknown whether RNFL 

thickness measurements with OCT appear to reach a plateau of loss in  moderate to 

advanced glaucomatous diseased states. Furthermore, the RNFL thickness measurements 

from OCT have only recently been compared to histological measurements of the RNFL, 

and only in a very limited fashion in the presence of glaucomatous changes. The second 

portion of this research will compare actual histological measurements of RNFL in normal 

and glaucomatous eyes, and evaluate the non-neural components involved in the structural 

measurement for both the control and glaucomatous eyes. 

 

Confocal Microscopy 

 Confocal microscopy is a histological imaging technique which uses 

pinhole apertures and point illumination to limit out-of-focus light when imaging tissue. 

Current confocal microscopy employs the use of different lasers for selective excitation of  

tissue stained with various chromophores or fluorescent substances in order to capture the 
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Figure 1.5 – Optical coherence tomography measurements of the RNFL. Reflectance 

images of A) glaucomatous and a B) normal eye obtained with the Stratus Optical 

Coherence Tomography along with the machine based algorithm used to detect RNFL 

thickness. C) Provides the RNFL thickness profile for the left (solid) and right (dashed) 

lines.  
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image of the specimen point-by-point. The captured images obtained in this manner can 

then be to reconstructed the three dimensional characteristics of the original tissue with 

better contrast than images obtained with conventional microscopy. In addition, the use of 

different chromophores and stains may be selected so that information regarding tissue 

composition can be segmented by reflectance with a particular laser. Confocal microscopy 

is not a common technique for evaluating RNFL in glaucoma since it can only be used ex 

vivo, but the ability to image three-dimensional information and while obtaining tissue 

selectivity from antibody-chromophore techniques allows for quality three-dimensional 

images that can be used to accurately measure the tissue and give information regarding 

the composition of the tissue in question. 

 Figure 1-6 shows examples of reconstructed cross-sectional segments of RNFL 

captured with confocal microscopy. The upper image is from a peripapillary RNFL region 

obtained from a non-diseased eye, and the lower image was from a peripapillary RNFL 

region in an eye with advanced glaucoma. In this particular scan, areas in green were 

stained with phalloidin, which stains all actin containing tissue. Areas in blue were 

represent tissue that stained 4’,6’-diamidino-2-phenylindole (DAPI), which shows an 

affinity for cell nuclei (specifically adenosine-thymine rich regions of DNA). Areas 

highlighted in red in the anterior surface of the RNFL represent tissue that stains with 

glutamine synthetase which is used to localize in glial cells; in these images, glutamine 

synthetase did not show complete penetration into the depth of the tissue and only stains 

the anterior portion of the RNFL. It should be noted that in comparison, the glaucomatous 

tissue shows loss of RNFL thickness (tissue stained in green between anterior limiting 

lamina/inner retina border and the retinal ganglion cell layer/inner plexiform layer) and 
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loss of RNFL ganglion cells (blue nuclei forming border between RNFL and inner 

plexiform layer in the healthy eye and sparsely populating the border between the RNFL 

and the inner plexiform layer in the glaucomatous eye). 

 

Structure-Function Relationship 

 Early work in relating structural losses to visual field loss has demonstrated that 

the structure-function relationship in glaucoma is dependent on many factors. Quigley et 

al.,44 found that loss of visual field sensitivity with SAP in glaucoma showed a 

relationship with RGC loss, but the loss varied from 20 to 50% before significant loss of 

visual sensitivity was detected. Additional work by Kerrigan-Baumrind et al.,20 found that 

RGC loss of 25-35% were observed before statistically significant losses of sensitivity 

occurred when global measures of visual field loss were included. Investigations with 

experimental glaucoma in macaque monkeys showed stronger correlations between SAP 

sensitivity and RGC loss when eccentricity and log-log scaling were incorporated,6, 45 and 

were later applied to human data to determine if the application of this model could 

reconciling the previously large differences between SAP and RGC loss in human 

glaucoma19. 

The association between RNFL thickness measurements and SAP has also been 

demonstrated, but a model for the quantitative relationship has not been determined. El 

Beltagi et al.,46 found that regional correlations relating SAP and OCT RNL thickness 

were strongest for the 6-8 o’clock hours (on peripaillary RNFL), but even these showed 

moderate correlations (0.34-0.57). A stronger association was found by Harwerth et al.,47 

equating each in terms of RGC populations in experimental glaucoma in macaque 
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monkeys. A portion of this research has been dedicated to the application and 

modification of this model to a clinical group of normal participants and to group of 

participants with known glaucomatous disease. 48, 49 

Relating structural and functional measurements in glaucomatous disease has 

proven particularly challenging, and as advances in technology continues to change 

practice patterns, it seems increasingly relevant to understand the relationship between 

structural and functional measurements as they pertain to different stages of glaucomatous 

disease. Improvement on the understanding of these measures and their relationships 

could play a vital role in clinical management, and provide groundwork for further 

refinement of disease management, affecting time of diagnosis, management, and ability 

to identify and classify progressive characteristics. Establishing the relationship between 

OCT and SAP, two of the most common instruments, may provide the framework in 

which to base other structural and functional measurements as well as provide information 

on the conditions underlying the failings of each instrument when evaluating 

glaucomatous disease.  

 

Evaluation of Clinical Structural Measurements 

Examination and comparison of the OCT measurement of RNFL thickness and 

comparing it to histology measurements will demonstrate the OCT’s ability to accurately 

measure RNFL in the presence of disease, and provide information as to if and when the 

OCT algorithm for detecting RNFL thickness fails.  
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Figure 1.6 – Cross-sectional Reconstructions of a Peripapillary segment of RNFL from 

confocal microscopy imaging in a A) normal and a B) glaucomatous eye. The anterior 

border of the RNFL which is composed of Muller cell end plates is stained with glutamine 

synthetase (red). In the each eye, actin staining elements (green) in the RNFL are arranged 

in distinct bundles which are thicker and more tightly arranged in the healthy eye (A) than 

in the glaucoma eye (B). Cell nuclei are stained with DAPI (blue). The top shows a 

distinct layer or retinal ganglion cells which separate the RNFL from the inner plexiform 

layer. In the glaucomatous eye, this retinal ganglion cell layer (RGCL) is mostly absent, 

leaving little separation between the RNFL and the inner plexiform layer.  
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Relationship of SAP to FDF Perimetry 

Finally, the comparison of FDF perimetry to SAP in normal and glaucomatous test 

subjects will improve the understanding of the relationship between sensitivities of the 

different forms of perimetry, and provide information regarding the test-retest reliability, 

particularly in the presence of visual field loss. 

 

General and specific research questions of this dissertation  

The overall research objective of this dissertation is to investigate various 

techniques of structural and functional testing in glaucoma in an attempt to improve the 

understanding of the relationship these measurements have to each other. The first of these 

investigations is to relate SAP and OCT measurements in a clinical glaucoma population 

using a model previously developed with experimental glaucoma non-human primates. 

The second experiment involves the comparison of OCT RNFL thickness measurement in 

glaucomatous and non-glaucomatous eyes to histological measurements using confocal 

microscopy. The final experiment compares a new form of perimetry, FDF, with the gold-

standard form of perimetry, SAP, in terms of sensitivity and test-retest repeatability. 

 

Chapter 2. Correlating RNFL Thickness by OCT with Perimetric Sensitivity in 

Glaucoma Patients 

 

General question 
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 What is the predictive relationship between OCT measurements of the RNFL and 

visual sensitivity with SAP in clinical glaucoma patients? 

 

Specific questions 

1. Can the quantitative model developed in experimental glaucoma relating SAP and 

OCT RNFL measurements in experimental glaucoma be applied to a clinical 

glaucoma population? 

2. What modifications need to be applied to the model to relate the full range of 

measurements in SAP and OCT RNFL thickness values encountered in clinical 

glaucoma? 

3. Does the model give any indication to the range of overlap of SAP and OCT 

RNFL measurements in clinical glaucoma? 

 

Working Hypothesis 

The first specific aim is to demonstrate that the relationships developed between 

OCT and SAP in glaucomatous monkeys can be applied to human glaucoma patients to 

show a defined structure-function relationship. Verification of the structure-function 

model in a clinical glaucoma population is essential for a number of reasons. Many of 

these have to do with the differences in anatomy and the pathophysiology of experimental 

glaucoma versus glaucoma encountered in a clinical population: specifically, these are 1) 

anatomic differences in the size of the eye between the macaque eye and the human eye, 

2) differences in thickness and possible composition of the RNFL between the macaque 

eye and the human eye, including differences due to age of the subjects, and 3) the use of  
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experimental glaucoma itself, which is a high intraocular pressure disease with rapid 

glaucomatous damage in comparison to glaucomatous disease encountered in the clinical 

population with and without treatment (all human glaucoma subjects were being treated in 

these experiments). Furthermore, the design used in developing the model in the 

experimental glaucomatous monkeys differed from the actual clinical populations; the 

model was developed relating early to moderate stages of visual field damage, and all of 

the animals were roughly the same age. In contrast, the clinical population included a wide 

range of glaucomatous loss and ages. 

The model is based on the premise that structural and functional damage from 

glaucoma should share a common denominator, namely loss of RGCs and axons. 

However, direct comparison of the measures has failed to produce a definitive structure-

function relationship.43, 50-52 Direct comparison of each measurement is complicated by the 

fact that RNFL thickness is measured on a linear scale, and SAP sensitivity on a 

logarithmic scale, and each is measured over a different dynamic range. Comparison is 

further complicated by the lack of an accurate topographic map relating sensitivity 

locations to their corresponding location in the peripapillary RNFL (there is a sampling 

difference as well). However, when sensitivity and thickness measurements were used to 

estimate RGC populations, there was agreement between estimates from each instrument 

in experimental glaucoma population, and with modifications, in the normative-databases 

for each instrument and with a normal/non-glaucomatous clinical population.47-49 The 

results of this model provided agreement in a group of clinical glaucoma patients with 

early to moderate damage, and showed an increasing disparity between SAP and OCT 

estimates RGCs from subjects with advanced glaucomatous damage.53 
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Chapter 3: Comparison of peripapillary RNFL thickness measurements from OCT 

and confocal microscopy in experimental glaucoma 

 

General Question 

How do in OCT RNFL thickness measurements compare with histological 

measurements in normal and eyes with experimental glaucoma?  

 

Specific Questions 

1. Do RNFL thickness measurements obtained from commercially available OCT 

instruments differ from histological measurements of the RNFL obtained with 

confocal microscopy in healthy and in glaucomatous eyes? 

2. Does the density of ganglion cells at the border of the RNFL in the 

peripapillary region influence the difference in thickness measurements 

obtained with OCT versus histology? 

 

Working Hypothesis 

The second specific aim is to compare the peripapillary RNFL thickness values 

measured from OCT scans of glaucomatous and non-glaucomatous eyes to RNFL 

thickness measurements determined from confocal microscopy. The measurement of 

RNFL thickness has become a common tool in terms of detection and monitoring 

glaucomatous disease, but comparison to histological measurements  has been difficult to 

verify in diseased participants.54 This experiment will relate OCT RNFL thickness 

measurements to histologically-measured thickness values in an attempt to determine the 



36 

accuracy of the OCT algorithm at various stages of glaucomatous disease. RGC counts in 

the peripapillary region will also be obtained to determine if there is a relationship 

between the density of the ganglion cell layer in this region and the OCT’s ability to 

accurately measure the RNFL. 

OCT measurements of the peripapillary RNFL thickness were captured for both 

normal and glaucomatous eyes prior to enucleation. Histological RNFL thickness 

measurements were determined using captured images from immunostained tissues from 

confocal microscopy. The 95% limits of agreement between the OCT-derived and 

histologically-derived measurement of OCT were determined for each group, glaucoma 

versus non-glaucoma. The difference of these measurements was compared to RGC 

counts by region to determine if percent difference in measurements was associated with 

RGC counts in that region.  

 

Chapter 4: Comparing visual sensitivity and test-retest repeatability for SAP and 

FDF perimetry  

 

General Question 

Flicker-defined form is a novel technique for testing visual sensitivity with 

perimetry and reportedly demonstrates increased sensitivity for the detection of early 

visual field loss in glaucoma as compared to SAP. This experiment will compare test-

retest repeatability between SAP and FDF perimetry, and examine the range of visual 

sensitivity for each of these perimetric tests in a normal population and a population with 

early to moderate visual field loss from glaucoma. 
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Specific Questions 

1. How does test-retest repeatability with FDF perimetry compare to SAP? 

2. How does the range of measurements of visual sensitivity from FDF compare to 

SAP? 

