
 

 



 

METHODOLOGIES FOR ANALYZING RETINAL NERVE FIBER LAYER 
THICKNESS/AREA USING SPECTRAL DOMAIN OPTICAL COHERENCE 

TOMOGRAPHY. 
 

By 
 

Nimesh Patel, OD 
 

DISSERTATION 
 
 

In partial satisfaction of the requirements for the degree of 
 

DOCTOR OF PHILOSOPHY 
 

in 
 

PHYSIOLOGICAL OPTICS 
 
 

Presented to the Graduate Faculty of the 
 

College of Optometry 
University of Houston 

 
May 2012 

 
 

Approved: 
 
 
_______________________________________ 
Ronald S. Harwerth, OD, PhD (Chair) 
 
 
_______________________________________ 
Laura J. Frishman, PhD 
 
 
_______________________________________ 
Michael D. Twa, OD, PhD 
 
 
_______________________________________ 
Jason Porter, PhD 
 
 
_______________________________________ 
Louvenia Carter-Dawson, PhD 
 

          Committee in Charge 



i 
 

Dedication 

 

To my family and Baba  

  



ii 
 

Acknowledgements 

 I am very grateful to the University of Houston and the College of Optometry, for 

giving me the opportunity to continue teaching and seeing patients while pursuing a 

graduate degree.  I am very fortunate to have had the chance to learn from some of the 

best teachers, scientists and clinicians.  Thank you. 

 Early in my optometric career, I remember reading a paper, authored by Dr. 

Harwerth, on ganglion cell losses associated with visual field defects in glaucoma.  I 

found it amazing that rhesus monkeys could be trained to perform visual fields, and with 

such excellent reliability.  Having the opportunity to work in Dr. Harwerth’s lab has been 

an invaluable experience, and a dream come true.  I thank my mentor for everything he 

has taught me, from the critical assessment of optic nerve heads to methods of training 

rhesus monkeys for perimetry experiments.  I thank him for his patience and willingness 

to teach me and guide me. 

 This work would not be possible without the useful input from my committee 

members.  Dr. Porter not only taught me aspects of imaging devices, but also showed 

me the importance of accurate transverse retinal scaling.  Dr. Twa took his time to teach 

me methodologies for image segmentation and OCT analysis.  Dr. Carter-Dawson 

helped with all the histology and guided me on histological techniques.  I value the 

conversations I have with Dr. Frishman as they make me think outside the box, and her 

insights into electrophysiology are invaluable.  I thank all the members of my committee 

for everything they have taught me and for all their guidance.  

 I am very grateful to the office of graduate studies at the college.  Michele has 

helped me every single step of the way, and always with a smile.  I thank her for her time 

and dedication to the program.  Words cannot express my gratitude to Dr. Frishman.  

She has always encouraged me, given me advice and pointed me in the right direction.   



iii 
 

 There have been several who have guided me in my education.  I am grateful for 

individuals such as Mr. Acharya, Dr. Donna Wear, and Dr. Gary Wickham who 

encouraged me, and helped build my confidence as a student, an instructor and a 

clinician.  I thank Dr. Michelle Welch, Dr. Richard Castillo, Dr. Lisa Schifanella, and Dr. 

Jeff Miller, who taught me as a resident, and always pushed me to learn more.  I value 

their continuing support.         

Finally, and most importantly, I would like to acknowledge my family.  My wife, 

Harsha, from the day I brought up the idea of graduate school, has supported me each 

and every step of the way.  Our two boys, Saiyan and Soham who always manage to 

bring a smile to my face, and are the joy in our life.  Bapuji (Dad) and Ba (Mom), have 

not only supported us this entire time, but have helped raise our two boys.  I cannot 

thank them enough for everything that they have done for us, and their commitment to 

educating their children.  My brother (Dipen bhai) has always been an inspiration to me.  

I thank him for introducing me to Optometry, and his encouragement throughout my 

education.  My sister-in-law (Ekta bhabhi), nephew (Nilay) and niece (Naya) have always 

given me words of encouragement, and I thank them for their endless support.  Lastly, I 

would like to thank my in laws, Dad, Mom, Kamal Bhai, Dimple Ben, and Ameya, who 

have been extremely supportive these last five years.   

   

 

 

Support:  NIH R01 EY001139, P30 EY007551, K23 EY021761, UHCO Student VRSG, 

Minnie Flaura Turner Memorial Fund, Fight for Sight, and the Optometric Glaucoma 

Society Ezell Fellowship. 



1 
 

Methodologies for Analyzing Retinal Nerve Fiber Layer Thickness/Area Using 

Spectral Domain Optical Coherence Tomography. 

 

By 

 

NIMESH PATEL, OD 

 

 

AN ABSTRACT OF A DISSERTATION 

 

Presented to the 

 

Faculty of the College of Optometry 

 

University of Houston 

 

 

Submitted in Partial Fulfillment 

 

Of the Requirements for the Degree 

 

of 

 

DOCTOR OF PHILOSOPHY 

 

 

May 2012 

  



2 
 

1.ABSTRACT 

Purpose:  Glaucoma is a group of optic neuropathies that can lead to irreversible vision 

loss, especially when not treated.  Having an unknown cause, the diagnosis or 

progression is dependent on accurate clinical measures of structural and functional 

signs of the disease.  The most common quantifiable retinal structure is the peripapillary 

retinal nerve fiber layer (RNFL), a surrogate for the total ganglion cell content within the 

eye.  With technologies such as spectral domain optical coherence tomography (SD 

OCT), the RNFL thickness can be quantified with resolutions approaching 5 µm.  

Although these measures have been shown to be reliable, the accuracy of thickness 

measures is related to ocular biometry and the retinal scan path, which have not been 

investigated systematically.  The purpose of this dissertation was to develop 

methodologies that will improve the precision and accuracy of SD OCT measures of 

retinal structures.  These methods were then applied to investigate morphological 

changes in the non-human primate ocular hypertensive glaucoma model. 

 

Methods:  1) For the first experiment, 16 infant rhesus monkeys were scanned with an 

SD OCT system, at regular intervals, starting at around 36 ± 6 days of age until 628 ± 27 

days.  Changes in ocular magnification were investigated using both image registration 

and a three surface schematic eye.  The total retinal thickness, and pit morphology at 

each scan session were quantified using a semi-automated segmentation algorithm.  

Individual layers of the retina were manually identified with the aid of reflectivity profiles 

through the region of interest.  2)  The second experiment investigated the influence of 

anterior segment power change, induced by soft contact lenses, on ocular magnification 

and RNFL scan path.  15 healthy human subjects were scanned with soft contact lenses 

ranging from -12 to +8 D in 2 D steps.  Changes in ocular magnification were 
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investigated using both image registration and the schematic eye.  RNFL thickness was 

quantified using a custom semi-automated segmentation algorithm that also 

compensated for major retinal vasculature.  RNFL area measures were calculated by 

multiplying thickness measures from each A-scan by its calculated width. 3)  The 

influence of ocular biometry, and segmentation algorithms on RNFL measures were 

further investigated in 45 human eyes scanned with two clinical SD OCT instruments.  4)  

The scaling and RNFL segmentation algorithms developed were applied to 

investigations of scan path distance from the optic nerve head (ONH) rim margin and 

RNFL thickness measures.  For this experiment, RNFL thickness and area, with and 

without blood vessel subtraction were measured for elliptical scan paths 300-600 µm 

from the rim margin in 40 normal rhesus monkeys.  5)  For the fifth experiment, RNFL 

thickness measures from an elliptical scan path 550 µm from the rim margin was 

investigated along with ONH morphology and total macula volume in 6 ocular 

hypertensive experimental glaucoma animals. 

 

Results:  1) Transverse scaling based on schematic eye calculations correlated with 

axial length related changes in retinal image size for the 16 infant animals followed 

longitudinally (R2 = 0.88, slope = 0.98, p < 0.01).  Most changes in total retinal thickness 

was attributable to the outer retinal layers, and were complete around 120 days of age.  

The Nyquist limit calculated from outer nuclear layer thickness was in agreement with 

previously published histological data.  2)  In human subjects, the region of the retina 

scanned increased with increase in contact lens power (R2 = 0.94, p < 0.01), and was 

accurately modeled with the schematic eye (R2 = 0.97, p < 0.01).  The relationship 

between contact lens power and RNFL thickness was attributed to differences in the 

length of the scan path.  When the scan circumference was incorporated, RNFL area 
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was not related to contact lens power (R2 = 0.003, p = 0.47).  3)  For the 45 eyes 

included, there were significant differences in instrument derived RNFL thickness 

between the two clinical instruments used (mean difference = 6.7 ± 4.8 µm, ICC = 0.62).  

However, when the same scan path and segmentation algorithm were used, these 

differences were reduced (mean difference = 0.1 ± 3.1 µm, ICC = 0.92).  Global RNFL 

thickness from both the instrument derived and the custom segmentation were linearly 

related to axial length (slope = -3 µm/mm, R2 = 0.24, p < 0.01).  However, when 

transverse scaling was incorporated, RNFL area was not related to axial length (R2 = 

0.004, p = 0.69).  4)  For the 40 eyes of rhesus monkeys scanned, RNFL thickness 

decreased with increase in scan distance from the ONH rim when custom elliptical scans 

were used (R2 = 0.61, p < 0.01).  In contrast, global RNFL area did not change over this 

same region (R2 = 0.002, p =0.49).  The major retinal vascular contribution accounted for 

9.3% of global measures, and was similar for all scan locations.  5)  For ocular 

hypertensive animals, the RNFL area did not change until after the ONH neural rim 

volume decreased by about 60%.  While the percent vascular contribution to the RNFL 

increased (R2 = 0.64, p < 0.64), the overall vessel area decreased (R2 = 0.33, p < 0.01) 

with disease progression.   

 

Conclusion:  Measurements of RNFL thickness by SD OCT are dependent on the 

optics of the eye, including both anterior segment power and axial length.  The results 

suggest that the RNFL cross sectional area after compensation for major retinal 

vasculature is an accurate surrogate for retinal ganglion cell axonal content within the 

eye.  As morphological changes in the ONH precede RNFL thinning, it is important to 

assess both in determining glaucomatous disease and disease stage.   
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THE STRUCTURE FUNCTIONAL RELATIONSHIP 

The relationship between structure and function is of interest in all facets of 

science.  Both are not only interrelated, but each must also provide important insight into 

the other.  A classic example of structure-function interrelation is the force-velocity 

tradeoffs in Darwin’s finches.1  While the significant differences in beak structure 

between species occurred as they adapted to their diets2, the beak structure also 

influenced vocal sounds3 and hence recognition of mates.   

In the field of neuroscience, structural assessment of neuronal networks and their 

association with function has been studied since the 19th century.  Initial histological 

work by Joseph von Gerlach and refined by Camillo Golgi with his black reaction4 

staining technique, was known as the diffuse nervous network or reticular theory.5  In 

brief, the theory suggested that all neurons were continuous, with interconnected cell 

membranes and cytoplasm.  In contrast, Santiago Ramón y Cajal, using similar 

methodologies as Golgi, illustrated that neuronal cells were independent entities 

separated by synapses, and established the neuron doctrine.6  Although the majority of 

Cajal’s work and drawings were based on the histological structure of the cerebellum, he 

had a keen interest in the retina.  Specifically, the layered structure of the retina helped 

explain the principle of ‘dynamic polarization’, the flow of information from one neuron to 

the next.  Although the principles of dynamic polarization fall short in explaining lateral 

inhibition, feedback, and the role of horizontal and amacrine cells, the basic principles of 

the neuron doctrine are sound.7  Based on this doctrine, the number of neurons, their 

firing rates, and the cells they synapse with would determine sensory perception and/or 

motor output.8   
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THE VISUAL SYSTEM 

The visual system is supposedly the most complex sensory component of the 

central nervous system.  As light energy passes through the optics of the eye, it is 

captured by either the photopigment9 within the photoreceptor outer segments or by 

intrinsically photosensitive retinal ganglion cells (RGC).10,11  Within the visual pathway, 

the capture of photons by photoreceptors results in a change in the cell membrane 

potential and subsequently neurotransmitter release.  In the most basic pathway, this 

sensory signal is passed from photoreceptor to bipolar cell to the RGC whose axon exits 

the eye and synapses in the lateral geniculate nucleus (LGN).  Neurons in the LGN relay 

the signal to the visual cortex (V1) where the input is integrated and transmitted to higher 

order visual processing centers.  Both psychophysical12,13 and physiological14-17 studies 

have found that capture of relatively few photons under dark adapted conditions is 

sufficient for a functional response.  In addition, changes in the psychophysical 

threshold,18 with background illuminations from scotopic to photopic conditions, can be 

attributed to physiological changes within the retina.19-21  Hence, there should be good 

correspondence between visual function and the structural RGC output from the eye.22   

As the neural tissue of the eye can be assessed non-invasively through a dilated 

pupil, the visual system is an ideal component of the central nervous system for studying 

neural networks and structural changes associated with disease processes. The main 

aim of the series of experiments described in this dissertation was to develop and apply 

precise and accurate measures of retinal structure using a non-invasive in vivo 

methodology, and investigate its use in an ocular hypertension model of experimental 

glaucoma. 
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GLAUCOMA 

 Glaucoma defines a group of progressive optic neuropathies that can lead to 

irreversible blindness if left untreated.  Common features associated with the disease 

include a loss of RGCs, thinning of the retinal nerve fiber layer (RNFL), non-

physiological optic nerve head (ONH) cupping, and loss of visual sensitivity.  Although 

several risk factors including, but not limited to, intraocular pressure, family history, 

central corneal thickness, hypertension, diabetes and sleep apnea, have been identified, 

the exact cause of the disease remains elusive.23  Hence, the diagnosis or progression 

of glaucoma requires structural and functional measures of the features that define the 

disease.   

Defects of visual functional are most commonly assessed over the central 48 to 

60 degrees of the visual field using white-on-white stimuli to measure visual thresholds, 

which is referred to as standard automated perimetry (SAP).24,25  The resulting threshold 

map for a healthy eye has high sensitivity in the central vision that decreases with 

increasing eccentricity, i.e. the ‘hill of vision’.  For disease detection, threshold measures 

are compared to age matched normative data to determine the depth or severity of the 

defect.  The classical visual field defects associated with glaucoma include; 1) Seidel 

scotomas, 2) Bjerrum scotomas, 3) nasal steps, and 4) paracentral scotomas, all which 

commonly respect the horizontal midline.26-28  These functional defects often correspond 

to structural loss of RNFL thickness, and ONH neural rim notches, as observed with 

direct or indirect ophthalmoscopy.29-31  For example, a thinning of the inferior RNFL or an 

inferior ONH rim notch would correspond to a superior visual field defect.  However, in 

the clinical setting both visual field testing and clinical examination of the posterior 

segment are subjective, with significant inter and intra-individual variability.32-38  

Consequently, when initiating or changing therapy, confirmatory visual field tests are 
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usually recommended.33,39,40  Hence, an accurate structure-functional relationship would 

aid significantly in this diagnostic process. 

 

THE RELATIONSHIP BETWEEN STRUCTURE AND FUNCTION IN GLAUCOMA 

 In principle, there should be a good relationship between visual function and 

structural measures from retinal ganglion cells in glaucoma.  Specifically, the associated 

losses of retinal ganglion cells should correspond with visual field threshold measures at 

each location sampled.  In initial histological studies of human eyes, there was a good 

correspondence between RGC density and visual field sensitivity, but a visual field 

defect was only noted when there was a 25-35% loss of RGCs.41,42  Since these initial 

reports, several maps43-46 and models, linear47-49 and non-linear, have been proposed to 

link structure and functional measures in glaucoma.  Although there is general 

agreement between these models,50 there are significant and notable differences 

between the models.  While the non-linear model is based on a logarithmic relationship 

between visual sensitivity and RGC density that varies with eccentricity, the linear model 

suggests a direct relationship between RGC cell loss and the age adjusted total 

deviation in sensitivity for each test location.  In addition, the non-linear model suggests 

an age and disease state related non-neuronal component, whereas this component is 

thought to be constant in the linear model.   

 The accuracy of either model is limited by the accuracy and precision of the 

measuring tools used.  For example, the subjective retinal sensitivity measures from 

SAP are highly variable within and between individuals.  Hence, non-invasive objective 

techniques such as automated assessment of pupil function,51,52 multifocal 

electroretinograms53-57 and multifocal visual evoked potentials,58-60 are being investigated 

to improve functional measures.  For structural assessment of the optic nerve and retina, 
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several non-invasive imaging technologies have been developed.  Although these 

instruments have less variability than an ophthalmoscopic examination, there are 

significant differences between the instruments themselves.61-63  One of the aims for the 

presented work is the investigation of a new methodology of structural assessment using 

optical coherence tomography.   

 

RETINAL IMAGING 

 It first was possible to examine the retina and ONH using non-invasive 

methodology around 1847-1851 when Charles Babbage and Hermann von Helmholtz 

independently invented the ophthalmoscope.64,65  Since its invention, a direct or indirect 

ophthalmoscopic evaluation of the retina and optic nerve has been standard of care for 

the clinical evaluation of the posterior segment of the eye.  In glaucoma, the loss of 

RGCs and associated RNFL results in thinning of the neural retinal rim tissue and an 

increase in ONH cupping.66  Although a valuable tool in glaucoma management, 

ophthalmoscopy is subjective, and has high inter and intra-individual variability.36,37  

Hence, for comparison across visits, clinicians will often photograph (flat fundus or 

stereoscopic) the ONH of glaucoma and glaucoma suspect patients at baseline 

examination and at any point at which a change is noted.  Both color and red-free30,31 

fundus photography provide valuable qualitative information on the optic nerve, but with 

quantifiable features limited to ONH rim, and cup parameters.67-69  With the advent of 

scanning laser technology, additional features of the posterior segment, including the 

optic nerve and macula, such as total retinal thickness and individual retinal layer 

thicknesses can be measured.  The three main scanning laser devices used in clinical 

care include; 1) the confocal scanning laser ophthalmoscope (CSLO), 2) scanning laser 

polarimetry (SLP), and 3) optical coherence tomography (OCT).   
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Scanning Laser Ophthalmoscopy and Scanning Laser Polarimetry 

CSLO technology utilizes a small beam of light scanned across a region of 

interest within the retina to create a reflection image.70  By using a confocal aperture or 

pupil, these systems have reduced light scatter and the ability to image tissues at 

varying depths.  Subsequently, captured images can be used to create three 

dimensional data sets that typically have higher transverse resolution than axial 

resolution.  In general, morphological measures of the optic nerve using these three 

dimensional data have been shown to be repeatable.71,72  For the commercially available 

instrument, HRT (Heidelberg Retinal Tomograph, Heidelberg Engineering, Heidelberg, 

Germany), these measures are made from an instrument determined reference plane 

that is nominally 50 µm deep at the temporal rim margin.73  However, there is significant 

inter and intra-subject variability in this reference plane that needs to be taken into 

consideration when diagnosing disease or disease progression.74,75 

 Scanning laser polarimetry is a scanning laser ophthalmoscope (SLO) system 

with a polarized laser diode light source (780 nm), that takes advantage of the 

birenfrigence properties of the axons in the RNFL.76,77  Specifically, the thickness of the 

RNFL is considered to be linearly related to the retardation of polarized light that passes 

through the retina.76  However, ocular structures such as the cornea and crystalline lens 

also have birenfrigence properties that can result in erroneous RNFL thickness 

measures when not corrected in the retardation image.  Although the initial versions of 

this instrument used a fixed corneal polarization axis (15 degrees)78 and did not 

compensate for variability in corneal birenfringence, there have been significant 

improvements in the newer iterations of SLP technology (GDx Extended Corneal 

Compensator, Carl Zeiss Meditec Inc., Dublin, CA).  Overall, measures from SLP are 

repeatable79 and have good sensitivity and specificity in diagnosing glaucoma.80,81   
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Optical Coherence Tomography 

 Although three dimensional data acquired using CSLO technology have high 

transverse resolution, the technology cannot be used to produce high resolution cross 

sectional images of the retina, which are essential in locating pathology within the retina 

and for quantification of retinal layers.  Such images can be acquired using OCT 

technology that utilizes low coherence interferometry.  Recent advances in this 

technology, specifically, spectral domain optical coherence tomography (SD OCT) 

produces axial resolution of approximately 5 µm. 

The basic principles of OCT technology can be compared to that of B-scan 

ultrasonography.  In ultrasound technology, acoustic waveforms are reflected off a 

tissue, whose backscatter is then detected and converted into a signal.  In brief, adjacent 

acoustic signals (A-scans), acquired with an oscillating probe, are aligned to create a 

two dimensional image (B-scan).  Fujimoto and colleagues, in the late 1980s were 

pioneers in using light energy to image biological tissues with similar concepts as those 

of ultrasonography.  Specifically, they used a 65 femtosecond pulsed laser, to determine 

time of flight information and subsequently quantified corneal thickness in a rabbit with 

15 µm resolution.82  Soon thereafter, cost efficient optical setups that included low 

coherent light from a superluminescent diode (SLD) and a Michelson interferometer, 

were illustrated to produce similar results.83,84  In 1988, this technology was then applied 

to in vivo measurements for axial lengths (A-scan) in human eyes, with an accuracy of 

0.03 mm.85  However, it wasn’t until 1991 that the first B-scan images of human tissue 

were published in the scientific literature using OCT technology.86  Subsequently, a 

commercial instrument was developed,87 and has been an invaluable tool for vision 

research and clinical eye care. 
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The first generation clinical OCT instruments were time domain (TD) systems, 

whose main features included a moving reference arm, and a single photodetector that 

captured the interference data from the Michelson interferometer (Fig 1-1A).  When 

scanning, the signal from the photodetector is filtered, processed and displayed as 

successive A-scans corresponding to the scan location.  These A-scans are then aligned 

by cross correlation, resulting in an OCT B-scan of the posterior segment.  A typical TD 

OCT system captures A-scans at a frequency of 400 Hz, taking over a second to capture 

a high resolution 30 degree B-scan (17 A-scans/deg) of the posterior segment.  The 

axial resolution of the system is based on the bandwidth of the illumination source, and 

can be calculated using equation 1-1.87  In this equation, Δl is theoretical axial resolution 

of the system, λo is the central wavelength of the SLD and Δλ is the bandwidth of the 

SLD.  For most low coherent sources used in OCT systems, the axial resolution ranges 

from 3 to 10 µm. 

Equation 1-1 

    
     

 
   

  
 

  
 

The transverse resolution of the system is based on the imaging spot size on the retina, 

which is dependent on the optics of the instrument, the optical quality of the ocular 

media, and the biometry of the eye. 

The second generation of OCT systems operates in the spectral or Fourier 

domain (SD or FD).  In addition to a stationary reference arm, these systems include a 

diffraction grating and line scan camera that detects the signal from the tissue being 

scanned (Fig 1-1B).  In contrast to TD systems, SD OCT systems can capture A-scans 

at 40 kHz, are less susceptible to eye motion artifact, and can efficiently acquire 

volumetric data through a region of interest.  While there is only one TD OCT system  
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Figure 1-1.  Optical Coherence Tomography. 

A. A typical setup for a Michelson interferometer.  Light from a coherent or partially 

coherence source is directed at a 50:50 beam splitter and reflected off mirrors.  The 

interference from the reflected light can be displayed on a screen or focused on a 

detector as illustrated in this setup.  B.  The time domain OCT system reflects light off 

the tissue being imaged and a moving reference area.  The reflected light is then 

captured by a detector, and transformed into an image after digital processing.  C.  The 

spectral domain system OCT system has a similar setup, but utilizes a diffraction grating 

and line scan camera and does not have a moving reference arm.    
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 (Stratus OCT, Carl Zeiss Meditec Inc., Dublin, CA), there are several SD OCT systems 

available for clinical use.  And although these systems use similar technology, 

morphological measures of similar retinal structures or layers cannot be compared 

between clinical instruments.61,62,88-92 

 

CORRESPONDANCE OF OCT IMAGING AND RETINAL HISTOLOGY 

 The signal strength at each point within an OCT A-scan is dependent on the 

tissue reflectivity and the corresponding interference pattern from that location.  In 

addition to changes in refractive index at the junction of retinal layers, each layer of the 

retina has its own signature reflectivity profile.93  However, elements within the retina are 

not always homogenous, and it is likely that these differences are reflected in the OCT 

signal.  For example, elements of photoreceptors can be found in at least four OCT B-

scan layers including the outer segments, inner segments, outer nuclear layer, and outer 

plexiform layer.  Several comparative histological studies have been performed for OCT 

B-scan layer identification using both TD and SD OCT systems.93-96  In general, there is 

good agreement between these studies with similar retinal layer identification across 

species.  However, the histological equivalence for in vivo scans in the non-human 

primate, the model used for three of the following chapters, is limited.  While there is 

significant comparative anatomy work for the ONH,97,98 there are no published reports for 

the macular region of the rhesus macaque monkey.   

 The visual system of the rhesus macaque monkey is often used in research 

because their anatomy and physiology are similar to humans.  However, there are 

significant differences between the two species that need to be taken into consideration.  

For example, the rhesus monkey has a greater amount of pigment in the retina.  Hence, 

most OCT segmentation algorithms fail at identifying the retinal pigment epithelium 
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(RPE), as it has similar reflectivity to the underlying choroid.  It was therefore necessary 

that OCT scans acquired in vivo be compared to histology in this species.  For this 

experiment, high resolution SD OCT scans (Spectralis HRA+OCT, Heidelberg 

Engineering, Heidelberg, Germany) were acquired through the optic nerve and fovea of 

a 6 year old rhesus monkey, at three separate visits.  After the last scanning session, the 

eyes were enucleated, fixed in 2% paraformaldehyde and 1% glutaraldehyde and 

embedded in resin.  1 µm sections were then cut, stained with either cresyl violet or 

basic fuschin, and photographed.  For the best corresponding histological and OCT 

sections, layers within the retina were manually segmented.  For OCT sections, the 

segmentation was aided by the reflectivity profiles for each A-scan.  Using an iterative 

cross correlation algorithm (Patel NB, et al. Optom Vis Sci 2009;86:E-abstract 090768), 

the best correspondence of layers was then determined.  The retinal layers identified 

using this technique (Fig 1-2), were similar to those previously published and also 

corresponded well with those of human eyes.99-101 

 

GLAUCOMA AND OCT TECHNOLOGY 

ONH Analysis 

 The ONH is often considered the primary site for glaucomatous damage that 

subsequently leads to axonal loss.  For example, early studies that investigated elevated 

intraocular pressure in the non-human primate eye illustrated a decrease in both 

orthograde and retrograde axoplasmic transport, that can be localized to the lamina 

scleralis, also known as the lamina cribrosa.102  Similarly, histological studies in normal 

and glaucoma patients show significant changes in the ONH, even in the early stages of 

the disease process.103  Hence, it is likely that in vivo structural measures of the ONH 

may provide useful information in the diagnosis and management of glaucoma. 
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Figure 1-2.  Correspondence between Histology and OCT  

A. Histological section through ONH and fovea of a 6 year old rhesus monkey stained 

with cresyl violet.  B.  SD OCT section through a similar region as that in A for the same 

animal.  The boxed region (red) is enlarged in D, and the reflectivity profile for an A-scan 

(dashed line) is illustrated in panel C.  Layer identification was a result of an iterative 

cross correlation algorithm that identified marked layers with most similar dimensions. 
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 The ONH morphology is most commonly analyzed using radial B-scans centered 

on the ONH (Fig 1-3).  In general, measures from these scans are repeatable with both 

TD and SD OCT systems in both normal and glaucoma patients.104-107  From these 

studies, measures including the rim volume, vertical integrated rim area and rim area 

have good sensitivity and specificity at distinguishing a normal from a glaucomatous 

ONH.107,108  However, ONH measures are not commonly assessed in the clinical setting 

as there are often inconsistencies in the reference plane used and there is only a limited 

amount of normative data available.  With advances in enhanced depth imaging (EDI)109-

111 capabilities of SD OCT systems along with image post processing,112 the more recent 

emphasis on ONH analysis has been on the location of the lamina cribrosa and the pre-

laminar tissue in optic neuropathies.  Specifically, changes in the lamina cribrosa 

geometry and position may provide important biomechanical information on the 

pathophysiology of axonal loss in glaucoma.113  For example, in investigations in non-

human primates with early high intraocular pressure induced glaucoma, there is a 

significant posterior displacement of the anterior lamina and thinning of the pre-laminar 

tissue, as determined with SD OCT.114,115  Many of these findings correspond well with 

histological observations in the glaucomatous human ONH.116  In human studies, EDI 

SD OCT scanning has been used to illustrate focal losses in the laminar structure of 

glaucoma patients.117  However, even with current EDI OCT imaging, the lamina cribrosa 

can only be delineated in half of the ONHs scanned.118  In addition, norms for pre-

laminar tissue, anterior surface lamina depth and lamina cribrosa thickness as a function 

of age have not been determined.   
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Figure 1-3.  Radial scan through optic nerve head. 

A radial scan pattern (A&D) is often used for morphological measures of the ONH. A-C 

are acquired from a human subject whereas D-F are from a rhesus monkey. The 

sections illustrated in B&E are the horizontal section through the ONH as illustrated by 

the red line in the SLO images.  C&F are enhanced images using methods of 

compensation and contrast enhancement described by Girard et al (2011).112  Red 

markings in B&D illustrate the opening of the basement membrane, a reference plane 

often used for morphological assessment.  Cup depth is illustrated by the blue arrow in 

B, while the neural rim tissue is indicated by the yellow marked region in E.  The green 

dots on the enhanced images C&F illustrate the anterior surface of the lamina cribrosa. 
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Macula Analysis 

 The central retina, that includes the fovea and surrounding tissues, has been of 

increasing interest for the diagnosis of glaucoma and glaucoma progression.  Having the 

highest density of RGCs,119 it is reasonable that there would be a decrease in total 

retinal or ganglion cell layer thickness early in the glaucomatous disease process.57  

Typical analysis of this foveal region includes a volume, or cube scan 10 to 15 degrees 

in diameter.  In several investigations, although total macular thickness or volume 

measures were shown to be useful measures, they did not add to the diagnostic value of 

visual field, ONH or RNFL measures in glaucoma management.120-126   

 In theory, quantification of just the ganglion cell layer should have greater 

diagnostic value compared to total retina thickness, as the normal population variability 

for more outer layers is negated.  While most automated algorithms cannot segment the 

RGC layer by itself, many will segment the RGC/inner plexiform layer complex, which 

often also includes the RNFL.  As expected, analyses of these selective inner layers 

affected in glaucoma can be used to differentiate between early and advanced glaucoma 

patients.120,127,128  However, as with total macular thickness and volume, inner retinal 

thickness or volume analyses also do not add to the current ability to diagnose and 

manage glaucoma.129,130 

  

RNFL Analysis 

 The only current imaging methodology that samples the majority of axons from 

RGCs is the peripapillary RNFL scan.  The B-scan analyzed is typically a 12 degree 

circular scan centered on the optic nerve, with a nominal scan circumference of 10.87 

mm (Fig 1-4).  This specific scan path is used by the majority of clinical OCT systems as 

it has the largest dynamic range with the smallest intra-subject variability in both normal
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Figure 1-4.  Standard 12 degree RNFL scan. 

B-scan from a standard 12 degree diameter circular scan path of a healthy non-

glaucomatous eye acquired using a Spectralis HRA+OCT SD OCT system.  The scan 

represents the retina in a path from temporal – superior – nasal – inferior – temporal.  B. 

Illustrates the RNFL thickness measures in microns quantified between the inner limiting 

membrane (ILM) and retinal nerve fiber layer/ganglion cell layer junction (RNFL/RGC).  