 

Working Hypothesis 

 New forms of perimetric measurements should be evaluated with a reference 

standard in terms their ability to reliably detect and monitor glaucomatous disease. While 

some forms of perimetry, such as SWAP, have shown increased retest variability in 

comparison to SAP, other forms such as MATRIX, FDT, and SAP size V automated 

perimetry have shown decreased retest variability in regions of reduced sensitivity due to 

glaucomatous loss when compared with SAP.22, 23, 33, 55, 56 In this investigation, SAP 

distributions and limits of agreement between test-retest sensitivity were compared with 

FDF perimetry in healthy subjects with subjects with early to moderate glaucoma.  

 

SUMMARY 

These investigations expand the knowledge of both structural and functional 

measurements common in glaucoma management. The first experiment lays the 

foundation for relating two very common measurements in glaucoma management, the 

structural RNFL thickness measurement and the functional sensitivity measurement. The 

relationship between these measurements can be used to confirm testing of either 

technique when the results of one test are in question, or decrease the need for 

confirmation by repeat testing in cases where determination of progression is at question. 
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The second investigation will compare histology and OCT measurements of the RNFL 

and examine the agreement between the measurements in normal and glaucomatous retina. 

The final investigation into the use of the FDF perimetry and SAP perimetry will help to 

define the range of usefulness of the instrument in comparison to the gold standard, and 

indications to the repeatability of the sensitivity measurements.
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ABSTRACT 

Purpose: To determine whether a structure-function model developed for normal age-

related losses of retinal ganglion cells also models the retinal ganglion cell losses in 

glaucomatous optic neuropathy. 

Methods: The model to relate age-related loss of retinal nerve fiber layer thickness and 

reduced sensitivity for SAP was evaluated with data from thirty glaucoma patients and 

forty normal subjects.  Perimetry thresholds were translated into separate retinal ganglion 

cell body estimates for test locations in the superior and inferior visual field.  The retinal 

nerve fiber layer thickness from optical coherence tomography was also divided into 

regions representing the superior and inferior hemifields to obtain estimates of the axons 

in each hemifield. The two estimates of retinal ganglion cell populations were compared 

for corresponding regions. 

Results:  Agreement between neural estimates was good for normal subjects and patients 

with early glaucomatous damage.  Results for subjects with advanced glaucoma showed 

disparities between neural estimates that were proportional to the stage of disease.  A 

correction factor for the stage of disease was introduced for the derivation of ganglion cell 

populations from the nerve fiber layer measurements which produced agreement between 

the optical coherence tomography and perimetric estimates for all patients. 

Conclusions: The modified structure-function model provided well-correlated 

relationships between the subjective measures of visual sensitivity and the objective 

measures of retinal nerve fiber layer thickness when parameters for the patient’s age and 

the severity of the disease were included. The results suggest constitutive relationships 

between structure and function for the full spectrum of normal to advanced glaucomatous 

neuropathy.   



41 

INTRODUCTION 

Glaucomatous disease is usually diagnosed and managed with measurements of 

the structural and functional alterations associated with the losses of retinal ganglion cells 

(RGCs) and their axons.  Although, functional measures, such as standard automated 

perimetry (SAP), have been the gold-standard for glaucomatous neuropathy, high-

resolution imaging has excellent accuracy and precision for assessment of structural 

defects caused by glaucoma, especially the thinning of the RNFL.7, 39, 57, 58  In theory, the 

clinical procedures should provide complementary assessments of glaucomatous 

neuropathy but comparisons of the two approaches have reported discrepancies in the 

time-courses of structural and functional defects.47, 59, 60  In some instances, it appears that 

structural losses precede functional losses (pre-perimetric glaucoma),7, 18, 43, 44 while other 

investigations have suggested a period of RGC dysfunction prior to detectable structural 

alterations caused by RGC death.61-63  However, it seems more likely that there is an 

overall correlation between structure and function in glaucomatous disease because the 

underlying changes in both are caused by losses of RGCs.18, 44, 64 

A number of factors might confound the direct comparison of SAP sensitivity to 

RNFL thickness.  First, the two instruments have very different dynamic ranges of 

measurements: SAP measures visual sensitivity over a 4 log unit range,65 whereas RNFL 

thickness is measured over a linear range of approximately 25 to 200 microns  in normal 

individuals.35, 66, 67 Second, in order to compare localized defects in the RNFL thickness 

with SAP threshold values, one must adopt a topographical map that relates the perimetric 

test location’s origin in the retina to the corresponding location where it would have its 

axons enter the optic nerve head.47, 68-70  Few investigations into the structure-function 
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relationship between SAP and RNFL measurements have formulated quantitative models. 

7,13,22-25,28,29 One such model proposes that particular regions of SAP sensitivities are 

linearly related to RNFL measurements when one considers a given thickness of the 

RNFL is unchanged at zero sensitivity (a residual RNFL thickness).13,22,25  Another model 

that was initially developed for experimental glaucoma in macaque monkeys7 and, 

subsequently, modified for normal age-related losses of RGCs in human subjects,28,29 

demonstrated that the neuronal constructs for visual sensitivity for SAP and RNFL 

thickness from OCT measurements were well correlated when related in terms of ganglion 

cell populations.  However, it must be determined whether the model for RGC losses fro m 

normal aging can be applied directly to RGC losses from glaucoma and the present study 

was an assessment of the nonlinear model relating SAP sensitivity to RNFL thickness to 

structure-function relationships of patients with glaucoma.   

The structure-function model, which has been described previously, is based on the 

principle that both SAP sensitivity and RNFL thickness are dependent on RGC 

densities,19, 47, 71 and can be related directly by a common parameter of RGC numbers. 

Specifically, visual sensitivity measurements by SAP are considered a reflection of point 

wise RGC densities and, thus, dependent on retinal eccentricity but not age, while RNFL 

thicknesses are a function of the RGC axon densities in an age-dependent manner.  The 

prior application of the model produced consistent estimates of RGC populations from 

SAP and OCT measurements for normal eyes of subjects across five decades of life, with 

equal accuracy and precision for each decade.  Consequently, the normal age-dependent 

variations in neuronal populations set baselines for the evaluation of pathological 

alterations caused by glaucoma.  This purpose of this experiment is to apply this structure-
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function relationship model developed in the normative population and tested on normal 

controls to a group of participants with varying degrees of glaucoma. 

 

METHODS 

Subjects   

Seventy-one subjects from the University Eye Institute, Houston, Texas were 

included in the study.  Control subjects were selected among patient populations, faculty, 

and students.  Glaucoma and glaucoma suspect participants were selected based on having 

one of the two diagnoses at the time of entrance into the study.  The control group was a 

subset of subjects for the development of the model,29 who were included in the present 

study to compare to glaucoma-suspects and to determine whether modifications for 

glaucoma will also affect the results for normal subjects.  For the present study, the control 

group was comprised of one eye from each of forty subjects (age: 44.8 ± 16.6 years) with 

no known history of ocular disease or visual field loss and demonstrated no evidence or 

suspicion of glaucomatous damage with either visual field testing (MD: -0.01 ± 0.08 dB) 

or OCT measurements of the RNFL (Global thickness: 96.7 ± 10.1 m).  The 

glaucomatous group was composed of the worse eye as scored by mean deviation on SAP 

from thirty-one participants (age: 62.5 ± 15.5 years) diagnosed as either glaucoma or 

glaucoma suspects by their clinicians (for all patients an average MD: -6.74 ± 8.66 dB, 

Fig. 1, and average global thickness: 77.1 ± 19.4 m).  In both groups, subjects exhibiting 

significant media opacity (best corrected visual acuity < 20/40), any visible or past retinal 

pathology in the posterior pole, or known visual field loss not secondary to glaucoma were 

excluded from the study.  The research adhered to the tenets of the Declaration of Helsinki 
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and the experimental protocol was reviewed and approved by the University of Houston’s 

Committee for the Protection of Human Subjects.  Informed consent was obtained from 

each of the subjects and they were remunerated for their participation. 

 

Clinical Testing 

Visual sensitivity was determined for each eye using static threshold perimetry 

with the Humphrey Visual Field Analyzer II (model 750, Carl Zeiss Meditec, Inc., Dublin, 

CA).  Subjects were tested with 24-2 test pattern using the SITA standard thresholding 

strategy.  Subjects performed two sets of visual fields in one session, with a break between 

sets, and the second measurements were used for the study.  Testing was performed with 

the standard protocol for visual field testing and only visual field data with reliable test 

indices (fixation losses < 33% and false positives < 15%) were included in the analysis. 

Quantitative measurements of the retinal nerve fiber layer were obtained for each 

eye using the StratusOCT III (software version 4.0.1 and version 4.0.4, Carl Zeiss 

Meditec, Inc., Dublin, CA) by one of the authors (NR or JW for control measurements, 

and JW for glaucoma and glaucoma suspects).  The standard 3.4 mm diameter scan for 

retinal nerve fiber layer thickness was used to obtain 512 measurements along a 10.87 mm 

circumference scan centered on the optic nerve head.  Subjects’ pupils were dilated with 

1.0% tropicamide prior to OCT testing to ensure adequate image quality (>6 on all scans).  

All 512 tomogram measurements from each OCT RNFL thickness scan were then 

exported for analysis. 
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Figure 2.1. Histogram showing the distribution of mean deviation scores on standard 

automated perimetry for the glaucoma and control groups. Mean deviation (dB) scores for 

the glaucoma and control groups are shown for the test population. 
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Translation of SAP and OCT to ganglion cell estimates  

Translation of Perimetry Data to Ganglion Cell Quantities:  The methods for 

conversions of SAP sensitivity to RGC density have been described. 27-30   In brief, the 

correlation of RGC densities and SAP sensitivities showed that ganglion cell quantity, 

(gc), in decibels at a given retinal location is dependent on the eccentricity from the fovea, 

( e ), and the corresponding sensitivity at that visual field test location, ( s ).6, 19  The 

equations, as adapted for the human axial length (1.34X longer than the macaque eye), are 

as follows: 

1.     9.034.1054.  em  

2.    8.1434.15.1  eb  

3.      7.4/1  mbsgc  

Where (m) is the slope and (b) the y-intercept for each eccentricity tested.  These 

functions give the point-location RGC density for each location in the visual field test 

pattern.  In order to find a quantity for a given area, it was assumed that ganglion cell 

density was uniform for a given area (6º X 6º) centered on the visual field test location.  

Therefore, the number of ganglion cells for a given area would be equivalent to the 

ganglion cell estimate for the test location (unlogged) multiplied by 2.94 (based on the 

conversion factor that 1 mm retinal distance = 3.5º visual angle for the human eye).  One 

decibel was subtracted from the original sensitivity value for each test location to account 

for the difference between full threshold testing used in the experimental setting and SITA 

threshold testing used in the clinical setting.72, 73 

Translation of OCT measures to Ganglion Cell Axon Quantities :  The methods 

for estimating axonal numbers from RNFL thickness were derived from analyses of the 
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normative rates of decline for SAP sensitivity and RNFL thickness and subsequently 

applied to normal subjects. The conversion from OCT measures of RNFL thickness to an 

estimate of RGC axons (a) is a linear transformation from the area of RNFL (μm2) and the 

density of axons (a/μm2), where the area is determined from the OCT thickness 

measurement and the axon density is a function of the subject’s age. 28,29 

4.   

5.  

The total number of axons (a) in an OCT scan over a region of pixels from (x) to 

(x+n) is determined by the RNFL area, i.e., the height (hx) of the scan (in μm) at 

tomogram (x) times a constant of 21.2 μm (10.87 mm scan length / 512 pixels per scan) 

summed across the number of tomograms in the inferior, nasal, or superior region (see 

Figure 2.1A), and multiplied by the axon density (d) in axons/ μm2.   

Mapping corresponding SAP and OCT locations:  Although the previous 

application of the model mapped the visual field into 10 sectors of the ONH, for this study 

a more simple approach was used in which the RNFL and visual field were divided into 

only three regions.  The inferior and superior hemifields, each of which encompassed half 

of the temporal side of the optic nerve head, and a nasal region, which corresponded to the 

area falling between 144º to 216º (Figure 2.1A).47, 49, 74  In this map, SAP test locations are 

assigned to one of three areas (Figure 2.1B), based on the inferior, superior, or nasal 

region where they would have their axons enter the optic nerve head, but because of the 

limited SAP data for the nasal sector, only data from the superior and inferior hemifields 

were analyzed.  
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RES ULTS 

Comparison of SAP and OCT derived estimates 

The relationships between the OCT and SAP estimates of neuronal populations for 

all of the subjects are presented for the superior (Figure 2.3A) and inferior (Figure 2.3B) 

hemifields and both hemifields totaled (Figure 2.3C).  The data for control subjects, 

glaucoma suspects and glaucoma patients with minimal field loss (i.e., a SAP mean 

deviation ≥ -3.00 dB) are clustered around the 1:1 line, showing good agreement between 

the structural and functional estimates.  In contrast, the data for patients with more 

advanced glaucomatous disease show increasing discordance between SAP- and OCT-

derived estimates, with the OCT-derived estimates predicting larger RGC populations than 

the SAP-derived estimates.   