C.  Quadrant and global thickness measures are often compared to a normative 

database and color coded (green p > 0.05,yellow p < 0.05, red p < 0.01). 
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and glaucomatous eyes.131  To quantify the RNFL, an instrument based automated 

segmentation algorithm identifies the inner limiting membrane and the junction between 

the nerve fiber and ganglion cell layers.  The RNFL thickness is then reported to the 

clinician/researcher as a TSNIT plot (A-scan thickness plot following a circular path from 

temporal, superior, nasal, inferior, and back to temporal), and average global or sector 

measures.  These measures of the RNFL are shown to be repeatable and reliable in 

both normal and glaucomatous eyes.132-135  In addition, RNFL measures have been used 

to estimate the number of axons within the eye (Equation 1-2, 1-3).  For high resolution 

RNFL measures, acquired with a TD OCT system (512 A-scans/B-scan), the axon 

density (d), which is age dependent,136,137 can be used to estimate the axonal count (a) 

when thickness data from each A-scan (hx) is multiplied by the A-scan pixel width (21.2 

µm/pixel).138   

Equation 1-2 

                                

Equation 1-3 

           (∑        )    

Although RNFL thickness is a useful measure in optic nerve health assessment, 

several limitations in the current imaging techniques and analysis prevent RNFL 

measures to be accurately used as structural endpoints for glaucoma diagnosis or 

progression.  For example, an accurate assessment of RNFL thickness requires 

accounting for scan quality,139,140 centration,141,142 eye movement143 and head tilt.144  

Hence, with current instrument based analysis, a significant change in thickness 

measures can only be detected when global measures either increase or decrease by 5-

10 µm (~5-8% of total RNFL in healthy eyes).132,135,145  However, studies involving 
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glaucoma patients with progressive field loss would indicate a need for more precise and 

accurate measures to detect a decrease in global RNFL measures that are 

approximately 1-2µm/year.146-148   

Scan quality can be influenced by both modifiable (optical alignment, corneal 

hydration, averaging, and pupil dilation), and non-modifiable factors (media opacity, and 

preexisting retinal pathology).  Several methodologies have been used to center scans 

including acquisition of volumetric data, and scan centration based on the neural canal 

opening.97,141,143,149,150  Artifacts from eye movement and eye torsion, mainly due to head 

tilt, can be efficiently accounted for using image registration, and alignment to the 

fovea.63,144 

 Although the aforementioned factors are essential for accurate in vivo measures 

of retinal structures, thickness measures are also dependent on the optics and ocular 

biometry of the eye.  For example, RNFL thickness measures in normal eyes with 

smaller axial lengths are usually larger than for longer or myopic eyes.134,151-155  This 

relationship between axial length and RNFL thickness is a direct reflection of scan path 

on thickness measures.  Specifically, for a fixed 12 degree diameter scan, the scan path 

would be further from the rim margin in longer eyes, where the RNFL is also thinner.156-

158 As the peripapillary region has a low density of ganglion cells, the observed 

relationship with axial length does not reflect on a change in axonal content, but rather a 

decrease in axonal density.119 

 Similarly, the proximity of the scan path to the ONH rim for anatomically large 

nerves may explain the positive correlation of RNFL thickness with nerve size (Fig. 1-

5).151,156,158  For example, in the African Descent and Glaucoma Evaluation Study 

(ADAGES), African Americans, who had larger optic disc areas compared to 

Caucasians, also had thicker RNFL measures.159-161  However, it is not known if these  
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Figure 1-5.  ONH size and RNFL thickness  

Two eyes with similar axial lengths, but different sized optic nerves.  The green lines 

illustrate the scan location for a 12 degree circular scan, while the yellow and blue 

dashed lines indicate the projected scan path if the axial length of the eye were 22.5 mm 

and 25 mm respectively.  The deep blue vertical line illustrates the center of the ONH as 

determined by the basement membrane opening.  Global RNFL thickness for these two 

subjects was 98 µm (A) and 87 µm (B). 
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differences are purely an artifact from the scan proximity to the optic nerve head (ONH) 

rim or if there are significant differences in RNFL axonal content based on ethnicity and 

ONH size.  Histological data from non-human primates would suggest a mixed affect, as 

larger optic nerves often have more retinal ganglion cell nerve fibers.162 

 An evaluation of RNFL measures from standard 12 degree circular scans in the 

rhesus monkey is an ideal example for the influence of ocular magnification and ONH 

size on thickness measures.   The axial length of the adult rhesus monkey (19 mm) is 

significantly shorter than that of the adult human (24 mm).163  Hence, a 12 degree scan 

circumference, which is normally 10.9 mm in human eyes, is only 8.01 mm in the adult 

monkey eye.  However, the RNFL TSNIT plot and average thickness measures are 

similar and comparable for the two species.163,164  It is probable that the average RNFL 

thickness is similar in the two species, as the typical optic nerve of a rhesus monkey is 

significantly smaller making the scan distance from the rim margin comparable to that of 

humans.98,162,164,165  It is also important to note that the RGC axonal content within the 

rhesus monkey eye is thought to be greater than that in humans.162,166 

 As illustrated by equation 1-2, the density of axons within the RNFL is age 

dependent, and is thought to be a result of age related changes in non-neuronal tissue.  

To use in vivo RNFL measures as a surrogate of retinal ganglion cell axonal content 

within the eye, the non-neuronal components need to be considered (Wheat, JL, et al. 

IOVS 2009;50:ARVO E-abstract 5826, Wheat, JL, et al. IOVS 2010;51:ARVO E-abstract 

2104).167,168 Although glial tissue and small vessels cannot be visualized using 

conventional in vivo SD OCT imaging technology, the major retinal vasculature often 

cast shadows on the underlying retina (Fig. 1-4).  It is estimated that in a healthy eye, 

the major retinal vasculature contributes between 9-13% of the total RNFL content 

(Mardin CY, et al. IOVS 2009;50:ARVO E-abstract 3333).63,167  With progressive loss of 
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neuronal tissue in glaucoma, an increase in the percentage contribution of retinal 

vasculature to the average, or global, RNFL thickness is expected.  If the vascular 

content within the retina remains stable with disease progression, this component would 

only have to be compensated at baseline.  However, changes in the major retinal 

vasculature have not been investigated using in vivo imaging.  In addition, although 

vessel narrowing was not shown to be predictive of glaucoma or its progression in 

population based studies, the retinal vessel diameters in glaucoma patients were 

generally smaller than in control eyes.169-172   

 The main objective of the presented work was to investigate RNFL measures, 

using SD OCT technology, after correcting for retinal magnification and compensating 

for major retinal vasculature, in human and non-human subjects. 

 

INNOVATIONS 

 There are two main innovations that will be investigated; 1) transverse scaling 

using a three surface schematic eye, and 2) custom scan paths that incorporate 

transverse scaling and are segmented with blood vessel compensation, for RNFL 

thickness and area analysis.   

 

Retinal Scaling 

Transverse scaling for OCT B-scans is dependent on the optical properties of 

both the scanning device and the eye itself.173 Several methods have been described to 

calculate transverse scaling, with the most accurate methods taking into account corneal 

curvature, anterior chamber depth, lens thickness and axial length.154,174-177 Using a three 

surface schematic eye the scaling of posterior segment retinal images can be accurately 
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calculated from the eye's nodal points.174,175,178,179 Clinically, ocular measures including 

corneal curvature, anterior chamber depth, lens thickness, and axial length can be 

measured using non-contact optical biometry.180-183 Although, optical biometers do not 

measure the crystalline lens curvature, age normative data have been published for both 

rhesus monkeys and humans.163,184  Figure 1-6 illustrates a relaxed, unaccommodated 

three surface schematic eye of an adult emmetropic human eye (Fig 1-6A)179 and an 

adult emmetropic rhesus monkey eye (Fig. 1-6B).163 

 

RNFL Segmentation and Blood Vessel Compensation 

 Overall, RNFL thickness measures from all OCT systems, as determined with 

their proprietary automated segmentation, have good repeatability.61,134,135,185,186  

However, thickness measures acquired from the same individual on separate machines 

cannot be compared.61,187,188  In addition, although OCT B-scans can be exported from 

the imaging device, custom scans and scans from other instruments cannot be imported 

into any current OCT system for thickness analysis.  For the work in this dissertation, a 

custom segmentation algorithm written in commercial software (MATLAB, The 

Mathworks, Inc., Natick, MA) was developed for RNFL analysis of both instrument 

acquired and custom scan path B-scans.  For this algorithm, B-scans are first de-noised 

using a Haar two dimensional stationary wavelet, and convolved with a Gaussian filter 

(SD = 4).  As with most segmentation algorithms, the reflectivity profile of each A-scan is 

then analyzed to determine the location of the inner limiting membrane and the 

RNFL/RGC layer junction.189,190  As most segmentation algorithms have some degree of 

error, the program allows for manual correction of erroneous layer identification which 

are most commonly located around the major retinal vasculature. 

The Spectralis HRA+OCT, the SD OCT system used for the majority of these 



42 
 

 

Figure 1-6.  The three surface schematic eye. 

Three surface schematic eyes of an emmetropic adult human179 (A) and 4.8 year old 

rhesus monkey163 (B).  P and P’ are the first and second principal planes while N and N’ 

correspond to the first and second nodal points.  Retinal scaling can be calculated using 

the distance from the second nodal point (N’) to the imaging plane.  Based on these 

schematic eyes, scaling for the adult human would be 291 µm/deg, and 218 µm/deg for 

the rhesus monkey eye. 
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experiments is a multi-laser system with real time image registration capability.  With 

accurate retinal registration, A-scans can be averaged to increase the signal-to-noise 

ratio.  The major retinal vessels within these scans should appear circular, when 

averaging frames during normal blood flow, if the pressure within the vitreous chamber is 

not greater than the systolic blood pressure.  In addition, as the majority of retinal 

vessels are radially oriented to the optic nerve, OCT B-scans from circular or elliptical 

scan paths usually intersect vessels at right angles.  Hence, after rescaling scans, retinal 

vessels can be fit with circles and removed from the RNFL (Fig. 1-7).  RNFL thickness 

measures can then be transformed to an RNFL integral or area measure by 

incorporating the calculated transverse scaling of the eye.  This methodology will be 

used to determine the RNFL thickness/area and vessel contribution; 1) in normal healthy 

human and non-human subjects, and 2) in the non-human primate, laser induced ocular 

hypertensive glaucoma model. 

 

SCOPE OF DISSERTATION 

 This dissertation describes methodologies and experiments that were undertaken 

with the primary goal of improving structural measures of the posterior segment, as 

imaged with SD OCT technology.  The research is a product of ongoing behavioral 

measures of vision studies in the lab of Dr. Ronald S. Harwerth (NIH EY001139).  The 

results of this work include a methodology for RNFL analysis that takes into account the 

biometry of an eye and the shape of the optic nerve.  In addition, chapter 6 illustrates the 

use of this precise method in investigating morphological changes in an experimental 

model of glaucoma.   

 Chapter 2 describes the role of axial length in retinal imaging with SD OCT.  The 

subjects in this chapter included sixteen infant rhesus monkeys that were imaged at   
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 Figure 1-7.  Custom RNFL anlysis. 

A. SD OCT section illustrating the correspondence of major retinal vasculature and 

shadows within the B-scan.  B.  Unscaled, B-scan illustrating the elliptical shape of 

retinal vasculature within the RNFL.  C.  When scaled, retinal vessels within the B-scans 

take on a circular appearance.  TSNIT plots before (D) and after (E) removal of major 

retinal vasculature.  Note that only the thickness of the vessel within the RNFL is 

subtracted preventing negative RNFL thickness measures. 
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regular intervals from four weeks of age up until they were eighteen months old.  While 

axial lengths in this species increase significantly within this period,163 there is no change 

in the size of the ONH or the lateral distance between the optic nerve and the fovea.191  

Hence, the SLO images from these animals provided valuable data for changes in ocular 

magnification and validation of a three surface schematic eye for calculating transverse 

scaling.  In addition, the OCT data were used to monitor changes in the retinal layers 

during the period studied.  To the best of our knowledge, this is the first study to report 

longitudinal changes in the retinal layers for the period of infancy that was studied. 

 Although axial length is a major factor in determining ocular magnification,174-176 

the cornea contributes significant dioptric power to the optics of the eye.  In chapter 3, 

the influence of anterior segment power on ocular magnification was investigated using 

standard 12 degree RNFL scans.  Change in corneal power was accomplished by fitting 

human subjects with soft contact lenses ranging in power from -12 D to +8 D.  In this 

chapter, using image registration and custom RNFL segmentation, the relationship 

between change in anterior segment power and RNFL thickness is attributed to changes 

in scan path.  Image registration was also used to determine differences in ocular 

magnification and in validating the transverse scaling computed with a three surface 

schematic eye.    

 In chapter 4, the discrepancy between RNFL thickness measures between 

instruments is addressed.  For this experiment two clinical SD OCT systems, the Cirrus 

HD-OCT (Carl Zeiss Meditec, Dublin, CA), and Spectralis HRA+OCT (Heidelberg 

Engineering, Heidelberg, Germany) were used for data collection on human subjects.  

While the Cirrus system interpolates a 12 degree circular scan from volumetric data 

through the optic nerve, the Spectralis uses a circular scan path to acquire the same 

scan.  In addition, these instruments have different scan speeds and theoretical axial 
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resolutions.  The chapter addresses the influence of; 1) scan centration on the ONH, 2) 

scan alignment to the fovea, and 3) segmentation algorithm on RNFL thickness 

measures. 

 The main focus of chapter 5 is the use of custom RNFL scans in the rhesus 

monkey. Specifically, significant differences in ONH size and ocular biometry would 

suggest that the standard 12 degree circular scan used for RNFL analysis in humans 

may not be ideal for the monkey eye.  Hence, the purpose of this experiment was to 

investigate elliptical scan paths of varying sizes on RNFL measures in rhesus eyes.  The 

same scaling methodologies and segmentation algorithms were used as described in 

chapters 2-4. 

 In chapter 6, changes in morphological measures are investigated for monkeys 

with laser induced experimental glaucoma.  Incorporating transverse scaling 

methodologies, measures of the ONH, RNFL and macula were investigated in 47 

healthy rhesus eyes and 6 experimental glaucoma eyes.  The overall goal of this study 

was to determine the typical sequence of morphological changes in this experimental 

glaucoma model. 
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2.CHAPTER 2 

THE EARLY MATURATION OF THE FOVEA IN MACACA MULATTA: SPECTRAL 

DOMAIN OPTICAL COHERENCE TOMOGRAPHY 

The authors that contributed to this work include: 

Nimesh B Patel, OD, Joe L Wheat, OD, PhD, Xunda Luo, M.Med, PhD, Li-Fang. Hung, 

B.Med, OD, PhD, Earl L Smith, OD, PhD, Ronald S Harwerth, OD, PhD. 

 

 

 

 

 

 

 

 



49 
 

ABSTRACT 

Purpose: Changes in the anatomy of the fovea during infancy are important for 

understanding the early, normal development of vision.  The present longitudinal study 

was undertaken to characterize the maturation of the fovea during the first year and a 

half of life in rhesus monkeys. 

 

Methods:  Starting at four weeks after birth, the retinas of the left eyes of sixteen infant 

monkeys were imaged using spectral domain optical coherence tomography (SD OCT).  

Retinal scans were repeated every 30 days during the first year of life and every 60 days 

thereafter.  Volume scans through the fovea were registered, scaled using a three 

surface schematic eye, and analyzed to measure foveal pit parameters.   The individual 

layers of the retina were manually segmented and thicknesses were measured over a 

transverse distance of 1250 microns from the center of the foveal pit. 

 

Results:   Significant changes in the extent of retina scanned were described using a 

three-surface schematic eye (R2 = 0.88, slope = 1.003, p<0.05).   During the first 18 

months of life, the mean retinal thickness at the pit center increased by 21.4% with a 

corresponding 20.3% decrease in pit depth.  The major changes occurred within the first 

120 days, but did not stabilize until a year after birth.   

 

Conclusions:  In Macaca mulatta infants, the primary anatomical maturation of the 

fovea occurs within the first few months of life, as determined by longitudinal data from 

SD OCT measurements.  The timelines for maturation of the fovea correspond well with 

the normal development of both lateral geniculate nucleus and cortical neurophysiology.  
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INTRODUCTION 

In primates, the visual system is relatively immature at birth, with significantly 

reduced visual resolution, i.e., high contrast visual acuity often measuring less than 5 

cycles per degree (cpd) in both humans and monkeys, compared to acuities of 30-40 

cpd in adults.192-197  The infant visual system improves rapidly over the first few months 

of life in both species, at about the same species adjusted relative rate,192,198 but adult-

like levels are not reached until about five years of age for children195,199,200 or 40 weeks 

of age for monkeys.201,202  The improvement of visual performance early in life has been 

attributed primarily to changes in the optics of the eye and retinal anatomy, along with 

neurologic maturation of the afferent visual pathway (lateral geniculate nucleus and 

visual cortex, reviewed in Simons203 and Werner204).  The majority of the investigations 

of early changes in the visual optics and development of the fovea pit have been in old 

world monkeys, because of their similarity to humans.   

The  optical characteristics of the monkey eye have been measured and modeled 

by schematic eyes,205 double-pass ophthalmoscopy206 and wavefront technology.207  In 

general the optical properties of the primate eye, including clarity and higher order 

aberrations, continue to improve up to 13 to 21 weeks of age, but because the optics are 

relatively good at birth, it is not considered a significant limit on visual resolution.206-208  In 

contrast, changes in ocular biometry, including axial length, corneal curvature and 

crystalline lens parameters, all of which have a significant influence on spatial resolution, 

develop over longer periods of early life. For example, the combination of relative retinal 

magnification, i.e., the extent of the retina stimulated per degree of visual angle, and 

cone spacing in the fovea pit predict a five-fold increase in spatial resolution during the 

first two years of life.205,209,210   
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The resolution limits, based on the density and characteristics of the 

photoreceptors in the foveal pit also have been investigated as an important component 

of the development of visual acuity.  Although the future fovea of the monkey eye can be 

identified as early as fifty days post-conception,209 it is relatively immature at birth, with 

only a single or bilayer of cuboidal or columnar cone cells in the neonatal macaque 

foveal pit.211-213  The corresponding peak cone density at birth in monkeys is 31-41%,213 

whereas in humans it is only 17%214 that of the adult fovea.215  Within the first year after 

birth, peak cone density for monkeys increases from 43,000 cones/mm2 to 210,000 

cones/mm2.210  In humans, cone density has been measured at 36,294 cones/mm2 at 5 

days post natal, and has increased to 108,439 cones/mm2 by 45 months of age, but is 

still not adult like (208,203 cones/mm2).214  The increase in cone density does not 

represent active mitosis214,216 but is a direct result of cone migration as is evident by a 

decrease in the rod free zone.209,210  In addition to an increase in density, the cone 

photoreceptors within the fovea become narrower (inner segment diameter of 2 µm) and 

longer (inner segments lengthen to 30-35 µm, while outer segments lengthen to 50-65 

µm).210,217  These changes in the photoreceptors are thought to improve both the 

waveguide characteristics and efficiency of photon capture.218,219   

The present state of understanding of foveal maturation has been derived from 

histological studies.  Although these data have provided excellent anatomical resolution, 

only a limited number of time points after birth have been investigated.209,210,220,221  In 

addition, a normal threefold variability in cone density,222,223 precludes the accurate 

construction of timelines for retinal maturation from anatomical studies. Consequently, to 

establish maturational rates and trends within the fovea, data from multiple time points 

for a larger number of subjects are needed.  Such investigations are now possible with 

non-invasive, in vivo imaging with optical coherence tomography (OCT) technology.86,93-
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95  Specifically, newer instruments based on spectral domain optical coherence 

tomography (SD OCT), provide sufficient resolution (nominally, 3.87 µm/pixel in the axial 

dimension) to identify the individual layers of the neural retina.  However, as with most 

retinal imaging methodologies, the accuracy of SD OCT lateral or transverse 

measurements is dependent on the optics and ocular biometry of the eye.  Although 

schematic eyes have been used to compute relative retinal magnification,163,174-176,205,224-

226 they have not been validated in a growing eye.  Therefore, image-analysis algorithms 

were developed to analyze SD OCT data for retinal thickness measurements that were 

independent of the ocular dimensions of developing eyes in order to quantify postnatal 

anatomical changes in foveal morphology and neuronal layers within the central retina of 

macaque monkeys from 1 month to 18 months of life. Some of the results of these 

studies were presented in brief form (Patel NB, et al. IOVS 2009;50:ARVO E-abstract 

6207). 

 

METHODS 

Subjects 

The subjects for the study were sixteen healthy full-term infant rhesus monkeys 

(Macaca mulatta).  Housing and rearing for the infants have previously been 

published.227,228  All experimental and animal care procedures were reviewed and 

approved by the Institutional Animal Care and Use Committee at the University of 

Houston.  The use of animals for these experiments confirmed to National Institutes of 

Health guidelines for the care and use of laboratory animals.   

Animals used for the current study were also subjects for studies of refractive error 

development229-231 and, therefore, only the left, control eyes were used for analyses, i.e., 

eyes that had no optical or surgical manipulation that could interfere with the normal 
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anatomy of the retina or optic nerve.  The initial retinal scans were acquired at around 

thirty days of age (36 ± 6 days) and, subsequently, every thirty days thereafter for the 

first year of life.  After a year of age the eyes were scanned at sixty-day intervals until the 

animals were at least 1.5 years of age (627 ± 27 days). 

 

Animal Preparation 

Animals less than a year of age were anesthetized with an intramuscular injection 

of ketamine (15-20 mg/kg) and acepromazine maleate (0.15-0.2 mg/kg), while animals 

over a year of age were administered ketamine (20-25 mg/kg) and xylazine (0.4-0.6 

mg/kg).  Body temperature was maintained between 37 and 38 degrees Celsius with a 

thermostatically controlled electric blanket (TC1000 temperature controller, CWE, 

Ardmore, PA).  Heart rate and blood oxygen were monitored with a pulse oximeter 

(model 9847V; Nonin Medical Inc., Plymouth, MN).  Prior to imaging the retina, pupils 

were dilated with topical tropicamide (1%) and phenylephrine (2.5%), and a custom 

plano powered rigid gas permeable contact lens was placed on the eye to maintain 

optical clarity.  Head stabilization was achieved using mouth and occipital bars attached 

to a rotational mount, enabling appropriate eye alignment for scanning.   

 

Optical Coherence Tomography 

All scans were acquired by one of two trained operators (JLW, NBP), using  a 

commercially available instrument (Spectralis HRA+OCT, Heidelberg Engineering, 

Heidelberg, Germany).  This instrument has multiple laser sources allowing for 

simultaneous infrared scanning laser ophthalmoscope (IR SLO) and SD OCT imaging.  

IR SLO images are acquired using an 820 nm laser diode, whereas the illumination 
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source for SD OCT scans is a low coherence infrared (880 nm nominal wavelength) 

superluminescent diode (SLD).  At a high resolution setting, the IR SLO captures frames 

at 5 Hz over a 30 degree field of view, whereas SD OCT A-scans are acquired at 40,000 

Hz.  Both imaging channels capture 512 samples per 10 degree scan length allowing an 

accurate registration of OCT scans to the SLO image.  The built-in real-time image 

registration helps compensate for eye movements, and allows for successive intra-

session scan averaging, increasing the signal-to-noise ratio.  Based on the 

characteristics of the instrument optics, SLD bandwidth, and line scan camera, the 

resultant SD OCT images from the instrument have a digital axial resolution of 3.87 

µm/pixel.  The transverse resolution is dependent on the optics of the eye, as discussed 

in the following section. 

All IR SLO images of the optic nerve and fovea were captured using a 30 degree 

scan angle, with the high resolution setting of the instrument.  Although IR light from 

imaging systems is generally safe,232,233 to minimize retinal exposure to the SLO and 

SLD light sources, SD OCT scans were limited to a 37 line raster scan centered on the 

fovea and covering a region 15 X 20 degrees, with averaging set at 9 frames.  Total 

scan time was limited to 5 minutes per session. 

 

Ocular Biometry and Relative Retinal Magnification 

Ocular biometry measures used for determination of transverse scaling were from 

data collected for refractive error studies.229-231  These measures were obtained every 2 

to 4 weeks throughout the period studied and on separate days from retinal imaging.  

The methodology and details on biometric measurements have been described 

elsewhere.228,234,235  Overall, changes in axial length, corneal curvature, anterior chamber 

depth, and lens thickness were similar to those previously reported in this species.163,236  
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As biometry measures rapidly change during the first few months of life,163,236 linear 

interpolation was used to estimate biometry measures for each animal and scan date.   

The normal development of anterior segment power and eye length of the infant 

eye results in changes in retinal image size, and transverse scaling of the retinal region 

scanned by imaging devices.174,176  Specifically, as the eye lengthens, the area of the 

retina scanned increases when identical scan parameters are used.  Several 

methodologies have been used to compute transverse retinal scaling,173-176,237 but have 

not been validated in a growing eye.  It is logical that the most accurate method for 

computing transverse scaling would require accounting for corneal curvature, axial 

length, anterior chamber depth and lens thickness.  For this study a three surface 

schematic eye as described by Bennett and Rabbetts179 was constructed for each eye 

and scan session to determine changes in retinal image size/transverse scaling.  Briefly, 

the dimensions imaged by the IR SLO and SD OCT scans were calculated from the 

second nodal point to the retinal plane (N'M'), assuming a spherical surface (Equation 2-

1).   

Equation 2-1. 

                     
 

   
         

Similarly, the transverse scaling for each 20 degree B-scan consisting of 1024 A-

scans was computed using equation 2-2. 

 Equation2- 2. 
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Scaling Validation 

 Changes in the extent of the retina imaged should correspond with those 

predicted by the schematic eye.  To determine changes in retinal magnification, 30 

degree SLO images centered on the optic nerve and fovea from a random scan date for 

each animal were used as baseline, and a baseline transverse scaling was computed 

using equation 2-1.  The image series for each animal was subsequently registered to 

their respective baselines using a generalized dual bootstrap, iterative closest point 

algorithm (i2k retina, DualAlign, LLC, Clifton, NY).238  Based on the change in image size 

(Fig 2-1A), the scaling for each scan date was determined using equation 2-3. 

 Equation 2-3. 

                                  ⁄     

√                                      

√                                    
                              

  

 Of the 195 scan dates, 188 scans of both optic nerve and fovea SLO images 

were successfully registered.  Image scaling for fovea scans predicted by image 

registration was compared to that computed by the three surface schematic eye for each 

scan session (Fig 2-1C).  Overall, there was good agreement between the two 

methodologies (slope = 1.003, intercept = -1.958, R2 = 0.88).  In addition, to validate the 

registration technique, the square root of the registered scan's pixel content, 

corresponding to the length of the image, of both fovea and optic nerve SLO images 

were compared for all scan dates.  Previous models of wide-field retinal imaging would 

predict minimal differences in retinal scaling for these two regions.225  Similarly, there 

was good agreement for changes in image size for both optic nerve and fovea scans 

(Fig 2-1D, slope = 1.027, intercept = -47.67, R2 = 0.98).  
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Figure 2-1.  Retinal scaling with image registration and three surface schematic 

eye in eyes with increasing axial length. 
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A. Thirty degree IR-SLO images centered on the fovea from 51 days (dashed outline) 

and 289 days of age in registration.  B. IR-SLO images of the optic nerve in registration 

from the same animal and scan dates as in A.  C.  Comparison of image scaling using 

image registration and the three surface schematic eye.  The Bland-Altman plot 

illustrates the mean and difference between the two methodologies.  The relationship 

between the differences and mean scaling (gray line) was not significant (p = 0.06).  D.  

Validation of image registration technique, comparing IR-SLO image length from 

corresponding fovea and optic nerve registered scans. 
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Segmentation and Foveal Pit Morphology 

Segmentation algorithms for most SD OCT systems are optimized for human eyes, 

and often fail at determining retinal layers in non-human primate eyes.  Hence, a custom 

MATLAB (The Mathworks, Inc., Natick, MA) algorithm utilizing a canny edge detector,239 

along with A-scan longitudinal reflective profiles, was developed to identify the inner 

limiting membrane and retinal pigment epithelium (RPE) for each retinal B-scan.  Total 

retinal thickness maps for the region scanned, were constructed using bilinear 

interpolation.  Retinal curvature information for these thickness maps is lost as thickness 

measures are determined by the number of pixels between the two segmentation lines.  

In addition, the proprietary non-linear functions used to compensate for instrument and 

ocular optics240 are optimized for human eyes.  Hence, information from the RPE 

segmentation could not be used to determine retinal curvature.  As a result, to ensure 

the most accurate thickness measures and computation of pit dimensions, all scans 

acquired were on axis within minimal tilt in the image plane.  

For detection of the foveal pit, thickness maps were considered flattened to the 

RPE.  Foveal pit shape characteristics were computed for each thickness map after 

rescaling to a 1:1 aspect ratio using the computed transverse scaling and the instrument 

determined axial scaling.  The starting point depth of the pit was determined as the 

difference between the regional maximum and minimum thickness.  To determine the 

center, points intersecting the pit slope at heights corresponding to one-half to seven-

eighths of the pit depth were determined at one micron intervals.  For each interval a 

least squares best fit circle was fit to the intersecting points (Equation 2-4).  The centroid 

of these points was used as the center of the pit for all further calculations. 

Equation 2-4 
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r2 = (x-h)2 + (y-k)2, where r is the radius of a circle whose center is defined as (h, k) 

and whose circumference has points corresponding to (x, y). 

The shape and slope characteristics of the foveal pit were determined using twelve 

interpolated radial sections through the center of the fovea.  The first derivative of the 

total retinal thickness for each section was used to determine slope information and in 

locating the top and bottom of the pit.  The maximum slope was identified by the peaks 

of the thickness differential, while the top and bottom of the pit were determined as 

points on either side of the maximal slope that approached a slope of zero (Fig 2-2B).  

The pit depths reported are the mean thickness differences between the top and bottom 

of the pit for the twelve radial sections.  Based on the thickness contour, points 

corresponding to top and bottom of the pit were fit with least squares best fit circles.  

Similarly, points corresponding to the maximal slope for all radial sections were also fit 

with a circle (not illustrated in Fig 2-2).  As thickness data were measured from images 

that were flattened to the RPE, an angular measure assuming a spherical eye was used 

to compute the chord distance for all radius measures.     

 

Changes in Overall Retinal Thickness 

Although the Spectralis HRA+OCT can align inter-session scans to track changes 

in retinal thickness, significant changes in relative retinal magnification with age 

precluded using the eye tracking system to register images across scanning sessions.  

Instead, commercial software using a generalized dual bootstrap, iterative closest point 

algorithm (i2k retina, DualAlign, LLC, Clifton, NY) was used to align the 30 degree SLO 

fundus images from successive scans.  All subsequent image and thickness analyses 

were performed by custom MATLAB programs that incorporated the schematic eye 

transverse scaling computed for each scanning session.  The scan location for each   
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Figure 2-2.  Foveal pit analysis. 

A. Total retinal thickness map for a region 15º X 20º centered on the fovea (256 day old 

infant),  B.  Pit characteristics were determined using interpolated thickness data from 

the total thickness maps.  For example, the top plot illustrates the thickness profile for a 

horizontal radial section through the thickness map as illustrated by the black line though 

A.  Along with the thickness profiles from radial sections centered on the pit, slope data 

(bottom B) were used to determine pit characteristics and construct a skeleton to 

describe pit morphology.  The dashed lines in B indicate the maximal slope locations 

and top of pit locations.  C.  Illustrated are the thickness map along with a skeletal 

reconstruction of the pit, including points used to fit the top and bottom of the pit. 
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OCT B-scan was determined from the raw SD OCT data files (.vol) and transposed onto 

the registered SLO image for thickness comparisons (Fig 2-3A-E).  Average thicknesses 

were computed for superior, inferior, nasal and temporal regions from the center of the 

foveal pit (Fig 2-3E).  For each quadrant average thickness measures were obtained for 

sectors, 0-50 µm, 50-100 µm, 100-250 µm, 250-500 µm, 500-750 µm, 750-1000 µm, 

1000-1250 µm, and 1250-1500 µm from the fovea center.  Average thickness measures 

for sectors were reported when greater than 75% of the sector overlapped the raster 

scan derived thickness map.  In addition, a difference map was created by subtracting 

thickness values from baseline scans, and average sector thickness measures were 

recorded (Fig 2-3G-J).   

 

Retinal layer thickness measurements 

Retinal layers within OCT B-scans were identified based on previous histological 

studies.93-95,241  To validate the relationship between histology and OCT imaging in the 

infant eye, the foveal region of a 10 day old rhesus monkey was scanned using the 

same scan protocol as that used for the longitudinal data.  After a lethal injection of 

pentobarbital, the animal was perfusion fixed with 2% paraformaldehyde and 0.5% 

glutaraldehyde (pH 7.4).  The retina corresponding to the scanned region was later 

dissected and embedded in epoxy resin.  1 µm sections were mounted and stained with 

Cresyl violet, and photographed using a DeltaVision (Applied Precision, Inc., Issaquah, 

WA) microscope system.  In general, the relationship between OCT scans and histology 

(Fig 2-4A) was similar to previous reports.93-95,241 

For the SD OCT data, the thicknesses of individual retinal layers were measured at 

the center of the pit and at eccentricities of 87 microns, 175 microns, and up to 1225   



63 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

F
ig

u
re

 2
-3

. 
 C

h
a
n

g
e
 i

n
 t

o
ta

l 
re

ti
n

a
l 
th

ic
k
n

e
s

s
 f

o
r 

o
n

e
 i
n

fa
n

t 
m

o
n

k
e

y
. 

T
o
p

 r
o

w
: 
R

e
g
is

te
re

d
 S

L
O

 i
m

a
g
e

s
 a

n
d
 c

o
rr

e
s
p
o

n
d

in
g
 t

o
ta

l 
re

ti
n
a

l 
th

ic
k
n

e
s
s
 m

a
p
s
 f
o

r 
o

n
e

 a
n

im
a

l 
(A

 -
 3

3
 d

a
y
s
, 
B

 -
 6

7
d

a
y
s
, 

C
 -

 

1
3
7

d
a

y
s
, 

D
 -

 4
6
8

 d
a
y
s
, 
a
n

d
 E

 -
 6

4
9
 d

a
y
s
 o

f 
a

g
e

).
  
E

a
c
h
 s

c
a

n
 i
s
 i
n

 r
e

g
is

tr
a

ti
o

n
, 

a
n
d
 t

h
e
 m

o
n
ta

g
e

d
 I

R
-S

L
O

 i
m

a
g
e

 i
s
 i
llu

s
tr

a
te

d
 i
n

 F
. 
 

B
o

tt
o
m

 r
o

w
 G

-J
: 

C
h

a
n

g
e
 i
n

 t
o
ta

l 
re

ti
n

a
l 
th

ic
k
n

e
s
s
 f
ro

m
 b

a
s
e

lin
e

 m
e

a
s
u
re

s
 a

t 
3

3
 d

a
y
s
 o

f 
a

g
e

. 
 N

o
ti
c
e

 t
h

a
t 

a
s
 t

h
e
 a

n
im

a
l 
a

g
e
s
, 
th

e
 

p
o
rt

io
n
 o

f 
th

e
 r

e
ti
n
a
 i
m

a
g
e

d
 i
n

c
re

a
s
e

s
. 
 A

 s
c
a

le
d
 g

ri
d
 w

a
s
 u

s
e

d
 t

o
 d

e
te

rm
in

e
 a

v
e
ra

g
e
 t

h
ic

k
n

e
s
s
 m

e
a

s
u
re

s
 w

it
h

in
 q

u
a

d
ra

n
ts

 o
f 

c
o

n
c
e

n
tr

ic
 c

ir
c
u

la
r 

re
g
io

n
s
 w

h
ic

h
 w

e
re

 u
s
e
d

 t
o

 d
e
te

rm
in

e
 o

v
e

ra
ll 

re
ti
n

a
l 
th

ic
k
n

e
s
s
 c

h
a
n

g
e

s
 w

it
h

 a
g
e

. 



64 
 

 

Figure 2-4.  Identification of SD OCT retinal layers. 

A. OCT section through fovea of a 10 day old infant with corresponding histology stained 

with Cresyl violet from the same animal.  B.  OCT section through the foveal region, of a 

1.5 year old animal.  C.  Each layer was manually identified on the OCT B-scan with the 

assistance of reflectivity profiles, through the region of interest.  The reflectivity profile 

illustrated is generated from the gray vertical line shown in B.  D.  For each eye, layer 

thicknesses at 89 points illustrated on the thickness plot were measured and monitored 

over time. 
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microns in 175 micron steps.  A total of 89 locations along six radial regions 

corresponding to clock hours through the fovea center were sampled (Fig 2-4).  To 

decrease bias retinal layer thickness measures were performed after all data collection 

had been completed.  In addition, custom MATLAB programs were developed to 

randomly present the 89 sample locations for manual layer identification. 

 For each location, a B-scan section corresponding to 75 pixels on either side of 

the region of interest was interpolated from the raster volume data at one of six radial 

orientations.  This B-scan and the longitudinal reflectivity profile (Fig 2-4C) through the 

region of interest were enlarged by a factor of six using bilinear methods to assist with 

accurate layer identification.  The average layer thickness at each eccentricity was used 

for data analysis.  All plots were created using MATLAB, or SigmaPlot (Systat Software, 

Inc., San Jose, CA), while all statistical analyses were performed using SPSS (IBM, 

Armonk, NY) and corrected for multiple comparisons.  To determine the function that 

best described changes during the period studied, data from each subject were fit using 

both linear and non-linear functions.  In general, linear, piecewise linear, and a three 

parameter exponential rise to maximum function (y = a + b(1-exp-cx)) were used to fit the 

majority of data.  Data were binned in 30 day intervals and repeated measures ANOVA 

with Bonferroni's correction for multiple comparisons were used to determine timepoints 

at which there were significant changes in thickness.  A factorial ANOVA statistic was 

used to determine differences in thickness change across eccentricities. 

 

RESULTS   

Over the period studied, a total of 195 scans were acquired and used for data 

analyses, for the 16 infant rhesus monkeys.  The animals all maintained good systemic 
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and ocular health during the period studied, with no major illnesses, ocular injuries or 

retinal pathology noted. 

Retinal Scaling 

 Changes in relative retinal image size were best described using a three surface 

schematic eye.  This scaling methodology was validated with predicted scaling changes 

as determined by image registration of both the fovea and optic nerve IR SLO scans 

(slope = 1.003, intercept = -1.958, R2 = 0.88, p<0.01, Fig 2-1C).  Overall, retinal image 

size was linearly related to axial length (Retinal Image/degree = 15.1XAxial Length - 

60.2, R2 = 0.97).  As axial length increases at an exponential rate early in life, the 

relative retinal image size change with age was fit using a three parameter exponential 

rise to maximum equation (Ret Scaling = 163 + 52(1-e-0.005XAge), R2 = 0.59, p <0.01).  For 

retinal scaling, the asymptote (a+b) along with the 95% confidence interval was 

calculated as 215 (202, 229) µm/deg.   

 

Pit Morphology 

Over the period studied, the average depth of the foveal pit decreased by 25 µm 

(14.6%).  The individual and group data were best fit with an exponential decay model 

(Pit Depth = 145.8 + 43.8 × exp(-0.015 × Age in Days), R2 = 0.24, p < 0.01, Fig. 2-5A).  

Repeated measures ANOVA using Greenhouse-Geisser estimates for sphericity 

indicated a significant change in depth over the first 150 days of age (F = 21.56, p < 

0.01), corresponding to a time point when average pit depth was 150.4 µm.   

The biomechanical models of pit development have attributed changes in 

morphology to retinal stretch,211,221,242 suggesting that changes in pit depth are related to   
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Figure 2-5.  Axial length and pit morphology. 

A. The pit depth decreased rapidly, reaching adult like depths prior to a year of age.  

Along with a decrease in pit depth, there was an increase in the top of the pit radius (B) 

and decrease in the bottom of the pit radius (C), that were both related to increases in 

axial length. 
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changes in axial length.  Specifically, differences in the elastic modulus of the retinal 

layers resulting from the avascular zone are thought to be the determinant factors in pit 

shape development when subjected to retinal stretch and intraocular pressure.211  The 

present data support that suggestion; the relationship between pit depth and axial length 

is generally linear (slope = 6.7 ± 0.95 µm/mm increase in axial length, R2 = 0.21, p < 

0.01).   In addition, the decrease in pit depth should result in corresponding changes in 

the width of the foveal pit. As illustrated by Fig. 2-5B, there is an axial length related 

increase in the chord radius fit to points corresponding to the top of the pit radius (19.69 

± 10 µm/mm axial length, p < 0.01), and a decrease in radius for points corresponding to 

the bottom of the pit (10 ± 3 µm/mm axial length, p < 0.01, Fig 2-5C).  However, there 

was no change in the chord radius for points fit to the maximum slope (1.71 ± 19.3 

µm/mm axial length, p = 0.72).  In addition, there is large variability in pit dimensions 

across animals as reflected by the coefficient of determination (R2 < 0.1) for the best fit 

function to the data for both top and bottom of pit radii. 

  

Total Retinal Thickness 

 Corresponding with changes in pit depth, the average retinal thickness for 

measures in the surrounding 500 µm of the pit increased up to 120 days of age (Table 2-

1), with the largest change of 33 ± 9µm (19 ± 6%, Fig 2-6A, 2-7) noted within the central 

50 µm (Repeated measures ANOVA, F = 26.4, p < 0.01).  An analysis of the four 

quadrants, superior, inferior, nasal, and temporal, did not indicate any statistically 

significant difference in thickness change at eccentricities up to 1500 µm from the pit 

center when corrected for multiple comparisons (Fig. 2-6B, Table 2-2).  Hence, for 

subsequent analyses of individual retinal layers, only the average layer thickness at 

each eccentricity was used.  To illustrate changes in thickness, for total retinal thickness   
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Figure 2-6.  Change in total retinal thickness with age. 

A. The average retinal thickness within 50µm of the pit increased by 20.9% with the 

majority of change occurring within the first 150 days after birth.  The trend was similar 

for all animals and was best fit with an exponential to maximum function.  B.  The figure 

illustrates total retinal thickness change for each quadrant at the eccentricities illustrated 

in figure 2-3E.  C.  A surface plot illustrating changes in average thickness as a function 

of age and eccentricity up to 500 µm. 
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Figure 2-7.  SD OCT sections through the fovea of one subject, illustrating 

changes in retinal thickness. 

Scaled SD OCT images for one subject illustrating change in retinal thickness with age.  

For comparison, all sections are from temporal retina to the foveal pit center.  The 

panels on the right illustrate the baseline scan at 33 days of age, while the left side of the 

figure has the follow up scan at ages illustrated in the bottom left corner of each panel.  

All follow up scans have been reflected along the vertical meridian.  All scans were 

aligned to the retinal pigment epithelium. 
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Eccentricity 
(µm) 

Mean Thickness 
(µm) at 36 ± 6 
days 

Mean Thickness 
(µm) at 628 ± 27 
days 
 

RMANOVA 
(F) 

p 

0-50 172.01 ± 12.5 207.21 ± 13.5 26.43 < 0.001* 

50-100 174.81 ± 13.3 209.87 ± 14.6 26.78 < 0.001* 
100-250 195.17 ± 24.9 226.89 ± 21.9 17.54 < 0.001* 
250-500 268.72 ± 25.5 287.96 ± 19.4 8.40 < 0.001* 
500-750 318.13 ± 19.9 328.34 ± 16.1 5.00 = 0.001 
750-1000 328.46 ± 16.4 336.24 ± 14.7 3.58 0.03 
1000-1250 323.14 ± 15.2 328.98 ± 13.9 2.94 0.06 
1250-1500 312.46 ± 13.2 316.97 ± 13.1 2.64 0.05 

 

Table 2-1.  Average total retinal thickness. 

Change in average total retinal thickness within the first 20 months of life.  The reported 

thicknesses are averages for corresponding regions illustrated in Figure 2-6B.  A 

significant increase in total retinal thickness was measured for regions within 500µm of 

the pit center.  Significant values for repeated measures ANOVA, after correcting for 

Bonferroni's multiple comparison are noted by asterisks. 
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Table 2-2.  Change in overall and sector average retinal thickness. 

Change in overall average retinal thickness in the first 20 months of life.  As indicated by 

the p values in the left column, changes in quadrant thickness over time for the regions 

investigated were not statistically significant.     

  

 Average Change in Total Retinal Thickness (µm)  
Eccentricity Superior Inferior Nasal Temporal Overall P 

 

0-50 32.9 31.1 32.1 31.6 31.9 0.96 
50-100 33.6 30.2 32.9 30.6 31.8 0.72 
100-250 34.0 25.5 32.3 27.8 29.9 0.058 
250-500 23.1 12.6 20.7 19.1 18.9 0.033 
500-750 12.7 8.2 11.6 12.7 12.7 0.259 
750-1000 8.4 6.5 9.0 9.3 9.3 0.659 
1000-1250 4.7 4.8 6.1 5.4 5.4 0.938 
1250-1500 2.7 - 3.1 2.9 2.9 0.99 
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(Fig 2-6C) or individual retinal layers (Fig 2-8 & 2-9), associated with eccentricity and 

age, a mean thickness plot was constructed using the surface fitting tool in MATLAB 

(Lowess fitting, Polynomial = linear, Span = 0.1, Robust = Bisquare). 

 

Retinal Layer Thicknesses 

Thickness measures for the retinal pigment epithelium (RPE) were best fit using a 

nonlinear piecewise, two segment function, where thickness measures increased for the 

first 289 ± 24 days of age followed by a steady decrease that continued until the end of 

the study.  Although significant changes in RPE thickness with age were seen at all 

eccentricities (Repeated measures ANOVA, F > 2.6, p < 0.04, Fig 2-8, Sup Fig 2-11S), it 

is important to note that the maximum change in thickness did not exceed the digital 

axial resolution (3.87 µm) of the SD OCT instrument at any of the locations.  However, 

as thickness measures were an average of twelve locations at each eccentricity, and 

similar thickness trends were noted at all eccentricities, it is possible that these 

measures reflect a real change.   

At baseline, the outer segment layer was thickest within the center of the pit, 

measuring an average of 33.3 ± 4.5 µm (F = 19.6, p < 0.01, Fig 2-9A&B, Sup Fig 2-12S).  

Thickness measures illustrated in figure 2-9 are for the 87 µm eccentricity versus the 

center of the fovea, as this for the first location at which the average for 12 samples was 

used.  For all eccentricities, the age-related change in thickness was best fit using an 

exponential rise to maximum function.  The average age to reach 90% of maximal 

thickness, was used to compare the maturational rates across the regions analyzed.  For 

the center of the fovea, the average age to reach 90% of the maximal outer segment 

layer thickness was 73.1 ± 37 days (Data for all eccentricities along with repeated 

measures ANOVA are reported in Table 2-3).  Although the animals all had similar   
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Figure 2-8.  RPE thickness change with age. 

At each eccentricity, the RPE thickness measured increased linearly, reaching peak 

thickness just prior to a year of age.  Thickness after this point decreased linearly.  A. 

Changes in RPE thickness are illustrated for each animal at 700µm eccentricity.  The 

best fit to the data illustrates an increase in thickness till around 289 days of age 

followed by a reduction in thickness.  B.  Differences in thickness with age and 

eccentricity illustrate this trend with age at each eccentricity.  The horizontal line through 

the plot illustrates the location for data presented in plot A 

  



76 
 

 

Figure 2-9.  Changes in outer retinal layer thicknesses with age. 
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Outer retinal layers including the outer segments, inner segment/outer segment junction, 

inner segment, and outer nuclear layer, have significant changes in thickness with age.  

Plots A, C, E, and G, illustrate thickness changes for each of the 16 animals at an 

eccentricity of 87 µm.  Although each of these layers show significant change in 

thickness, they all mature at different rates, with the outer segment layer thickness 

stabilizing at an earlier time point.  Plots B, D, F, and H illustrate the relationship 

between thickness, eccentricity and age for each of the layers.  The horizontal line 

through the plots indicate the location of the sampled data in A, C, E, and G. 
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changes in thickness over the period studied, they matured at different rates as 

demonstrated by the large standard deviations for thickness measures at baseline (4.53 

µm at center of the pit), and for the time to reach 90% thickness (SD = 37.6 days at 

center of the pit). 

The thickness of the inner segment/outer segment (IS/OS) junction increased over 

the first hundred days, followed by a gradual reduction in thickness up to around 400 

days after birth (Fig 2-9D).  The change in thickness for each animal and eccentricity 

and grouped data was fit using a five parameter Weibull function (Fig 2-9C).  Overall, 

there was a significant decrease in IS/OS thickness at all eccentricities averaging 3.4 ± 

2.6 µm (Repeated measures ANOVA, F > 16.1, p < 0.01).  Although the central fovea 

showed a greater reduction in thickness (4.2 ± 2.6 µm), compared to measures at an 

eccentricity of 1.2 mm (3.2 ± 2.5 µm), the difference was not statistically significant (p = 

0.17).   

Similarly, the mean thickness of the inner segment layer gradually increased by 

4.06 ± 2.1 µm across all eccentricities measured (Fig 2-9F).  Generally, the thickness of 

this layer increased up to a year or age (mean = 381.2 days), after which the thickness 

showed a slight thinning (Fig 2-9E&F).   Table 2-4 summarizes the change in thickness, 

time to reach maximal thickness, along with the repeated measures ANOVA statistic for 

each eccentricity.     

Of all of the retinal layers, the outer nuclear layer within 525 µm of the pit center 

had the largest increase in thickness during early maturation.  The increase in thickness 

(mean = 25.37 µm, repeated measures ANOVA, F = 27.18, p < 0.01) was largest at the 

center of the pit and within 175 µm of the pit center, while thickness measures outside of 

1050 µm were not significant (3.02 µm, repeated measures ANOVA, F = 0.045, p = 0.09, 

Table 2-5).  Thickness changes for each animal were best fit using an exponential rise to 
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maximum function, which reached 90% of maximal thickness within the pit at 140 ± 52 

days of age.  The age to reach an asymptotic thickness, as illustrated by the time to 

reach 90% of maximal thickness, decreased with increasing eccentricity.  

The change in thickness with age for the outer plexiform layer was not significant at 

all eccentricities (Sup Fig. 2-13S), except for measures at 350 µm from the center of the 

pit (repeated measures ANOVA = 2.6, p = 0.03).  However, the change was only at one 

eccentricity measuring 3.75 ± 2.5 µm, comparable to that of the digital resolution of the 

SD OCT imaging system.  Similarly, a slight yet significant change was noted for the 

inner nuclear layer, inner plexiform layer, and ganglion cell layer within the 350 µm 

eccentricity region. 

The inner nuclear layer had significant changes with age at only the 350 µm and 

525 µm eccentricities, both showing a linear increase in thickness over the period 

examined.  At 350 µm the inner nuclear layer increased by 3.32 ± 2.3 µm, while at 525 

µm the increase measured 2.52 ± 2.0 µm.  The inner plexiform layer within 350 µm of 

the pit had increased in thickness, while thinning of this layer was noted outside this 

region.  For eccentricities greater than 350 µm, the thickness of the INL showed a two-

phase thickness change.  From baseline the thickness decreased (at 350 µm, 2.7 ± 0.8 

µm at 120 days of age), followed by a transient increase around day 256 ± 24 (at 350 

µm, an increase of 2.1 ± 0.5 µm when compared to 120 days of age).   Similar to the 

changes in the inner plexiform layer, the ganglion cell layer showed a slight, increase in 

thickness with age within 350 µm of the pit, while a decrease in thickness was noted at 

further eccentricities.  At the 350 µm eccentricity, the ganglion cell layer thickness 

increased by 2.7 ± 0.8 µm, and was fit using an exponential rise to maximum function.  

Although, not clearly seen in the individual data, or surface thickness plot, when grouped 

into 60 day intervals, the ganglion cell layer outside 350 µm showed a decrease in 
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thickness within the first few months, followed by a transient thickening at around 368 ± 

50 days.  The thickness then stabilized within the following 60 days.  All thickness 

changes were at, or less than, the 3.87 µm digital resolution of the SD OCT used to 

collect the data and only noted at specific eccentricities.  Similarly, although the trends in 

retinal nerve fiber layer thickness were significant at 175 µm (4.7 ± 1.3 µm, p < 0.01) and 

350 µm (3.61 ± 0.7 µm, p < 0.01) eccentricities, the thickness changes were within the 

digital resolution of the imaging system. 

 

DISCUSSION 

 Although all retinal neural cells responsible for central vision are present at 

birth,209,216,243,244 high contrast spatial resolution is relatively poor (5 cpd) in the infant 

rhesus monkey.192,194,245  The rapid improvement in visual acuity over the first year of life 

has been attributed to both ocular and cortical factors.193,205,218,220,246  The current 

knowledge on retinal maturation during this period has been based on histological 

data209,210,220 which provides high resolution.  However,  the variability between 

individuals223 precludes the use of histological data in the determination of accurate 

timelines.  The present investigations used non-invasive in vivo SD OCT imaging during 

postnatal maturation to investigate changes in retinal image size and fovea 

characteristics from repeated measurements on infant rhesus monkeys. 

 The use of SD OCT measurements on a growing eye requires accurate 

compensation for the changes in transverse magnification associated with changes in 

axial length and the optical power of the cornea and crystalline lens. The three surface 

schematic eye constructed for calculations of retinal image size was verified by 

comparison to scaling changes required to obtain accurate image registration (Fig 2-1).  

In addition, the retinal image size for an average adult eye of the macaque monkey 
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based on this model was calculated as 215 µm/deg, which is similar to angular sizes 

previously reported.178,247,248  Over the period studied, retinal image size increased by an 

average of 47 ± 16 µm/deg, or 28 ± 9%, with a resulting optical increase in the Nyquist 

limit.  In addition, there are also significant changes in foveal pit morphology and 

neuronal densities within the central retina that also affect visual resolution.   

 The important changes in foveal pit morphology involved an increase in total 

retinal thickness within the foveal pit (65 µm) with a corresponding decrease in pit depth 

(44 µm).  Concurrently, the characteristics of the pit also changed, with a decrease in 

radius at the bottom of the pit and an increase in radius of the top of the pit.  In general, 

the majority of changes in thickness and width, which occurred within the first 120-150 

days of age, were in agreement with the histological studies in the rhesus monkey where 

pit measures are shown to be adult like at 3-5 months of age.209,210,221   

Early developmental changes in pit morphology have been modeled by finite 

element analysis (FEA),211,221,242 which takes into consideration differences in inner and 

outer retinal tissue elasticity, and the dynamics of intraocular pressure and retinal 

stretch.  Although there was significant inter-individual variability, the model is supported 

by the present data that illustrate a linear relationship between axial length, pit depth, 

and the width at both the top and bottom of the pit.  Although, the timelines for pit depth 

are similar for histological and in vivo data, there were significant differences in the 

measures themselves. In particular, measures of pit depth in the present study were 

larger than those reported in the literature.221  This discrepancy could be a reflection on 

differences in measuring techniques.   

 The increase in retinal thickness within the pit region follows a similar timeline to 

that of changes in the depth of the pit (Fig 2-5 – 2-7).  Such increases in thickness could 

indicate either an increase in the cell size or cell quantity, but cannot be explained by cell 
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mitosis because the majority of neuronal cells within the central and peripheral retina are 

differentiated by embryonic day 150 in the Macaca mulatta.216,243 Hence, this thickness 

increase is best explained by the centripetal cell migration and changes in cell 

morphology that were previously shown by histologic observations of age-related 

increases in photoreceptor cell density and of increasing lengths of the inner and outer 

segments of cones within the fovea.209-211,221,242,249  

 The majority of retinal thickness increase in the foveal pit occurs from changes in 

the outer nuclear layer, with a similar timeline to that of total retinal thickness, i.e., the 

rate of change (c) for the best fit exponential function (y = a+b(1-exp-cx)) was similar for 

both total retinal thickness (0.015) and outer nuclear layer (0.014).  In addition, the 

majority of thickness increase for both total retinal thickness and outer nuclear layer is in 

the central 1mm of the fovea.  Because it contains the cell bodies for photoreceptors, the 

increase in outer nuclear layer thickness is consistent with an increase in cone density 

during the period studied.  Specifically, included in this area is the 15-20 µm region of 

highest cone density of 180,000 to 261,000 cones/mm2, which drops off exponentially 

with increasing eccentricity.210,221,249,250 

 There is a discrepancy in thickness measures of the outer nuclear layer using in 

vivo methods (81.9 ± 11.1 µm within the center of the fovea, at 1.5yrs of age) versus 

those reported in histological sections (< 70 µm),191 which is also evident in side-by-side 

comparisons of histological sections and SD OCT scans from identical locations of the 

same animal (Fig. 2-4A). The incongruity is likely a result of the methodology used for 

layer identification and characteristics of SD OCT imaging.  Specifically, for SD OCT 

scans that are on-axis with the optics of the eye, the border distinction between the outer 

nuclear layer and Henle's fiber layer is significantly diminished.251  Hence, the increased 

outer nuclear layer thickness is a result of including portions of Henle's fiber layer.  This 
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is also evident by a localized peak sometimes found within the outer nuclear layer band 

of the reflectivity profile in well aligned scans (Fig. 2-4C) that is probably the junction 

between the outer nuclear layer and Henle's fibers.  Nonetheless, the outer nuclear layer 

measured in SD OCT scans within the pit center should correspond to increases in peak 

cone density.   

 Based on previous histological studies using flat mount preparations, a significant 

increase in cone photoreceptor density210 was expected during the period studied.  

Although not as precise as flat mount cell counts, microtome sections of neural tissue 

(analogous to SD OCT sections) have been used to estimate cell densities.252  Hence, 

the resulting relationship between thickness from cross sections measures and the 

square root of photoreceptor density should be linear.  Subsequently, for previously 

reported photoreceptor densities,210 an exponential rise to maximum function can be 

constructed using the same rate of rise (0.014) as that of the ONL thickness (Cones/mm 

= 174.6 + 152.7(1-e-0.014 X Age), R2 = 0.86, p < 0.01).   A linear equation was then derived 

using the best fit equations for cone density and ONL thickness (Cone Density = 4.07 X 

ONL Thickness - 3.06).  Based on the predicted cone densities from SD OCT ONL 

thickness, a Nyquist limit was computed for each scan session, taking into account the 

retinal image size per degree visual angle as determined by the model schematic eye.  

Data from these calculations are presented in Fig. 2-10 and, for comparison, the best 

spatial resolution of lateral geniculate nucleus cells,253 cortical cells,254 and behavioral 

measures245 are also shown.  The spatial resolution calculated using this model are in 

good agreement with histological determined photoreceptor counts.205,210  Based on SD 

OCT scans, the Nyquist limit at 30 days of age is estimated at 19 cpd, increasing to 35 

cpd at 12 months of age. It is, therefore, apparent that the cone mosaic is not the  
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Figure 2-10.  Estimates of nyquist limit from SD OCT ONL thickness. 

Spatial resolution limits as determined using outer nuclear layer thickness are in good 

agreement with those predicted from histological cone density measures.205,210  For 

comparison, spatial resolution data from behavioral studies245 and recordings from the 

lateral geniculate nucleus253 and cortical neurons253 are also plotted. 
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defining limitation on behavioral measures of spatial resolution, but rather, resolution 

limits must be set by immaturities elsewhere within the retina or the visual pathway. 

 In addition to changes in the outer nuclear layer, there are also significant 

changes in both outer and inner segment layers, but these layers follow different time 

courses (Fig 2-9).  For example, the outer segment layer thickness changed at greater 

than twice the rate of the outer nuclear layer, while changes in inner segment layer 

thickness were linear with age up to a year after birth.  Although the outer segment layer 

was thickest in the pit region, the change in thickness was similar at all eccentricities 

measured.  These results are in general agreement with histological observations of 

increase in photoreceptor outer segment length during the first two years after birth.209    

Similar to histological reports, the SD OCT measures reported are assuming scans were 

acquired on axis with the eye, with minimal or no tilt in the imaging plane.   

During the period after birth there is a significant narrowing and lengthening of 

the photoreceptor outer segments.214  These changes, especially the lengthening of the 

photoreceptor allows for more efficient photon capture.219  For the present study, the 

cone outer segments at the center of the fovea pit increased in length from 28 µm at 30 

days of age to 38 µm at 360 days of age.  Based on photon capture probability 

equations (p = 1 - e(-x/24.8), where x is the length of the outer segment), this change in 

thickness would increase photon capture by only a factor of 1.16. Thus, although the 

increase in photon capture cannot explain the observed change in contrast sensitivity 

functions,198 the timelines for the changes in outer segment thickness and peak contrast 

sensitivity are very similar.   

 The inner segment of the photoreceptor in SD OCT images consists of a portion 

commonly referred to as the IS/OS junction and the thickness up to the external limiting 

membrane.  Through comparative histology studies, the IS/OS junction is thought to 
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include the ellipsoid and myoid of the photoreceptors.95,255  That this SD OCT band is 

more than just a junction is supported by the significant thickness changes noted within 

the first year of life.  Specifically, the IS/OS  layer increases in thickness up to 120 days, 

followed by a gradual decrease and stabilizing after a year of age.  The transient 

increase in thickness peaking at around 120 days of age may represent an increase in 

metabolic demand as the photoreceptors migrate, lengthen and mature.  The inner 

segment layer measured from the IS/OS junction to the external limiting membrane 

increased linearly with age up to around 360 days after which a slight decrease in 

thickness was noted.  The maximum thickness of 25.5 µm at the center of the pit is only 

slightly less than the inner segments length reported using histological methods (26-30 

µm).209  The thinner inner segment layer measures may represent the oblique orientation 

of these structures within the fovea and the exclusion of the IS/OS junction.    

 Similar to the inner segment layer, the retinal pigment epithelium also increased 

in thickness up to 300 days after birth.  These changes corresponded with an increase in 

retinal pigmentation that although not quantified are clearly demonstrated in the reduced 

resolution of choroidal and deeper structures on SD OCT B-scans with age (Fig 2-7).  

The piecewise fit used to describe changes in this layer could represent changes in 

metabolic activity associated with maturation and photoreceptor migration.  However, the 

current data cannot be used to determine if there is an associated increase in retinal 

pigment epithelial cell density within the period studied. 

 None of the SD OCT images from animals of any age provided evidence of an 

inner nuclear, inner plexiform, or ganglion cell layer within the central pit region.  

Although ganglion cells within the fovea have been reported in some non-human 

primates,256-258 it was not evident in the Macaca mulatta, although the inability to 

visualize sparse cells in the infants may be a consequence of the resolution limits of SD 
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OCT imaging.  For the period studied, biomechanical theories on pit maturation using 

FEA stretch models221 would predict a transient thinning of the inner retinal layers within 

the fovea.  Overall, such changes were not measured during the period studied.  

Significant thickness changes within the inner retina were confined to specific retinal 

layers and eccentricities and common maturational patterns could not be discerned.  

The minimal changes in the inner retinal layers during foveal maturation would indicate a 

large displacement between the photoreceptors that have migrated towards the fovea 

and the location of the ganglion cells receiving its signal.  Specifically, although the outer 

nuclear layer increased in thickness at all eccentricities, the most significant changes 

were those inside 875 µm, which implies a constraint on the maximal possible 

displacement of inner retinal neurons, including ganglion cells, that receive input from a 

photoreceptor.  This measure corresponds well with a peak displacement, from inner 

segment to ganglion cell, of 637 µm measured in human retinas.259   

 In conclusion, using SD OCT in vivo imaging, detailed timelines for anatomical 

maturation of the retina were achieved.   In general, these structural changes followed 

similar timelines to those noted for function measures.  However, significant differences 

in the magnitude of change are clearly evident.  Future studies investigating both 

structural and functional properties e.g., the electroretinogram, may provide better 

insight to the role of retinal maturation in visual function.   
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Supplemental Figure 2-11S.  Change in retinal layer thicknesses as a function of 

age. 

Change in retinal thickness as a function of age and eccentricity (RPE, OS, IS/OS, IS, 

ONL, OPL).  For each eccentricity (50µm-1750µm), the thickness measures are reported 

for data grouped into 60 day intervals (inset A). 
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Supplemental Figure 2-12S.  Change in retinal layer thicknesses as a function of 

age. 

Change in retinal thickness as a function of age and eccentricity (INL, IPL, GCL, and 

RNFL).  For each eccentricity (50µm-1750µm), the thickness measures are reported for 

data grouped into 60 day intervals (inset A). 
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Supplemental Figure 2-13S.  Change in retinal layer thicknesses as a function of 

age. 

In general, there are minimal changes in the OPL, INL, IPL, GCL, and RNFL within the 

region and time period studied.  Eccentricities at which statistically significant changes in 

the OPL and INL were measured are illustrated by the horizontal lines in the plots.  The 

thickness of both the IPL and GCL decreased with age outside of 350µm (indicated by 

the dashed horizontal line) but increased in thickness closer to the center of the pit. Only 

a small change in RNFL thickness was noted, at 175 µm and 350 µm. 
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ABSTRACT 

Purpose: Retinal nerve fiber layer (RNFL) thickness measures with SD OCT provide 

important information on the health of the optic nerve.  As with most retinal imaging 

technologies, ocular magnification characteristics of the eye need to be considered for 

accurate analysis.  While effects of axial length have been reported, the effects of 

anterior segment optical power on RNFL thickness measures have not been fully 

described.  The purpose of this study was to determine the influence of the optical power 

change at the anterior corneal surface, using contact lenses, on the location of the scan 

path and measurements of the thickness of RNFL in normal healthy eyes.   

 

Methods: 15 normal subjects with less than 6D of ametropia and no ocular pathology 

were recruited.  One eye of each subject was randomly selected for scanning.  Baseline 

scans included raster cubes centered on the optic nerve and macula and a standard 12 

degree diameter RNFL scan (Spectralis HRA+OCT).  Standard 12 degree RNFL scans 

were repeated with 10 separate contact lenses, (Proclear daily, omafilcon A/60%) 

ranging from +8 to -12D in 2D steps.  The extent of the retinal scan and RNFL thickness 

and area measures were quantified using custom MATLAB programs that included 

ocular biometry measures (IOL Master). 

 

Results:  RNFL thickness decreased (0.52µm/D, r = -.33, p<0.01) and the retinal region 

scanned increased (0.52%/D, r=0.97, p<0.01) with increase in contact lens power (-12 to 

+8 D).  The normalized/percentage rates of change of RNFL thickness (-0.11/mm, r=-

0.67, p<0.01) and image size (0.11/mm, r=0.96, p<0.01) were related to axial length.  

Changes in the retinal region scanned were in agreement with transverse scaling, 

computed with a three surface schematic eye (R2 = 0.97, p < 0.01).  RNFL area 
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measures, that incorporated the computed transverse scaling, were not significantly 

related to contact lens power (863µm2/D, r=0.06, p=0.47).  

 

Conclusion:  Measurements of RNFL thickness by SD OCT are dependent on the 

optics of the eye, including both anterior segment power and axial length.  The 

relationships between RNFL thickness measures and optical power are a direct 

reflection of scan path location with respect to the optic nerve head rim, caused by 

relative magnification.  An incorporation of transverse scaling to RNFL measures, based 

on individualized ocular biometry, eliminated these dependencies. 

  



99 
 

INTRODUCTION 

 Glaucoma is group of progressive optic neuropathies that are characterized by 

losses of retinal ganglion cells (RGC) and associated visual field defects.  An evaluation 

of the retinal nerve fiber layer (RNFL), which contains axons of RGCs, provides valuable 

information for the management of patients with glaucoma.29,260  Traditionally, RNFL 

defects have been assessed by subjective methods (ophthalmoscopy and fundus 

photographs),29-31 but recently objective measurements have become more common.  

For example, non-invasive, in vivo imaging technologies such as optical coherence 

tomography (OCT) can be used to quantify thicknesses of retinal layers.86  The recent 

advances in this technology, spectral domain OCT (SD OCT), capture images at higher 

frequencies with axial resolutions approaching 4 µm.261-264  The standard SD OCT scan 

used for evaluation of the RNFL is a circular scan, 12 degrees in diameter (nominally 

3.47 mm), centered on the optic nerve head (ONH).131,265  Thickness measures from 

these scans are generally presented as a continuous thickness plot following a scan 

path that starts on the temporal side of the ONH and progresses to the  superior, nasal, 

inferior and back to temporal (TSNIT plot) side, with the data presented as global and 

sector  average RNFL  thickness. 

 In vivo RNFL thickness measures with OCT technology are generally repeatable, 

in both normal and glaucomatous eyes, with a test-retest variability of 4 to 8 

µm.132,135,145,266,267  However, several considerations are important in the acquisition and 

analyses  of RNFL thickness.  For example, to obtain precise and accurate measures, 

scans should be acquired through dilated pupils,268 be well centered on the ONH141,142 

and have a high signal-to-noise ratio.139,140  In addition, factors such as age,134,136,269 

refractive error153,154,270 and axial length134,151 need to be taken into consideration when 
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comparing to a normative database or evaluating variability between individuals.  In 

general, eyes that are older, myopic and longer have thinner RNFL measures. 