Reconciling the discordance between SAP and OCT derived estimates  

The discrepancy between OCT and SAP estimates with increasing severity of 

glaucomatous disease is similar to that observed when a fixed axon density was used and 

the data were analyzed by age;49, 74 that is, the difference between estimates is directly 

proportional to the increase in age or the severity of glaucomatous disease, with the OCT-

derived RGC estimates being larger.  In the case of aging, the normative data bases for 

SAP and OCT measurements were used to derive a compensation factor for senescence by 

opposing changes in the RNFL structure (a decrease in the number of axons with a 

concurrent decrease in axon density with age).  Following a similar strategy, a third 

quantity, glaucomatous neural loss, was used to make comparisons between the OCT-

derived estimates and those derived from SAP.  Glaucomatous neural loss is the amount of 
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Figure 2.2 – Assignment for SAP test locations and the OCT RNFL scan. A) shows the 

OCT locations, and B) shows the corresponding visual field test locations. 
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Figure 2.3 – Region Specific and Total Visual Field-Derived and OCT-Derived RGC 

estimates. Inferior visual field versus superior OCT-derived RGC estimates (A), Superior 

visual field versus inferior OCT estimates (B), and total estimates (C) of retinal ganglion 

cell estimates. The solid line represents the one-to-one line, dark squares represent control 

populations, and the light grey diamonds represent glaucoma subjects. All graphs show 

agreement early in the case, but with increasing discordance between estimates with 

increasing glaucomatous damage. 
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loss proposed to be lost solely from glaucomatous disease and not from the aging process.  

Age-expected SAP and OCT estimates were calculated with the following formulas, 

which were developed in previous experiments relating OCT rates of decline from aging 

with those from SAP:49, 74  

7) Age-Expected Axons  = 1260695 – (7047 × Age) 

8)  Age-Expected RGCs = 1240695 – (6145 x Age) 

8)  Glaucomatous Neural Loss = Observed RGCs - Age-Expected RGCs 

Comparison of SAP glaucomatous neural loss and OCT mean neural loss to the 

mean deviation (MD) index from SAP for each subject demonstrates systematic 

differences between estimates of neurons as a function of the stage of glaucoma (Figure 

2.4)   Although the calculated glaucomatous neural losses by both structural and 

functional measurements are directly proportional to the stage of disease as quantified by 

the perimetric MD, the slope of the function for neuronal losses based on SAP 

measurements is steeper than for losses determined from OCT estimates.  The relationship 

for the difference in structural and functional estimates as a function of SAP MD gives a 

correction factor for estimating neural loss from OCT derived measurements for all stages 

of disease. 

 9)  (sc) = 0.28 × SAP MD score – 0.18  

Where (sc) is the final correction applied to final total estimates from the OCT estimates 

(in dBs).  Figure 2.5 plots the total estimates from each subject from OCT and SAP for all 

subjects with the stage-dependent parameter incorporated into the model.  With this factor  
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Figure 2.4 - Glaucomatous neural loss as a function of SAP mean deviation. The mean 

deviation scores from perimetry (dB) were plotted against the mean neural loss 

determined from the OCT estimates (circles) and from the SAP estimates (squares). 

Reconciliation of these differences of mean neural loss is used to account for the disparity 

at advanced stages of glaucoma, and is the basis for the correction factor used in the 

following figure (Figure 2.5).  
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Figure 2.5 - SAP Totals Versus OCT-Derived Retinal Ganglion Cell Estimates After 

Compensation for Stage of Disease.  Control (dark gray squares) and glaucoma (light gray 

diamonds) for total retinal ganglion cell estimates after correction for stage of disease for 

the OCT-derived estimate. The small dashes represent the one-to-one line and the larger 

dashes represent the linear regression for the data. 
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included, the estimates of neuronal populations from SAP and OCT are well correlated 

with a slope of approximately 1.0.  

 

DISCUSSION 

The present study demonstrates that the model developed to relate the systematic 

changes in SAP and OCT measurements during normal aging was found to applicable to 

patients with an early stage of glaucoma, but an additional parameter defined by the stage 

of disease was required to model more advanced disease. Relating SAP sensitivity to OCT 

RNFL thickness in this model requires that the measurements be compared in terms of 

their common neural elements, RGCs, by using equations developed in previous 

experiments.19, 47, 49, 71, 74  RGC quantities as determined by perimetry have been verified 

histologically in previous experiments, so it seems likely the source of the discrepancy in 

terms of axonal estimates is a result of the structural measurement.  Given the model’s 

ability to predict equivalent neural elements in the control population when axon density 

changes as a function of age, the logical choice in determining the discrepancy is to 

examine the axon density as a function of stage of disease.  In either case, a decrease in 

axon density with age and from glaucomatous disease can explain  the slower rate of loss 

from RNFL thickness derived axon estimates when a constant axon density is used.  When 

age and stage of disease are variables incorporated into the OCT-derived estimates, there 

is excellent agreement with SAP-derived estimates for all subjects. 

In a previous investigation,47 experimental glaucoma was allowed to progress in 

macaque monkeys in order to develop a quantitative structure-function relationship 

between OCT RNFL thickness and SAP sensitivity measurements.  However, there are 
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important differences in experimental, compared to clinical glaucoma and studies based 

on the normative databases and non-diseased eyes demonstrated that the age of the subject 

is an important parameter in calculating axon estimates for OCT RNFL thickness 

values.49, 74  Those studies did not address the need for a factor to account for the stage of 

glaucoma, though, in retrospect, it may have improved agreement in SAP and OCT data 

for the more advanced field defects in experimental glaucoma, as was demonstrated with 

the glaucoma patients in this study.   

The incorporation of the stage-dependent factor improved the accuracy of the 

structure-function relationship for moderate to advanced stages of glaucoma.  In the 

present case, the analysis was based on data from entire hemifields in order to reduce 

inter-subject variability.  Previously, the analysis of structural and functional data with a 

smaller sector-by-sector relationship resulted in greater variability, which would be 

expected from inter-subject differences in the locations of the regions of maximum 

thickness in the RNFL.63 It has also been suggested that SAP is not capable of reliably 

measuring glaucomatous damage across the entire SAP range due to variability of 

sensitivity below a certain range22, 23, and that the dynamic range of measurements from 

SAP is much smaller, which would negate the need for a stage correction in the later 

stages of disease since the SAP measurements would be inaccurate in the lower ranges.  

The inter-subject differences in the RNFL thickness characteristics may also cause 

variability in mapping the visual field onto the optic nerve head and, thus, greater 

variability in the analysis of small sections compared to a whole-field analysis.  The inter-

subject variability of the relationships between visual field and optic nerve data has also  

been illustrated by recent investigations of the regional relationships.69, 70, 75, 76 
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One possible explanation for the need of a stage corrective factor in the model is 

glial remodeling of the retinal nerve fiber layer in during the disease process.  There is 

support of remodeling from histological evidence for increased glial tissue found in 

glaucomatous eyes compared to age-matched control eyes.77, 78  Gliosis may result in 

masking the expected rate of decline of RNFL thickness in normal individuals when 

compared to age-related loss of RGCs, which can help explain the residual RNFL 

thickness observed in individuals with end-stage glaucomatous visual fields and other 

optic nerve conditions resulting in death of the axons.  Although the model proposes an 

increase in the non-neural composition of the RNFL both with increasing age and 

glaucomatous disease, the exact changes that occur need histological verification. 

As an alternative to the model described here, the simple linear model proposed by 

Hood et al., 63, 79, 80 relates sensitivity averaged in linear units to RNFL thickness in a 

corresponding region when the non-axonal elements of the RNFL thickness are held 

constant (roughly 1/3 of the original thickness value).  By this model, a sensitivity of half 

the normal value on SAP would correspond to a 50% loss of RGCs and their axons, and a 

50% loss of RNFL thickness in the axonal portion of the total thickness, leaving the 

constant non-axonal portion of thickness the same.  The present model predicts that the 

amount of sensitivity that would correspond with a 50% loss of RGCs and their axons 

would depend on the eccentricity, but would vary from sensitivity in a logarithmic 

relationship (i.e., it would take a 3-6 dB loss of sensitivity to account for 50% loss of the 

ganglion cells), depending on the eccentricity.  The nonlinear model also proposes that 

there would be an increase in the non-axonal components of the RNFL thickness to 

contribute to the overall thickness of the RNFL as measured by the OCT with both age 
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and increasing stage of disease.  Other differences between the linear and nonlinear 

models have been described in some detail, and although the simple linear model is based 

on different assumptions, there is support for it in the literature.81-83  

In conclusion, the study has supported the methods for quantitatively comparing 

the structural elements of OCT with the functional measurements of SAP in normal 

subjects and patients with varying stages of glaucomatous disease.  At this point, the 

modifications to account for the stage of glaucoma were developed and tested with data 

from same population.  It is a necessary first step, but it noteworthy that the utility of the 

model recently was demonstrated for an independent group of patients.   The model 

accurately related structure-function relationships for control subjects, glaucoma suspects, 

and glaucoma patients with early- to late-stage disease and, therefore, argues against the 

concepts of perimetric defects preceding anatomical defects, or vice versa. Future 

development will be undertaken for applying the stage of disease correction to individual 

test locations and sectors as they are likely to vary at different locations around the optic 

nerve head.  This structure-function model might also be strengthened by correlating these 

measurements with other structural measurements (particularly scanning laser polarimetry 

of the retinal nerve fiber layer).  Lastly, histological studies are needed to determine 

whether RNFL composition changes in response to both the aging process and to 

glaucomatous disease.
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 Chapter 3 – Comparison of Optical Coherence Tomography with Confocal Imaging 

Measurements of the Peripapillary Retinal Nerve Fiber Layer in Experimental 

Glaucoma 
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ABSTRACT 

Purpose: To compare peripapillary retinal nerve fiber layer (RNFL) thickness 

measurements obtained from optical coherence tomography (OCT) with thickness 

measurements obtained from confocal microscopic images in eyes from macaque 

monkeys with unilateral experimental glaucoma. 

Methods: The eyes of six rhesus monkeys (Macaca mulatta) with unilateral experimental 

glaucoma were scanned with either the Stratus OCT or the Spectralis SD-OCT prior to 

enucleation of both eyes. Whole mount regions of tissue surrounding the optic nerve were 

excised and stained with phalloidin-Alexa 488, 4’,6’-diamidino—phenylindole (DAPI), 

and immunolabeled with anti-glutamine synthetase. Several regions of the peripapillary 

RNFL corresponding to similar locations from the OCT scan path were imaged using the 

Zeiss 510 LSM confocal microscope. These regions were then measured using a 

customized MATLAB program and compared to the corresponding region of 

measurements obtained with OCT. Limits of agreement between measurements were 

calculated to determine agreement between the measurements. Percent difference in the 

measurements were then calculated and compared to ganglion cell counts obtained from 

the cross sections of the images.  

Results: A reduction in the RNFL thickness occurred in all of the eyes with experimental 

glaucoma. The limits of agreement (LoA) between OCT- and histology-derived thickness 

measurements were quite large (untreated eyes: mean= -8.010, LoA = -51.167 to 35.147; 

treated eyes: mean=-5.533, LoA = -54.501 to 43.434) and no difference was observed 

between absolute measurement differences in the diseased and healthy eyes (p=0.67). The 

percent differences between measurements were much larger in the glaucomatous eyes 
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(40.95%±83.97) than in the non-glaucomatous eyes (11.18%±33.92%) and using a 

generalized linear model with repeated measures, there was a statistically significant 

difference (p = 0.0088) between glaucomatous and non-glaucomatous percent differences 

when retinal ganglion cells were used as predictors for all segments except those located 

temporally. 

Conclusion: OCT measurements were generally thicker than measurements obtained from 

confocal microscopy. The measurement differences in percent units were greater in  

glaucomatous eyes and are higher in regions with fewer remaining retinal ganglion cells 

present.  