 The systematic decrease in RNFL thickness with age is supported by histological 

analysis of RGC somas271 within the inner retina and axonal counts within the optic 

nerve.272,273  In contrast, thinner RNFL measures in longer myopic eyes do not 

correspond to a decrease in neuronal content, but are thought to be a result of optical 

magnification.  Specifically, the extent of the retinal region scanned is related to the 

optics of the instrument and biometry of the eye scanned.173  Hence, in longer eyes, a 12 

degree circular scan path is further from the center of the optic nerve and its rim margin, 

where the RNFL is also thinner.157,274  Therefore, the decrease in thickness within the 

peripapillary region does not reflect a change in axonal content, but rather a reduced 

axonal density in the peripapillary region.119   

 To compensate for magnification factors, a modified Littmann formula (t = p.q.s) 

has been commonly used to rescale RNFL thickness measures.174,176  Using this 

methodology, an estimate of the RNFL thickness (t) can be computed from the 

magnification characteristics of the imaging system (p), the measured RNFL thickness 

using the standard scan (s), and a magnification factor (q) of the eye that incorporates 

axial length (q = 0.01306 X (Axial Length - 1.82)).174,176  These methods have been used 

successfully to rescale RNFL thickness measures, with the assumption that the axonal 

content of the RNFL remains constant within the peripapillary region.151,154,275  Although 

useful, the application of Littmann’s formula only incorporates axial length in determining 

the magnification factor of the eye, assuming a constant for the position of the eye's 

second principal plane (P`).174  Hence, the method does not consider individual 

differences in anterior segment optics, which may be especially important for accurate 
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measurements of RNFL thickness in patients who have had refractive and/or cataract 

surgery. 

 The influence of anterior segment power on RNFL thickness has been 

investigated by fitting subjects with varying powers of soft contact lenses.  Although a 

significant relationship was not found with TD OCT,276 RNFL thickness was related to 

contact lens induced refractive error with a higher resolution SD OCT277 system. The 

general relationship between RNFL thickness and refractive error was similar to that with 

axial length.  However, an optical basis for these findings was not determined.  

Therefore, in the present investigation of optical scaling anterior segment components, 

including corneal curvature, anterior chamber depth, and crystalline lens parameters, 

were included, in addition to axial length, in deriving RNFL measures from the  analysis 

of SD OCT images.175  Specifically, a three surface schematic eye179 was used to 

quantify  changes in the optical power of the anterior segment induced by soft contact 

lenses, and its influence on SD OCT RNFL scan path length and thickness measures.   

 

METHODS 

Subjects 

 Fifteen subjects with no history of ocular pathology were recruited for this study.  

All subjects were either students or staff at the University of Houston.  The study 

adhered to the tenets of the Declaration of Helsinki, and all aspects of the study were 

reviewed by the Committee for Protection of Human Subjects at the University of 

Houston.  Prior to collection of data, informed consent was obtained from all subjects. 

 Subjects were screened using a brief medical history, auto-refraction, visual 

acuity assessment, intraocular pressure measures, slit lamp examination and a dilated 
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fundus examination to ensure good ocular health.  One eye of each subject was 

randomly selected for data collection.  To ensure a uniform focal plane and to avoid 

exceeding the focus range of the imaging system, only eyes with refractive errors of less 

than 1D of astigmatism and 6D of ametropia were included. 

 

Optical Coherence Tomography 

 Data were collected 30 minutes after instillation of 1% tropicamide and 2.5% 

phenylephrine.  Baseline SD OCT scans with the Spectralis HRA+OCT (Heidelberg 

Engineering, Heidelberg, Germany, Software version 5.3.2) included; 1) a 97 line raster 

volume scan, 20 X 20 degrees centered on the optic nerve, 2) a 49 line raster volume 

scan, 20 X 20 degrees centered on the fovea, and 3) a standard 12 degree circular scan 

centered on the optic nerve.  Scans were acquired with eye tracking, and averaging set 

at 16 frames for raster scans and 40 frames for circular scans.  The infrared scanning 

laser ophthalmoscope (IR SLO) scan angle was set at 30 degrees for all scans acquired.  

Scans were repeated if image overlap was noted during averaging or if the image quality 

was < 25 dB.  If scan quality was reduced due to ocular surface dryness, they were 

repeated at least two minutes after instilling a drop of artificial tear. 

 A series of 10 soft contact lenses (Proclear Daily, omafilcon A/60%, 

CooperVision Inc., Trumbull, CT) ranging in power from +8 to -12 D, were used to 

change the dioptric power of the anterior segment.  To ensure adequate fit, each lens 

was allowed to settle on the eye for a minimum of 5 minutes and examined with slit lamp 

biomicroscopy.  In addition, the refractive change induced by the contact lens was 

assessed by auto-refraction, and the SD OCT scan focus setting.  With each contact 

lens, a 12 degree circular RNFL scan was acquired using identical settings to those at 

baseline, except for the scan focus, which was adjusted to achieve a sharp fundus 
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image.  To assess test-retest repeatability, the last scan acquired was a standard RNFL 

scan without any contact lens.  All scan data were exported in raw (.vol) files and 

analyzed using custom MATLAB (The Mathworks, Natwick, MA) programs. 

 

Ocular Biometry and Scaling 

 Ocular biometry including corneal curvature, anterior chamber depth and axial 

length were measured at baseline, without any contact lenses, using a non-contact 

optical biometer (IOL Master, Carl Zeiss Meditec Inc., Dublin, CA).  For scans acquired 

with contact lenses, the power adjustment was made by changing the radius of the 

anterior corneal surface.  Crystalline lens parameters including thickness and curvature 

were interpolated from normative data.184  The refractive index of the cornea, aqueous 

humor and vitreous humor were adjusted for the central wavelength (870 nm) of the SD 

OCT superluminescent diode.278  Refractive index of the lens was computed with a ray 

tracing algorithm using the biometry and refractive data, assuming homogenous and 

spherical refractive surfaces.  Using these parameters a three surface schematic eye as 

described by Bennett and Rabbetts63,179,224 was constructed for each scan using a 

custom MATLAB program.  Lateral or transverse scaling (µm/deg) was calculated from 

the second nodal point of the schematic eye, assuming a spherical retinal surface.  

Because axial scaling is dependent on the SD OCT imaging system and illumination 

source characteristics, no adjustments were made for the different contact lenses used.   

 

Scaling Validation 

 The three surface schematic eye scaling methodology was validated with 

corresponding changes in retinal image size.  To reduce bias, a custom automated 
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MATLAB program was used to randomly select one of the twelve RNFL scans from each 

subject as baseline.  A baseline transverse scaling was then determined for this scan 

using a three surface schematic eye.  Subsequently, for each of the 12 scans in the 

series, the 30 degree scanning laser ophthalmoscope (SLO) fundus image was 

extracted from the raw data (.vol files) and registered to the baseline fundus image using 

a generalized dual bootstrap, iterative closest point algorithm (i2k retina, DualAlign, LLC, 

Clifton, NY).238  The lengths of the registered images, assuming a symmetric and square 

scanned region, were then used to compute a predicted/registered image scaling for 

each scan (Equation 3-1, Fig. 3-1A).   

 Equation 3-1. 

                                      

  
√                                      

√                                    
                              

 

This predicted/registered image scaling was then compared to the computed scaling.  

Overall, there was good agreement between retinal scaling computed using image 

registration and that computed using a three surface schematic eye (ScalingIm Reg = 1.01 

X Scaling3 surface - 1.8, R2 = 0.97, Fig. 3-1B).  Bland-Altman analysis demonstrated a 

mean difference of -0.006 µm/deg, and a 95% limits of agreement between -5.11 

µm/deg and 5.10 µm/deg. 

 

RNFL Segmentation and Analysis 

 RNFL B-scans were randomized, and a custom segmentation algorithm63,224 was 

used to identify the inner limiting membrane and junction between the RNFL and RGC  
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Figure 3-1.  Retinal scaling with image registration and three surface schematic 

eye with changes in anterior segment power.  

A. For each subject all 30 degree IR SLO images from RNFL scans were registered to a 

baseline scan that was selected at random.  As demonstrated in this example, the 

square root of the number of pixels for each aligned image was used to determine the 

scaling of each scan based on the baseline.  B.  This plot illustrates the agreement 

between scaling determined by image registration and that computed using a three 

surface schematic eye.  The data point in the center of the box is from the example 

shown in A.  C.  The limits of agreement determined by the 95% confidence 

interval of the mean difference for retinal scaling using a schematic eye and 

image registration.    
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layer.  In brief, B-scan images (1536X496 pixels) were first de-noised using a Haar 2D 

stationary wavelet and convolved with a Gaussian filter (SD = 4).  An iterative process 

was then used to identify intensity changes, corresponding to the layers of interest, 

within the signal profile of each A-scan.  Any errors in layer identification, which were 

most commonly around shadows of major retinal vasculature, were manually corrected.  

To account for the non-neural retinal vasculature, B-scans were first rescaled to a 1:1 

aspect ratio using the computed transverse scaling.  The diameter of each major retinal 

vessel was determined from the corresponding shadows cast on the underlying retina 

(Mardin CY, et al. IOVS 2009;50:ARVO E-abstract 3333).  The center of each vessel 

was manually marked, and a circular region matching that of the vessel was subtracted 

from the RNFL thickness (Fig 3-2C & D).  RNFL thickness measures were transformed 

to area by multiplying the thickness for each A-scan by its calculated width.  Prior to 

calculating global, quadrant and 30 degree sector (Fig 3-2C) thickness and area 

measures, the start of the TSNIT plot was shifted to align with a line passing from the 

center of the circular scan to the center of the foveal pit (Fig 3-3A).  Methods used for 

identification of the fovea center, registration and alignment of the TSNIT plot have been 

described elsewhere.63  In brief, the center of the fovea was identified using the center of 

concentric circles fit to the pit region at varying depths.  The IR SLO images from the 

RNFL and macula scans were then registered.  A line was then fit from the center of the 

circular scan to the foveal pit center. 

 

Scan Path and RNFL Thickness 

 To investigate the relationship between scan path and RNFL thickness, identical 

paths to those of circular scans with contact lenses were interpolated from the baseline 

raster volume scan centered on the optic nerve for each subject.  The IR SLO image and  
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Figure 3-2.  Illustration of the retinal region scanned and RNFL thickness of one 

subject with contact lens associated changes in anterior segment power. 

A. 30 degree IR-SLO fundus images with RNFL scan path illustrate an increase in retinal 

region scanned with increase in contact lens power.  B.  The OCT B-scans acquired with 

a -12D and +8D contact lens demonstrate the change in RNFL thickness associated with 

scan path.  C.  Retinal vasculature was subtracted from the RNFL thickness after scans 

were rescaled to a 1:1 aspect ratio.  The top portion of the figure illustrates the 30 

degree sectors used for data analysis.  D.  Resulting TSNIT plots with and without 

vasculature were used to compute average thickness and area measures. 
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Figure 3-3.  Changes in scan path with contact lenses, and the use of interpolated 

scans for RNFL thickness measures. 

A. RNFL scan paths, acquired with contact lenses and at baseline, registered to the 

baseline 97 line raster scan (boxed region) centered on the optic nerve.  The scan paths 

illustrated in blue, green and red correspond to scans with a -12D contact lens, no 

contact lens, and a +8D contact lens.  The black line indicates the mean location for the 

line connecting the center of the optic nerve to the fovea to which TSNIT plots were 

aligned.  B&C Illustrate the resultant OCT B-scans for the standard and interpolated 

scan with a +8D contact lens. 
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scan path for each RNFL scan was registered to the IR SLO image of the baseline raster 

volume (Fig 3-3A) using a generalized dual bootstrap, iterative closest point algorithm 

(i2k retina, DualAlign, LLC, Clifton, NY).238  Using the registered scan path, an RNFL B-

scan was then constructed using bilinear interpolation from the raster volume (Fig 3-3C).  

The resultant scans were segmented and analyzed using the same protocol as for the 

standard scan.  To avoid bias, images were randomly imported into the program, and 

the user was unable to view the results of the registration process, or scan parameters 

used. 

 

RESULTS 

 Of the fifteen subjects (mean age = 24.5 ± 2.5 yrs) recruited, nine right eyes and 

six left eyes were used for data collection.  All eyes were healthy as determined by best 

corrected visual acuity, slit lamp biomicroscopy, intraocular pressures, and indirect 

ophthalmoscopy.  Both the spherical equivalent refractive errors (range = +0.62 to -5.12 

D) and axial lengths (range = 23.41 to 26.09 mm) were normally distributed (Shapiro-

Wilk, p>0.2).   

 Global RNFL thickness measures without contact lenses at baseline measured 

111.4 ± 9.0 µm.  On repeat scan, approximately 2 hours after baseline, global RNFL 

thickness measured 111.1 ± 9.6 µm.  The measurement error, or within subject standard 

deviation (Sw), was 1.19 µm.  Based on this measurement error, 95% of global thickness 

measures should be within 1.96 × Sw (2.33 µm) of the mean.  Similarly, the repeatability, 

or difference between any two measures should not exceed √2 × 1.96 × Sw (3.31 µm) in 

95% of samples from the same individual.279  Major retinal vascular contribution was 

12.6 ± 1.7 µm accounting for 11.4 ± 1.6% of the global RNFL thickness.  The 
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repeatability for vascular contribution was 2.02 µm (Sw = 0.72 µm) or 1.7% of global 

RNFL thickness.  

  

RNFL thickness 

 The contact lenses were effective at inducing a power change at the corneal 

surface as determined by both auto-refraction (slope = -0.94, R2 = 0.99, p < 0.01) and 

SD OCT scan focus (slope = -0.95, R2 = 0.99, p < 0.01).  The mean scan quality was 

35.3 ± 3.2dB, and was not significantly different for scans with and without contact 

lenses (p = 0.334).  In addition, scan quality was not related to contact lens power (p = 

0.6) or RNFL thickness (p = 0.3).  Overall, the global RNFL thickness decreased linearly 

with increase in power (Fig 3-4A, slope = -0.52, 95% confidence interval -0.74 to -0.30, 

p<0.01).  One subject (inverted filled triangles, Fig 3-4A) had significantly thicker RNFL 

measures, but followed similar trends to the rest of the subjects and had no detectable 

pathology on ophthalmoscopic examination and visual field testing.  Hence, this subject 

was not excluded from data analyses.  Repeated measures ANOVA with Greenhouse-

Geisser correction demonstrated statistically significant differences for global, quadrant 

and sector RNFL thickness measures for the range of contact lenses used (global 

thickness, RMANOVA F(3.9, 55.9) = 82.4, p<0.001, Table 3-1).  For global RNFL 

thickness, post hoc paired t-tests using an adjust p value of 0.004 for multiple 

comparisons, revealed a significant difference for contact lenses equal to or greater than 

+2D and less than -4D (Table 3-2).  Based on the test retest repeatability for well 

centered scans (3.31 μm), thickness measures were significantly different for changes in 

anterior surface corneal power of greater than 6D.   
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Figure 3-4.  RNFL thickness and area as a function of contact lens power. 

RNFL thickness (A) and area (B) as a function of the nominal power of the contact lens 

worn during the measurement.  A.  Global RNFL thickness with standard 12 degree 

circular scans decreased with increasing dioptric power at the anterior corneal surface.  

However, there is no significant change in Global RNFL area (B).  The different symbols 

represent individual subjects. 
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Table 3-1.  Mean RNFL thickness with contact lens. 

Mean global, and sector RNFL thickness measures with each contact lens.  Test-

retest/repeatability measures are calculated using thickness data with no contact lenses.  

Significant changes in thickness were noted for each measure as indicated by repeated 

measures ANOVA.  
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Contact Lens 
Power 

Mean Difference 
(µm) 

Std. Deviation 
(µm) 

Paired t-test, p 
value 

-12 5.69 2.18 <0.001 

-10 4.35 1.99 <0.001 

-8 3.67 1.82 <0.001 

-6 2.49 1.94 <0.001 

-4 1.47 1.45 0.001 

-2 0.68 1.08 0.029 

No lens -0.17 0.88 0.453 
2 -1.74 0.89 <0.001 

4 -2.64 1.15 <0.001 

6 -3.75 1.39 <0.001 

8 -4.95 1.34 <0.001 

 

Table 3-2.  Mean differences of RNFL measures with contact lenses. 

Mean differences of global RNFL measures compared to baseline scans without any 

lens. 
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Major retinal vascular contribution 

 RNFL thickness measures after removal of major retinal vasculature, decreased 

at a rate of 0.46 µm (95% CI, -0.67 to -0.24) per diopter increase in contact lens power.  

Overall, the slopes for RNFL thickness change with and without retinal vasculature were 

not significantly different (p= 0.69).  However, there was a slight, but statistically 

significant, decrease in the major retinal vascular thickness contribution with increase in 

dioptric power (slope = -0.06 µm/D, R2 = 0.06, p = 0.001).  The mean, maximum 

thickness change in vascular contribution was 1.4 µm, and less than the test retest 

variability.  Subsequently, the percent vascular contribution to the RNFL across the 

range of contact lens powers was not significantly different (RMANOVA, F(6.3, 88) = 

0.965, p = 0.46). 

 

RNFL circular scan path 

 The calculated circumference of RNFL scans decreased with increase in anterior 

surface corneal power (slope = 60.1 µm/D, R2 = 0.40 , p<0.001, Table 3-3).  The 

registered scan paths transferred onto their corresponding baseline raster SLO images, 

illustrate these changes in scan location (Fig 3-3A).  With an increase in scan length, 

there was a corresponding linear decrease in global RNFL thickness (slope = -7.7 

µm/mm, R2 = 0.22, p<0.001).  In addition, RNFL thickness measures from interpolated 

B-scans, matching the registered scan paths, were in good agreement with those of the 

standard circular scans (Fig. 3-5, Mean difference = -0.15µm, 95% LOA = 1.61 µm, -

1.91 µm).  The within subject standard deviation for global RNFL thickness measures 

from interpolated and standard scans was 0.41 µm, corresponding to a repeatability of 

1.14 µm.  These data provide evidence that the relationship between RNFL thickness  
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Figure 3-5.  Agreement between interpolated and circular scans. 

A comparison of the RNFL thickness measurements derived by interpolation from raster 

scans and direct measurements from circular scans. A. Correlation of the thickness 

measures from standard circular and interpolated scans.  The gray dashed line 

represents a 1:1 relationship. Results of a linear regression analysis are presented as an 

inset.  B.  Bland-Altman analysis of the limits of agreement between the thickness 

measures from raster scans and circular scans.  Dashed lines represent the 95% limits 

of agreement. 
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Change in Anterior 
Segment Power 

(D) 

Scan Circumference 
(mm) 

Std. Deviation CV (%) 

-12.00 10.51 0.42 4.02 
-10.00 10.59 0.43 4.03 
-8.00 10.68 0.43 4.04 
-6.00 10.77 0.44 4.05 
-4.00 10.88 0.44 4.08 
-2.00 10.99 0.45 4.10 
0 11.11 0.45 4.07 
+2.00 11.24 0.47 4.18 
+4.00 11.39 0.48 4.23 
+6.00 11.55 0.50 4.30 
+8.00 11.73 0.52 4.37 
Maximum Change 1.22 0.11 9.02 

 

Table 3-3.  Calculated scan diameters for each contact lens. 

Calculated mean scan circumference for the 12 degree circular scan with each contact 

lens.  
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and changes in corneal power is a result of differences in scan diameter and 

subsequently scan path. 

 

Anterior Corneal Surface Power and Axial Length 

 Although the trends in scan circumference and RNFL thickness measures were 

similar across subjects, there were significant inter-individual differences (Fig 3-4).  The 

inter-subject variability is also evident from the increase in standard deviations for global 

thickness changes with larger contact lens powers (table 3-2), and the high coefficient of 

variation for the maximal change in scan diameter.  To reduce the effects of inter-subject 

variability and to determine the main effects of the optical power of the cornea, the data 

for each subject were transformed to a percentage of baseline thickness measures (Fig. 

3-6A).  Similarly, using the same registration protocols as those for scaling validation, a 

percentage metric was used to describe the extent of the retinal region scanned with 

each contact lens using the pixel content from registered SLO images (Fig. 3-6B).  

Interestingly, the subject considered an outlier in the untransformed data (Figs. 3-4A & 

B) falls in the middle of the normalized data.  

The data for each subject were analyzed by linear regression to obtain the slope 

for the best-fit line passing zero reference associated with the baseline (no contact lens) 

condition. The slopes of the functions ranged from -0.29 to -0.76 (Fig 3-6A), with a mean 

slope of -0.44 (-0.47, -0.41).  Data for each quadrant and clock hour sector analyzed are 

presented in table 3-4.  Similarly, the slopes for the percentage of retinal region imaged 

ranged from 0.38 to 0.72 (Fig 3-6B), with a mean slope of 0.49 (0.47, 0.51).  The slope 

of the linear regression for RNFL thickness and retinal region scanned as a function of 

optical power were opposite in sign, but were similar in magnitude (mean difference = 

0.04 ± 0.08, p = 0.04).  In addition, as illustrated in Fig. 3-6C, the rates of change with   
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Figure 3-6.  Relationship between axial length, change in anterior segment power 

and RNFL thickness. 

When expressed as a percentage of baseline, there are significant differences in the rate 

of change for both RNFL thickness (A), and the region of the retina scanned (B).  The 

gray lines are linear regressions through the origin for each subject.  The solid black 

lines in A and B represent the largest and least slope, while the dashed black fit 

illustrates the mean fit for the data.  The rates of change were linearly related to axial 

length (C).  The surface plot (D) illustrates these differences associated with axial length 

and change in power at the anterior corneal surface. 
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 Slope % RNFL Thickness/D Slope % RNFL Area/D 

 Slope 95% CI Slope 95% CI 

Global -0.45 -0.48, -0.43 0.05 0.03, 0.07 

Temporal -0.33 -0.43, -0.23 0.17 0.09, 0.24 
Superior -0.45 -0.49, -0.41 0.01 -0.03, 0.06 

Nasal -0.49 -0.56, -0.41 0.00 -0.07, 0.07 

Inferior -0.51 -0.55, -0.46 0.00 -0.04, 0.04 

S1 -0.38 -0.50, -0.28 0.13 0.02, 0.24 

S2 -0.33 -0.43, -0.23 0.18 0.09, 0.27 

S3 -0.41 -0.47, -0.34 0.07 0.00, 0.15 

S4 -0.52 -0.59, -0.44 -0.08 -0.17, 0.01 

S5 -0.56 -0.64, -0.48 -0.14 -0.26, -0.03 
S6 -0.47 -0.56, -0.37 0.01 -0.07, 0.11 

S7 -0.38 -0.50, -0.26 0.07 -0.02, 0.17 

S8 -0.65 -0.76, -0.54 -0.17 -0.27, -0.07 

S9 -0.66 -0.75, -0.58 -0.14 -0.22, -0.06 

S10 -0.48 -0.56, 0.41 0.02 -0.04, 0.09 

S11 -0.20 -0.33, -0.08 0.26 0.15, 0.36 

S12 -0.31 -0.46, -0.15 0.06 -0.09, 0.23 

 

Table 3-4.  Slope values for percent RNFL thickness and area with change in 

anterior corneal surface power. 

Slope values for percent RNFL thickness and area measures for global, quadrant and 

sector measures with change in anterior corneal surface power. 
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axial length, followed a similar trend for percent RNFL thickness (slope = -0.11, R2 = 

0.45, p <0.02) and percent retinal image size (slope = 0.11, R2 = 0.92, p <0.01).  Overall, 

changes in dioptric power at the corneal surface had a larger effect on retinal image size 

and RNFL thickness, in longer eyes.  Equations 3-2 & 3-3 describe the percentage 

change in retinal region scanned and RNFL thickness as a function of axial length (AL, 

in mm) and change in corneal power (ΔK, in Diopters) with contact lenses.   

Equation 3-2 

% Retinal Region Scanned = 100 - 2.35.ΔK + 0.11.ΔK.AL 

Equation 3-3 

% RNFL Thickness = 100 + 2.19.ΔK - 0.11.ΔK.AL 

 

RNFL Area 

 The average global RNFL area, for the fifteen subjects without any contact 

lenses was 1.231 ± 0.095mm2, and 1.100 ± 0.091mm2 after vessels were removed.  In 

contrast to RNFL thickness measures, the global, quadrant and sector RNFL areas did 

not vary with dioptric power changes at the corneal surface (Global RNFL area, slope = 

0.0008mm2/D, p = 0.47, Fig 3-4B).  When expressed as a percentage of baseline RNFL 

area, the rate of change was 0.06 ± 0.06/Diopter.  In addition, the relationship between 

individual rates of change and axial length was not statistically significant (p = 0.727). 

 

DISCUSSION 

 An accurate and precise analysis of the retinal nerve fiber layer can provide 

important information on the health of the optic nerve.  With significant advances in non-

invasive imaging technology, the RNFL can be imaged and quantified at increasingly 
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higher resolutions, and with improved repeatability using OCT technology.  However, as 

with most ophthalmic imaging systems, the OCT scan path is dependent on the optics of 

the eye and imaging device.173  For example, the RNFL circular scan path for most 

myopic eyes is further from the optic nerve rim margin, compared to an emmetropic or 

hyperopic eye.  These differences in scan location can have a significant impact on the 

measured RNFL thickness that decreases with increasing distance from the rim 

margin.156,157  Several studies in both adults and children have reported a relationship 

between refractive error and RNFL thickness (0.9 to 1.6 μm/D).134,153,155,270  Similarly, for 

standard RNFL scans, thickness measures decrease with increasing axial length (-2 to -

3 μm/mm).134,151,153-155  As there is a strong relationship between axial length and 

refractive error, it is not surprising that these slopes are similar when converted using a 1 

mm axial length to 3D refractive error ratio determined by schematic eye calculations.179   

 As the change in RNFL thickness for eyes with moderate ametropia is linearly 

related to axial length,134,151,153-155 and the distance from the rim margin, thickness 

measures can be rescaled to match those of an emmetropic eye.  Specifically, several 

investigators151,153,154 have used a modified Littmann's formula174 that incorporates a 

magnification factor of the eye to make this correction.  However, these formulas only 

take into account the axial length of the eye with the assumption that the inter-individual 

variations in optics of the anterior segment have a minimal effect on the eyes principal 

points.  Along with an increasing prevalence of myopia,280 advances in both refractive281-

283 and cataract284 surgery necessitate investigation of anterior segment power and its 

effect on ocular magnification and in vivo imaging.  In addition, the equivalent power of 

the eye as determined by the cornea, crystalline lens, and the separation of the two 

structures,179 is age dependent with possible implications on age related changes in the 

RNFL.184,285-287 
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 Recently, using contact lenses, the effects of changes in anterior segment optics 

on RNFL thickness has been investigated with time domain276 and spectral domain277 

OCT.  Whereas a significant relationship was not found with the time domain system, the 

RNFL thickness was linearly related to contact lens induced refractive error (0.5 µm/D) 

when a spectral domain instrument was used.  The discrepancy between the two studies 

is probably a result of differences in; 1) controlling for accommodative effects, and 2) the 

axial resolution and segmentation algorithms used by the two imaging systems.288,289   

 The present study used a custom segmentation algorithm63,224 to investigate the 

relationship between contact lens associated anterior segment power changes and 

RNFL thickness, with and without compensation for major retinal vasculature.  In 

general, the relationship between global RNFL thickness and dioptric power change at 

the cornea (-0.52µm/D) followed similar trends to those previously reported by Lee et 

al.277  The major retinal vascular contribution for scans at baseline was 11.5±1.6%, and 

similar to those previously reported (Mardin CY, et al. IOVS 2009;50:ARVO E-abstract 

3333).63,167  Subtraction of this non-neuronal component did not significant affect the 

relationship of the RNFL thickness with anterior segment power (-0.46 µm/D).  Although 

not clinically significant, the decrease in the vascular thickness contribution with increase 

in power should be considered as imaging technology continues to improve and 

compensation for non-neuronal factors becomes standard in RNFL analysis.   

 The outcomes of the present study provide evidence that the relationship 

between RNFL thickness and contact lens power is a direct result of changes in ocular 

magnification.  As illustrated by the registered scan paths used for RNFL B-scans 

interpolation (Fig 3-3), the scan circumference got larger with an increase in contact lens 

power.  The accuracy of the image registration process and subsequent scan path 

location was validated by the agreement and repeatability of RNFL thickness measures 
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from the interpolated and corresponding standard circular scans (Mean difference = -

0.15µm, Sw = 0.41 µm).  In general, the repeatability was better than that determined for 

the test retest without contact lenses (Mean difference = 0.31µm, Sw = 1.19µm).  Hence, 

these data reiterate the importance for an accurate, in registration scan placement for 

follow up scans,141,142 which was not the case for RNFL scans acquired without contact 

lenses.  The present findings are also in agreement with test retest RNFL thickness data 

from normal and glaucoma eyes that show improved repeatability with image registration 

compared to using the customary, well-centered scans.145 

 When RNFL thickness data were expressed as a percentage of the baseline, 

there were significant inter-individual differences in the rate of change.  Specifically, 

longer eyes had larger percentage deviations in RNFL thickness across the contact lens 

powers.  This finding was supported by corresponding differences in individual rates of 

change for the retinal region scanned as determined by image registration.  In principle, 

these results are in agreement with differences in image size for model eyes of varying 

axial length and refractive error, as imaged with a time domain system.173  Hence, the 

percentage change formulas (Eq. 2 & 3) can be used to compare intra-individual RNFL 

thickness measures associated with changes in dioptric power at the corneal surface.  

However, the formulas generated by the present data included a narrow range of axial 

lengths, limited by the inclusion criteria of the study.  In addition, the formulas cannot be 

applied for optical power changes at locations other than the anterior corneal surface, 

such as with cataract surgery.   

 An accurate measure of the scan circumference can provide useful information 

when comparing thickness measures between individuals or to a normative database.  

For this study, individualized three surface schematic eyes were used to calculate the 

transverse scaling and scan diameter.  Overall, this method was accurate at determining 



126 
 

changes in the retinal region imaged as illustrated by the good agreement with the 

registered SLO fundus images.  Although the RNFL thins with increasing distance from 

the rim margin,157 the axonal content within the peripapillary region should be relatively 

similar, as only a small percentage of the RGC population resides in this region.  Hence, 

it is not surprising that the RNFL area, calculated by multiplying thickness measures by 

the SD OCT scan length, did not show any significant change across the 20 D range of 

contact lenses used.  Subsequently, these RNFL area measures can be used to predict 

RNFL thickness at predetermined scan diameters.  However, the relationship holds true 

only for a limited distance from the optic nerve.  For example, in highly myopic eyes, the 

scan path can pass through regions with high ganglion cell densities and where RNFL 

thickness change is not linearly related to the distance from the rim margin.  This 

limitation can be overcome by incorporating ocular biometry, prior to scan capture, and 

adjusting the scan angle, resulting in a fixed scan diameter at the retinal surface.  

Whereas these adjustments need to be made prior to scan capture for standard circular 

scans, they can be made during post-processing in cases where B-scans are 

interpolated from volumetric raster data.   

 In conclusion, this study illustrates the use of image registration and retinal 

scaling in describing the relationship between RNFL thickness and ocular biometry.  A 

three surface schematic eye that includes anterior segment power and axial length can 

accurately determine scaling and scan dimensions.  As imaging technology and RNFL 

segmentation algorithms improve, it is necessary to incorporate the optical properties of 

the patient’s eye in determining the scan characteristics for thickness/area analysis. 
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ABSTRACT 

Purpose: An assessment of the retinal nerve fiber layer (RNFL) provides important 

information on the health of the optic nerve.  There are several non-invasive 

technologies, including spectral domain optical coherence tomography (SD OCT), that 

can be used for in vivo imaging and quantification of the RNFL, but often there is 

disagreement in RNFL thickness between clinical instruments.  The purpose of this 

study was to investigate the influence of scan centration, ocular magnification, and 

segmentation on the degree of agreement of RNFL thickness measures by two SD OCT 

instruments. 

 

Methods: RNFL scans were acquired from 45 normal eyes using two commercially 

available SD OCT systems.  Agreement between RNFL thickness measures was 

determined using each instrument's algorithm for segmentation and a custom algorithm 

for segmentation.  The custom algorithm included ocular biometry measures to compute 

the transverse scaling for each eye.  Major retinal vessels were identified and removed 

from RNFL measures in 1:1 scaled images.  Transverse scaling was also used to 

compute the RNFL area for each scan. 

 

Results: Instrument-derived global RNFL thickness measured from the two instruments 

correlated well (R2 = 0.70, p<0.01) but with significant differences between instruments 

(mean of 6.7 µm; 95% limits of agreement of 16.0 µm to -2.5 µm, intraclass correlation 

coefficient = 0.62).  For recentered scans with custom RNFL segmentation, the mean 

difference was reduced to 0.1 µm (95% limits of agreement 6.1 to -5.8 µm, intraclass 

correlation coefficient = 0.92).  Global RNFL thickness was related to axial length (R2 = 

0.24, p<0.01), whereas global RNFL area measures were not (R2 = 0.004, p = 0.66).  
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Major retinal vasculature accounted for 11.3±1.6% (Cirrus) or 11.8±1.4% (Spectralis) of 

the RNFL thickness/area measures. 

 

Conclusion: Sources of disagreement in RNFL measures between SD OCT 

instruments can be attributed to the location of the scan path and differences in their 

retinal layer segmentation algorithms.  In normal eyes, the major retinal vasculature 

accounts for a significant percentage of the RNFL and is similar between instruments.  