61 

INTRODUCTION 

 Glaucoma is a progressive optic neuropathy resulting in loss of retinal ganglion 

cells and their axons.1 Although the evaluation of visual function in the form of perimetry 

remains one of the most common measurements of disease severity in glaucoma, advances 

in high-resolution imaging have led to instrumentation that allow for objective 

measurements of various ocular structures that are also now commonly utilized in 

glaucoma management.84 Two of the most common structures to be imaged and measured 

are the optic nerve head cupping and the retinal nerve fiber layer (RNLF) thickness, both 

of which show characteristic changes with glaucomatous disease, and some investigations 

support the use of high-resolution imaging in the detection and management of 

glaucomatous disease.85-87 

Optical coherence tomography (OCT) is one technology that is commonly used fo r 

obtaining RNFL thickness measurements.39, 88  Various commercial OCT-based 

instruments are available for measuring RNFL thickness, and both broad classifications of 

instruments (real-time and spectral-domain optical coherence tomography), show good 

reproducibility in their measurements.36-38, 89 The RNFL thickness measurement relies on 

the image quality obtained and on the instrument’s ability to detect and properly define the 

borders of the RNFL;90, 91 this is obtained through the use of an image segmentation 

algorithm that is performed post-image capture.91, 92  

Despite the widespread use of OCT technology, testing the accuracy of OCT-

measured RNFL thickness against measurements derived from histology in glaucomatous 

disease is rather limited.54, 93-96  While OCT RNFL thickness measurements have proven 

valuable in the detection of the early stages of glaucoma,50, 97 some investigations suggest 
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these measurements are not as useful in the eyes that show substantial damage from 

glaucomatous disease or other optic neuropathies.97-100  For example, Chan, et al.,98 found 

that eyes with no light perception from glaucomatous optic neuropathy still possessed a 

residual RNFL thickness of 40 microns. Another study found that eyes classified as end -

stage glaucoma retained approximately 43% of RNFL thickness of a normal, non-

glaucomatous eye.101 

 Histological studies regarding RNFL thickness of the primate eye are also limited, 

and usually not performed in the same regions of the retina that is measured with the 

standard OCT RNFL scan.96, 102-105  Unfortunately, obtaining histological measurements of 

the peripapillary RNFL thickness in primates has proven especially difficult, with only a 

few studies comparing OCT RNFL thickness measurements with histological 

measurements of the peripapillary RNFL.54, 94  

 The macaque model of experimental glaucoma has been shown to be a suitable 

animal model of glaucoma.6, 18, 45, 71, 106 In this model, high intraocular pressures are 

induced with repeated argon laser treatment of the trabecular meshwork with subsequent 

monitoring for glaucomatous changes which can include functional losses from perimetric 

testing,6, 18, 45, 47, 71, 106 or changes in ocular structures using high-resolution imaging.47, 93 

The advantage of high-resolution imaging in these experiments is that it provides an 

objective quantifiable measurement of the RNFL and optic nerve which can reliably detect 

glaucomatous changes and can be obtained with minimal difficulty in anesthetized 

animals. 

 The purpose of the present investigation was to compare in vivo measurements of 

RNFL thickness by OCT and ex vivo, histological measurements for healthy and 
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glaucomatous eyes. This was done by comparing OCT measurements of the peripapillary 

RNFL with measurements taken from images obtained from confocal microscopy in 

corresponding regions of peripapillary retinas following enucleation. 

 

METHODS 

Subjects 

 The subjects for this investigation were six adult rhesus monkeys (Macaca 

mulatta) aged four to seven years of age with good overall systemic and ocular health. 

Experimental and animal care procedures were reviewed and approved by the Institutional 

Animal Care and Use Committee of the University of Houston.  The use of animals for 

these experiments adhered to the ARVO Statement for the Use of Animals in Ophthalmic 

and Vision Research. 

One eye of each macaque monkey was treated with repeated argon laser burns 

until sustained elevated intraocular pressures were reached from trabecular scarification. 

This technique is described in detail in Harwerth, et al.,106 but in brief, each animal 

underwent a number of argon laser treatments under anesthesia until the animal 

demonstrated elevated intraocular pressures.  

 

 

Optical Coherence Tomography Imaging 

For OCT imaging, each animal was first anesthetized with ketamine (20-25 mg/kg) 

and xylazine (0.8-0.9 mg/kg per hour). The animals were then placed in a customized head 

rest and bite-bar and placed in front of the OCT instrument for measurement. A lid 
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speculum was used to maintain the lid position and a plano-power rigid gas permeable 

contact lens was placed on the eye during image acquisition to maintain corneal hydration 

and image clarity during the scan. Both eyes from each animal were imaged using either a 

Stratus OCT III (Zeiss Meditec Inc., Dublin, CA; OHT-(1-4) or the Spectralis SD-OCT 

(Heidelberg Inc., Heidelberg, DA; OHT-5,6) at various intervals throughout the disease 

progression, including a final measure prior to enucleation and sacrifice. 

OCT measurements using the Stratus were obtained with the standard 12º circular 

scan (512 tomogram measurements per circle) to obtain a RNFL profile for thickness 

measurements. A similar circular scan to the Stratus OCT was also used to capture th e 

RNFL thickness measurements from the animals imaged with the Spectralis SD-OCT. 

However, circular scans for the Spectralis contained 1536 A-scans per circle and 16-frame 

averaging during the image captures to reduce speckle noise.  Stratus and Spectralis  OCT 

RNFL thickness scan measurements were then exported to an excel spreadsheets and the 

measurements corresponding to temporal, superior temporal, superior, superior nasal, 

nasal, inferior nasal, inferior, and inferior temporal were selected from the complete 

TSNIT series of measurements.  

 

Retinal tissue Preparation and staining 
 

Monkey eyes were enucleated and the posterior segment fixed in 4% 

paraformaldehyde in phosphate buffer (0.1M, pH 7.4). A square segment of retina, 

centered on the optic nerve (approximately 5 mm x 5 mm) was removed from each eye. 

Samples were washed in phosphate buffered saline (PBS), and then placed in antibody 

blocking solution (PBS) for two days. To label Müller cells and astrocytes, the tissue was 
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exposed to anti-rabbit glutamine synthetase diluted in PBS (2:1000; Sigma, 

ImmunoChemicals). The samples were placed on a shaker in a cold room over-night, 

followed by refrigeration without shaking for two days. After removing antibody, the 

samples were washed in at least three changes of PBS containing 0.3% Triton X 100, 

0.1% sodium azide and 1% donkey serum over a period of three days and then incubated 

with Cy3-conjugated donkey anti-rabbit IgG (Jackson ImmunoResearch Laboratories Inc., 

West Grove, PA) for three days. Samples were washed in four changes of PBS without 

additives overnight on a shaker in a cold room. After washing, the samples were exposed 

to a mixture of DAPI (4', 6-diamidino-2-phenylindole; 1:1000 PBS) and Alexa Fluor 488 

Phalloidin (1:100, Invitrogen ) diluted in PBS for a period of three days at 4 degrees. 

DAPI and Phalloidin were used to stain nuclear DNA and actin respectively.  After a two 

day wash in PBS, the tissue was mounted on slides with Vectasheild (Vector Laboratories) 

and the cover slips sealed with warm dental wax. 

After images were captured, selected tissue (superior, inferior, and temporal 

segments) were cut using a vibrotome into sections of approximately 50 microns. This 

tissue was then stained using anti-neurofiliment antibody to look for coincident staining of 

the phalloidin-staining regions and neurofilament-staining regions of the retina. 

 
Confocal Image Capture of Peripapillary RNFL 

 

Orientation of the retina tissue was determined from the location of a notch that 

had been placed at a known location of the tissue sample. The orientation was further 

verified by matching the vessel pattern with optic nerve head photographs captured prior 

to enucleation.  
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  In order to capture similar regions of the peripapillary RNFL as those obtained 

with the OCT measurement, the distance of the OCT scan path on the macaque eye was 

first determined. For both Stratus and Spectralis, the scan location this  was approximately 

1250 microns from the center of the optic nerve head, which is smaller than the 1700 

micron location of the scan in the human eye. The center of the optic nerve head was used 

as the (0,0) reference location. The microscope interface was then used to move the stage 

to retinal locations that approximated the position of the intended RNFL OCT scans (1250 

µm from the center of the ONH). Up to eight regions were sampled per eye, corresponding 

to superior, inferior, nasal, temporal, superior-temporal, superior-nasal, inferior-temporal, 

and inferior-nasal (Figure 3.1).  

Images of the retinal tissue were captured under the following settings: x and y 

capture rates were set to 0.48 µm, and the z capture rate was set to 1 µm sections. The 

depth of the scan extended from the inner limiting membrane to the inner plexiform layer. 

Once the z settings were set, the region was scanned with  the three laser settings (405, 

488, 543 nm for DAPI, actin, and glutamine synthetase respectively) with 4-scan 

averaging to reduce noise. The horizontal and vertical dimensions of the stacks were 225 

microns x 225 microns.  

 

Processing and Measurement of RNFL histological tissue 

Reconstructed cross sectional images were obtained using the Zeiss LSM Image 

Browser Version 4.2.0.121 (Zeiss-Meditec, Dublin, CA). Three retinal nerve fiber layer 

cross-sections were selected per region at least 50 µm apart.  Each cross section of RNFL 

was measured using a customized measurement program written in MATLAB. The 



67 

 

 

Figure 3.1 – Areas of Confocal Microscopy Measurement. Up to eight regions of the 

peripapillary RNFL were scanned with the confocal microscope in the locations shown. 

Each confocal capture consists of a 225 x 225 µm segment with variable thickness 

depending on the loaction and disease severity of the eye. Areas of RNFL and RGC 

measurement were taken in the locations from each segment corresponding to the closest, 

middle and furthest area of the scan from the ONH.  
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program allows the user to measure a section of tissue by identifying the borders that 

delimit the region of interest and fitting a spline function to the points selected by the user. 

The program then takes the pixel area between the two sections and the pixel size to 

calculate an area and average thickness of the selected region of interest. Spline fits that do 

not reflect the actual border of the region in question were refit by the user. Additionally, 

the number of retinal ganglion cells present were then counted across the entire width of 

the cross-sectional image (225 µm). Average thickness values and RGC counts were then 

exported to a separate spreadsheet and averaged across each tissue segment to obtain on 

average thickness for each entire RNFL region captured (Figure 3.2).  

 

Analysis of Measurements 

   Thickness measurements obtained by OCT were then isolated to the regions of 

interest (superior, inferior, temporal, nasal, superior-nasal, inferior-nasal, superior-

temporal, and inferior-temporal) and used for comparison to the RNFL thickness 

measurements obtained from the confocal images. The 95% limits of agreement were 

determined to compare thickness measurements. 

 In order to determine if  the number of RGCs influenced the difference between 

OCT and confocal measurements, percent difference measurements were determined for 

each location and then plotted against the number of RGCs for that particular location. 

Measurement differences were calculated as percent differences from the confocal 

thickness measurement. 
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Figure 3.2 – Example of MATLAB segmented Confocal Image. This confocal scan is 

from a temporal segment in a glaucomatous eye. There is a bilayer of RGCs (as opposed 

to a 3-4 layered RGC layer for temporal segments in normal eyes). The RNFL has been 

segmented with the aid of the MATLAB program and is separated from the other tissue by 

red borders. Blue nuclei found within the RNFL are most likely endothelial nuclei. 
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A generalized linear model with repeated measures was used to determine any difference 

in the percent difference distributions of glaucomatous and non-glaucomatous eyes based 

on retinal ganglion cell number. 

 

RES ULTS 

 The effects of experimental glaucoma on RNFL thickness are illustrated in Figure 

3.3 and the final average RNFL thickness values are shown in Table 3.1.  The thickness 

profiles for healthy eyes displayed the typical double-peak pattern observed in healthy 

eyes with average thicknesses > 80 µm. In comparison, the glaucomatous eyes showed 

varying degrees of RNFL thinning when compared to the glaucomatous eye, but as a 

whole, they demonstrated thinner RNFL thicknesses especially in the superior and inferior 

regions where the RNFL is typically thickest. Average thicknesses for the glaucomatous 

eyes were less than their non-glaucomatous fellow eye, and ranged from 40 – 60 µm 

(Table 3.1) 

Measurements with the higher resolution of Spectralis were similar to the Stratus 

scans. Figure 3.4 shows the RNFL loss for two monkeys with profile for both eyes prior to 

treatment along with the final scan from the treated eye with Spectralis -SD OCT. Both  

sets of eyes show that prior to argon laser treatment, the two eyes had similar RNFL 

thickness profiles and the final OCT scan demonstrated a substantial reduction in 

thickness for the treated eyes. 