With incorporation of an individual's ocular biometry, RNFL area measures are 

independent of axial length, with either instrument.   
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INTRODUCTION 

 During the past two decades, there have been important advances in technology 

for non-invasive imaging of the eye.  These technologies have become standard in the 

diagnosis and management of ocular pathologies, especially those of the posterior 

segment.  In 1991, with the advent of optical coherence tomography (OCT), it became 

possible to image retinal layers with about 8 µm resolution.86  More recent advances, 

spectral domain optical coherence tomography (SD OCT), have increased image 

capture speed and resolution (nominally down to 4 µm).261-263,290,291  

 SD OCT technology is an important tool for assessing optic 

neuropathies.131,138,292-296  Specifically, the most common assessed structural measure 

for optic nerve health, is the retinal nerve fiber layer (RNFL), quantified using a standard 

circular scan 12 degrees in diameter centered on the optic nerve.  The analysis of the 

RNFL thickness is based on a quantification of number of pixels of each A-scan image 

and a pixel-to-micron calculation across each A-scan in the scan path.  Thickness 

measures from each A-scan are often plotted following a path from temporal, superior, 

nasal, inferior, and back to temporal, and commonly referred to as a TSNIT plot.  These 

measures are further quantified as average thickness measures for the entire B-scan, 

TSNIT plot, and/or sector-based averages.  However, several factors including scan 

quality, scan centration, and the specific segmentation algorithm are known to influence 

thickness measures derived from SD OCT images.139-141  In general, for each instrument, 

the in vivo RNFL thickness measures are reliable with good repeatability in both normal 

and diseased eyes.132,133,135,145,297  In addition, significant changes in RNFL can be 

detected when the TSNIT average changes by 4 to 8 µm, dependent on the specific 

technology and instrument used.135,188,266 
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 With increasing clinical utility, several commercially available SD OCT 

instruments have become available.  In theory, the thickness measures quantified from 

well-centered scans of similar dimensions should be identical across instruments.  

However, both total retinal thickness measures and RNFL thickness measures are 

significantly different between instruments and cannot be used interchangeably.61,185,186 

To efficiently monitor patients, it is essential that thickness data from current and future 

instruments be compatible and comparable, especially in monitoring chronic conditions 

such as glaucoma.  The purpose of this study was to investigate factors including scan 

centration, scan path and segmentation on the discrepancy between RNFL thickness 

measures between SD OCT systems. 

 Across SD OCT instruments, there are two strategies for acquiring B-scans for 

RNFL analysis.  The more common methodology involves sampling from a circular scan 

path centered on the optic nerve.  Alternatively, with scan speeds achieved by most SD 

OCT technology, volumetric data centered on the optic nerve head can be acquired and 

circular scan data interpolated to produce OCT B-scans that correspond to a 12 degree 

diameter circular scan path.141,143,224,298   The two methodologies produce TSNIT 

measures and either can be used with real-time or offline image registration for signal 

averaging to improve signal-to-noise ratios for improved retinal layer segmentation. For 

example, the Cirrus HD OCT (Carl Zeiss Meditec, Dublin, CA) interpolates scans from 

volumetric data centered on the optic nerve, whereas the Spectralis SD OCT 

(Heidelberg Engineering, Heidelberg, Germany) uses a circular scan path to capture 

RNFL B-scans.  Although RNFL thickness measures from both techniques are 

correlated, significant differences have been reported for global and quadrant 

thicknesses.61,297  The most notable difference comparing these two techniques has 
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been in the nasal quadrant for which the agreement has a significant linear relationship 

(slope = 0.7, intercept = -42.13 µm).297 

 In addition to the technology of image acquisition, other factors such as axial 

length, size and shape of the optic nerve head, age, and non-neuronal content should be 

considered in evaluating global (average) or quadrant measures of RNFL 

thickness.134,154,155,224,299 Specifically, RNFL thickness measures are thinner in eyes that 

are older, longer, and have a smaller optic nerve size.  It is well established that RNFL 

thickness changes that occur with age are a reflection of the associated loss of retinal 

ganglion cells, corresponding to between 0.3 and 0.6% loss/yr.136,271-273,300 The 

relationship of RNFL thickness and axial length has been attributed to ocular 

magnification, and the location of the scan path and, after compensation for ocular 

magnification, cross-sectional area measures of the RNFL are not related to axial 

length.154,224,275,301  Both histological and in vivo studies in human and non-primates 

suggest a relationship between optic nerve head size and total axonal content within the 

optic nerve.156,162,302 The RNFL also has significant non-neuronal components, including 

glial and vascular tissue (Mardin CY, et al. IOVS 2009;50:ARVO E-abstract 3333).167,168  

In addition, with glaucomatous disease progression, an increase in glial tissue and 

decrease in vascular components have been noted (Wheat JL, et al. IOVS 

2009;50:ARVO E-abstract 5826).169,171,303  Thus, there are many biometric and biological 

factors that need to be included in assessing OCT measurements of RNFL thickness, 

especially for management of clinical patients. 

   As OCT technology evolves, for RNFL measures to be used as a diagnostic tool 

in optic neuropathy diagnosis and management, it is essential that measures can be 

compared across instruments.  This is especially true for chronic conditions such as 

glaucoma where both neuronal and non-neuronal changes take place over several 
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years.  The present investigation was undertaken to address these discrepancies by 

comparing RNFL thickness measures acquired using two SD OCT instruments that use 

different methodologies to capture the 12 degree circular TSNIT scan.  The influence of 

segmentation, ocular biometry, and the major retinal vessel content to RNFL thickness 

measures using both technologies was investigated.  Some of the results of these 

studies have been presented briefly elsewhere (Patel NB, et al. IOVS 2011; 52: ARVO 

E-abstract 173).  

 

METHODS  

Subjects 

 Fifty healthy subjects, aged 21-68 years, with no prior history of ocular pathology 

were recruited for this study.  All subjects were patients, students, or staff at the 

University of Houston, University Eye Institute.  The study adhered to the tenets of the 

Declaration of Helsinki, and all aspects of the study were reviewed by the committee for 

protection of human subjects at the University of Houston.  Informed consent was 

obtained from all subjects. 

 Before enrollment, subjects were screened using visual acuity, standard 

automated perimetry 24-2 visual fields, intraocular pressure measures, slit lamp 

examination and dilated fundus evaluation to ensure good ocular health. One randomly 

selected eye from each subject was used for data analysis.  Of these, five eyes that had 

either undocumented pathology or excessive eye movements during SD OCT scanning 

were excluded from data analysis.  
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Optical Coherence Tomography 

 SD OCT scans were acquired from subjects at least 30 minutes after pupils were 

dilated with 1% tropicamide and 2.5% phenylephrine.  Three scan patterns/protocols 

were used to acquire high-resolution scans using the Spectralis HRA+OCT (Heidelberg 

Engineering, Heidelberg, Germany, Software version 5.1.3) that included (1) 12 radial 

scans centered on the optic nerve head, (2) a 12 degree circular scan centered on the 

optic nerve head, and (3) a 49 line raster scan, 20X20 degrees centered on the fovea.  

For noise reduction, B-scan averaging was set at 16 frames for all scan protocols.  

Scans were repeated if image overlap was noted as frames were being averaged or if 

the scan had excessive noise, determined as an image quality of < 20 dB (signal to 

noise ratio).  A maximum of three attempts were made to obtain good scans when 

needed.  The unaltered scan data were exported in raw (.vol) files, for analysis using 

custom MATLAB (The Mathworks, Natwick, MA) programs. 

 Two scan protocols using the Cirrus HD OCT (Carl Zeiss Meditec Inc., Software 

version 5.0.0) scans were acquired on all subjects; (1) the high-resolution macular cube 

scan centered on the fovea, and (2) 200 X 200 A-scans centered on the optic nerve.  

Scans were repeated if motion was detectable on the en face reflectance image or when 

the scan quality was < 8/10.  A maximum of three attempts were made to obtain good 

scans when needed.  The scan data were exported as raw (.dat,.bin,.img,.txt) files using 

the Carl Zeiss Meditec, Research Browser (version 5.0.0.326). 

 

Ocular Biometry and Scaling 

 Axial lengths, corneal curvatures, and anterior chamber depths were measured 

using the IOL Master (Carl Zeiss Meditec).  Transverse scaling for each eye was 

computed using a three-surface schematic eye, using methods described by Bennett 
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and Rabbetts.174,175,179  Lens parameters including lens thickness and curvature were 

interpolated from normative data.184  Refractive indices for the ocular components were 

calculated for a wavelength of 855 nm, corresponding to the mean of the central 

wavelengths for the Cirrus (840 nm) and Spectralis (870 nm) OCT sources.278,304 The 

constructed schematic eyes were used to compute the transverse scaling at the retina 

assuming a spherical retina as previously described.224  Transverse scaling was used to 

compute the circumference of the scan path, which was then used to compute the RNFL 

estimated integral or area.224,275 

 

Instrument Algorithm Based RNFL Analysis 

 The raw data exports from the Cirrus and Spectralis SD OCT RNFL scans were 

used to determine the global, quadrant, and sector thickness data.  The 30 degree 

sector was centered on the temporal quadrant and subsequent sectors were numbered 

in a clockwise manner referenced to the OD (Fig. 4-4D).  The influence of scan 

centration was investigated using the raw export data from the Cirrus HD OCT that 

contained RNFL segmentation data for the entire 200 X 200 A-scan region.  To 

investigate the influence of scan alignment using Cirrus HD-OCT data, custom MATLAB 

programs were used to interpolate RNFL thickness profiles for scans displaced up to 

500 µm from the center of the nerve.  The mean change in global RNFL thickness from 

these interpolations for all subjects in this study is illustrated in figure 4-1 and follows 

systematic trends previously noted.140-142 

 To evaluate the influence of scan path differences on sector and global thickness 

differences, RNFL scans with identical locations were compared.  This was achieved by 

aligning the two scans and interpolating RNFL scans from the RNFL thickness map from 

the Cirrus data that were identical to that of the Spectralis RNFL scan path.  The Cirrus   
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Figure 4-1.  The effect of scan misalignment on RNFL thickness. 

The contour map represents the average change in RNFL thickness for 54 eyes, all 

referenced to the right eye and the center of the optic nerve.  Global RNFL thickness can 

vary by 14.8 ± 5.3 µm within 1 mm of the center of the scan, median = 14.6 µm, range = 

5.7 µm - 29.0 µm. 
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fundus image used for registration was constructed from the volume data where the 

pixel intensity for each A-scan from the 200 X 200 scanned region was averaged to 

create a 2-D image (Fig 4-2B).  This reflectance image was registered to the infrared 

scanning laser ophthalmoscope (SLO) image from the Spectralis scan using a 

generalized dual bootstrap iterative closest point algorithm (i2k retina, DualAlign LLC, 

Clifton, NY).238  The scan path, extracted from the Spectralis raw data export, was 

mirrored on the Cirrus reflectance image and used to determine the RNFL thickness as 

quantified by the instrument's algorithm (Fig. 4-2E).  In addition, the aligned images were 

used to determine the differences in ocular magnification, which was calculated as the 

square root of pixel content ratio between the two fundus images, assuming a scan 

angle of 30 degrees for the Spectralis and 20 degrees for the Cirrus (Eq. 4-1). 

Equation 4-1. 

                                    
√                               

√                                         
   

  

  
 

 

Custom RNFL Torsional Alignment 

 All SD OCT instruments have chin and forehead rests, which allow horizontal 

and vertical eye alignment but not torsional alignment.  Previous studies have shown 

that significant cyclotorsional eye movements occur during fixation, especially with 

reduced visual stimuli as occurs during OCT imaging.305,306  Torsional eye movements 

can influence quadrant and sector RNFL thickness measures and identification of 

thinning, especially with respect to the normative TSNIT plot.  Although the Spectralis 

software aligns RNFL scans to the macula, it is highly dependent on (1) accurate 

centration of the scan and (2) accurate fixation by the patient when scan acquisition and 

averaging is started.  Hence, alignment using anatomical landmarks may provide for   
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Figure 4-2.  Registration methods for Spectralis and Cirrus scan paths. 

The 30 degree SLO image from the Spectralis HRA+OCT(panel A) and the mean 

reflectance image from the Cirrus HD OCT volume scan centered on the optic nerve 

(panel B) were aligned (panels C & D) and registered (panel E) to provide identical scan 

paths for 12 degree circular scans with each instrument.  The difference calculation for 

ocular magnification for this data set is illustrated above figure E. 
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better repeatability.  Torsional eye position was compensated for by aligning the center 

of the optic nerve to the foveal pit for each subject.  The center of the fovea was 

identified as the thinnest region within the raster scan of the macular region.  This center 

was refined by fitting the thickness profile of the pit region with best fit circles from 30 to 

75% of the pit height and using the geometric mean of these as the refined pit center 

(Patel NB, et al. IOVS 2009;50:ARVO E-abstract 6207).  The neural canal opening was 

manually identified using radial scans through the optic nerve.  The neural canal opening 

was fit with an ellipse, which was used to determine the center of the optic nerve.98,224  

The SLO images for the scans centered on the optic nerve and on the macula were 

registered using the i2k Retina software.  All RNFL scans were subsequently referenced 

to the line fit between the centers of the fovea and optic nerve as illustrated in figure 4-3.   

 

Custom RNFL Segmentation 

 The standard Cirrus 12 degree circular scan used for RNFL thickness analysis 

consist of 512 A-scans interpolated from a 200 X 200 A-scan volume, spanning a 

nominal region of 20 X 20 degrees.  In contrast, the Spectralis, high-resolution 12 

degree circular scan, consists of 1536 A-scans acquired in a circular path.  In addition, 

the scan depth of the Cirrus is up to 2 mm, whereas the maximum depth for Spectralis 

images is 1.92 mm.  To match the scans, using the image registered data, the Cirrus 

volume scans were interpolated to obtain 1536 A-scans and cropped to a maximum 

height measuring 1.92 mm to match the same locations obtained for Spectralis circular 

scans.  

A custom MATLAB program identified the inner limiting membrane and junction between 

the RNFL and ganglion cell layer.  To enhance layer visibility, images were first de-

noised using a Haar 2-D stationary wavelet and convolved with a Gaussian filter with   
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Figure 4-3.  Procedures to align scans to a line from the ONH to the fovea. 

Procedures to correct the SD OCT images for torsional eye movements by identifying a 

reference line connecting the center of the ONH to the center of the fovea pit.   A. First 

locations of the opening of the neural canal (NCO) were identified on 12 radial B-scans 

through the optic nerve and were transferred onto the infrared scanning laser 

ophthalmoscope (SLO) image, and fit with an ellipse.  B.  Second, the center of the 

fovea pit was identified in the retina thickness map as the region with the thinnest retina 

(darkest blue color) and geometric center of the pit was identified from the geometric 

center of a series of iso-thickness circles best fit to the pit thickness at varying heights.  

C. An example of the registered foveal and optic nerve SLO images illustrating the line 

through the NCO and foveal pit center that was used as reference for torsional alignment 

of the retinal images. 
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a SD of 4.  Signal intensity profiles for each A-scan were then used to identify the RNFL, 

as previously described.224  Errors in segmentation, that were most common around 

retinal vessels, were corrected manually.  To reduce bias, a total of four RNFL scans 

from the Cirrus, with different scan centers, were segmented and analyzed by the user 

who was unaware of which scan was from the registered scan path. 

 The RNFL B-scan from the Spectralis is an averaged image for up to 16 B-scans.  

The time taken to capture these scans often spans several diastolic and systolic phases.  

If retinal vessels change significantly in size during these phases, the non-neuronal 

retinal vessel content within the RNFL would be different between averaged and non-

averaged scans.  To account for the retinal vasculature, B-scans were first scaled to a 

1:1 aspect ratio using the computed transverse scaling from the three-surface schematic 

eye.  The borders of the shadows cast by the retinal vasculature were identified and 

marked.  The center of each vessel within the retinal tissue was then manually identified.  

The thickness of the RNFL within the circular region marked by the vessel center and 

shadow borders was subtracted from the total thickness and determined as the RNFL 

vascular contribution (Fig. 4-4).  The RNFL area for each A-scan was computed as the 

RNFL thickness multiplied by its width.  The average RNFL thickness and sum of RNFL 

areas, with and without retinal vasculature, for the 1536 A-scans were used for data 

analysis. 

 

Statistical Analysis 

Measurement bias and variability for RNFL thickness for global and quadrant 

measures were investigated using mean versus difference plots (Bland-Altman).307,308  

Although RNFL thickness measures from separate OCT systems correspond well, there 

are significant differences between the measures.  For example, the slope and intercept 
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for linear functions fit to registered TD and SD OCT systems are dependent on the 

region/sector of the RNFL being compared.143  Similar results have been reported for 

RNFL thickness measures from separate SD OCT systems.61,62  These findings can be 

attributed to differences in 1) instrument segmentation algorithms, and 2) individual 

variability in ocular anatomy.  Specifically, scan centration,141,142 signal strength140,309 and 

ocular magnification,173 need to be taken into account when evaluating RNFL thickness.  

Hence, to assess RNFL thickness reliability, intraclass correlation coefficients, using a 

two way mixed model with absolute agreement, was used.310  In addition, agreement for 

global, quadrant and sector thickness measures was assessed using paired t-tests. 

 

RESULTS 

RNFL Thickness - Instrument Algorithm.  

  For the 45 eyes included in the data analysis, the average image quality 

for RNFL scans was 30.6 ± 4.93 dB and 9.0 ± 0.82 for the Spectralis and Cirrus scans, 

respectively.  In general, the high signal strength and quality of the scans decrease the 

variability in thickness measures resulting from segmentation errors.140,311  Hence, signal 

strength was not considered a covariant for comparisons of instrument and custom 

segmentation.  The average RNFL global thickness measurement was 97.9 ± 7.9 µm for 

the Spectralis and 91.2 ± 8.4 µm for the Cirrus.  The agreement of RNFL measures 

using each of the two instruments was assessed using Bland-Altman plots, the ICC, and 

paired t-tests.  Bland-Altman plots provide a graphical method for comparing the two 

methodologies.  The mean difference, and 95% limits of agreement can be used to 

assess if the difference between two methodologies are clinically acceptable.308  ICC 

measures for comparison of thickness measures were calculated using a two-way 

mixed, absolute agreement model (SPSS, IBM, Armonk, NY).  The ICC is a measure of   
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Figure 4-4.  Segmentation methodology with vessel compensation. 

The identification and removal of the major vasculature from the RNFL.  A&B. An 

example of the RNFL B-scan image illustrating the locations of vessels. C&D Shadows 

in RNFL B-scans identify major retinal vessels in B-scan images of Spectralis scans in 

the unscaled image (C) and after rescaling the B-scans to 1:1 µm (D) where the retinal 

vessels can be identified as circular structures within the scan.  E.  RNFL thickness plots 

demonstrating the effect of removing the vessel contribution to RNFL thickness.  It 

should be noted that only portions of the vessel within the RNFL segmentation were 

subtracted to create the thickness plot and in subsequent calculations of RNFL and area 

measures. 
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reliability, calculated by comparing the between-subject variances to overall variance.  In 

general, agreement is considered good, when the within subject variance is a third of the 

between-subject variance (ICC ≥0.75).312  Paired t-tests were also used to test the 

hypothesis that the difference in RNFL thickness measures from the two instruments is 

0.   

 On the basis of these statistics, there was overall poor agreement of RNFL 

thickness between the two instruments, with the least agreement for the nasal quadrant 

(Table 4-1).  Similarly, Bland-Altman plots (Fig. 4-5) indicate significant thickness 

differences in all quadrants, along with a systematic discrepancy for nasal quadrant 

thicknesses (slope = 0.51, intercept = -27.19, R2 = 0.34, p <0.01).  The mean bias and 

limits of agreement for each measure are illustrated in the insets in figure 4-5.  In 

addition, the SD of thickness differences for each quadrant, except for the temporal 

quadrant was at least half the SD for thickness measured from each instrument. 

 

Scan Alignment 

 Various methods are used to center the RNFL scan on the optic nerve.  For 

example, the Spectralis relies on the user to visually center the scan on the optic nerve.  

A circular guide, the size of an average optic nerve, is projected on the real time SLO 

image to aid in centering.  In addition, when an internal nasal fixation target is used, the 

scan is referenced to the center of the optic nerve and fixation.  Alternatively, the Cirrus 

obtains a 200 X 200 volume scan of the optic nerve and an automated process is used 

to determine the geometric center of the optic nerve head after the rim margin has been 

identified. The RNFL scan is interpolated from the volumetric data at a fixed distance 

from the center of the optic nerve head. These volumetric data can also be used to 

investigate the effect of scan alignment, which for the eyes included in this study,   



147 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  
  
  
  
  

P
a

ir
e

d
 t

-

te
s
t 

<
0

.0
0
1
 

<
0

.0
0
1
 

0
.0

2
2
 

<
0

.0
0
1
 

0
.0

0
1
 

<
0

.0
0
1
 

<
0

.0
0
1
 

<
0

.0
0
1
 

0
.6

1
3
 

0
.0

7
5
 

<
0

.0
0
1
 

<
0

.0
0
1
 

<
0

.0
0
1
 

0
.1

 

0
.3

0
1
 

<
0

.0
0
1
 

<
0

.0
0
1
 

9
5
%

 c
o

n
fi

d
e
n

c
e
 

in
te

rv
a
ls

 U
p

p
e

r 

0
.7

9
7
 

0
.8

6
4
 

0
.9

3
8
 

0
.8

4
7
 

0
.7

8
 

0
.8

7
6
 

0
.8

8
7
 

0
.9

5
7
 

0
.8

9
5
 

0
.8

8
3
 

0
.8

8
2
 

0
.8

9
3
 

0
.6

4
 

0
.7

7
6
 

0
.8

2
4
 

0
.8

8
5
 

0
.9

5
9
 

L
o

w
e

r 

0
.4

5
6
 

-0
.0

7
4
 

-0
.0

5
4
 

0
.5

5
2
 

0
.1

1
9
 

0
.5

4
4
 

-0
.0

7
1
 

0
.0

6
8
 

0
.4

9
1
 

0
.6

5
8
 

0
.6

5
3
 

0
.2

5
6
 

0
.1

1
 

0
.1

8
2
 

0
.5

1
7
 

0
.6

6
6
 

0
.4

6
5
 

  

IC
C

 

0
.6

2
3
 

0
.7

6
5
 

0
.7

3
4
 

0
.5

5
9
 

0
.7

6
4
 

0
.6

3
1
 

0
.8

5
3
 

0
.7

8
 

0
.7

9
7
 

0
.7

9
4
 

0
.7

4
3
 

0
.4

1
4
 

0
.5

7
1
 

0
.7

0
1
 

0
.8

0
1
 

0
.8

8
5
 

0
.7

5
9
 

S
p

e
c

tr
a

li
s
 

 

S
td

 D
e
v
 

7
.9

4
 

1
2
.7

1
 

1
2
.9

8
 

1
5
.8

8
 

1
5
.2

1
 

1
0
.8

7
 

1
7
.5

3
 

2
3
.9

2
 

2
2
.1

8
 

1
8
.3

1
 

2
3
.2

6
 

1
5
.5

 

1
6
.1

2
 

1
8
 

2
7
.5

9
 

2
5
.6

2
 

1
5
.8

4
 

 M
e

a
n

 (
µ

m
) 

9
7
.9

2
 

7
2
.7

9
 

1
1
8

.5
2
 

7
4
.5

6
 

1
2
5

.2
1
 

5
8
.8

1
 

8
5
.7

3
 

1
3
4

.4
 

1
1
2

.9
7
 

1
0
8

.1
8
 

9
0
.5

9
 

6
2
.9

5
 

7
0
.1

3
 

9
9
.2

1
 

1
3
7

.6
2
 

1
3
8

.4
5
 

7
3
.3

7
 

C
ir

ru
s
 

 

S
td

 D
e
v
 

8
.4

2
 

1
2
.9

6
 

1
4
.9

4
 

1
0
.0

6
 

1
6
.3

9
 

8
.7

 

1
9
.1

8
 

2
1
.9

5
 

2
4
.8

8
 

1
6
.7

7
 

1
7
.4

5
 

9
.7

9
 

1
0
.6

 

1
8
.2

1
 

2
6
.7

9
 

2
6
.7

2
 

1
5
.7

9
 

 

M
e

a
n

 (
µ

m
) 

9
1
.1

7
 

6
3
.7

1
 

1
1
5

.0
3
 

6
5
.8

9
 

1
2
0

.0
8
 

4
9
.5

7
 

7
7
.1

5
 

1
2
5

.7
8
 

1
1
4

.1
2
 

1
0
5

.1
7
 

8
0
.2

3
 

5
5
.3

1
 

6
2
.1

2
 

9
5
.7

5
 

1
3
4

.9
4
 

1
2
9

.5
3
 

6
4
.4

 

   G
lo

b
a

l 

T
e
m

p
o
ra

l 

S
u

p
e

ri
o
r 

N
a

s
a
l 

In
fe

ri
o

r 

S
e

c
to

r 
1
 

S
e

c
to

r 
2
 

S
e

c
to

r 
3
 

S
e

c
to

r 
4
 

S
e

c
to

r 
5
 

S
e

c
to

r 
6
 

S
e

c
to

r 
7
 

S
e

c
to

r 
8
 

S
e

c
to

r 
9
 

S
e

c
to

r 
1

0
 

S
e

c
to

r 
1

1
 

S
e

c
to

r 
1

2
 

T
a
b

le
 4

-1
. 
 I
n

s
tr

u
m

e
n

t 
a

lg
o

ri
th

m
 R

N
F

L
 t

h
ic

k
n

e
s
s

 m
e

a
s

u
re

s
. 

In
s
tr

u
m

e
n
t 

a
lg

o
ri
th

m
 R

N
F

L
 t

h
ic

k
n

e
s
s
 m

e
a
s
u

re
s
 f
o

r 
q

u
a

d
ra

n
t 
a

n
d

 c
lo

c
k
 h

o
u

rs
 f

o
r 

C
ir
ru

s
 a

n
d

 S
p

e
c
tr

a
lis

 S
D

 O
C

T
. 
 A

lo
n
g

 w
it
h
 t

h
e
 

p
a
ir
e

d
 t
-t

e
s
t 
s
ta

ti
s
ti
c
, 
th

e
 i
n

tr
a

c
la

s
s
 c

o
rr

e
la

ti
o

n
 c

o
e
ff

ic
ie

n
t 
(I

C
C

) 
w

it
h
 9

5
%

 c
o

n
fi
d

e
n

c
e
 i
n

te
rv

a
ls

 p
ro

v
id

e
s
 a

 m
e

a
s
u
re

 o
f 

a
g
re

e
m

e
n
t 

fo
r 

th
e
 t

w
o
 s

e
g
m

e
n
ta

ti
o
n
 a

lg
o
ri
th

m
s
. 

 



148 
 

  

Figure 4-5.  Agreement between instrument segmentation RNFL thickness for 

Spectralis SD OCT and Cirrus HD OCT. 

The limits of agreement determined by the 95% confidence interval of the mean for 

RNFL thickness by Spectralis and Cirrus SD OCT instruments, using the manufacturer’s 

thickness algorithms.  A. The Bland-Altman plot for the agreement between global 

thickness measurements.  B. Thickness measures from the two instruments and their 

deviation from the 1:1 line.  C-E. Bland-Altman plots to illustrate the limits of agreement 

for each quadrant, demonstrating that the relationship between the thickness difference 
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and average thickness is not statistically significant, except the nasal quadrant (E, slope 

= 0.51, intercept = -27.19, R2 = 0.34, p < 0.01). 
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Figure 4-6.  Agreement between custom segmentation RNFL thickness for 

Spectralis SD OCT and Cirrus HD OCT. 

The limits of agreement between RNFL thickness by Spectralis and Cirrus SD OCT 

instruments, using custom algorithms for scaling, rotation, registration, and 

segmentation, but without vessel compensation.  Other details are as in Fig. 4-5.  The 

Bland-Altman analysis for RNFL thickness via custom image analysis demonstrates well 

correlated measurements and high ICCs for all quadrants with no statistical relationship 

between the thickness difference and average thickness.  E. For the nasal quadrant, the 
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difference in thickness measures between instruments did not have a systematic trend 

(slope = 0.02, intercept = -1.9, R2 < 0.01, p = 0.75). 
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resulted in an average maximum change in thickness of 14.8 ± 5.3 µm (Fig. 4-1) for 

misalignments of the scan by up to 500 µm.   

 The SLO fundus image from the Spectralis and reflectance fundus image from 

the Cirrus were successfully registered for all the subjects using a generalized dual 

bootstrap iterative closest point image registration algorithm.238  The difference in scan 

center location between the two instruments, using the registered images, was 117.7 ± 

70.2 µm.  Realignment of the Cirrus scan to match that of the Spectralis had a minimal 

effect on the thickness differences (Table 4-2).  In addition, using the modeled average 

thickness data from varying scan alignment (Fig. 4-1), the differences in scan location 

measured was predicted to account for only 0.45 ± 0.4 µm of the thickness differences.   

 Along with horizontal and vertical misalignments, torsional differences between 

the fundus images from the two instruments were also evident.  The TSNIT thickness 

plots were shifted according to the average angular difference between the two images.  

To realize the greatest match, the plots were also shifted to the point with the highest 

cross correlation.  The average rotational difference, using these methods, was 6.4 ± 3.8 

degrees.  Realignment using all three dimensions improved the ICC for each quadrant 

(Table 4-2).   

 

Custom Segmentation and Retinal Vascular Contribution 

 The custom segmentation program consistently measured a larger RNFL 

thickness for both Spectralis (11.4 ± 3.7 µm) and Cirrus (18.8 ± 3.5 µm) scans compared 

to the instrument algorithms.  In addition, these custom measures were significantly 

different (p < 0.01) for most quadrants and sectors for both instruments.  However, the 

agreement for RNFL thickness measures, as determined by ICC and paired t-test, 

comparing custom segmentation to the instrument algorithm, was better for Spectralis 
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scans (Table 4-3).  Overall, the agreement between instruments improved with custom 

segmentation.  For the Bland-Altman plot, the SD were (1) less than with the instrument 

algorithm, (2) less than half the SD for the range of thicknesses for each measure.  

Good agreement for RNFL measures were also indicated by ICC and t-test statistics.  

For global RNFL thickness, the mean difference was 0.1 ± 3.1 µm, ICC = 0.96, p= 0.59 

(Table 4-5). 

The major retinal vasculature accounted for ~11% (11.8 ± 1.5% Cirrus, 11.3 ± 

1.6% Spectralis) of the global RNFL thickness (Table 4-4).  Superior and inferior 

quadrants had the greatest major retinal vascular contribution with the temporal 

quadrant having the least (Table 4-4).  Differences for major retinal vascular contribution 

were insignificant for the segmentations from the two instruments (p > 0.05, β < 0.18 for 

all quadrants).  Although there was very good agreement in vascular contribution, the 

vascular location in the registered B-scans were not always identical.  In addition, some 

small vessels were clearly visible in one B-scan, but not the other, as illustrated in figure 

4-7.   

 

Ocular Biometry and RNFL Area  

 For the healthy eyes included in this study, axial lengths ranged from 22.3 mm to 

27.9 mm and were normally distributed with a mean of 24.7 ± 1.32 mm.  The global 

RNFL thickness, as determined by the instrument algorithm, decreased with increase in 

axial length, with a slope of -3.1 µm/mm for the Spectralis (p < 0.01) and -3.1 µm/mm 

forthe Cirrus (p < 0.01) (Fig. 4-8).  Although thickness measures between instruments 

were significantly different, the slope of the function was not (p = 0.95).  Similarly, for the 

custom segmentation data, the slope of RNFL thickness vs. axial length was -3.0 

µm/mm (p < 0.01, R2 = 0.24, Fig. 4-8B).    
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 Cirrus    
Cross 

Correlated 
ICC 

 
Paired t-

test 
Global 

Thickness 
(µm) 

Std. Dev. ICC Paired t-
test 

Global 90.83 8.42 0.645 <0.001 0.645 <0.001 

Temporal 62.95 11.85 0.721 <0.001 0.837 <0.001 

Superior 111.59 13.71 0.794 <0.001 0.886 <0.001 

Nasal 66.85 11.03 0.574 <0.001 0.649 <0.001 

Inferior 124.26 16.64 0.904 0.054 0.905 0.056 

 

Table 4-2.  Average thickness for identical scan paths. 

Average thickness and ICC for scans centered to match that of Spectralis 12 degree 

circular scans. 
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Figure 4-7.  Differences in B-scans from Spectralis and Cirrus OCT  

Examples of TSNIT functions for Spectralis SD OCT and Cirrus HD OCT after 

incorporating vessel identification and compensation in the B-scans, and with identical 

scan paths from the two instruments.  The B-scans for the Spectralis (A) and Cirrus (B) 

are presented with white vertical dashed lines illustrating the location of some of the 

major retinal vessels in the two images.  Although the vessels localized well, there were 

some small misalignments.  Overall, a similar number of vessels were identified in both 

B-scans, but with some smaller vessels being missed in one or the other B-scan 

occasionally, as illustrated by the orange box in A.  The TSNIT plots for both Spectralis 

(C) and Cirrus (D) instruments show dips at similar locations and nearly equal global 

thicknesses after compensation for the major retinal vasculature. 
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 A significant relationship between axial length and ocular magnification ratio, as 

determined using the registered fundus images, would indicate differences in the optics 

of the two imaging devices (R2 = 0.41, p < 0.01, Fig. 4-8C).  For the majority of the 

scans, the region of the retina scanned per degree of scan angle was smaller for 

Spectralis images and was similar for only significantly longer eyes.  However, this 

difference did not alter the location of the scan paths significantly, as illustrated by the 

similarity in RNFL thickness at all axial lengths using the custom segmentation (Fig. 4-

8B). 