Sixty-two retinal locations were captured by confocal microscopy and processed 

for use in the analysis. Each location had either two or three different cross -sections used 

to obtain an average thickness measurement for each retinal location. From these slices, 
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Figure 3.3 – OCT RNFL Thickness Profiles for Healthy and Glaucomatous Eyes. Four 

animals are represented in each graph, representing the animals with Stratus-OCT RNFL 

thickness captures. Note characteristic double peak pattern of RNFL thickness for the 

healthy eyes (A), and a flattening of the eyes (B) that developed glaucomatous loss. 
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Average RNFL Thickness Measurements for ALT-Treated and Untreated Eyes  

Subject Treated Eye Untreated Eye 

OHT-1 40 86 

OHT-2 46 85 
OHT-3 56 101 
OHT-4 56 83 

OHT-5 40 111 
OHT-6 66 105 

 
Table 3.1 – Final OCT RNFL thickness averages. Note OHT-1 thru 4 were taken with the 

Stratus OCT, and OHT 5, 6 were taken with the Spectralis-HD OCT.  
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Figure 3.4 – Pre-and Post Treatment OCT RNFL Thickness Profiles. The red and blue 

traces represent the both eyes prior to treatment with argon laser trabeculoplasty and 

scarification. The green trace represents the final scan for the treated eye.  
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fifty four images were used to obtain RGC counts. In general, treated eyes showed 

reductions in RNFL thickness, smaller and less packed RNFL bundles, and an increase in 

glutamine synthetase staining and penetration (Figure 3.5); however, it could not be 

determined if there was an absolute increase in glutamine synthetase staining due to 

penetration difficulties in non-treated and some treated eyes alike. Thinner segments 

showed better staining overall with both phalloidin and glutamine synthetase, although 

DAPI staining was heavy throughout both treated and untreated eyes. Additionally, some 

locations in the treated eyes also show heavy staining in the anterior portions of the RNFL 

with glutamine synthetase than observed in the fellow eyes in similar locations.  

 Phalloidin is not selective to staining RNFL axons only, and it can be seen in 

additional layers in the retina. As mentioned in the methods, immunostaining with 

neurofilament antibodies did not achieve adequate penetration in the intact tissue samples,  

and the entire RNFL was not able to be visualized with the tissue intact. Figure 3.6 reveals 

a comparison of the staining with phalloidin and neurofilament antibodies in the same 

vibratome section.   It is readily apparent that the neurofilament antibody and phalloidin 

stain similar regions of the RNFL. but unlike phalloidin, the neurofilament signal is only 

in the region of RNFL axons and not more posterior parts of the retina. 

Confocal and OCT RNFL measurements are compared in Figure 3.7 using a 

Bland-Altman plot. The plot shows the overall limits of agreement for absolute differences 

for treated and untreated eyes. The range of agreement for all measurements is fairly large, 

from -52.36 µm and 38.52 µm with an average difference of -6.92 µm. The plot also 

shows that OCT measurements of the RNFL were generally thicker than measurements 

obtained from the confocal images 
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Figure 3.5 – Comparison of RNFL Cross Sections Imaged with Confocal Microscopy. The 

left upper and lower slides are untreated eyes and the right upper and lower panels are 

treated eyes (temporal and superior segments). In these images, the red color represents 

glutamine synthetase staining, green phalloidin staining, and the blue tissue that stains 

with DAPI. RNFL axons, Müller tissue, and the RGCs are labeled.  
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Figure 3.6 – Vibrotome Section Stained with Neurofilament and Phalloidin. The same 

vibrotome section of retinal tissue demonstrating the stain selectivity of  neurofilament to 

RGC axons in the RNFL, and coincidental staining of phalloidin to the actin containing 

elements within the RNFL. These images show that phalloidin stains the same nerve fiber 

bundles as the more specific antibody for neurofilament, and can serve as a reliable 

marker for retinal ganglion cell axons. 
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The association of percent difference in RNFL thickness measurements between OCT and 

confocal microscopy was then evaluated as a function of ganglion cell counts in the 

peripapillary region as determined in the confocal scans (Figure 3.8). The mean and 

standard deviation for percent difference for treated eyes was 40.95 ± 83.97 % and for non 

treated eyes was 11.18 ± 33.92 %. Using the generalized linear model for percent 

difference for treated and untreated eyes and retinal ganglion cell counts, the percent  

difference distributions for treated and untreated eyes did not reveal a statistically 

significant difference until temporal segments were removed from the analysis. Without 

temporal segments, the difference in distributions of percent differences between   

treated and untreated eyes were statistically significant (p=0.0088).  

 

DISCUSSION 

This experiment compared OCT RNFL thickness measurements in experimental 

glaucoma with thickness measurements obtained from confocal microscopy of the same 

peripapillary regions. It revealed that confocal microscopy images can be used to measure 

peripapillary RNFL segments stained with phalloidin and DAPI, and that RNFL thickness 

measurements obtained from confocal microscopy images were generally less than those 

measured with OCT. 

Monkeys with experimental glaucoma are a commonly used animal model for 

clinical glaucoma, and shares many similarities to clinical glaucomatous neuropathy. 

Several investigations have validated visual field and retinal ganglion cell loss in 

experimental glaucoma,6, 18, 71 and more recently, structural changes of the RNFL have 

been used to demonstrate glaucomatous damage.47 The present experiment supports 
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Figure 3.7 - Bland-Altman Plot for Confocal and OCT RNFL Thickness Measurements. 

The limits of agreement are -52.36 to 38.51, with a mean of -6.92 implying the OCT 

RNFL thickness measurement is generally slightly thicker than the confocal measurement. 
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Figure 3.8 – Retinal Ganglion Cell Counts Versus Percent Thickness Difference Between 

OCT and Confocal RNFL Thickness for Glaucoma and Non-Glaucomatous Eyes. Blue 

represents the  data from the glaucoma group and red, data from the control group. Plotted 

circles represent non-temporal segments and “X” represents temporal segments. The mean 

retinal ganglion cell count/segment for the glaucoma group (blue), non-temporal segments 

was 12.35+/- 5.77 and temporal was 19.91+/-13.82. For healthy, non-glaucomaous, non-

temporal segments it was 26.65+5.66 and for temporal segments it was 58.0+/- 7.25. The 

generalized linear model using percent differences as the dependent variable and retinal 

ganglion cell count as the independent variable showed that there was a statistically 

significant difference (p=0.0088) between the treated and untreated groups when temporal 

locations were excluded from the calculation.   
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past investigations which have demonstrated that OCT measurements of the RNFL 

thickness are diagnostic of the axonal losses in glaucomatous neuropathy. 

 Confocal microscopic imaging provides an alternative and histological-based 

method for measurement of the RNFL with several advantages.  First, confocal 

microscopy allows for images from the region of interest to be captured with a high degree 

of accuracy, if retinal landmarks can be observed; in this study, the advantage was in 

being able to measure from the center of the optic nerve to obtain images from the 

peripapillary RNFL, which is the area measured with the traditional OCT scan.  Second, 

the retinal tissue in the region to be evaluated can remain intact and accurate 

measurements can be taken as if the tissue was in vivo. For these measurements, this 

investigation examined specific locations in the peripapillary retina for RNFL thickness 

comparison, as imaging the entire 360 degrees of the peripapillary RNFL with confocal 

microscopy in multiple eyes is somewhat unrealistic. Third, using different stains targeted 

to select specific components within the RNFL, the borders of the RNFL could be 

assessed for image segmentation and accurate measurements. These stains have the 

potential to be used to qualitatively assess the RNFL in terms of composition and 

structural difference in glaucomatous and normal RNFL. Although the glial component 

could not be evaluated due to poor antibody penetration, it appears that both regional and 

glaucomatous variation in glial composition may occur. 

Comparison between OCT- and confocal microscopic derived-thicknesses reveals 

a tendency for the OCT-derived measurements to be slightly thicker than those obtained 

from confocal images.  However, the variation between measurements is quite large, and 

does not appear to differ between glaucoma and non-glaucomatous retinal measurements. 
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Various factors may influence this variation: rotation of the optic nerve head during one or 

more of the measurements, regional mismatch of the measurements, increased sampling 

ability and measurement scale with confocal images versus the algorithm measurement of 

RNFL from OCT images. (where each pixel = 0.44 µm square versus a pixel width of 15 

microns with the Stratus and 7.5 microns with the Spectralis), possible false-structural 

assumptions in the OCT algorithm, and poor image quality in OCT images.  Although 

care was taken to prevent these errors, especially in the confocal image captures and 

measurements, some degree of error is likely to be present in all measurements.   

Other related studies evaluating OCT structural thickness measurements and 

histological thickness measurements of the RNFL have produced similar findings to this 

experiment. The first, by Schuman, et al.,93 showed that histomorphometric measurements 

of glaucomatous and normal RNFL were slightly thinner (5.7 µm) when compared to pre-

mortem OCT measurements, and that differences between measurements differed the most 

in the eye demonstrating the most severe damage from experimental glaucoma. A second 

study used a novel technique for removing peripapillary retinal nerve fiber layer from a 

presumably healthy human eye to compare the histological profile of the RNFL thickness 

to the RNFL thickness profiles obtained by scanning laser polarimetry and optical 

coherence tomography prior to obtaining the retinal tissue for histology.94 In this study, 

the histological measure of RNFL thickness was also slightly smaller than the thickness 

measured by OCT. 

One source of error in the present study is in matching the corresponding locations 

of the histological sample where the measurement was taken to the actual RNFL segment 

measured by the circle scan with the Stratus or Spectralis OCT. Measurements taken with 
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OCT were taken under anesthesia, but eye movements were common, and placement of 

each circular scan centered on the optic nerve could not be exact. Furthermore, the images 

captured with the confocal microscope were subject to user placement of the center of the 

optic nerve, and may have been slightly off from the intended location of the peripapillary 

scan. Although, it is impossible to know how precisely the locations were matched, the 

general location of these comparisons should be accurate. 

Another source of error between measurements may be in unintended shrinkage or 

manipulation of the histological tissue. Care was taken not to introduce tissue shrinkage, 

but some shrinkage post-mortem is likely unavoidable. Manipulation of the tissue to 

obtain a flat-mount may have also altered the tissue slightly, in any or all of the planes 

(x,y, and z). Other histological studies have attributed up to a 15% shrinkage factor, but 

this was not calculated into our measurements as the tissue was not dehydrated.54, 93-95 

Percentile differences were calculated to evaluate measurement differences 

between the OCT and histology without bias for thinner segments having smaller absolute 

differences. Once these were calculated, the difference between measurements from 

untreated and treated eyes became statistically significant, with treated  eyes measures 

showing a larger distribution of percentile differences. When compared to the number of 

ganglion cells visible per segment, the percent difference in measurements appears to be 

greater in treated eyes, and greater when the ganglion cells vis ible per cross-sectional 

segment drops below 20 cells per 225 micron segments, which in this investigation, only 

occurred in non-temporally located segments. This error was quite large in some cases, 

where the OCT measurement was up to three times the histological measurement. As the 

borders of the RNFL are more clearly visible with confocal microscopy, this probably 
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reflects a segmentation error of the OCT algorithm when the border and intensity signal of 

the RNFL are less clearly defined in the absence of a defined and more uniform ganglion 

cell layer, which occurred more often in eyes with advanced stages of glaucomatous loss. 

Figure 3.8 displays a region of the OCT scan and the corresponding cross-section of the 

RNFL from the confocal microscopic images where such a segmentation error appears to 

exist.    

In summary, optical coherence tomography measurements of the RNFL thickness 

are not significantly different from those obtained from confocal microscopic images for 

normal eyes and in retinal locations where the border between the RNFL  and inner 

plexiform layer are clearly separated by RGCs. In advanced cases of glaucoma where the 

RGC numbers are low, the measurement difference between histology and OCT 

segmentation appears to differ in some cases. This has important implications clinically, 

as it may affect the measurements in advanced or end-stage disease. Further investigation 

is needed to determine the source of this error, but it seems likely the source may be a 

segmentation error that occurs when the separation between RNFL and the inner-

plexiform layer is not clearly defined.  
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Figure 3.9 – Spectralis-based Segmentation, and Custom Segmentation of an OCT scan 

and the Corresponding Confocal RNFL image in and Advanced Glaucomatous Eye. The 

top pictures represent identical OCT scans of the superior nasal region of an eye with 

advanced glaucomatous atrophy as segmented with the Spectralis RNFL segmentation 

algorithm and segmented with a customized RNFL segmentation algorithm that detects 

blood vessels and smaller changes in intensity to detect the RNFL.107 The blood vessels 

denoted with the asterisks (*) correspond to similar locations for each of the imag es. The 

large arrows represent areas where the algorithms differ in segmenting the RNFL from the 

rest of the retina. The corresponding region as scanned by confocal is shown below to 
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illustrate the actual RNFL thickness appears to be more similar in thickness to the 

customized segmentation, and thus thinner than the original Spectralis based algorithm 

(The white dashed line represents what appears to be the border of the RNFL). This may 

be the source of some error when comparing OCT and histology, particularly in 

glaucomatous segments.
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Chapter 4 - Comparison of Test-Retest Repeatability and Visual Sensitivity in 

Standard Automated Perimetry and Flicker-Defined Form Perimetry   
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ABSTRACT 

Purpose: To compare test-retest reliability and the ranges of visual sensitivity between 

standard automated perimetry (SAP) and flicker-defined form perimetry (FDF) in both 

normal patients and patients with early to moderate glaucomatous visual field loss. 

Methods: Study participants were recruited at the University of Houston, College of 

Optometry as part of a multi-site study to establish a comparative database of FDF visual 

field performance for normal subjects and subjects with early to moderate glaucoma. The 

normative database was composed of individuals aged 20 – 80 years of age, with no prior 

history of surgery or trauma, and no evidence of visual field loss by SAP and FDF 

perimetry. Glaucoma subjects were included if they met the study definition of glaucoma: 

thinning of the neuro-retinal rim and/or a visual field defect defined as early or moderate 

visual field loss using modified Hodapp classification criteria. We report the distribution 

of visual thresholds, test-retest threshold distributions, and the 95% limits of agreement 

between test-retest thresholds for each test method. 

Results: Mean threshold visual field sensitivity for normal and glaucoma subjects by SAP 

and FDF were as follows: for the normal group, SAP sensitivity was 30.39±2.55 dB and 

FDF sensitivity was 18.53±4.32 dB. For the glaucoma group, SAP sensit ivity was 

28.70±4.78 dB and FDF sensitivity was 14.09±6.04 dB. When averaged over the full 

range of measured threshold sensitivity (0 to 36 dB) the width of the 95% limits of 

agreement were similar for SAP and FDF. When divided into upper, middle, and lower 

tertiles, the difference in the 95% limits of agreement for SAP and FDF all showed 

statistically significant differences in the distributions of test-retest thresholds that were 

smaller for FDF than for SAP.  
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Conclusion: The reduction in FDF threshold sensitivity values may improve glaucoma 

detection with FDF relative to SAP, but may also constrain the use of FDF for low to 

moderate glaucomatous visual field loss. Improved test-retest repeatability in the lower 

range of visual field threshold sensitivity with FDF perimetry may improve the detection 

of disease progression in early and moderate stages of glaucoma. 
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INTRODUCTION 

Standard automated perimetry (SAP) is used to provide a quantifiable measure of 

visual function, and it is the clinical standard for quantifying sensitivity in the visual field 

for glaucoma management. SAP tests the subject’s ability to perceive a light-difference 

threshold at various locations in the subject’s visual field and can reveal subtle functional 

losses due to glaucoma and other ocular diseases. SAP threshold measurements are 

defined in units of decibels (dB) of attenuation from the brightest stimulus the instrument 

is able to produce (10,000 apostilbs).13, 14 Although SAP is the benchmark ancillary test 

used in glaucoma management, investigations into the structure-function relationship with 

histology and SAP show that a substantial quantity of ganglion cells can be lost before a 

functional deficit is detectable with SAP. Investigations by Harwerth, et al.,18, 19 have 

demonstrated that sensitivity losses from SAP are not reflective of ganglion cell loss until 

a substantial proportion of ganglion cells are lost. A later investigation by Harwerth, et 

al.,6 showed an improved relationship between sensitivity loss and ganglion cell 

populations that was dependent on retinal eccentricity; however, in some locations, there 

were ganglion cell losses of 40 to 50% before SAP defects were outside the 95% 

confidence limits of inter-subject variability.  Kerrigan-Baumrind, et al.,20 also found that 

a substantial proportion of retinal ganglion cell loss (25-35%) was required before a 

corresponding loss of visual field sensitivity was observed exceeding the p < 0.5% level 

probability level. Although there is some variation regarding the quantity of RGC loss 

necessary to demonstrate a reliable visual field defect with SAP, perimetric techniques 

that are more sensitive to RGC loss would be valuable for better detection and 

management of glaucomatous disease. 
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Building on this idea, other forms of perimetry have sought to isolate visual 

detection pathways which are either thought to be more selectively damaged in glaucoma 

or pathways believed to have less redundancy in the visual system than those to an 

achromatic stimulus (i.e. color, motion, or flicker). Two commercially availab le forms of 

perimetry, short wavelength automated perimetry (SWAP) and frequency doubling 

technology (FDT) have both been marketed with this goal in mind. SWAP perimetry 

utilizes a blue stimulus presented on a uniform yellow background, with a large sized 

target (size V = 1.72°). The basis for SWAP comes from evidence of a select population 

of retinal ganglion cells, known as the bi-stratified RGCs, which are responsible for 

coding blue-yellow color opponency.24, 25 Comparison of SWAP and SAP has 

demonstrated that SWAP is able to detect defects from glaucoma earlier than with SAP26-

28, however test-retest variability and inter-subject variability with SWAP remains 

relatively high.29 FDT is another automated perimetric technique that utilizes a grating of 

low spatial frequency (0.25c/deg) presented at a high temporal rate of flicker (25 Hz). 

When perceived, the subject notes the appearance of grating with twice the spatial 

frequency of the stimulus. The basis for the detection of the FDT stimulus was proposed 

to rely on a small, select population of ganglion cells known as the My RGCs,108 but 

evidence regarding responses from My cells being solely responsible for the FDT illusion 

has since been called into question.31, 32, 109 Regardless of the mechanism by which the 

FDT stimulus is detected, there is evidence for its sensitivity to glaucomatous field loss 

with FDT.   

Another limitation with SAP in glaucomatous disease is test-retest variability in 

regions showing reduced thresholds. Wall et al.,23 demonstrated that SAP with the 
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standard size III stimulus showed retest distributions that encompassed the entire range of 

thresholds when the initial threshold was 20 dB or below; this finding was previously 

observed by Heijl et al.,21, 22 who looked at select reductions in threshold due to glaucoma 

found a similar expansion of retest distributions. Other experiments by Wall et al.,23, 55 

demonstrated reduced variability in retest distributions for SAP with the use of size V 

stimuli, but expansion of the retest distributions were found to occur at thresholds below 

15 dB. In comparison, other investigations have looked at the variability of FDT and 

found no expansion of the retest distribution.23,110 It was proposed that some of the 

reduction in test-retest variability may be an aspect of stimulus size (size III = 0.43 , size 

V = 1.72, MATRIX = 4),23, 55 but there are other parameters which influence perimetric 

threshold measurement that must be considered, such as the range and scale of threshold 

measurement, the algorithm used to determine threshold, and other stimulus 

characteristics. 

Use of the flicker-defined form (FDF) stimulus for perimetry has recently become 

commercially available on the Heidelberg Edge Perimeter (Heidelberg Engineering, 

Heidelberg, DA). Flicker-defined form describes the perception of an illusory contour in 

the presence of a region (5° in size) in counter-phase flicker (at 15 Hz) to a flickering 

background (Figure 4.1). As with the frequency doubling illusion, some investigators have 

suggested that the perception of the illusory contour generated by a temporally flickering 

stimulus is a visual illusion perceptually driven by magnocellular visual pathways,111-114 

but at least one other investigation suggests that detection of the contour is a higher-order 

detection mechanism.112 Regardless of the underlying mechanism of detection, 
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investigation into the properties of flicker-defined form and its use as a stimulus in 

perimetry has yet to be compared to traditional SAP. 

In terms of commercially available forms of perimetry, FDF is most like FDT-

based forms of perimetry. Both FDT and FDF utilize larger stimuli than those used in SAP 

(4° for MATRIX, and 5° for FDF). In contrast to SAP, both FDT and FDF rely on the 

perception of an illusion which differs from the actual stimulus presented. Additionally, 

the detection of the “base” stimuli in FDT and FDF rely on flicker-related detection 

mechanisms (although more research is needed to determine which mechanism or 

mechanisms are responsible in both cases). It is worthwhile to note, that although FDT 

and FDF report threshold sensitivity values that are in the range of SAP, they are not 

equivalent. As with FDT, the threshold sensitivity in FDF reported as a decibel value is 

the level of contrast attenuation in decibels using the Michelson definition of contrast 

(Lmax-Lmin/Lmax+Lmin). Nonetheless, underlying similarities in these two stimuli provide a 

basis to hypothesize that FDF may perform similar to FDT perimetry with regard to 

glaucoma detection and test-retest repeatability. 

In this experiment, we examined the visual sensitivity and test-retest repeatability 

of SAP using Humphrey Visual Field Analyzer III (Zeiss-Humphrey Instruments, Dublin, 

CA, USA) and FDF perimetry performed with the same patients using the Heidelberg 

Edge Perimeter (Heidelberg Engineering Inc., Heidelberg, GA) on normal and 

glaucomatous individuals. 

 



93 

 

 

Figure 4.1 - Appearance of FDF on Heidelberg Edge Perimeter (Heidelberg Engineering 

Inc., Heidelberg, DE). Flicker-Defined Form Stimulus. Appearance of FDF Stimulus on 

Heidelberg Edge Perimeter (Heidelberg Engineering Inc, Heidelberg, DE). The stimulus is 

composed of a background with dots in flicker and small region of dots in counter-phase 

flicker. If the stimulus is observed, the subject sees the appearance of a circular stimulus. 
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METHODS 

Subjects 

Normal healthy participants and participants with glaucoma were recruited at the 

University of Houston, College of Optometry. Subject eligibility for participation was 

determined by interview and eye examination that included refractive and ocular health 

evaluation. The study design was reviewed and approved by the local institutional review 

board and conformed to the tenets of the Declaration of Helsinki. . 

Normal subjects met the following inclusion and exclusion criteria: 20-80 years of 

age, a best corrected visual acuity of 20/30 or better in each eye; a spherical equivalent 

refractive error between +/- 6.00 and less than 2.50 D astigmatism; no media opacities; no 

retinal disease; no history of intraocular surgery other than cataract extraction with 

intraocular lens implantation. Subjects were excluded if they had a history of stroke, 

trauma, or other cardiovascular or neurological disease that could result in a visual field 

abnormality. To minimize the effects of studying subjects who may be highly experienced 

with visual field testing, faculty and students of the facility  were not eligible for 

participation. 

Glaucoma participants were recruited from the University of Houston College of 

Optometry. All glaucoma subjects had an established diagnosis of glaucoma and were 

receiving topical medications to treat their disease. In  addition to the requirements above, 

the glaucoma participants recruited were 40-80 years of age, and were defined as having 

early to moderate disease using the modified Hodapp criteria.115, 116 The glaucoma 

subjects were required to have a SAP mean deviation score of no worse than -12.00 dB in 

either eye, no other form of visual field loss due to stroke, other optic neuropathy, or 
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retinal disease, and were without a history of trauma or previous ocular surgery other than 

laser trabeculoplasty. 

 

Perimetry Testing 

Perimetric testing was performed on three separate visits within a ninety day time 

span. Standard protocols were followed with visual field testing including instruction 

before each test. Only visual field testing considered reliable was used in the analysis. The 

criteria used for reliability were as follows: fixation losses less than 33%, and false 

positives less than 15%. The initial test was not included in the analysis, as it has been 

shown to be most affected by the learning effect.117, 118 

 

Standard Automated Perimetry 

SAP was performed using the Humphrey Visual Field Analyzer (Zeiss Meditec 

Inc., Dublin, CA) with the participants’ best visual correction at 33 cm utilized. The SITA 

standard thresholding algorithm and the 24-2 test pattern were utilized at each test. The 

standard white light size III target (0.43°) was selected as the stimulus. A description of 

SAP testing and the SITA thresholding algorithm can be found in Heijl & Patella65. At the 

initial visit, both eyes were tested with SAP, but on the second and third testing visits, 

only one eye was selected to perform SAP testing at both visits. 

 

Flicker-Defined Form Perimetry 

Flicker-defined form perimetry was performed using the Heidelberg Edge 

Perimeter (HEP; Heidelberg Inc., Heidelberg, Germany; software 1.5.10.0) with the 
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subjects best refractive correction for distance utilized. A 24-2 test pattern was used on all 

perimetric tests and both eyes were tested at the second and third visit. FDF perimetric 

testing was performed on the HEP using a 24-2 test pattern and thresholds on the HEP 

were obtained with the Adaptive Staircase Thresholding Algorithm (ASTA) as a threshold 

strategy. The ASTA testing strategy initially measures the x=±15, y=0±15 test locations 

with a 4-2-2 algorithm, which lowers the stimulus threshold sensitiv ity 4 dB until the 

subject crosses the threshold and then increases 2 dB, then lowers by 2 dB until second 

reversal of “seeing” versus “not-seeing” is obtained. Surrounding points are then 

estimated based on neighboring locations that complete a 2-2 staircase based on the 

neighboring seed point sensitivity and locations are retested with the 2-2 algorithm (start 2 

dB above neighboring threshold and decrease by 2 dB until they cross threshold) and if 

they demonstrate significantly different sensitivity from their neighbors they are retested. 

Sensitivity is measured as decibels of attenuation from the brightest stimulus and the 

results are presented and displayed graphically similar to the standard Humphrey Visual 

Analyzer III report, except both eyes are displayed on one report (Figure 4.2).  