 The thinner RNFL measures for longer axial lengths should not reflect on a 

difference in retinal ganglion cell axonal content, but rather illustrates changes in RNFL 

thickness and density associated with distance from the optic nerve rim margin.156-158  

However, the cross-sectional area of the RNFL should be independent of scan distance 

from the optic nerve head rim margin within the peripapillary region were a low density of 

ganglion cells are present.119  RNFL area measures were computed by multiplying the 

scan circumference, as determined using the computed transverse scaling, and the 

global RNFL thickness.224,275  The RNFL area was not related to axial length (Spectralis: 

p = 0.69, Cirrus: p = 0.66) and was similar for the two instrument (Fig. 4-8D). 

 

DISCUSSION 

 High-resolution imaging of retinal structure has become standard in clinical care 

and several technologies, including scanning laser polarimetry, confocal SLO, and OCT 

are available to image and measure structures of the posterior segment of the eye.  

However, only OCT provides cross-section images of the retina to visualize and quantify 

the individual retinal layers.  Recent advances in this technology, SD OCT, enable 

imaging of the eye at high speeds with axial resolutions down to 4 µm.     
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Figure 4-8.  RNFL thickness and area as a function of axial length. 

Relationships between RNFL measurement parameters and axial length using 

Spectralis SD OCT and Cirrus HD OCT instruments.  A.  The relationship between 

RNFL thickness and axial length was significant for both instruments, with similar slopes 

for linear regression, but with an approximately constant difference between instruments 

across the range of axial lengths.  B.  With custom segmentation, the relationship 

between thickness and axial length was not significantly different for the two instruments.  

C.  The relationships between the ocular magnification ratio and axial length were 

significantly different between the two instruments.  D. The differences in ocular 

magnification did not have a significant influence on the RNFL area computations and 

the RNFL area was not statistically related to axial length. 
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 Although there are several clinical SD OCT instruments which all use similar 

technology and capture comparable images, clinical studies have shown that the 

thickness measures of retinal structures are significantly different between 

instruments.61,143,187,297  In studies comparing RNFL thickness measures from the 

Spectralis SD OCT and Cirrus HD OCT, although measures from both instruments were 

repeatable, a significant difference was reported between instruments.297  Similar to the 

present study, a linear relationship was reported for the agreement for the nasal 

quadrant (slope = 0.70).297  The principal finding of this investigation is that the 

underlying sources for the differences in measurements are related to software 

applications for image segmentation and data analysis procedures, rather than in the 

data acquisition.  Therefore, to detect changes, such as progressive glaucomatous 

neuropathy, either an identical instrument would need to be used for follow-up or the raw 

data would need to be analyzed by algorithms that include ocular biometry and identical 

image segmentation across instruments.  

 The present investigation was based on the agreement in RNFL thickness 

between two specific SD OCT instruments, i.e., the Cirrus HD OCT and Spectralis 

HRA+OCT.  The selection of the two SD OCT systems was rooted in the different 

scanning protocols used to acquire the standard circular B-scan used for RNFL 

quantification.  Although the Spectralis uses a circular scan path, which the user centers 

on the optic nerve, the Cirrus interpolates the scan from a 200 X 200 A-scan cube 

centered on the optic nerve.  In addition, the Spectralis allows for real time image 

registration and averaging of B-scans to increase the signal to noise ratio.  Thus, 

although the specific results apply to these clinical instruments, the overall results should 

be generalized to other SD OCT instruments. 
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 In agreement with previous studies,61,106,187,297 it was shown that for eyes with no 

history of optic neuropathy, there were significant differences in the RNFL thickness 

measures between the Spectralis SD OCT and Cirrus HD OCT systems, using the 

instrument-based analysis.  The 95 % agreement for global thickness was better than 

that for average quadrant thickness measurements using the instrument image analysis 

algorithm (Fig. 4-5).  However, the limits of agreement for global thickness measures (-

2.5-16.0 µm) had a range half that of the total range of thickness measures for either 

instrument (37.8 µm Cirrus, 33.3 µm Spectralis).  In addition, the difference in thickness 

measures for the nasal quadrant was related to the average thickness measures of the 

two instruments.  However, the mean difference in thickness measures for the global 

and quadrant thicknesses were different from previously reported results.61,106,187  The 

differences could be a reflection on differences in subjects or in the instrument software 

versions.  For example, previous studies have investigated both normal and glaucoma 

subjects, but only healthy eyes were included in the present study.  In addition, both 

instruments have undergone several software upgrades from the previous studies.  

However, the more important sources of discrepancy in thickness measures were scan 

alignment, ocular magnification, and segmentation.  The influence of scan alignment and 

centration has been investigated using both time-domain and SD OCT systems.141-143 

The general finding of these studies is that a misalignment of the scan, in either the 

horizontal and vertical direction has a significant impact on both the shape of the TSNIT 

thickness plots and global RNFL thickness measures.  A similar pattern, with up to 14 

µm of global RNFL thickness change, was noted when the center of the RNFL scan was 

displaced for the Cirrus data (Fig. 4-1).  However, centering the Cirrus scan to match 

that of the Spectralis had only a small increase in agreement of global RNFL thickness 

(Table 4-2).   
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 The relatively small improvement in agreement between instruments with only 

adjustment for scan centration can be explained by differences in torsional eye position 

during scanning movements of the eyes.  Specifically, although a head tilt does not 

change global thickness, it has a significant effect on the shape of the TSNIT plot.144  

This redistribution of thickness along the TSNIT plot results in significant differences in 

both sector and quadrant thicknesses and associated changes in the thickness 

distribution with respect to normative data.  By taking into account torsional eye 

alignment differences, and their influence on the scan path, there were substantial 

improvements in the agreement of quadrant thickness measures for the two instruments 

(Table 4-2), although, the thickness measures from the two instruments were still 

significantly different.  Although referencing RNFL scans to the center of the optic nerve 

and the internal fixation target, as is done with Spectralis RNFL scans, improves 

alignment, detection of these landmarks using anatomical features may be useful in 

individuals with poor fixation. 

 It is logical that although there can be slight differences in the characteristics of 

the various OCT instruments, the images from these systems should be similar, with 

comparable RNFL thickness.313,314  This result was demonstrated by the significant 

improvement in instrument agreement for RNFL thicknesses with B-scans that were 

registered, aligned to the fovea, and analyzed by the same segmentation protocol (Fig. 

4-6, Table 4-5).  The Bland-Altman plots illustrated a smaller SD for all quadrants, 

compared with instrument analysis.  The largest SD was in the nasal quadrant, which 

also had the greatest improvement in thickness agreement and had the largest number 

of segmentation errors requiring manual correction.  The failure of the program to 

accurately segment this region is probably due to the reduced signal in the nasal 

quadrant that is attributable to the characteristics of the optical scan angle.315  Overall, 
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the custom segmentation results in larger RNFL thickness measures compared to either 

instrument algorithm.  This increased thickness can be attributed to the method by which 

the algorithm dealt with retinal vasculature.  Although most instrument algorithms tend to 

“skip” across retinal vessels, the custom algorithm outlines each vessel that contributes 

to the RNFL and has no smoothing artifact (Figs. 4-4 and 4-7).  Hence, agreement 

between custom and instrument segmentation was greatest for the temporal quadrant 

which also had the smallest contribution from major retinal vasculature. 

 For an accurate assessment of the axonal content within the RNFL, the non-

neuronal content within the layers should be excluded.  Although glial tissue cannot be 

visualized using current technology, the major retinal vasculature cast shadows within 

the B-scan, and can be accounted for (Mardin CY, et al. IOVS 2009;50:ARVO E-abstract 

3333).167  After the SD OCT scans had been rescaled to a 1:1 aspect ratio, the custom 

algorithm allowed the user to manually select the center of each vessel identified, and 

subtract the vessel area from the scan image.224  Using this technique, major retinal 

vasculature contribution to RNFL thickness in healthy eyes was ~11% and similar for the 

two instruments (Table 4-2).  These measures were in agreement with those reported by 

Mardin et al. (11%), but are slightly less than reported by Hood et al. (13%).167  The 

vascular contribution is actually larger than that reported in this study, because there 

were instances where vessels were noted in the B-scan of one instrument but not in the 

other (Fig. 4-7), and small vessels and capillaries cannot be visualized and 

excluded.316,317   

 An additional factor that is necessary to consider when analyzing the RNFL 

thickness is ocular biometry.  Specifically, the thickness of the RNFL measured using the 

traditional 12 degree circular scan is a function of axial length.134,157,224  This relationship 

with axial length was similar for both instrument- and custom segmentation for both 
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systems (Fig. 4-8), which is a direct reflection of the projection of the scan path in 

relationship to the optic nerve rim margin for different sized eyes.  Although the RNFL 

thickness decreases as the scan path increases in distance from the rim margin, the 

thickness change is related to retinal ganglion cell axon density rather than the number 

of axons within the region.119,157,224  It is then logical that the area of the RNFL within the 

scanned region, which reflects the axonal content, is poorly correlated with axial length 

(Fig. 4-8).  Similarly, an alternative method to compensate for thickness changes with 

scan distance from the nerve is to rescale RNFL thickness measures using axial length 

as illustrated by Kang et al.154   

 Both RNFL area and rescaling of RNFL thickness computations require 

consideration of the optics of the eye and instrument being used.173-175,318  Although 

biometry of the eye is measured efficiently and accurately using non-contact low 

coherence reflectometry, the optical properties of the scanning laser devices are 

proprietary and usually unknown to the clinician or researcher.  The influence of 

instrument optics on ocular magnification can be investigated for the same eye imaged 

using both instruments with image registration (Fig. 4-2).  Using these methods, a 

significant difference in ocular magnification, related to axial length was noted for the 

Cirrus and Spectralis SD OCT systems (Fig. 4-8C).  However, these differences were 

not large enough to cause any appreciable divergence in the scan path, as noted by the 

similarity in thickness and area measures for varying axial lengths (Fig. 4-8).  

 In conclusion, the results of these investigations have demonstrated the utility of 

methods for comparing measurements of retinal morphology across SD OCT 

instruments. Specifically, images captured using two different SD OCT instruments 

(Cirrus and Spectralis) were shown to be similar when similar image processing 

methods were used.  The apparent differences in RNFL thickness with the embedded 
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instrument algorithms, previously reported in the literature and confirmed by this study, 

are explained by differences in scan path and segmentation methodologies. Thus, the 

results demonstrate the importance of considering both scan centration and differences 

in torsional eye position when comparing quadrant thickness measures between 

instruments.  In addition, with application of a common methodology for transverse 

magnification and segmentation of the retinal layers, the RNFL thickness measures, with 

and without compensation for major retinal vessels, will be comparable between 

instruments.  Finally, by incorporating ocular biometry, the scaled measures of RNFL 

area are independent of axial length. 
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ABSTRACT 

Purpose:  An evaluation of the retinal nerve fiber layer (RNFL) provides important 

information on the health of an optic nerve.  Standard measurements of the RNFL 

consider only thickness, but an accurate assessment should also consider axial length, 

size of the optic nerve head (ONH), blood vessel contribution, and distance of the scan 

from the ONH margin.  In addition, although most primate ONHs are elliptical, the 

circular scan centered on the ONH is the mainstay in both clinical and research 

analyses.  The purpose of this study was to evaluate thickness and area measures of 

RNFL cross sections when axial length and ONH shape are included. 

 

Methods: Circular, raster and radial scans of left-eye optic nerves were acquired from 

40 normal rhesus monkeys (Macaca mulatta) using spectral domain optical coherence 

tomography.   The disc margin was identified by manually selecting the RPE/Bruch's 

membrane opening and ONH border tissue.   With a pixel-to-micrometer conversion 

computed from a three-surface schematic eye, RNFL scans were interpolated at 300 to 

600 µm (in 50 µm steps) from the edge of the ONH.  The thickness and area of the 

RNFL at each distance were obtained by custom programs. Blood vessels in the RNFL 

were selected and removed from the overall RNFL measures. 

 

Results: The average RNFL thickness decreased systematically from 149 ± 12.0 µm for 

scans 300 µm from the disc margin to 113 ± 7.2 µm at an eccentricity of 600 µm (p< 

0.05).  In contrast, the cross-sectional areas of the RNFL did not vary with scan location 

from the disc margin (0.85 ± 0.07 mm2 at 300 µm compared to 0.86 ± 0.06 mm2 at 600 

µm).  Blood vessels accounted for 9.3% of total RNFL thickness or area, but varied with 

retinal location.  On average, 17.6% of the superior and 14.2% of the inferior RNFL was 



170 
 

vascular, whereas blood vessels accounted for only 2.3% of areas of the temporal and 

nasal RNFL regions. 

 

Conclusions:  In nonhuman primates, with appropriate transverse scaling and ONH 

shape analysis, the cross-sectional area of the RNFL is independent of scan distance, 

up to 600 µm from the rim margin, indicating that the axonal composition changes little 

over this range.  The results suggest that, with incorporation of transverse scaling, the 

RNFL cross-sectional area, rather than RNFL thickness, provides an accurate 

assessment of the retinal ganglion cell axonal content within the eye.  
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INTRODUCTION 

Glaucoma is a multifactorial group of optic neuropathies that ultimately leads to 

permanent vision loss if left untreated.66  It has been estimated that by the year 2030, 

approximately 37 million individuals will be blinded by this disease.319  The diagnosis of 

primary open-angle glaucoma is typically made from a clinical examination of the optic 

nerve and the  nerve fiber layer and an evaluation of visual field sensitivity.29,30,320,321   A 

major emphasis over the past few decades has been on early diagnosis and detection of 

disease progression, both of which require accurate and precise data to detect subtle 

optic neuropathy and assess changes over time.  

Although functional assessment of vision is commonly used to evaluate optic 

neuropathies, inter-subject and intra-subject variability can make detecting small defects 

or changes difficult.164  Recent advances in imaging instruments allow for more objective 

measurements of various ocular diseases, and under optimum conditions, the 

measurements are far more precise.  The most  popular imaging modality, optical 

coherence tomography (OCT), uses low coherence interferometry to acquire high-

resolution images of the retina.86  A recent advance in this technology, spectral domain 

OCT (SD OCT) with eye tracking technology, provides faster, higher-resolution scans 

than the prior time domain methods (TD-OCT).263,291,322,323 The resulting images are 

analyzed to provide thicknesses, and in the case of optic nerve diseases, the thickness 

of the retinal nerve fiber layer (RNFL) is commonly used to detect disease and monitor 

progressive changes. 

The standard scan used to assess the RNFL is a circular one, 12 degrees in 

diameter, centered on the optic nerve.131-133  Analysis usually involves a RNFL thickness 

profile of the entire scan, along with sectorial and global (average) thicknesses that are 

compared to age-matched normative data.  Several studies have shown these methods 
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to be repeatable in both normal and glaucoma patients.132,133,135  However, scan quality 

and placement have been shown to be important in thickness analysis, and control of 

these sources of error should be considered.139-142,298   

In addition, to improve the accuracy of RNFL measures, factors such as axial 

length and the size and shape of the optic nerve head (ONH) should be 

considered.134,153-156,274,275  Several studies (including the present study), demonstrate 

significant correlations between RNFL thickness measures and axial length.134,154,155  For 

example, for 12 degree circular scans, the physical scan diameter increases with 

increasing axial length, because of ocular magnification factors (see Fig. 5-7).174,176  As a 

result, the RNFL is usually thinner in eyes with longer axial lengths because the scans 

are farther from the ONH rim margin.157,274  However, the variation in thickness with 

proximity to the rim margin should not represent a change in axonal content, but rather it 

should be a reflection of the convergence of axons to the ONH.   

Rhesus monkeys are often used in vision research as they can be trained for 

psychophysical tasks and have ocular and brain anatomy similar to that in 

humans.163,198,324-328  Specifically, the non-human primate glaucoma model has provided 

invaluable insight into biochemical, functional, and structural changes that occur with 

glaucoma disease progression.165,327-331  However, several differences between human 

and monkey eyes are important in the accurate assessment of structural content.  

Although the RNFL thickness profile and average thickness measures, using OCT 

technology, are similar to those in humans, the non-human primate has a significantly 

shorter axial length (19 mm) compared to that of humans (24 mm).163,164,178  Hence, a 

standard 12 degree circular scan that has a circumference of 10.9 mm in humans would 

measure 8.01 mm in an adult Macaca mulatta eye.  It is probable that the RNFL 

thickness profile is similar in the two species, as the optic nerves of rhesus monkeys are 
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significantly smaller than those in humans, making the scan distance from the rim 

margin similar to that of humans.98,162,164,165   

The inherent variation in density of RGC axons in the RNFL with proximity to the 

ONH causes uncertainty when RNFL thickness measurements are based on circular 

scans of a fixed angular diameter unless transverse magnification effects are 

considered.   In addition, the ONHs of both human and non-human primates are typically 

elliptical in shape, with the vertical meridian being larger than the horizontal98,332 and, 

although non-human primates have significantly smaller ONH areas than humans, 

slightly larger quantities of axons normally pass into their neural canals.98,162,165,302,333-337  

Thus, there is a combination of ocular factors affecting the assessment of optic 

neuropathy from RNFL measures in non-human primates: smaller nerves with a larger 

quantity of axons, a shorter axial length, and the elliptical ONH shape. 

For accurate assessment of the axonal content within the RNFL, the non-neuronal 

components (blood vessels and glial tissue) should be excluded from the total thickness.  

Although glial tissue cannot be accounted for by current OCT imaging systems, blood 

vessels within the RNFL cast shadows in B-scans (Mardin CY, et al. IOVS 

2009;50:ARVO E-abstract 3333).167  It is also interesting to note that the majority of the 

moderate- to large-caliber retinal blood vessels are in the superior and inferior sectors of 

the retina where the RNFL is thickest.167 

Altogether, it is apparent that there are several optical and scanning factors that 

are likely to affect the accuracy of RNFL measurements for detecting and evaluating the 

stage of optic neuropathy by current OCT technology.  These factors should be 

considered when using structural measures in non-human glaucoma models, where the 

shape of the eye is significantly different from that of the human.  Therefore, the present 

investigation was undertaken to evaluate the effects of ocular biometry (refractive 
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components and axial length), ONH characteristics (shape and area), and major retinal 

vessel area, on RNFL measurements by SD OCT in rhesus monkeys of various ages.  

Some of the results of these studies have been presented in abstract form (Patel, NB, et 

al. IOVS 2010;51:ARVO E-abstract 2104).  

 

MATERIAL AND METHODS 

Subjects 

To include a large range of axial lengths, 40 rhesus monkeys ranging in age from 

28 days to 23 years of age, the majority (32 monkeys) of whom were less than 2 years 

of age, were included in this study.  Seven of these animals were scanned multiple times 

over their first year of life, starting at 1 month of age.  All animals had good systemic and 

ocular health, and only left eyes were included in the present study, which were the 

normal control eyes for other ongoing studies.164,229-231  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. 

 

Optical Coherence Tomography 

SD OCT scans were acquired from animals under anesthesia.  Animals less than 

a year of age were anesthetized with an intramuscular injection of ketamine (15-20 

mg/kg) and acepromazine maleate (0.15-0.2 mg/kg), whereas animals over a year of 

age were administered ketamine (20-25 mg/kg) and xylazine (0.8-0.9 mg/kg).  The 

monkey’s pupils were dilated to at least 4.5 mm with 1% tropicamide and 2.5% 
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phenylephrine.  Corneal hydration to preserve optical clarity was maintained by custom-

designed, gas-permeable contact lenses.  The animal’s head was stabilized using mouth 

and occipital bars attached to a rotational mount, enabling appropriate eye alignment for 

scanning. 

All scans were acquired by one of two of the authors using spectral domain 

optical coherence tomography (JLW, NBP; Spectralis HRA+OCT; Heidelberg 

Engineering, Heidelberg, Germany).  For this study, three high resolution scan patterns 

centered over the optic nerve were acquired: the standard RNFL thickness scan using a 

12 degree diameter circular pattern (1536 A Scans/B scan), twelve 20 degree radial B-

scans (1024 A-scans/ B scan), and a 20 X 20 deg horizontal raster grid comprised of 49 

B-scans (1024 A-scans/ B-scan).  For speckle noise reduction, B-scan averaging was 

set at 16 frames for all scan protocols.  The scan data were exported in raw (.vol) files, 

and converted to 16-bit/pixel B-scan images, using custom programs written in 

commercial software (MATLAB; The Mathworks, Inc., Natick, MA). 

 

Ocular Biometry and Scaling 

Biometric data, including corneal curvature, anterior chamber depth and axial 

length, were measured for each monkey by a laser interferometer (IOLMaster; Carl 

Zeiss Meditec Inc., Dublin, CA).  Crystalline lens parameters, including lens thickness, 

refractive index, and posterior and anterior lens radius, were interpolated from published 

normative data for monkey eyes.163   

For each eye, data for transverse scaling were derived from a three-surface 

schematic eye, constructed using methods described by Bennett et al.174,179  The model 

eye assumed a single-surface corneal (n = 1.336), homogenous refractive index for all 

optical structures (aqueous, crystalline lens and vitreous), and spherical refractive 
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surfaces.  The constructed eyes were used to calculate scan lengths and scaling factors 

at the posterior pole, based on the distance of the second nodal point to the retina, 

assuming a spherical retina.178   

Equation 5-1. 

                    
 

   
       

 

Where L is the length of retina in micrometers per angular degree from the nodal point, 

and N'R is the distance from the second nodal point to the retina. 

For high-resolution Spectralis HRA+OCT scans (Heidelberg Engineering), the 

length of a 30 degree scan image is comprised of 1536 pixels.  Hence, a 20 degree B-

scan is 1024 pixels in length, and a 12 degree circular scan has a diameter of 614 

pixels.  The transverse scaling for each pixel was calculated as:  

Equation 5-2. 

                    
 

    
  ⁄

 

 

For example, the second nodal point (N') for an animal 5 years of age, with a 

corneal curvature of 5.8 mm, axial length of 18.01 mm, and anterior chamber depth of 

3.35 mm, is 5.82 mm from the cornea, when a scan focus setting of +1.2 D is used.  The 

calculated distance from the second nodal point to the retina is 12.19 mm, and the 

length of the retina scanned for each angular degree from the second nodal point is L = 

212.8 µm/deg (equation 5-1).  Scaling for this example is similar to and agrees with that 

of previously published four-surface schematic models for adult macaque eyes.178  The 

transverse scaling (equation 5-2) for this example would be 4.16 µm/pixel, and a 20 
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degree B-scan would measure 4.26 mm (1024 pixels × 4.16 µm/pixel), and the 

circumference of the standard 12 degree scan would be 8.02 mm (π × 614 pixels × 4.16 

µm/pixel).  Axial scaling was determined from the instrument specifications (1 pixel = 

3.87 µm).  Each OCT B-scan was rescaled such that the length and width of each pixel 

was equal (see Figs. 5-4E, 5-5C). 

In the seven animals observed longitudinally, we verified the use of the three-

surface schematic eye for ocular magnification.  Changes in the transverse scaling were 

compared with changes in the extent of the retina imaged with the scanning laser 

ophthalmoscope (SLO).  SLO images from follow up scans were registered using a 

generalized dual bootstrap iterative closest-point algorithm (i2k retina software; 

DualAlign LLC, Clifton, NY).  The square root of the total-image pixel content in the 

registered images was used to determine the length of the registered image and change 

in ocular magnification.  Overall, there was a good relationship between the two scaling 

methodologies (Fig. 5-1, R2 = 0.97, p < 0.01). 

 

Interpolated Scan Validity – Circular Scans 

It was necessary to develop and validate methods to create custom scans to 

investigate elliptical scan patterns.  It is logical that custom B-scans scans could be 

created from a grid of raster scans using interpolation methods.  For example, the Cirrus 

HD-OCT (Carl Zeiss Meditec, Dublin, CA), uses a cube of 200 X 200 A-scans to 

interpolate its standard RNFL circular scan.  Using interpolation of circular scan paths 

from volume scans, the influence of scan decentration and comparability to TD-OCT 

methodology has been investigated.141,143,298 Overall, these methods result in repeatable 

and reliable measurements of RNFL thickness.187 However, scan interpolation from a   
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Figure 5-1.  Retinal scaling with image registration and three surface schematic 

eye in eyes with increasing axial length. 

A. Baseline 30 degree SLO image centered on the optic nerve were used to register 

subsequent SLO images (B).  The pixel content of the aligned scans (C, D), needed for 

accurate registration (E), were used to compute the change in ocular magnification.  F.  

The change in ocular magnification computed from image registration agrees with the 

change calculated using the 3 surface schematic eye.   
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cube with lower resolution in the vertical dimension (i.e., 49 lines in the 20 X 20 deg 

raster; 1024 pixels/raster line) should be validated.  Therefore, to investigate the validity 

of interpolated B-scans, standard circular scans and corresponding interpolated B-scans 

acquired on the same day were compared (Fig. 5-2). The interpolation of a scan that is 

identical to the standard circular scan (Fig. 5-2A) requires transfer of the scan 

dimensions and coordinates of the circular scan on to the raster scan (Fig. 5-2A).  The 

infrared SLO fundus images from the circular scan (Fig. 5-2A) and raster scan (Fig. 5-

2B) were registered using a generalized dual bootstrap iterative closest-point algorithm 

(i2k retina; DualAlign LLC, Clifton, NY).238  Subsequently, the center and radius of the 

circular scan were extracted from the raw data file, and identical coordinates were 

determined on the registered raster fundus image.  A-scans from identical locations to 

the standard circular scan were interpolated from the raster cube using linear 

interpolation (Fig. 5-2B). The similarity of the B-scan images and the RNFL thickness 

values were used for comparison. 

For a more analytical comparison to determine whether the methods of extracting 

circumpapillary RNFL thicknesses from raster data caused substantive alterations of the 

images, the fidelity of interpolated circular scans was assessed by comparing 

differences in regional intensities in the retinal images.  Individual A-scans from the 

interpolated B-scan were registered to the standard or random scans by shifting each A-

scan to the location with the highest cross correlation.  

The results of the image analyses, illustrated in figure 5-2, demonstrate that 

when the extracted circle scan (IRc) (Fig. 5-2B) is subtracted from the standard scan 

(equation 5-3) of the same monkey (Ic) (Fig. 5-2A), the difference image (Id) (Fig. 5-2C) 

contains little data.  On the other hand, when the extracted scan (Fig. 5-2E) is subtracted 

from the standard scan of one of 10 randomly selected animals (Fig. 5-2D), the   
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difference scan (Fig. 5-2F) contains many larger values.  To quantify the comparisons of 

same or different subjects, the standard deviations of pixel values across the difference 

images (Fig. 5-2C, 5-2F) were used for statistical analysis.  For 16-bit images, the units 

for each pixel range from 0 (black) to 65,535 (white):   

Equation. 5-3 

                          

 

The standard deviations should be smaller for similar images, and it was found 

that the SDs of difference images (Id) were significantly less when interpolated B-scans 

were compared to standard scans from the same eye (5321.2 ± 851) than when 

compared to a random standard scans (8296.7 ± 1563, p < 0.01).  These standard 

deviations represent a coefficient of variation (CV) of 8.1% for comparison to a scan 

from the same eye and 12.7% for a scan from a random eye. 

Although the intensity data demonstrate that the standard and interpolated scans 

are qualitatively comparable, it is also important to compare RNFL thicknesses 

measures to determine whether the segmentation routines retain the retinal morphology 

information.  The data presented in Fig. 5-3A, illustrate that global RNFL thickness 

measures from interpolated scans and standard scans are correlated highly (R2 = 0.98, 

p < 0.01).  The Bland-Altman analysis (Fig. 5-3B) also demonstrates agreement of 

measures, with a mean difference of 0.26 µm and 95% limits of agreement of  -2.6 to 

3.1µm.  In addition, the intraclass correlation (ICC) for global thickness measures was 

0.99 and >0.75 for all of the 12 clock hour sectors (Table 5-1).  Based on these results, 

calibration equations were not required, as they are for systematic differences between 

time domain and spectral domain RNFL measures obtained with similar 

methodologies.143  Overall, the statistical analysis confirms that the interpolated scans   
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Figure 5-3.  Agreement of RNFL thickness from standard and interpolated scans. 

A. Global RNFL thickness agreement between standard and interpolated 12 degree 

circular scans.  B.  Bland-Altman plot comparing RNFL thickness of circular versus 

interpolated scans. 
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Table 5-1.  RNFL thickness from standard and interpolated scans. 

Comparison of RNFL thickness measures from standard circular RNFL scans and 

corresponding interpolated RNFL scan. 

  

 
 

12 Degree Circular Scan Interpolated Scan  

Clock 
hour 

Mean 
Thickness 

(µm) 

SD Mean 
Thickness 

(µm) 

SD ICC 
 

1 85.2 13.4 84.3 13.8 0.97 
2 128.4 20.8 128.9 20.7 0.98 
3 163.6 21.9 162.9 22.0 0.99 
4 124.8 22.4 124.3 22.2 0.99 
5 101.3 16.6 100.5 14.9 0.94 
6 75.3 11.2 74.0 9.9 0.88 
7 63.0 8.0 62.6 6.7 0.86 
8 104.7 15.5 105.4 16.7 0.97 
9 162.1 26.4 164.4 26.7 0.98 
10 208.2 28.5 210.0 27.8 0.99 
11 134.4 21.9 132.7 21.9 0.97 
12 69.9 13.3 67.6 12.2 0.96 

Global 118.4 12.5 118.1 12.1 0.99 
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have excellent quantitative agreement with standard scans using SD OCT technology 

and similar agreement should hold for elliptical scans extracted from raster data. 

 

Scan Interpolation and Analysis: Elliptical Scans 

For construction of elliptical scans, the shape and size of the optic nerve had to 

be determined.   Locations along the ONH rim margin were marked manually by 

identifying the border tissue and RPE\Bruch's membrane, as visualized in the radial B-

scans centered on the optic nerve (Fig 5-4A, yellow and red asterisk).  When necessary 

because of obstruction of features from shadows of blood vessels, points were selected 

directly on the raster scan infrared SLO fundus image.98,150  For the purposes of this 

study, both boundaries were fit with a best-fit ellipse, and the ellipse for the neural canal 

opening (NCO) was used for scan interpolation (equation 5-4 and Fig. 5-4B).  The ONH 

outline was then transferred to the raster scan image (Fig. 5-4C) after the fundus images 

of the radial and raster scans had been aligned using the retinal registration software 

(i2k Retina; Dual-Align, LLC).  The major and minor axes of the fitted ellipse were used 

to calculate the area of the nerve and as the reference to create larger ellipses (equation 

5-4).  Concentric ellipses with eccentricities of 300 to 600 µm from the ONH rim margin 

in 50 µm steps (Fig. 5-4D) were constructed by increasing the lengths of major and 

minor axes in equal increments. 

Equation 5-4. 
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Where (h, k) represents the center of the ellipse, (a, b) represent the major and minor 

ellipse axis, and (x, y) are point coordinates on the ellipse.  The circumference of each 

constructed ellipse was estimated using Ramanujan's approximation (equation  5-5).338 

 Equation 5-5. 

                             (   
 (

   

   
)  

    √   (
   

   
)  

) 

 

Data for the B-scans corresponding to each of the elliptical scan paths were 

interpolated from the raster B-scan data, with a resolution of 1536 interpolated A-scans 

(i.e., the number of A-scans acquired with the standard high-resolution circular scan).  

The elliptical B-scans were scaled to 1 pixel:1 µm, based on the length of the B-scan 

corresponding to the computed circumference of the ellipse, as illustrated by the 

example (Fig. 5-4E) of an OCT scan derived for an ellipse 600 m from the ONH rim.   

 

RNFL Quantification 

Borders to segment the RNFL for both standard and interpolated scans were 

determined using custom-written computer programs (MATLAB; The MathWorks).  To 

improve RNFL segmentation, B-scans were denoised using a Haar two-dimensional 

stationary wavelet, and convolved with a Gaussian filter with an SD of 4.   Signal 

intensity profiles for each A-scan from the original B-scan (Fig. 5-5A) and denoised B-

scan were used iteratively to determine the inner limiting membrane and RNFL/ganglion 

cell layer (GCL) junction.  The ILM, shown by the red line (Fig. 5-5B) was determined as 

the first peak in each A-scan intensity profile (Fig. 5-5A), whereas the RNFL/GCL 

junction was defined as the subsequent region with a dampening of reflectivity, 



187 
 

illustrated by the green line (Fig. 5-5B).  Small errors in segmentation, especially noted 

in regions were the RNFL signal was poor and around the major retinal vasculature, 

were manually corrected.   

The cross-sectional images in figure 5-5 illustrate the effect of appropriate 

transverse scaling by comparison of the unscaled image (Fig. 5-5B) and the scaled 

image (Fig. 5-5C).  After B-scans are scaled to 1pixel:1µm, the vascular structures within 

the retinal nerve fiber layer, identified by the shadows cast on the underlying layers, are 

the expected circular shape, instead of the vertical ovals in the unscaled images (cf., 

insets in Figs. 5-5B, 5-5C).167  For further image analysis, the borders of each shadow 

were manually marked along with the center of the visible vessels within the B-scan.  A 

circular region with a center marked for that of the vessel and a diameter equivalent to 

the width of the shadow was used to determine the vessels’ contribution to the RNFL 

thickness or area.  To prevent negative values for RNFL measures, only portions of the 

circle within the borders of the ILM and RNFL/GCL junction were used.  An example of 

the contributions of blood vessels to RNFL thickness is presented in figure 5-5D by 

RNFL TSNIT data for the scaled images before (left panel) and after the subtraction of 

blood vessels (right panel).  The effect of removing the blood vessels is apparent by 

inspection of the insets for figures 5-5B and 5-5C, the inferior sector that illustrates the 

relative thinning of the TSNIT data (Fig. 5-5D) in the specific regions of blood vessels. 