 

Analysis of Test-Retest Repeatability 

 The data were analyzed using STATA 9.0 & 11.0 (StataCorp, College Station, 

Texas). Only threshold scores from one eye from each participant at the second and third 

visits were analyzed. Test-retest repeatability for the SAP and FDF were graphed using a 

sunflower density distribution plots to demonstrate the density and range of test-retest  

thresholds for all subjects. In brief, sunflower density plots are used to display high -

density bivariate data that would be normally mask replicates on a typical scatterplot due 
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to over striking. The sunflower density plot uses colored bins to partition regions of high 

data density (“sunflowers”) and different symbols “petals’ are used to represent  increasing 

counts within a bin. Where the data are sparse, individual data points are represented with 

a circle.119 

The 95% limits of agreement were calculated to describe the test-retest 

repeatability for SAP and FDF perimetry across the entire range of values tested (range for 

SAP =0 - 36 dB, and the range for FDF = 0 - 28 dB). The average range for each form of 

perimetry (SAP = 0-35 dB and FDF 0-26 dB) was then divided into thirds and then re-

plotted using Bland-Altman plots to show the 95% limits of agreement for the upper, 

middle, and lower tertiles. 

 

RES ULTS 

In all, 52 normal participants and 28 glaucoma participants enrolled and forty -six 

normal subjects and 22 glaucoma subjects were analyzed in this study. Six normal 

subjects and six glaucoma subjects were not included in the analysis because they did not 

meet the reliability criteria on one or both tests, did not complete all three study visits, or 

had evidence of other non-glaucomatous visual field loss. The average age and standard 

deviation for the healthy participants with no visual field loss was 51.7±17.6 and for the 

glaucoma participants was 59.3±10.4 (Table 4.1).  

 

Threshold Distributions for SAP and FDF 

Differences between the average of the threshold sensitivities from the 2nd and 3rd 

tests across all visual field locations demonstrate broader and more normal distribution 
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(less negative skew) for FDF with the healthy participants and an even broader 

distribution for the glaucoma subjects (Figure 4.3) when compared to the average of th e 

2nd and 3rd SAP sensitivities, which are skewed toward the higher range of sensitivities in 

both normal and glaucoma participants. The distribution of FDF sensitivities also show a 

shift in the overall direction of FDF sensitivities towards lower values when compared to 

the SAP sensitivities. This is 



99 

 

Figure 4.2 - Heidelberg Edge Perimeter Report for Flicker-Defined Form Perimetry 

demonstrating Glaucomatous Field Loss.  
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further apparent by the inspection of the glaucoma distributions at the lower ranges of the 

SAP and FDF sensitivities, where the distribution for FDF shows a spike in the number of 

zero values when compared to the distribution for SAP. 

Differences between the average of the 2nd and 3rd threshold sensitivities across all 

visual field locations demonstrate an increased range for FDF with the normal participants 

and an even larger increase in range for the glaucoma (Figure 4.3) when compared to the 

SAP distributions of average sensitivities. The FDF distributions also show a shift in the 

overall direction of FDF sensitivities to lower values when compared to the SAP 

sensitivities. This is further apparent by the inspection of the glaucoma distributions at the 

lower ranges of the SAP and FDF sensitivities, where the distribution for FDF shows a 

spike in the number of zero values when compared to the distribution for SAP. 

 

Test-Retest for SAP and FDF   

Sunflower density plots of test-retest reliability for SAP and FDF sensitivities for 

both the normal and glaucomatous groups are presented in Figure 4.4. SAP normal and 

glaucoma test-retest distributions appear similar, with many data points clustered in the 

higher sensitivity ranges (Figure 4.4 A and 4.4 B). The SAP distribution for the glaucoma 

group shows increased spread in the lower sensitivity values (r²=0.31 for normals and 

r2=0.51 for glaucoma participants), but relatively fewer values are plotted n this range 

compared to FDF perimetry.  FDF for the normal and glaucoma groups showed similar 

distributions about the one-to-one line through the entire range (Figures 4.4 C and 4.4 D; 

r² = 0.63 and r² = 0.71). 
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Bland-Altman plots constructed from glaucoma subjects are shown in Figures 4.5 

A and B. The limits of agreement for each form of perimetry across the entire range were 

not significantly different (differences given at -0.21±3.27 for SAP vs.-0.23±3.43 for FDF, 

p=0.49).  When each of the ranges of SAP and FDF were divided into tertiles, the middle 

and the lower ranges showed and expansion of the limits of agreement for SAP (middle = 

-10.7 to 9.7 for the middle range, -10.3 to 16.8 for the lower range) whereas the limits of 

agreement were relatively stable for FDF across the middle and lower ranges (middle =     

-6.7 to 6.5, lower = -8.7 to 7.9). The difference between the distributions for SAP and FDF 

in the middle and lower range was statistically significant (Figures 4.6 B,E, p<0.001; 

Figures 4.6 C, F, p<0.001). 
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Participant Ages and Global Indices for SAP 

 

Age 

Mean Deviation 

(dB) 

Pattern 

Standard 

Deviation (dB) 

Normal Subjects    

Mean 51.7 +0.33 +1.64 

SD 17.6 +1.15 +0.41 

Median 54.0 0.00 +1.61 

Minimum 21.0 -4.03 +1.09 

Maximum 79.0 +2.33 +3.40 

Glaucoma Patients    

Mean 59.3 -0.83 +2.95 

SD 10.4 +2.22 +3.03 

Median 59.0 -0.24 +1.91 

Minimum 42.0 -8.88 +1.32 

Maximum 77.0 +1.67 +14.86 

 

Table 4-1. Patient demographics and visual field testing characteristics. Mean, standard 

deviation, median, minimum, and maximums for subjects by group (normal, glaucoma) 

shown for age and SAP characteristics. 
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Figure 4.3. Histograms of SAP and FDF Average Thresholds for Normal and Glaucoma 

Participants. Histograms representing the distributions of the average test-retest threshold 
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score for SAP and FDF are shown. Note leftward shift of distribution of FDF compared to 

SAP in both normals and glaucoma subjects. 
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Figure 4.4. Density distribution of Test-Retest Repeatability for SAP and FDF Perimetry 

for Normal and Glaucoma Eyes. Sunflower density distribution plots for test-retest 

repeatability are plotted along with the one-to-one line for test-retest thresholds for each 

form of perimetry for healthy and glaucoma eyes. (A) shows the test-retest distribution for 

SAP in healthy eyes, and reveals a high concentration of data in the 30 and up threshold 

range (r²=0.57). (B) SAP testing for glaucomatous eyes also demonstrated a high 

concentration of data in the 30 (dB) and higher range, but with greater spread in the lower 

range of threshold sensitivities between test and retest (r²=0.69). (C) FDF data distribution 

for normal eyes shows threshold sensitivity below 30 (dB) and concentrated more closely 

to the 1-to-1 line (r²=0.83). (D) FDF data for glaucomatous eyes does not appear to shift 

far from the 1-to-1 line when compared to the control eyes (r²=0.85).  
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Figure 4.5. Limits of Agreement for Entire Range of Glaucoma Thresholds. A density 

distribution plot for the limits of agreement for the entire range of SAP and FDF values is 

shown for the glaucoma subjects only. When the entire range of values are used, there is 

no difference in the distributions (p=0.49).  
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Figure 4.6. Limits of Agreement for Upper, Middle, and Lower Range of Thresholds. 

Density distribution plots for upper, middle, and lower thirds of sensitivity values for SAP 

(A-C) and FDF (D-F) are shown. These plots demonstrate that the limits of agreement 

increase in SAP as sensitivity decreases, but the limits of agreement for FDF only slightly 

increase with decreasing sensitivity.  

-4
0

-2
0

0
2

0
4

0

D
if
fe

re
n

c
e
 o

f 
S

A
P

0 10 20 30 40
Average SAP

blandsapdiff 1 petal = 1 obs.

1 petal = 34 obs.

A. Bland Altman for upper limits values of SAP

-4
0

-3
0

-2
0

-1
0

0
1

0
2

0
3

0
4

0

D
if
fe

re
n

c
e
 o

f 
H

E
P

0 10 20 30
Average HEP

blandhepdiff 1 petal = 1 obs.

1 petal = 13 obs.

D. Bland Altman for upper  threshold values of HEP

-4
0

-2
0

0
2

0
4

0

D
if
fe

re
n

c
e
 o

f 
S

A
P

0 10 20 30 40
Average SAP

blandsapdiff 1 petal = 1 obs.

1 petal = 6 obs.

B. Bland Altman for middle threshold values of SAP

-4
0

-3
0

-2
0

-1
0

0
1

0
2

0
3

0
4

0

D
if
fe

re
n

c
e
 o

f 
H

E
P

0 10 20 30
Average HEP

blandhepdiff 1 petal = 1 obs.

1 petal = 10 obs.

E. Bland Altman for Middle threshold values of HEP

-4
0

-2
0

0
2

0
4

0

D
if
fe

re
n

c
e
 o

f 
S

A
P

0 10 20 30 40
Average SAP

blandsapdiff 1 petal = 1 obs.

1 petal = 1 obs.

B. Bland Altman for lower threshold values of SAP

-4
0

-3
0

-2
0

-1
0

0
1

0
2

0
3

0
4

0

D
if
fe

re
n

c
e
 o

f 
H

E
P

0 10 20 30
Average HEP

blandhepdiff 1 petal = 1 obs.

1 petal = 5 obs.

F. Bland Altman for Low threshold values of HEP



110 

DISCUSSION 

 This study compares the range and distribution of sensitivities and demonstrates 

the test-retest repeatability for SAP and FDF perimetry. FDF perimetry demonstrated a 

downward shift in the range of distributions when measured on the decibel scale when 

compared to SAP. In terms of test-retest repeatability, FDF perimetry demonstrates greater 

repeatability within its distribution of sensitivities than that for SAP across  the stimulus 

ranges encountered in early to moderate glaucoma. To date, this is the first study to 

evaluate visual sensitivity and test-retest repeatability in FDF using the Heidelberg Edge 

Perimeter in a group of healthy individuals and a group of participants with early to 

moderate glaucomatous field loss. 

The difference of the distributions in the mean deviations for the healthy and 

glaucoma groups imply that there is not a simple one-to-one relationship between the 

mean deviation distribution of the sensitivity scores where both the glaucoma and the 

healthy groups have very peaked distributions on the upper end of the decibel scale, and 

the distribution of the scores for SAP and FDF, particularly in the glaucoma group. This is 

again reflected in the FDF sensitivities are wider and shifted towards the left, particularly 

in the glaucoma group. Figure 4.8 gives a proposed range of FDF to SAP and 

glaucomatous disease, although the exact borders of early detection and cutoff compared 

to SAP have yet to be determined. 

The density distributions of test-retest sensitivities demonstrate that SAP 

repeatability declines with decreasing visual sensitivity (Figures 4.3 A and C) in this study 

population. This finding is supported in previous investigations, where SAP variability 

increases at lower sensitivities below 25 dB, and where retest values extend over the entire 
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range at sensitivities at or below sensitivities around 20 dB.22, 33, 120-122 This is especially 

important clinically, when increased variability observed in regions of visual field loss 

make it difficult to determine progression based on two sequential visual field tests, and 

the determination of progression may require multiple v isual field tests for confirmation.  

 In this glaucoma test population, SAP test-retest showed a large cluster of data in 

the upper normative decibel ranges (28-36 dB), implying that many points within our 

glaucoma population had normal SAP sensitivity. FDF test-retest within the glaucoma 

group was once again more repeatable and the density of points appeared spread across a 

wider range (0-20 dB). In addition to the spread, FDF identified many more test thresholds 

as zeros than found with SAP. This observation would seem to imply a floor effect in 

sensitivity testing with the FDF stimulus when compared to SAP and that there is a 

difference in sensitivity ranges between each of these forms of perimetry separate from the 

difference in measurement ranges from each of these instruments.  

 Wall et al.,33 recently demonstrated that other forms of stimulus specific perimetry 

such as FDT, Matrix, and motion perimetry do not exhibit the degree of increased 

variability as observed with SAP in regions of glaucomatous loss. Previous work by Wall 

et al.,33 demonstrated reduced variability with a size V stimulus; both investigations 

postulate larger stimulus sizes show more uniform variability in areas of glaucomatous 

damage, which would also apply to the stimulus size used in FDF (5°). Although size does 

show a decrease in variability, SAP size V stimuli continue to show variability below 10 

dB as demonstrated by Wall et al.,33 whereas motion and Matrix perimetry do not, it is 

likely that some of the variability reduction is not purely related to stimulus size.  
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  The Bland-Altman analysis of the glaucoma subjects over the entire range would 

seem to imply similar limits of variability for each form of perimetry. However, when one 

looks at specific ranges (upper, middle, and lower threshold ranges), it becomes apparent 

that evaluation over the entire range can be misleading, particularly when each form of 

perimetry measures different psychophysical thresholds at a given stage of disease. When 

the distributions are divided into upper, middle, and lower distributions, the differences 

between SAP and FDF in the middle and lower thresholds become more clinically 

relevant, with FDF demonstrating a smaller range of test-retest repeatability. 