For analysis of thickness or area, global thickness was determined by the 

average RNFL thickness measured from all A-scans within the B-scan and sector 

thicknesses were based on the average RNFL thickness from A-scans within each of the 

12 clock-hour regions.  RNFL areas were calculated by multiplying the average RNFL 

thickness, in micrometers, by the length of the scan or of a sector of the scan, in 

micrometers.275   
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Figure 5-5.  Segmentation methodology with vessel compensation. 

A-scan reflectivity profiles (A), from RNFL scans (B) were used to determine the ILM and 

RNFL/GCL junction.  The reflectivity profile illustrated is from the A-scan corresponding 

to the white line in the B-scan.  Retinal vessels are illustrated for both the scaled and 

unscaled B-scans.  Major retinal vessels within the RNFL of the scaled B-scan were 

identified by their shadows and fit with circles (C).  Standard TSNIT curves were created 

for both with and without vessel subtraction (D).  RNFL measures were computed for the 

12 sectors illustrated. 
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RESULTS 

RNFL Thickness Measures 

Axial lengths for the rhesus monkeys in this study ranged between 14.5 and 19.9 

mm and were normally distributed with a mean of 17.28 ± 1.38 mm.  These values were 

appropriate for the ages of the animals used for the study.163  The influence of ocular 

magnification is clearly demonstrated by the relationship between global RNFL thickness 

and axial length.  With the standard scan used without transverse scaling, the animals 

with longer eyes had significantly thinner RNFLs (R2 = 0.57, p < 0.01; Fig. 5-6A), with a 

linear regression slope of -6.33 m/mm.  Similarly, the global RNFL thickness of each of 

the seven longitudinally observed infant animals decreased systematically as their eyes 

lengthened (Fig. 5-6B) at rates that varied from -6.3 to -16.1 m/mm, with a mean of -9.6 

m/mm (Table 5-2).  An example of the change in the relationship between the standard 

scan location with respect to the ONH as the axial length increases during normal 

growth is presented in figure 5-7 for one young monkey (ms404, see Fig. 5-6B).  It is 

apparent that the distance of the OCT scan from the ONH rim increases with axial 

length.  Therefore, the change in RNFL thickness with axial length is likely to be a 

methodological artifact rather than a reflection of the neuronal composition.  Specifically, 

the axonal content of the RNFL should not vary over a short period of aging or with axial 

length, and thus it is likely that the measurements represent an effect of scan location.     

The importance of the scan path distance to the rim of the ONH is exemplified by 

the thickness measures from the elliptical scans (Fig.  5-6C).  The means of the 

population data at each scan distance illustrate a decreasing global RNFL thickness with 

increasing eccentricity (300 to 600 µm) from the ONH rim margin (R2 = 0.9, p < 0.01; Fig 

5-6C).  The systematic and consistent relationship is strongly supported by the ICC of 

0.34 for global thickness versus scan distance.  The significant differences in mean  
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Figure 5-6.  Influence of axial length and scan path on RNFL thickness. 

Global RNFL thickness from standard circular scans (with no transverse scaling) 

decreases systematically with increase in axial length, in both cross sectional (A) and 

longitudinal (B) data.  A systematic decrease in RNFL thickness also occurs with 

increasing distance from the rim margin using custom elliptical scans (C).  This change 

in thickness is noted in all sectors of ellipses evaluated (D). 
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Animal Slope (µm/mm) Intercept 

ms401 -13.5 343.4 

ms402 -9.9 268.5 

ms403 -8.4 257.8 

ms404 -16.1 390.0 

ms405 -9.1 273.3 

ms376 -6.3 218.8 

ms380 -3.8 176.2 

 

Table 5-2.  Relationship between RNFL thickness and axial length. 

Linear fit parameters for global 12 degree RNFL thickness change with increase in axial 

length in seven animals followed longitudinally. 
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Figure 5-7.  Changes in RNFL scan path location for one infant monkey. 

Standard RNFL scan path for an infant rhesus monkey at four separate scanning 

sessions. 
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thickness as a function of scan location were confirmed by repeated-measures ANOVA 

(F(2.19, 85.4) = 1014.1,  p < 0.01).  The results of the ICC and ANOVA analyses for 

each of the 12 clock-hour sectors (Fig.  5-6D) were in agreement with the global 

thickness results.  

Although RNFL thickness varied with scan eccentricity (Fig. 5-6C), when the 

elliptical scans were placed a constant distance from the ONH rim the relationship 

between RNFL thickness and axial length for any given eccentricity was not significant 

(Table 5-3, Figs. 5-8A, 5-8B).  In fact, the global RNFL thickness measures with elliptical 

scans located 550 µm from the ONH rim were similar to the 12-degree circular scans 

(Fig. 5-8C), although the cross-sectional variability of the circular scans was larger (CV = 

11.0%) than that of the elliptical scans (CV = 6.9%, Fig. 5-8D.) .  In addition, the 

residuals for the best fit for elliptical scans 500 µm from the rim margin had a smaller 

variance (51.32) than for 12 degree scans (81.74).  Thus, these data support the 

hypothesis that the relationship between RNFL thickness and axial length occurs 

because the proximity of standard OCT scan paths to the ONH rim vary with axial 

length. 

 

Vascular Component 

In the assessment of glaucomatous neuropathy, especially for the assessment of 

progression, it may be important to separate the neuronal and non-neuronal components 

of the RNFL.  To determine the extent of one non-neuronal vascular component, the 

major retinal vasculature visible within the high-resolution OCT images were identified 

and removed from the thickness and area measures.  Across the 40 subjects, the major 

retinal vascular contribution to the mean RNFL thickness for standard scans was 10.2 ± 

2.5 µm (Table 5-4).  The amount of blood vessel contribution to RNFL thickness was  
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Figure 5-8.  Relationship between a constrant 550 µm elliptical scan path and 

RNFL thickness. 

Elliptical scans are not correlated with axial length.  The plots illustrate the relationship of 

global RNFL thickness with axial length for the 550 µm elliptical scan for both the cross 

sectional (A) and longitudinal data (B).   The 550 µm distance elliptical scan is most 

similar to the 12 degree circular scan (C).  550 µm scans have less variation in thickness 

than with standard 12 degree scans (D).  Illustrated are the 95% confidence limits for 

TSNIT plots for both scan types (D). 
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Scan Distance From 
Rim 

Slope 
(µm/mm) 

R2 P 
 

300 -1.95 0.04 0.2 

350 -1.24 0.02 0.36 

400 -1.35 0.03 0.29 

450 -1.16 0.03 0.31 

500 -0.94 0.02 0.36 

550 -0.96 0.02 0.35 

600 -0.65 0.01 0.47 

 

Table 5-3.  RNFL thickness from elliptical scans and axial length. 

Best linear fit data for global RNFL thickness from elliptical scans and axial length. 
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Scan RNFL 
Global 

Thickness 
(µm) 

Change in 
Thickness 

with 
Vessel 

Removal 

Percentage 
Change 

RNFL 
Global 
Area 
(µm2) 

Change 
in Area 

with 
Vessel 

Removal 

Percentage 
Change 

300 148.9 13.5 9.1 850270.7 77083.3 9.1 

350 141.2 12.9 9.1 851055.7 77943.4 9.2 
400 134.5 12.4 9.2 852463.1 79143.2 9.3 
450 128.3 11.8 9.2 853083.7 78861.5 9.3 
500 123.1 11.4 9.3 857399.1 79905.5 9.3 
550 117.9 11.2 9.5 857837.5 81573.3 9.5 
600 113.5 10.6 9.3 860812.7 80515.7 9.4 
12o  115.2 10.2 8.8 846114.3 72893.4 8.6 

 

Table 5-4.  RNFL area from elliptical scans and axial length. 

Thickness and area changes in global RNFL measures after vessels have been 

eliminated from the RNFL.  Data for elliptical scans 300 to 600 µm from the rim margin 

and the standard 12 degree circular scan. 
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larger for the superior and inferior portions, compared to the temporal and nasal RNFL, 

and these segments were most affected by the removal of vessels (Fig. 5-9, Table 5-5).  

For elliptical scans, removing the major retinal vasculature resulted in a greater 

reduction of global RNFL thickness for scans closer to the rim margin (repeated 

measures ANOVA, F(4.55, 182) = 37.371, p < 0.01).  However, the proportional change 

in RNFL measures was not altered significantly with scan distance (repeated measures 

ANOVA, F(6, 240) = 0.998, p = 0.43). 

 

Area Measures 

The next logical refinement of RNFL assessment was to translate the thicknesses 

to RNFL area values.  RNFL area measures should provide a better quantification of 

axonal content, which should not change with the region scanned in a given eye and 

should provide an accurate assessment of axonal losses with age or glaucoma.  The 

cross-sectional areas were calculated by multiplying the mean RNFL thickness by the 

ellipse circumference for circular scans determined by the scan radius and for elliptical 

scans by using Ramanujan’s approximation (equation 5-5).338  Similarly, for sector area 

measures, the average thickness was multiplied by the length of the scan for that sector. 

For standard RNFL circular scans, the correlation between RNFL area and axial 

length was not significant (R2 = 0.07, p = 0.11), although there was a slight trend for 

larger global RNFL area measures with increasing axial length.  In agreement with the 

results for circular scans, cross sectional RNFL areas for the custom elliptical scans did 

not change significantly with increasing distance from the ONH rim margin (Fig. 5-10A, 

R2 = 0.002, p = 0.49).  The ICC for global RNFL area measures was 0.97 for the seven 

eccentricities from the ONH rim analyzed.  Repeated-measures ANOVA with   
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Sector Vessel Contribution (µm) Percentage RNFL 
thickness 

1 1.1 ± 1.8 µm 1.25 

2 4.3 ± 5.1 µm 3.35 

3 29.9 ± 11.7 µm 18.63 

4 17.0 ± 11.5 µm 13.88 

5 8.8 ± 5.6 µm 9.13 

6 3.8 ± 4.3 µm 5.30 

7 1.4 ± 2.1 µm 2.28 

8 5.7 ± 6.1 µm 5.69 

9 19.3 ± 13.5 µm 12.17 

10 27.1 ± 14.1 µm 13.19 

11 2.4 ± 4.0 µm 1.80 

12 1.4 ± 2.1 µm 2.07 

Global 10.2 ± 2.5 µm 8.80 

 

Table 5-5.  Vessel contribution to sector thickness for standard RNFL scans. 
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Figure 5-9.  Vessel contribution to RNFL thickness. 

Vessel contribution to the RNFL thickness is greatest in the superior and inferior 

scanned portions.  Illustrated are the average RNFL thickness, with and without vessel 

compensation, for each sector. 
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Figure 5-10.  RNFL area as a function of scan path. 

Area measures for global and sector RNFL show no significant difference with 

increasing eccentricity from the ONH rim. 
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Greenhouse-Geisser estimates for sphericity also indicated no significant relationship 

between global RNFL area measures for the seven elliptical scan distances (F(3.899, 

152) = 1.732, p = 0.15).  Area measures for all 12 sectors analyzed showed similar 

results (Fig. 5-10B).  CV measures of variance, were similar for both thickness and area 

measures for elliptical scans.  A significant reduction in variation is also achieved for the 

standard scan when using area measures (Table 5-6).   These findings are in line with 

the premise that the variation in thickness with eccentricity from the OHN rim is a result 

of changing the length of the scan, and thus scans with smaller circumferences have 

larger thicknesses to encompass a constant number of axons entering the ONH.  In 

addition, within the peripapillary region analyzed in this study, the ganglion cell density is 

relatively low, and a large change in axonal content was not expected.119  However, 

when the scan eccentricity is significantly large, axons from cell bodies more proximal to 

the ONH will not be included in the measure, and the RNFL area is smaller. 

 

ONH Parameters 

The transverse scaling should provide a more accurate measurement of the 

ONH size.  The ONHs of all of the animals imaged were better described as ellipses 

than circles, with the major axis oriented vertically.  The average major and minor axis 

dimensions were 0.688 ± 0.057 mm and 0.522 ± 0.044 mm, respectively, with a mean 

ratio of vertical/horizontal axes of 1.32 ± 0.06.  ONH areas were calculated from the 

fitted ellipse (A = a × b × π) that should be a close approximation to the opening of the 

neural canal.  Although the ranges of ages and axial lengths of the 40 monkeys were 

quite broad, the intersubject variability of ONH area measures was small.  The mean 

ONH area was 1.14 ± 0.18 mm2 with a range of 0.78 to 1.48 mm2.  The ONH size was 

statistically related to RNFL global area (R2 = 0.18, p < 0.01; Fig. 5-11), but not to axial   



203 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

W
it

h
 V

e
s
s

e
l 
C

o
m

p
e
n

s
a
ti

o
n

 

C
V

 (
%

) 

8
.8

 

8
.6

 

8
.4

 

8
.1

 

8
.1

 

8
.3

 

7
.6

 

7
.9

 

G
lo

b
a
l 

A
re

a
(µ

m
2
) 

7
7
1
5
6
6
 

7
7
2
5
0
6
 

7
7
2
6
5
9
 

7
7
4
1
3
2
 

7
7
7
2
9
9
 

7
7
5
3
1
1
 

7
7
9
9
8
6
 

7
7
3
2
2
1
 

C
V

 (
%

) 

8
.2

 

7
.9

 

8
 

7
.4

 

7
.2

 

7
.5

 

6
.8

 

1
1
 

G
lo

b
a
l 

T
h

ic
k
n

e
s

s

(µ
m

) 

1
3
5

.1
 

1
2
8

.2
 

1
2
1

.9
 

1
1
6

.4
 

1
1
1

.5
 

1
0
6

.5
 

1
0
2

.6
 

1
0
5

.3
 

W
it

h
o

u
t 

V
e

s
s

e
l 

C
o

m
p

e
n

s
a

ti
o

n
 

C
V

 (
%

) 

8
.4

 

8
.1

 

7
.8

 

7
.8

 

7
.5

 

7
.6

 

7
.3

 

7
.5

 

G
lo

b
a
l 

A
re

a
(µ

m
2
) 

8
4
8
6
2
8
 

8
4
9
6
8
1
 

8
5
1
5
4
0
 

8
5
2
3
1
0
 

8
5
7
2
5
3
 

8
5
6
9
7
9
 

8
6
0
7
7
3
 

8
4
6
1
1
4
 

C
V

 (
%

) 

8
.1

 

7
.6

 

7
.4

 

7
.2

 

6
.6

 

6
.9

 

6
.4

 

1
1
 

G
lo

b
a
l 

T
h

ic
k
n

e
s

s

(µ
m

) 

1
4
8

.7
 

1
4
0

.9
 

1
3
4

.3
 

1
2
8

.1
 

1
2
3

 

1
1
7

.7
 

1
1
3

.3
 

1
1
5

.2
 

 

S
c

a
n

 

3
0
0
 

3
5
0
 

4
0
0
 

4
5
0
 

5
0
0
 

5
5
0
 

6
0
0
 

1
2
 D

e
g

re
e
 

T
a
b

le
 5

-6
. 
 V

a
ri

a
b

il
it

y
 i

n
 R

N
F

L
 m

e
a

s
u

re
s

 f
o

r 
s
ta

n
d

a
rd

 v
s
. 
e
ll
ip

ti
c

a
l 
s

c
a

n
s

. 

L
e
s
s
 v

a
ri
a

b
ili

ty
 i
n

 R
N

F
L
 m

e
a
s
u

re
s
 a

re
 n

o
te

d
 a

ft
e
r 

a
p
p
ro

p
ri
a

te
 t
ra

n
s
v
e
rs

e
 s

c
a

lin
g
 i
s
 c

o
m

p
u
te

d
 f
o

r 
e
a

c
h
 e

y
e
. 
 D

a
ta

 f
o

r 
e

lli
p

ti
c
a

l 

s
c
a

n
s
 3

0
0
 t

o
 6

0
0

 µ
m

 f
ro

m
 t
h

e
 r

im
 m

a
rg

in
 a

n
d

 t
h

e
 s

ta
n
d

a
rd

 1
2
 d

e
g

re
e
 c

ir
c
u

la
r 

s
c
a

n
. 

  



204 
 

 

 Figure 5-11.  The relationship of RNFL area with size of the optic nerve. 
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length (R2 = 0.06, p = 0.14).  This result is not surprising, as we would expect larger optic 

nerves in eyes with a greater number of RGC axons. 

 

DISCUSSION 

The results demonstrate the importance of appropriate transverse scaling and 

the use of elliptical scans for the assessment of the retinal nerve fiber layer.  As an 

example, the data showed a significant relationship between axial length and RNFL 

thickness using the standard 12-degree circular scans (with no transverse scaling).  

Although this result is in agreement with several studies in both human and non-human 

primates,134,154,155,331,339 it is unlikely that it represents neuronal differences between 

longer and shorter eyes.  In fact, the effect of ocular biometry was well explained by the 

differences in ocular magnification between subjects (Figs. 5-6A, 5-7), when axial length 

was eliminated as a factor by scaling the circular scan and expressing the results as 

RNFL areas.  In essence, the relation between RNFL thickness and axial length occurs 

because a fixed angular scan covers a larger retinal region in longer compared to 

shorter eyes and RNFL tissue further from the ONH margin is thinner.156,157,274,275  The 

thinning associated with scan distance, however, does not reflect on a change in axonal 

content, but, rather, it is the change in axonal density with proximity to the optic 

nerve.119,157 

The influence of ocular magnification is exemplified in the rhesus monkey, whose 

smaller eyes have higher equivalent powers.  Overall, the slope of the relationship 

between RNFL thickness and axial length of the grouped data (-6.3 µm/mm) is 

significantly different from the (-2 to -3 µm/mm) regression slopes noted in human 

eyes.134,153,154,340  Although, the major factor in ocular magnification is axial length, the 

longitudinal data from the seven animals illustrate the need to consider corneal 
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curvature, anterior chamber depth, and ocular lens parameters.  In these seven infants, 

even though area measures were similar between animals, the RNFL thickness 

relationship with axial length was significantly different between animals (Table 5-2).  

These differences in slope data could be explained by the different maturational rates of 

the ocular components in these animals. 

Changes in RNFL thickness with increasing distance from the center of the optic 

nerve have been reported in a study which SD OCT technology was used in the non-

human primate.331  Similarly, the present findings indicate a linear change in thickness 

up to 600µm from the rim margin.  In addition, eyes with a larger global RNFL area have 

a greater change in RNFL thickness at increasing eccentricity (R2 = 0.16, p = 0.01), with 

similar trends in each sector.  However, this relationship becomes non-linear when 

larger eccentricities are analyzed, as illustrated in RNFL thickness data up to 1050µ from 

the rim margin in four animals (Fig 5-12).  It is important to note that the standard 12 

degree circular scan path is within the region where changes in RNFL thickness follow 

this linear relationship.   

Furthermore, systematic differences in scan paths and ocular magnification of 

various OCT systems may explain the differences in RNFL measures, using essentially 

similar technologies.187,341,342  For example, Kang et al. illustrated a method of minimizing 

the relationship of RNFL thickness and axial length by accounting for ocular 

magnification based on the optical properties of the Cirrus HD OCT.  In addition, using 

circular scans of varying size, Bayraktar et al.275 have shown significant changes in 

RNFL thickness, but minimal changes in RNFL area with an increase in OCT scan 

diameter.  Similarly, in nonhuman primates, RNFL area measures for elliptical scans 300 

to 600 µm from the rim margin show no significant change.  This finding is logical, as a 

reduction in axonal content is not expected in the regions analyzed.  In accordance, we   
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Figure 5-12.  Change in global RNFL thickness using custom elliptical scans with 

increasing eccentricity from the rim margin. 
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may find fewer discrepancies between various OCT technologies by accounting for 

ocular magnification.   

For OCT measurements of the RNFL to be a good surrogate for the population of 

RGC axons, the contribution of non-neuronal components to the RNFL thickness or area 

should be considered.50,136  The two main non-neuronal components within the nerve 

fiber layer include retinal blood vessels and neuroglia.  With current OCT technologies, 

we are unable to account for glial components of the RNFL.  However, retinal vessels 

within the retina are often seen as circular or elliptical structures that cast shadows on 

the underlying retina, and several retinal vessels usually pass through the nerve fiber 

layer in the region of the retina analyzed for RNFL thickness.  After rescaling of OCT B-

scans, many of these vessels take on a circular appearance and this circular region can 

be subtracted from the total area.  In the present study, retinal vasculature accounted for 

9.3% of the total RNFL area in healthy nonhuman primate eyes.  In human subjects, 

Hood et al. predicted a ~13% contribution of retinal vasculature to the total RNFL 

thickness.167  The differences between the two studies could be due to methodology or 

species being studied.  Nonetheless, retinal vascular components make up a significant 

portion of the nerve fiber layer and, in glaucomatous eyes, the contribution may be 

larger, even though retinal vessels are thought to decrease by up to 15% in 

diameter.167,343,344  For example in animals with optic nerve transection, as the RNFL 

thickness deceases, retinal blood vessels are seen to emerge in the thickness plots as 

spikes.345  These spikes in the TSNIT plot can be removed using methodology presented 

in this article, providing a better measure for the neuronal content within the RNFL.  

However, it is important to note that although the major retinal vessels are accounted for 

by the methods described, smaller vessels, which make a significant contribution to 

RNFL measures, cannot be accounted for by the current technology.316,317 
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RNFL area measurements should be linearly related to the number of RGC 

axons if, in addition to the vasculature, the non-neuronal glial components can be 

excluded from the area calculation (Wheat JL, et al. IOVS 2007;48:ARVO E-abstract 

491), (Wheat JL, et al. IOVS 2009;50:ARVO E-abstract 5826).138 Such measures could 

reduce the variability noted in structure-function relationships.  A previous nonhuman 

primate study indicated that the glial content in the nerve fiber layer is no less than 

18%.168  Although significant variations in glial content and activation are known to occur, 

especially with optic nerve and retinal disease processes, an estimate of 20% to 30% is 

reasonable to use for estimating axonal content in young, healthy eyes.346-348  Several 

studies have also investigated axonal diameters of retinal ganglion cells.  At the optic 

nerve, the mean axon diameter measures 0.84 ± 0.07 µm, with a cross-sectional area of 

0.55 µm2.166,337  A reasonable estimate of the total axonal content in these healthy eyes 

can then be determined as: 

                                           

  
                                                                                  

                                           
 

 

In the RNFL cross sectional areas, the axonal content of healthy rhesus primates 

is estimated at 1,126,953 ± 92198 axons, using a 20% glial estimate, and similar to that 

previously reported.162,166,337,349  

Transverse scaling provides accurate data for the determination of the ONH 

shape and size.  The size of the optic nerve for macaque monkeys (1.44 ± 0.19 µm2) 

was similar to reported data using histological methods.98,162,165  Although a relationship 

between disc size and axial length have been reported in humans, this relationship was 

not seen in rhesus monkeys (p = 0.14).152,350-352  However, the relationship between the 
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size of the ONH and the RNFL area was significant and similar to relationships noted in 

previous human and nonhuman studies.156,162 

In conclusion, the investigation of SD OCT assessment of the RNFL suggests 

that scaled measures of the RNFL area can improve the interpretation of the retinal 

ganglion cell axonal content in the retina.  After rescaling, RNFL thickness plots within 

the peripapillary region for scans of fixed distance from the rim margin can be 

constructed based on area measures.  Although obtaining RNFL area measures 

requires the inclusion of ocular biometry data, there are fast noninvasive methods 

available for these measurements.180,353,354  The results also demonstrate the importance 

of using custom scans, especially in nonhuman primates, the majority of whom have an 

elliptical optic nerve.98,332  Finally, while the use of an animal model with smaller eyes 

provides evidence that the methods of transverse scaling will be robust to normal ocular 

variations, the methods should be applied to normal human subjects and glaucoma 

patients to determine whether there is clinical utility for the diagnosis and management 

of glaucomatous neuropathy.  
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ABSTRACT 

Purpose: A spectral domain optical coherence tomography (SD OCT) assessment of 

the retina and optic nerve head (ONH) provides important information for the clinical 

diagnosis and management of glaucoma.  The clinical signs of glaucoma can be 

replicated in an experimental model of the disease, using non-human primates that have 

similar ocular anatomy and physiology to humans.  However, there are substantive 

differences in ocular biometry and ONH characteristics in the eyes of humans and 

monkeys that need to be considered to apply clinical instruments to experimental 

glaucoma.  The purpose of this study was to adapt SD OCT technology to quantify 

morphological changes at the posterior segment caused by experimental glaucoma in 

rhesus monkeys and to investigate the temporal relationships of clinical signs of 

progression of optic neuropathy in glaucoma. 

 

Methods: Normative data were collected from 47 normal monkeys ranging in age from 

1.9 to 23 years of age. Unilateral ocular hypertension was induced in 6 animals by an 

Argon laser scarification of the trabecular meshwork.  SD OCT scans were acquired 

using the Spectralis HRA+OCT.  Transverse retinal scaling for SD OCT data was 

calculated with a three surface schematic eye using the ocular biometry data acquired 

with an IOL Master.  The total retinal thickness from radial scans centered on the optic 

nerve and macula were used for morphological analysis.  Retinal nerve fiber layer 

(RNFL) area measures, both with and without removal of major retinal vascular, were 

determined from custom elliptical scan paths that were 550 µm from the ONH rim 

margin. 
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Results: There was no significant relationship between any of the scaled measures and 

axial length (p>0.1).  Cup depth (coefficient of variation (CV) = 27.2%) and neural rim 

volume (CV = 22.9%) had the least variability in the normative data, and were the first 

measures to show signs of significant change in eyes with experimentally induced ocular 

hypertension.  Significant reductions of the RNFL area did not occur until after the neural 

rim volume had decreased by about 60%. Thinning of the retina in the macula area was 

delayed considerably compared to the cupping of the ONH or thinning of the RNFL and, 

although the change in macula volume was linearly related to changes in sectorial RNFL 

area measures (R2 = 0.61, p < 0.02), it did not exceed the variability of the normative 

data. The percentage vascular contribution to the RNFL area increased with decreasing 

area (R2 = 0.64, p < 0.01), but the overall vessel area contribution decreased with 

increasing disease severity (R2 = 0.33, p < 0.01).   

 

Conclusions: The early structural changes in ONH morphology were correlated to the 

cumulative IOP, which provides support for a biomechanical paradigm for neuronal 

damage in experimental glaucoma.  The custom measures of the RNFL area 

demonstrated excellent repeatability, with changes subsequent to OHN cupping and 

providing a larger dynamic range of measurement.  With disease progression, the 

portion of retinal vasculature increased, but the overall area contribution of blood vessels 

to the RNFL decreased.  Although total macula volume measures are repeatable, it was 

the last morphological measure to show significant change during the progression of 

experimental glaucoma and, therefore, may be most applicable to clinical assessment of 

glaucoma at late stages.   
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INTRODUCTION 

 Glaucoma is a group of progressive optic neuropathies that can result in 

irreversible blindness, especially if not treated.66  Although there is no cure, early 

detection and adequate intraocular pressure reduction can slow the progression of 

glaucoma.355-357  As the world’s population ages and the prevalence of glaucoma 

increases, a major emphasis should be placed on the early detection of this potentially 

blinding disease.  At present, clinical diagnosis and management are based on 

assessment of the intraocular pressure, visual field testing and an ophthalmoscopic 

examination of the ONH and RNFL.29,30,358   

 In general, structural damage to retinal ganglion cells (RGCs) results in a 

corresponding reduction in visual sensitivity.22,46,359,360  In addition, the loss of visual 

sensitivity usually follows the accurate path of the axons of the RGCs in the RNFL.26,361  

Although visual field testing is the current  “gold standard”  in glaucoma assessment, it 

has a relatively high inter- and intra-subject variability, making it difficult to detect small 

changes, often requiring confirmatory testing.33,34,164  Similarly, there is also significant 

variability in the subjective, ophthalmoscopic examination of the optic nerve and 

RNFL.36,37 

 In the past two decades, a new procedure has been developed for assessing 

retinal neuropathy by non-invasive, in vivo, imaging with optical coherence tomography 

(OCT) to obtain an objective structural assessment of the posterior segment of the eye.  

With this technology, the morphology of the ONH is most commonly assessed using 

radial scans centered on the ONH, while the thickness of the RNFL is quantified using a 

12 degree (nominally 3.74 mm) circular scan.  RNFL thickness measures from these 

scans are repeatable and reliable in both normal and diseased eyes.131-135  Advances in 

technology, such as spectral domain optical coherence tomography (SD OCT), allow for 
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faster scan speeds (up to 40,000 Hz) and higher resolution images (~3 µm) with minimal 

motion artifact.  With this technology, volume scans are often utilized for analyses of the 

ONH and macula regions.   

 Because it has the highest density of ganglion cells,119 the retina in the macula 

area has become of increasing interest for both glaucoma diagnosis and management.  

With loss of RGC bodies from glaucoma, it is reasonable that there would be a 

corresponding thickness change in the RGC layer.57  Such changes with disease 

progression would result in a decrease in overall retinal thickness and volume,121 and  

several investigators have attempted to relate disease stage to macular thickness and/or 

volume.120-124  Although results from these studies have been promising, it has not been 

demonstrated that they add diagnostic value, compared to RNFL thickness measures 

using the standard circular scan centered on the optic nerve.125,126,129,130  Hence, an 

investigation of RNFL and macula thickness at multiple time points in disease 

progression may provide insight into the relationship between the two measures.   

The rhesus monkey is often used to study both structural and functional changes 

associated with laser-induced ocular hypertension (experimental glaucoma).46,327,328  In 

this model of glaucoma, elevated intraocular pressure results in increased optic nerve 

cupping362 and losses of RNFL and visual sensitivity.164  Although the general anatomy 

of the monkey eye is similar to that of the human, several differences between the two 

species need to be considered in applying methods and instrumentation for optical 

imaging of retinal structure, which were designed for human eyes, to assess the effects 

of experimental glaucoma in eyes of monkeys.  For example, non-human primates, have 

a significantly shorter axial length (19 mm) than that of humans (24 mm)163,164  and a 12 

degree SD OCT circular scan, which is nominally a 10.9 mm circumference in human 

eyes, is only 8.01 mm in an adult Macaca mulatta eye.  Also, because the smaller eye of 
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the non-human primate has a higher equivalent optical power than that of a human eye, 

ocular biometry has a larger effect on the scan path in the monkey eye.  Specifically, the 

relationship between RNFL thickness and axial length has a steeper slope in eyes of 

monkeys (-6.33 µm/mm)224 than humans (-3.00 µm/mm)63 for standard 12 degree 

circular scans, when the same imaging and segmentation protocols are used.   

Anatomically, the ONH of the non-human primate is also smaller and more 

elliptical98 compared to that of a human.302,363  Hence, the scan path of the standard 

RNFL scan is also significantly further from the rim margin of the ONH for temporal and 

nasal measures compared to those superior and inferior.  In addition, although the 

monkey optic nerve is smaller, the number of axons passing through the neural canal 

opening is similar, if not greater, than in human eyes.162,166,302,333  For the most accurate 

measures of the RNFL thickness, it is important that both ocular biometry and the shape 

of the optic nerve be taken into account.  When RNFL scans are interpolated from SD 

OCT raster volume scans centered on the ONH, a scan path 550 µm from the rim 

margin results in thickness measures that are similar to those from a 12 degree circular 

path in an adult emmetropic animal.224  In addition, RNFL area measures, computed by 

multiplying thickness measures by the scan length, should provide information that is 

directly related to the axonal content within the nerve fiber layer.   

Although RNFL thickness and/or area measures include information on the 

axonal content, the RNFL also has significant non-neuronal tissue that contributes to the 

total thickness or area, which varies with the patient’s age and stage of disease.  

Specifically, the retinal vasculature167,316 and glial tissue168 within the RNFL constitute a 

significant portion of the in vivo measured thickness.  However, the anatomical changes 

related to glial and vascular tissues, and their contribution to the RNFL thickness over 

the course of progression of glaucoma, have not been thoroughly defined.  Although glial 
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and small vasculature in the RNFL cannot be imaged with SD OCT systems, the major 

retinal vasculature casts shadows on the underlying tissue and can be quantified 

(Mardin CY, et al. IOVS 2009;50:ARVO E-abstract 3333).167   

The purpose of this study was to determine the changes in the ONH morphology, 

parapapillary RNFL thickness, and total retinal thickness in the macular area over the 

time course of experimental glaucoma in the non-human primate using SD OCT 

technology. The methodology involved custom algorithms for correcting for transverse 

magnification based on the optical properties of each monkey’s eye, construction of 

elliptical SD OCT scan paths at defined distances from the ONH rim, segmentation of 

the individual retinal layers, removal of non-neuronal tissue in the RNFL and 

morphological assessment of the ONH and macula. Each of the structural signs of 

glaucomatous neuropathy was then correlated to cumulated daily pressure to evaluate 

IOP effects.  