 Although our results show less variability with the clinical threshold sensitivities 

reported with FDF perimetry in areas of glaucomatous damage, there are a number of 

factors that one must consider when making this comparison. First, stimuli u sed in FDF 

and SAP represent two distinct psychophysical responses, and as such, may exhibit 

different psychophysical functions that may represent both localized and global 

differences. Furthermore, the detection of the FDF stimulus is a function of Michelson 

contrast whereas SAP is a function of Weber contrast. A second important determinant in 

FDF and SAP reported threshold sensitivities is that the two are scaled differently. FDF 

reports threshold sensitivity where 1 dB is equivalent to 1/20th of a log unit of change 

versus SAP reports threshold sensitivity where 1 dB is equivalent to 1/10th of a log unit of 

change. Therefore, the difference in scaling could affect the test-retest repeatability in a 

way that would favor FDF when used clinically, but may not represent a direct 

comparison to SAP sensitivities on a 1 to 1 scale. Artes et al.,110 has evaluated the test-

retest variability of FDT with SAP and reported that visual field changes at test locations 

with early damage would likely be twice as large with FDT than with SAP, but  the 



113 

relationship was non-linear with changes below 25 dB. Given other similarities of FDF 

with FDT, it is possible that FDF would behave similar to FDT; and it is unknown 

whether equivalent scaling of the threshold sensitivity would minimize the differences in 

test-retest repeatability encountered with FDF and SAP in the lower threshold sensitivity 

ranges. 

An additional consideration in determining the true difference in test-retest 

repeatability between SAP and FDF is the two different thresholding algorithms used to 

obtain the thresholds sensitivity. Two key features of the ASTA algorithm may influence 

the reliability of the threshold estimate upon retest. First, it uses age-predicted thresholds 

for its initial presentation, and if the thresholds are in the expected range, the algorithm 

discontinues testing for threshold at that location. Second, if the threshold is below the 

age-predicted threshold, the algorithm retests the location in order to confirm the 

depressed threshold. It is possible if these strategies were employed in the SITA testing 

algorithm, they could increase repeatability between tests, if they are not already 

employed as a part of the SITA algorithm. As SITA is a patented test strategy, it is 

unknown how this may differ from the ASTA thresholding strategy. 

Another point to consider in this study is the learning effect of repeated perimetric 

testing. Studies suggest that perimetric learning does account for some variability in SAP, 

but this learning effect is strongest between the first and second perimetric test, and 

diminishes thereafter.17, 21  It is not known to what degree learning influences FDF 

perimetry, although results by Lamperter et al,123 have shown that SAP and FDT 

perimetry have similar learning curves. In attempts to minimize the initial learning curve 
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effect, this study only analyzed the second and third perimetric tests for both  SAP and 

FDF. 

In summary, this investigation evaluates the sensitivity and the test-retest 

repeatability of a novel form of perimetry using FDF and compares it directly to that of 

SAP. In this study, we found that the distribution of FDF sensitivities were lower than 

observed with SAP in normals, and varied over a wider distribution of sensitivities in the 

glaucoma group. We also found the distribution of points for both SAP and FDF in normal 

subjects show a higher degree of repeatability in normal subjects  than in glaucoma 

subjects. In glaucoma subjects with SAP field defects, there appeared to be greater test -

retest repeatability for FDF, particularly when SAP thresholds are below 26 dB. This level 

of repeatability was diminished when evaluating the entire range as a whole, but this is 

likely an artifact of comparing two forms of perimetry with dissimilar levels of sensitivity 

in early glaucomatous loss. Further study should be conducted comparing FDF with other 

forms of stimulus specific perimetry in addition to a broader range of glaucoma subjects to 

examine the relationship between sensitivities and test-retest repeatability for FDF 

perimetry.   
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Figure 4.8. Proposed FDF and SAP Continuums in Reference to Glaucomatous disease. 

The diagram shows the proposed continuum of FDF perimetry in reference to SAP and 

worsening glaucomatous disease. The exact borders of FDF in reference to SAP are yet to 

be determined, but the range of FDF appears expanded within the range of SAP that it is 

able to monitor disease. It also appears to have a floor effect before that of SAP.  
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Chapter 5 - GENERAL DISCUSSION 
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Overview of the studies in this dissertation 

 The investigations in this dissertation all contribute to the understanding of the 

structural and functional relationships, particularly in the aspect that each demonstrates 

different dynamic ranges for glaucoma measurement and varying degrees of overlap 

between measurements. 

 

SAP and OCT 

The basis for this experiment was to test the validity of a structure-function model 

developed in experimental glaucoma when applied to a clinical glaucoma population. This 

model shows that the functional SAP measurement could be related to the structural OCT 

RNFL thickness measurement if both measurements were described in terms of ganglion 

cell estimates, but with modifications. The first of these modifications to the original 

model compensated for the physiological differences between the macaque and the human 

eye. Second, after it was shown that the rate of decline in sensitivity  from perimetry and 

the rate of decline in the RNFL thickness were unequal for the normative databases, an 

age reconciliation factor was incorporated into the original model and tested in a group of 

non-glaucomatous individuals and demonstrated to show agreement in RGC estimates. 

For subjects with normal to early glaucomatous visual field loss, the modified model 

showed agreement in RGC estimates from SAP and OCT RNFL thickness. For subject 

with moderate to advanced glaucomatous damage, there was a systematic discordance 

between RGC estimates from SAP and OCT measurements, with the OCT measurements  

increasingly over-estimating RGC populations when compared to the SAP-based 

estimates as the amount of glaucomatous damage increased . It was shown this discordance 
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could be reconciled if the OCT RNFL thickness estimates of RGCs were compensated 

based on some measure of the stage of disease; in this case, the global mean deviation 

score from SAP was used to calculate a compensation factor. It is inconclusive as to th e 

cause behind this type of discordance, but some possibilities include changes in the axon 

density of the RNFL in glaucomatous disease, a systematic error in the algorithm that 

measures the RNFL thickness for the OCT in the moderate to late stages, or a combination 

of the two. 

 

OCT RNFL Thickness Measurements versus Confocal Microscopy Measurements of 

the RNFL in Experimental Glaucoma 

OCT measurements of the peripapillary layer of the RNFL have proven rather 

difficult to reconcile with current histological measurements of the RNLF. In this 

experiment, we compared final OCT RNFL thickness scans of normal and glaucomatous 

macaque eyes to measurements taken from confocal microscopy images of corresponding 

regions. Each eye was exposed to phalloidin to stain actin filaments (phalloidin reveals 

axon bundles in the RNFL), DAPI to stain the nuclei of RGCs and other cells, and 

glutamine synthetase to stain the glial component of the RNFL. Care was taken to capture 

areas relevant to the OCT RNFL thickness scan so comparisons between measurements 

could be evaluated. 

Phalloidin and DAPI showed excellent staining capability throughout the thickness 

the RNFL. Qualitatively, non-glaucomatous eyes showed well-formed bundles when 

compared to non-glaucomatous eyes, with the thinner more damaged RNFL segments 

actually showing a loss of bundles altogether. Glutamine synthetase staining did not 
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penetrate control RNFL segments as readily, and demonstrated a thickened anterior 

portion in glaucomatous eyes compared to non-glaucomatous eyes. It is unknown whether 

this is an artifact of the staining procedure, or represents a collapse or proliferation of glial 

tissue in the anterior portion of the RNFL.   

Overall comparison of measurements between OCT and confocal measured 

thickness showed a large range in the limits of agreement for both controls and for 

glaucomatous eyes. In general OCT RNFL thickness measurements were larger than those 

observed from the histological measurement. However, percent differences were much 

greater in the glaucoma group, and appear much greater when the ganglion cell counts per 

length of the segment dropped below 20 (one segment length on the confocal scan is 249 

microns). Percentile differences normalize against this measurement bias, and reveal that 

the glaucomatous eyes show greater differences between OCT- and confocal-based 

measurements. Furthermore, the greater percentile differences show an inverse association 

with RGC counts per segment length. One theory behind the measurement differences in 

these regions is a loss of a definable boundary for the OCT RNFL thickness algorithm.  

 

Visual Sensitivity and Test-Retest Repeatability in the FDF and SAP 

In this investigation, we evaluated the test-retest repeatability and compared 

sensitivity values observed with SAP versus FDF perimetry in a group of healthy subjects 

and a group of early to moderate glaucoma subjects. Each subject was tested on three 

separate visits and only the second and the third visits were used. 

The distributions of sensitivities showed approximately 12 dB difference between 

SAP and FDF in healthy subjects, and variable but greater differences in sensitivities in 
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the glaucoma group. Overall, the distributions of test-retest sensitivity measures showed 

tighter distributions for the control groups than observed with the glaucoma group. 

Sensitivities for SAP in the glaucoma group only showed small differences between the 

healthy and glaucoma group (most subjects enrolled had very early glaucoma and limited 

field loss on SAP). The difference between sensitivities for FDF was greater between the 

normal and glaucoma groupings than observed with SAP. The d istributions of the 

sensitivities for FDF imply that, as a whole, they are shifted downward toward lower 

sensitivities when compared to SAP. 

Test-retest repeatability distributions revealed smaller 95% confidence intervals in 

both the control and glaucoma groups for FDF than SAP.  Overall, when individual 

sensitivities are compared, there is little differences between the limits of agreement in the 

SAP and the FDF. However, when the sensitivity values are divided into upper, middle, 

and lower sensitivity ranges, the difference in the distributions of SAP and FDF becomes 

clinically relevant with the greatest differences found in the lower sensitivity  ranges. The 

distribution reveals smaller limits of agreement for FDF than SAP across each tertile. 

Several factors may account for increased test-retest repeatability in the FDF: 1) a larger 

stimulus size, 2) differences in the responses to the actual stimulus, and 3) differences in 

the testing algorithm. 

Although test-retest repeatability is improved with FDF perimetry in terms of the 

clinical output from these instruments, the differences in psychophysical responses to the 

stimuli, differences in scale of the threshold sensitivities, and the apparent non-

overlapping range of sensitivities to glaucomatous damage may confound direct 

comparisons of test-retest repeatability beyond the clinical comparison of reported 
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thesholds. Furthermore, the data suggest that FDF perimetry will reach absolute loss of 

sensitivity much sooner in the disease course than SAP, and as such would not be useful 

for monitoring moderate to advanced field loss in glaucoma. Further investigation should 

be considered into the relationship between the threshold sensitivities of the two 

instruments and into the limits of which the range of threshold sensitivities show overlap 

in relation to stage of disease.  

  

Degree of overlap between tests  

Chapter 1 gives some indication that there is a degree of overlap between SAP and 

RNFL thickness by OCT, but that this overlap fails in the late stages of disease, where 

OCT estimates of RGCs are much higher than RGCs estimated by visual sensitivity. In 

chapter 2, it was shown that measurements of the RNFL with histology differ from OCT-

based measurements with advanced glaucoma, suggesting that the current OCT algorithm 

may have a limited range of usefulness in glaucomatous disease. Chapter 3 also seems to 

imply that there is a limited range of overlap between two modes of perimetry used in 

glaucoma testing; where early loss is more detectable with FDF, but consequently, 

advanced or end-stage disease reach absolute loss of sensitivity with FDF when compared 

to SAP. 

 

Final Conclusion 

 These investigations demonstrate that no single test is without limitation in the 

determination of glaucomatous disease across the entire disease spectrum. When 

comparing SAP and OCT RNFL thickness, a model can be used to equate early and 
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moderate disease, but seems to fail in the subjects with late-stage disease. The second 

experiment comparing OCT and histological measurements of the RNFL thickness would 

seem to confirm this limitation of the OCT-based measurement in late stage disease. 

Finally, while FDF perimetry shows lowered threshold distributions than those observed 

with SAP testing, and absolute loss of sensitivity is reached earlier in the disease course 

than observed with SAP. The proposed differences in which each of these instruments is 

able to measure disease may be the basis for difficulty in relating their measurement to 

each other, and further investigation may provide a basis for which to customize testing to 

one or more particular instruments according to the stage of glaucoma to be tested. The 

Figure  5-1 proposes a possible spectrum of the range of each instrument’s measurement 

in relation to the spectrum of glaucomatous disease. Further investigation into each of 

these instruments will need to be performed in order to define the exact boundaries and 

location of these spectrums in relation to each other and to the spectrum of glaucomatous 

disease.  
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Figure 5.1. Glaucoma Disease Spectrum with Proposed Regional Limits of Testing with 

SAP, FDF, and OCT RNFL Thickness. Disease spectrum with proposed regions of testing 

from various instruments. This diagram illustrates one possibility supported by the 

research in this dissertation as to the relationship of each of these instruments and their 

range of measurement in relationship to each other. Note, the relationship to of OCT to 

FDF perimetry has not been investigated in these studies and further investigation into this 

relationship is needed in order to determine this relationship. 
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