 

METHODS 

Subjects  

Normative data were collected from healthy rhesus monkeys ranging in age from 

1.9 years to 23 years of age.  Longitudinal data were collected from 6 monkeys with 

unilateral, laser-induced ocular hypertension.  All animals maintained good systemic 

health throughout the experimental period.  Data from only one eye of animals was used 

to create the normative database, while both eyes of the ocular hypertensive animals 

were analyzed.  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 confirmed to the National Institutes of Health 

guidelines for the care and use of laboratory animals. 
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Animal Preparation 

 The monkeys were anesthetized with an intramuscular injection of ketamine (20-

25 mg/kg) and xylazine (0.8-0.9 mg/kg) and treated with a subcutaneous injection of 

atropine sulfate (0.04 mg/kg).  Throughout the experiment, body temperature was 

monitored and maintained using a thermal blanket (TC1000 temperature controller, 

CWE, Ardmore), while heart rate and pulse was monitored with a pulse oximeter (model 

9847V; Nonin Medical Inc, Plymouth, MN).  Additional details on animal anesthesia and 

monitoring have been previously published.54,164,224  The animal’s pupils were dilated with 

topical 1% tropicamide and 2.5% phenylephrine, and the head was stabilized using 

mouth and occipital bars, which were also used for eye alignment during scanning.  An 

eyelid speculum was used to keep the eye open and a plano power, custom designed 

rigid gas permeable lens was placed on the eye to prevent corneal dehydration, and to 

maintain optical clarity.  For experiments that included fluorescein angiography, the 

medial surface of the lower leg was shaved and cleaned with 70% isopropyl alcohol.  

Using a 23 gauge infusion set, 0.1-0.2 ml of 10% sodium fluorescein was administered 

intravenously, and the animal was monitored for anaphylaxis during the procedure. 

 

Laser Induced Ocular Hypertension 

 Ocular hypertension in six animals was induced by argon laser scarification of 

the trabecular meshwork325,326 using a standard ophthalmic slit lamp based laser system 

(HGM PC endo, HGM, Salt Lake City, UT).  The laser was set to deliver 1.0 W of power 

with a 50 µm spot size and 0.5 second pulse duration.  Contiguous argon laser burns 

were applied to the trabecular meshwork via a laser gonioscopy lens designed for a 

monkey’s eye (Ocular Kaufman, Ocular Instruments, Bellevue, WA).  The initial 

treatment involved 270 degrees of the drainage angle.  Retreatment to elevate 
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intraocular pressures (IOP) was performed at 4-week intervals and included only 180 

degrees of the drainage angle.  This protocol has been used successfully to elevate 

intraocular pressure in the non-human primate, resulting in optic neuropathy and 

associated function loss, similar to that found with glaucoma.22,46,324,327,364  On average 

five laser treatments were necessary to elevate and maintain IOP in the six ocular 

hypertensive animals in this study.  IOP measurements were made using a Tono-Pen 

XL (Reichert, Inc., Depew, NY) at each scanning session, within ten minutes of 

administering anesthesia.365   

 

Optical Coherence Tomography 

 All SD OCT scans were acquired using the Spectralis HRA+OCT system, with 

the high resolution setting (Heidelberg Engineering, Heidelberg, Germany).  SD OCT 

scans used for data analysis included; 1) 12 line, 20 degree radial scan centered on the 

optic nerve, 2) 49 line, 20 X 20 degree raster scan centered on the optic nerve, and 3) 

15 X 20 or 20 X 20 degree raster scan centered on the fovea.  The signal to noise ratio 

was improved by setting B-scan averaging to at least 16 frames.  To investigate the 

normal RNFL axonal map, high density, 193 line raster scans 30 X 20 degrees in size 

were captured at multiple locations within the central 30 degrees of the fovea in eight 

animals.  These high density scans were acquired with eye tracking, but with averaging 

of B-scans turned off.  The OCT scan data were exported as raw (.vol) files and 

analyzed using custom software (MATLAB; The MathWorks, Inc., Natick, MA). 

 

Ocular Biometry and Retinal Scaling 

 Biometry data including corneal curvature, anterior chamber depth and axial 
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length were obtained using an IOL Master, non-contact optical biometer (IOLMaster, 

Carl Zeiss Meditec Inc., Dublin, CA).  The crystalline lens thickness and curvature were 

interpolated from published normative data.163  The refractive index of the lens was 

computed using a ray tracing algorithm from the measured biometry and SD OCT scan 

focus setting.  These parameters were incorporated into a three surface schematic eye 

using methodology described by Rabbetts and Bennett.179  The transverse retinal scaling 

was calculated from the second nodal point to the retina, assuming a spherical retinal 

surface.  No adjustments were made to axial scaling, which is dependent on the 

specifications of the imaging system itself.  Specifics of the transverse scaling 

methodology and validation have been detailed elsewhere.224   

 

Optic Nerve Head Analysis 

 The dimensions or the optic nerve head (ONH) rim margin were determined by 

marking the RPE/Bruch’s membrane opening (BMO), also the neural canal opening 

(NCO)98,150, on each side of the ONH in 12 radial B-scans and fitting the resulting 24 

points with an ellipse (see Fig 6-1A).  The segmentation of the inner limiting membrane 

(Figs 6-1C, red line) and basement membrane (Figs 6-1C, green line) for each scan 

based on the instrument algorithm was examined and manually corrected when 

necessary.  A spline fit was used to define the ILM surface in regions of the neural canal 

opening that were obscured by blood vessels.  However, the majority of instrument-

based segmentation errors were in the identification of the RPE-BM border, which has a 

similar reflectivity profile to that of the underlying choroid, in the adult rhesus monkey.    

Thickness data from this segmentation were used to create a mesh grid (Fig. 6-1B), of 

total retinal thickness as references for calculations of morphological ONH parameters.  

The rate of thickness change (e.g., where the slope of the thickness profile approached  
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Figure 6-1.  Morphological analysis of the ONH using radial SD OCT scans. 

A. 30 degree scanning laser ophthalmoscope image along with the scan locations for 

radial scans used for morphological analysis.  The mesh grid (1B) was constructed using 

the total retinal thickness data from each radial B-scan after correcting and errors in 

segmentation of the ILM and BM.  The horizontal B-scan (red scan path in A) is 

illustrated in 1C-F.  C.  The termination of Bruch’s membrane at the ONH was marked in 

each radial scan (red asterisk) and used to delineate the Bruch’s membrane opening 

(red ellipse in 1A).  The top of the nerve (blue asterisk) was identified as the location 

where the first derivative of the total thickness profile approached zero.  These 

landmarks were used to determine ONH neural rim volume (yellow region in D), cup 
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volume and depth from the top of the nerve (E) and cup volume and depth referenced to 

the BMO (F).  
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zero) was used as references for the top and bottom of the ONH cup.  The ONH cup 

depth and volume were quantified with respect to both the top of the ONH and the BMO 

as reference planes (Fig. 6-1C, E&F).  The neural rim volume was quantified as the total 

tissue included by the vertical line from the point of the NCO and the surface of the ILM 

in the radial B-scans (Fig. 6-1D). 

 

Retinal Nerve Fiber Layer Analysis 

 The scanning laser ophthalmoscope (SLO) image from the radial scan was 

registered to the SLO image from the raster scan centered on the optic nerve using a 

generalized dual bootstrap iterative closest-point algorithm (i2k retina; DualAlign LLC, 

Clifton, NY).  Subsequently, using this registration transformation, points corresponding 

to the ONH BMO, as determined using radial scans, were transposed onto the raster 

scan.  From this ONH BMO, an ellipse 550 µm from the rim margin was calculated and 

used to interpolate an RNFL B-scan from the raster data.  The ILM and RNFL/RGC layer 

borders were identified with a custom MATLAB algorithm.39  Errors in segmentation, 

mostly around shadows of major retinal vasculature, were manually corrected.  These 

shadows along with vessels on the SLO image were used to identify the major retinal 

vasculature in the RNFL.  The width of each vessel, along with the manually selected 

center, was used to demarcate and subtract out a circular region within the RNFL.  

Specifics for the scan interpolation and segmentation methodology have been presented 

elsewhere.63,224 

 Although horizontal and vertical eye position can be controlled with the mouth 

and occipital bars, torsional eye position varies between scanning sessions, especially 

for monkeys under anesthesia.  To compensate, all scans were referenced to a line 

connecting the centers of the ONH and fovea.40  The raster scan centered on the fovea 
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was used to identify the center of the foveal pit.  Specifically, the thinnest and thickest 

regions within the macula was  first identified, and circles were best fit to regional 

thickness measures, within the center of the scan, corresponding to 30 to 60% of the 

total retinal thickness (Patel NB, et al. IOVS 2009;50:ARVO E-abstract 6207).  The 

average center of the best fit circles was used to describe the center of the foveal pit.  

This landmark was transposed on to the raster scan SLO image using i2k Retina 

registration software. 

 For the six ocular hypertensive animals scanned multiple times, an identical scan 

path was constructed for each analysis.  Specifically, the SLO image and scan path from 

the baseline scan were registered to each follow up scan.  Prior to scan interpolation, the 

scan path was realigned to the fovea.  In instances where the automated registration 

failed, the ONH rim margin was marked again on the follow up radial scan and 

registered to the raster scan, from which a RNFL scan path 550 µm from the ONH rim 

margin was constructed as described above. 

 

Macular Volume 

 For each raster volume data set, the B-scans along with the instrument 

segmentation of the ILM and RPE basement membrane (BM) were evaluated for errors.  

As with radial scan analysis, the majority of segmentation errors were in identification of 

the RPE-BM.  To reduce bias, the B-scans in each volume data set were randomly 

presented to the user.  A thickness map for the central retina scanned was then 

constructed from the thickness profiles between the ILM and RPE-BM for each raster B-

scan.  For data analysis, only thickness information from a circular region 3 mm in 

diameter and centered on the fovea was used (dashed regions Fig 6-9).  Total retinal 

volume was calculated as the mean thickness in this region multiplied by the area 
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analyzed (7.07 mm2). 

 

RNFL Axonal Pathway Analysis  

 To relate macular volume to RNFL area, it was important to know the course of 

RGC axons from the macular area to the ONH.  Although individual axonal fibers cannot 

be resolved with an SD OCT system, fiber patterns can be appreciated in an en face 

view.  For the highest transverse resolution of en face images, high density raster 

volume OCT data are used.    Adjacent B-scans in the volume data are then aligned and 

scans are interpolated at various depths in the image plane.  To visualize the RNFL, 

scans are aligned to the ILM prior to scan interpolation.  Due to hardware and software 

limitations, the maximum scan density used was 193 B-scans within a 30 X 20 degree 

region.  Hence, multiple overlapping scans were necessary to cover the central 60 

degrees of the retina.  Using image registration, images from equal depths were created 

for this region of interest. 

 The image series created for the various depths was used to trace the RGC axon 

pathway from the retina to the optic nerve for 8 normal rhesus monkey eyes (Fig. 6-2).  

A circular region 3 mm in size was centered on the fovea and used to determine the 

maximal extent of the nerve fiber from the region (Fig 6-2I).  The intersection of the 

nerve fiber trace from the maximal extent of the macula region sampled and an ellipse 

550 µm from the ONH rim margin was used to determine the corresponding region 

sampled in the RNFL measures.  Overall, the angular subtense to the center of the optic 

nerve was 51.7±7 degrees for the superior arcade and 50.7±5 degrees for the inferior 

arcade. 
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Figure 6-2.  RNFL pathway in the retina. 

Montage of nine infrared scanning laser ophthalmoscope images within the central 60 

degree of the retina.  Starting at the inner limiting membrane interface, B-H illustrate the 

nerve fiber layer at various depths in the SD OCT volume.  Each image in the series is 

interpolated at a depth 7.73 µm greater than the previous.  I.  Illustrates the nerve fiber 

layer tracing produced from the image series B-H.  This tracing was used to estimate the 

sector of the RNFL (green ellipse) sampled within the central 3mm of the foveal pit (gray 
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region). The outer limits of the nerve fiber layer from this region of interest are outlined in 

red. 
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RESULTS 

 Normative data was collected from 47 animals ranging from 1.9 years to 23.7 

years of age (mean age = 9.1 ± 6.4 years).  Axial lengths in these animals measured 

between 15.2 mm and 21.1 mm (average = 19.3 ± 1.2 mm).  The mean age of the six 

animals with unilateral ocular hypertension was 7 years and 1 month.  Intraocular 

pressure data from both the control and laser-treated eyes are illustrated in figure 6-3.  

Time points at which laser treatments were applied are marked with a red asterisk.  

Laser treatments needed to achieve a sustained IOP elevation ranged from 3 to 10 

sessions.  The IOP difference between the two eyes (gray region Fig. 6-3A-F) was used 

to calculate a cumulative IOP,366 expressed as mmHg.days, and referenced to the first 

laser treatment.  The longest follow up was 822 days, while the shortest was 181 days 

after the first laser treatment. Figure 6-3G illustrates the cumulative IOP as a function of 

days after laser treatment.  The slope trends for individuals subjects provides 

comparative information on the stability and changes in IOP.   

 

Optic Nerve Head Analysis 

Data for the mean, standard deviation and CV for ONH cup parameters for 

control (normal) eyes are illustrated in table 6-1.  The relationships between scaled ONH 

cup parameters and axial length were not statistically significant (p>0.1) for any 

parameter.  Of the 47 animals analyzed, the ONH cup depth for 9 animals did not reach 

the level of the BMO.  However, all animals had finite ONH cup depth and volume values 

when the measurement was referenced to the top of the ONH (see Fig. 6-1).  Hence, the 

coefficient of variation was larger for all ONH cup measures referenced to the BMO, than 

when referenced to the top of the ONH.  Both the ONH cup depth (slope = 233.4 

µm/mm2, R2 = 0.15, p < 0.01), and ONH cup volume (slope = 0.32 mm3/mm2, R2 =  
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Figure 6-3.  IOP data for ocular hypertensive and control eyes. 
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The red asterisk represent the days when laser treatment was performed.  The IOP 

difference between the two eyes (shaded region), was used to calculate the integrated 

intraocular pressure (G). 
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 NORMATIVE DATA n = 47 OHT Control 
Eyes n = 5 

 Mean Standard 
Deviation 

CV (%) Repeatability 
(2.77×Sw) 

Rim Volume (mm3) 0.298 0.068 22.9 0.012 
Cup Volume at BMO (mm3) 0.009 0.015 162.3 0.005 
Cup Volume from Top (mm3) 0.224 0.107 47.7 0.017 
Cup Ratio 0.075 0.08 111.8 0.012 
Cup Depth from BMO (µm) 126.4 113.3 89.6 17.6 
Cup Depth from Top (µm) 462.9 125.9 27.2 25.6 

 

Table 6-1.  Morphological measures of the optic nerve. 

Morphological measures of the optic nerve referenced from the top of the nerve and the 

basement membrane opening.  Repeatability was assessed using the repeat scans on 

the control eyes of 5 ocular hypertensive animals. 
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0.44, p <0.01) measured from the top of the ONH were linearly related to the size of the 

BMO.  However, there was no relationship between BMO area and either ONH rim 

volume (p = 0.09) or axial length (p = 0.49).   

Of the control eyes in the six ocular hypertensive animals, one animal had only 

two acceptable ONH scans and was excluded from the ONH analysis.  The repeatability 

of ONH cup measures was assessed using the within-subject standard deviation (Sw) 

from the control eyes (2.77 × Sw).279  Specifically, based on the measurements error, or 

within subject standard deviation (Sw), 95% of measures should be within 1.96 × Sw.  

Hence, the repeatability, or difference between any two measures from the same 

individual should not exceed √2 × 1.96 × Sw for 95% of measures.  Although there was 

significant inter-subject variability in the normative data there was good repeatability for 

all ONH morphological measures (Table 6-1).  

For the analyses of the effects of experimental glaucoma, the two parameters 

(rim volume and cup depth from the top of the nerve) that had the smallest coefficients of 

variation in the normative data were used for assessing change.  Disease state was 

determined as the first time point at which a measure exceeded two times the standard 

deviation of the normative data (95% confidence limit), while progression or a significant 

change was determined as the time point at which the morphological measure exceeded 

the normal intra-subject repeatability (mean - 2.77 × Sw).   These data along with the 

cumulative IOP at the respective time points are illustrated in figure 6-4 and tables 6-2&3 

for each animal.   For every animal, the cup depth increased linearly with cumulative IOP 

(range of slopes = 0.01 to 0.10 µm/mmHg.days).  However, only 9.3% of the variation 

was explained by the best linear regression fit for all ocular hypertensive eyes (p = 0.03).  

This trend and variability in cup depth are illustrated in figure 6-5 for three ocular 

hypertensive animals.  Specifically, animals with shallow cups showed larger overall   
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Figure 6-4.  ONH cup depth for ocular hypertensive and control eyes. 

A-E. ONH cup depth for control eyes (open circles) and ocular hypertensive eyes 

(closed circles) as a function of time.  The red dashed line illustrates the 95% confidence 

interval for the normative data.  The blue dashed line illustrates the cup depth needed to 

exceed the test retest repeatability from the subject’s baseline measures.  F.  Cup depth 

increased linearly for each animal with cumulative daily IOP, with significant variability in 

slope measures. 
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Figure 6-5.  Variability in physiological ONH cupping and changes with IOP. 

Horizontal radial B-scans for three ocular hypertensive eyes at 4 time points, the first 

image being prior to any significant increase in intraocular pressure.  The B-scans 

illustrate the variability between animals and the changes in cup depth and rim volume 

associated with the duration of elevated pressure and the cumulative daily IOP. 

  



236 
 

 

 

Figure 6-6.  ONH rim volume for ocular hypertensive and control eyes. 

A-E. ONH rim volume for control eyes (open circles) and ocular hypertensive eyes 

(closed circles) as a function of time.  The red dashed line illustrates the 95% confidence 

interval for the normative data.  The blue dashed line illustrates the cup depth needed to 

exceed the test retest repeatability from the subject’s baseline measures.  Overall, all 

five animals showed a significant change in rim volume within 200 days of the first laser 

treatment.  F.  An exponential decay model best describes the change in rim volume as 

a function of cumulative daily intraocular pressure.  
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CUP DEPTH 
FROM TOP 
OF ONH (µm) 

First scan at which measures 
exceeded test-retest 

First scan at which measures 
exceeded 95% CI of normative 

data 

Days after first 
laser treatment 

Cumulative daily 
IOP(mmHg.days) 

Days after first 
laser treatment  

Cumulative daily 
IOP(mmHg.days) 

OHT-57 119 192 382 2065 
OHT-58 168 266 699 8478 
OHT-59 67 0 Not Reached  
OHT-60 104 472 104 472 
OHT-62 62 414 119 1506 

 

Table 6-2.  Cup depth in ocular hypertensive eyes. 

Days after first laser treatment and cumulative IOP for first detection of progression and 

time points for when data were first outside the 95% limits of the normative data for the 

cup depth from the top of the ONH.  Zero cumulative pressures indicate no change in 

IOP from baseline.   
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ONH RIM 
VOLUME 
(mm3) 

First scan at which measures 
exceeded test-retest 

First scan at which measures 
exceeded 95% CI of normative 

data 

Days after first 
laser treatment 

Cumulative daily 
IOP(mmHg.days) 

Days after first 
laser treatment  

Cumulative daily 
IOP(mmHg.days) 

OHT-57 46 0 119 192 
OHT-58 125 0 348 2786 
OHT-59 192 278 192 278 
OHT-60 104 472 104 472 
OHT-62 62 414 62 414 

 

Table 6-3.  Rim volume in ocular hypertensive eyes. 

Days after first laser treatment and cumulative IOP for first detection of progression and 

time points for when data were first outside the 95% limits of the normative data for the 

ONH Rim Volume.  Zero cumulative pressures indicate no change in IOP from baseline. 
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changes than those who had physiologically large cups at baseline.  The ONH neural 

rim volume was less variable and also decreased systematically with increasing 

cumulative IOP.  Specifically, these data were best fit using an exponential decay model 

(Fig. 6-6, R2 = 0.78, p < 0.01).  Based on these results, only neural rim volume was used 

for further analysis of ONH morphology. 

 

Retinal Nerve Fiber Layer 

 The mean global RNFL thickness for the normative data was 124.95 ± 8.92 µm 

and 113.53 ± 8.45 µm after removal of the major retinal vasculature, corresponding to 

global area measures of 953127.3 ± 72420 µm2 and 865939.3 ± 67645.2 µm2 (9.16 ± 

1.12% vascular contribution).  RNFL area measures did not show a significant 

relationship with axial length (R2 = 0.04, p = 0.11).  In general, animals with greater 

global measures also had a larger vascular thickness/area contribution (R2 = 0.23, p = 

0.001).  Consequently, the percent vascular contribution to RNFL area was similar 

across the range of RNFL measures for normal healthy eyes (R2 = 0.05, p = 0.13).  

Repeatability of RNFL measures, based on the control eyes of the 6 ocular hypertensive 

animals, was 4.0 µm for global thickness and 31408 µm2 for area measures after 

removal of major retinal vasculature. 

 A decrease in RNFL area was measured in all six ocular hypertensive eyes.  

Table 6-4 illustrates the time points and cumulative IOP measures for when RNFL 

measures decreased past the test-retest repeatability and the 95% confidence interval of 

the normative data.  Although all animals showed progressive loss, RNFL area 

measures for subject OHT-57 did not fall below the 95% confidence interval of the 

normative data.  As illustrated in figure 6-7G, RNFL area measures decreased 

exponentially with increase in cumulative IOP (R2 = 0.39, p < 0.01).   
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Figure 6-7.  Global RNFL area for ocular hypertensive and control eyes. 

A-F. Global RNFL area measures after subtraction of major retinal vasculature for 

control eyes (open circles) and ocular hypertensive eyes (closed circles) as a function of 

time.  The red dashed line illustrates the 95% confidence interval for the normative data.  

The blue dashed line illustrates the RNFL area needed to exceed the test retest 
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repeatability from baseline measures.  All animals showed a decrease in RNFL area, 

however, the RNFL area for OHT-57 did not decrease past the normative data.  G.  The 

decrease in RNFL area with cumulative daily IOP was best fit using an exponential 

decay model. 
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RNFL Area 
(µm2) 

First scan at which measures 
exceeded test-retest 

First scan at which measures 
exceeded 95% CI of normative 

data 

Days after first 
laser treatment 

Cumulative daily 
IOP(mmHg.days) 

Days after first 
laser treatment  

Cumulative daily 
IOP(mmHg.days) 

OHT-57 119 192 Not Reached  
OHT-58 168 266 485 4840 
OHT-59 192 278 192 278 
OHT-60 150 1522 227 2739 
OHT-61  89 556 89 556 
OHT-62 104 1108 161 2759 

 

Table 6-4.  RNFL area in ocular hypertensive eyes. 

Days after first laser treatment and cumulative IOP for first detection of progression and 

time points for when data were first outside the 95% limits of the normative data for the 

RNFL area.   
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The major retinal vascular contribution to global RNFL measures for the six 

ocular hypertensive eyes at baseline was within the 95% confidence interval of the 

normative data (Fig. 6-8A&B).  With loss of RNFL, there was no appreciable change in 

the location of the major retinal vasculature.  Specifically, the location and number of 

peaks and troughs in the RNFL TSNIT plots with and without vessel subtraction were 

similar across scan sessions (Fig. 6-8C).  As anticipated, there was an increase in the 

percent vascular contribution to the global RNFL measures with disease severity (Fig. 6-

8B, R2 = 0.64, p < 0.01).  However, the overall vascular area contribution decreased with 

increasing disease severity (Fig. 6-8A, R2 = 0.33, p < 0.01).  Figure 6-8D illustrates the 

segmentation and vascular caliber for an identical section of the RNFL B-scan for one 

subject at various stages of RNFL loss.  Although the vessels in these B-scans 

appeared circular, there were varying degrees of changes in vessel caliber associated 

with disease progression (data not shown).  However, the major retinal vessels for each 

animal were well perfused as illustrated by the fluorescein angiographies performed at 

the last scan session (Fig. 6-8C,&E).  In addition, no signs of optic atrophy of retinal 

anoxia were ever noted during the period studied. 

 

Macula Volume 

 For the normative data, the mean macula volume within the central 3 mm of the 

fovea measured 2.24 ± 0.11 mm3, corresponding to a coefficient of variation of 5.05%.  

As with other morphological measures, there was no significant relationship between 

macula volume and axial length (p = 0.49).  Repeatability of this measure, based on the 

control eyes of the six ocular hypertensive animals was 0.06 mm3.  For the ocular 

hypertensive eyes, there were significant changes in the total retinal thickness for the 

region scanned.  Figure 6-9 illustrates total retinal thickness maps and the associated  
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Figure 6-8.  Changes in retinal vasculature with loss of RNFL. 

A. Vascular area contributions for normal and ocular hypertensive eyes.  The normative 

data are represented by open circles while each colored symbol represents a separate 

ocular hypertensive subject.  B.  The percent vascular contribution to the global RNFL 

area for the data presented in 7A.  C.  TSNIT plots for an ocular hypertensive eye at 

various stages of RNFL loss.  The major retinal vasculature is located in sections 
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corresponding to the peaks and toughs within the plots.  The fluorescein angiography 

images, with the scan paths illustrated, are included for comparison with the TSNIT 

plots.  D.  A portion of the superior RNFL B-scan for an ocular hypertensive eye at 

various stages of RNFL loss.  The image illustrates the segmentation and shape and 

size of two major retinal vessels within the RNFL.  E.  Good retinal perfusion was 

documented through fluorescein angiographies performed at the final scan time point. 
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Figure 6-9.  Changes in total retinal thickness with glaucoma progression. 

A&B.  Macula thickness maps for two ocular hypertensive eyes, at various stages of 

disease.  The SLO images and thickness maps are aligned to that of the baseline scan 

for comparison.  The dashed circular region represents the 3 mm zone used for 

calculating the macula volume.  The top row illustrates the total retinal thickness while 

the bottom row for each image series represents the total retinal thickness change from 

baseline. 
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thickness change from baseline for two animals.  Although the macula volume of all the 

ocular hypertensive eyes decreased as a function of cumulative IOP (Fig. 6-10G), and 

showed progression, none of these measures fell outside the 95% confidence interval of 

the normative data.  In addition, the time it took to reach a measurable difference in 

macula volume was longer than that for ONH morphology or RNFL area measures 

(Table 6-5). 

 

Relationship between morphological measures 

 For comparison of ONH, RNFL and macula morphology, measures were first 

converted to standard scores (z scores) using both within subject standard deviation and 

the standard deviation of the normative population.  Standard scores based on the within 

subject standard deviation illustrate the ability to detect progression, while scores based 

on the standard deviation of the normative data describe when measures fall outside the 

normal population and disease can be detected.  These data for each animal were 

plotted as a function of cumulative daily IOP and fit using an exponential decay model 

(Fig. 6-11).  Based on these plots and the individual data (Tables 6-2:5), statistically 

significant changes were first measured for the ONH rim volume, followed by the RNFL 

area.  Changes in the macula volume were realized later in the disease process and did 

not exceed the variability within the normal population. 

 Axons in the RNFL also form the rim volume of the ONH.  Hence, there should 

be a relationship between the two morphological measures.  Figure 6-12 illustrates the 

relationship between ONH rim volume and global RNFL area.  Overall, the rim volume 

shows a significant decrease prior to changes in the RNFL.  The best fit to the data was 

with an exponential rise to maximum model (Fig. 6-12, R2 = 0.64, p < 0.01).  Based on 

this best fit equation, as the neural rim volume approaches zero, the residual RNFL area  
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Figure 6-10.  Macula volume for ocular hypertensive and control eyes. 

A-F. Macula volume within the central 3 mm circular region for control eyes (open 

circles) and ocular hypertensive eyes (closed circles) as a function of time.  The red 

dashed line illustrates the 95% confidence interval for the normative data.  The blue 

dashed line illustrates the macula volume needed to exceed the test retest repeatability 
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from the individual’s baseline measures.  Although all animals showed change, none 

exceeded the 95% confidence interval for the normative data.  G.  The decrease in 

macula volume with cumulative daily IOP was best fit using an exponential decay model. 
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Macula 
Volume 
(mm3) 

First scan at which measures 
exceeded test-retest 

First scan at which measures 
exceeded 95% CI of normative 

data 

Days after first 
laser treatment 

Cumulative daily 
IOP(mmHg.days) 

Days after first 
laser treatment  

Cumulative daily 
IOP(mmHg.days) 

OHT-57 193 668 Not Reached  
OHT-58 260 1786 Not Reached  
OHT-59 317 2862 Not Reached  
OHT-60 227 2739 Not Reached  
OHT-61 121 1551 Not Reached  
OHT-62 175 3199 Not Reached  

 

Table 6-5.  Macula volume in ocular hypertensive eyes. 

Days after first laser treatment and cumulative IOP for first detection of progression and 

time points for when data were first outside the 95% limits of the normative data for the 

macula volume.   

  



252 
 

 

Figure 6-11.  Morphological changes in the posterior segment plotted as standard 

scores. 

A. Standard scores based on within subject standard deviations plotted as a function of 

integrated daily IOP.  The dashed line represents 2 standard deviation units, a point at 

which progression could be identified.  Data within the dashed boxed region are 

illustrated in B.  C.  The general trend in morphological changes remained the same 

when standard scores were based on the standard deviation for the normative data. 
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Figure 6-12.  The relationship between ONH rim volume and RNFL area. 

ONH rim volume decreased prior to changes in RNFL area measures for all animals 

included in this study.  The axes of the plot are reversed to illustrate the effects of 

disease progression on each measure. 
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would measure 352,871 µm2, corresponding to a global thickness measure of 46.2 µm 

for a 550 µm elliptical scan path from the optic nerve rim margin. 

 Any decrease in macula volume is most likely a result of RGC loss within the 

region.57  Hence, a decrease in macula volume should be correlated to changes in the 

RNFL area corresponding to the papillomacular bundle.  The 3 mm circular region 

sampled for macula measures corresponded to a 102.4 degree sector of the temporal 

retinal nerve fiber layer as discussed in the methodology (Fig. 6-2).  As expected, the 

changes in these two morphological measures were well correlated and the best-fit 

function was linear (Fig. 6-13, R2 = 0.61, p < 0.01).   

 

DISCUSSION 

High resolution imaging of the posterior segment provides important diagnostic 

information for the health of the eye.  Although several imaging techniques are often 

used to assess the retina and ONH, only SD OCT provides sufficient resolution to 

identify and quantify the thickness of each of the retinal layers in cross-section images.  

With the resolution of modern imaging technology, it is necessary to include the optical 

and biometric properties of the patient’s eye to achieve accurate measurements for 

patient management and clinical research.  In the present investigations, methods have 

been developed and applied to include relative retinal magnification, accurate 

segmentation, morphological analysis of the ONH, and contributions of major retinal 

vasculature to the RNFL.   

The rhesus monkey is often used for vision research because their visual system 

is both anatomically and functionally similar to that of the human.  However, several 

differences in ocular anatomy between the two species needed to be taken into 

consideration.  Specifically, the rhesus monkey has, 1) a shorter eye with higher  
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Figure 6-13.  The relationship between macula volume and RNFL area. 

The change in macula volume is linearly related to changes in the corresponding sector 

RNFL area.  
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equivalent power,163,178 2) the optic nerves are smaller, yet may contain a larger number 

of axons,162,166 and 3) the optic nerve has a prominent elliptical shape.98,224  The 

influence of ocular biometry on SD OCT was modeled using a three surface schematic 

eye which accurately described changes in retinal magnification associated with 

variation in axial length.  Similarly, when retinal scaling was used to construct a custom 

elliptical RNFL scan path, global thickness measures were not related to ocular 

biometry, as compared to the significant relationship with standard 12 degree circular 

scans.224  Although these previous studies provided significant data on the normal 

anatomy of the posterior segment, most subjects were juvenile (<2 yrs of age).  Hence, 

to analyze morphological changes associated with ocular hypertension, it was essential 

to collect normative data for adult animals with a similar age range.  

In addition to the typical measurements of RNFL thickness224 and macula 

volume, methodologies for optic nerve head analysis were also implemented in the 

present study.  In general, measures referenced to the basement membrane opening 

(BMO), corresponding to the neural canal opening (NCO),98,150 and the top of the optic 

nerve were investigated.  Of these measures, the neural rim volume and ONH cup depth 

from the top of the ONH were the least variable in the normal population and had very 

good repeatability.  Although there are no reports on the cup depth from the top of the 

optic nerve head in non-human primates, the average rim volume was similar to 

previous reports in this species.114  Overall, these in vivo measures show similar features 

and trends compared to human eyes.  For example, eyes with larger BMO areas also 

had a deeper physiological ONH cup depth and cup volume, corresponding to larger 

clinically observed cup to disc ratio in human patients.23  Although larger optic nerves 

are often thought to have more axons,162,224 the neural rim volume was not related to the 

size of the BMO and, therefore, these present data are not in agreement with previous 
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reports of a relationship between ONH size and neural rim area.367,368  This discrepancy 

illustrates the importance of a three dimensional volume measure compared to a one or 

two dimensional area or thickness measure in assessing neural rim characteristics.   

ONH morphological measures had the earliest sign of progression in the eyes 

with experimental glaucoma.  Although, for each individual, the ONH cup depth 

decreased linearly with cumulative intraocular pressure, the large inter-subject precludes 

a generalizable relationship.  In contrast, the decreases in ONH rim volume were similar 

across animals and showed more consistent trends with cumulative IOP.  This finding is 

in agreement with current clinical practice, where a greater emphasis is placed on 

observation of the neural rim tissue than on the cup to disc ratio itself.23  In addition, the 

neural rim volume had decreased by up to 60% from baseline measures prior to RNFL 

area measures falling outside the normative data.  These results are in agreement with 

morphological changes of the optic nerve reported in early glaucoma in non-human 

primates.114  Hence, the non-linear relationship between ONH rim volume and RNFL 

area provides support for the biomechanical hypothesis/paradigm of glaucoma.113 

It is possible that the ONH changes measured are a direct reflection of compliant 

biomechanical forces on the optic nerve.115,369  To mitigate this problem, animals were 

sedated with xylazine,365 and a drop of 1% apraclonidine was instilled in the ocular 

hypertensive eye, both of which are effective at reducing the intraocular pressure to 

physiological levels.  However, it is essential that the differences in ONH rim volume and 

RNFL area measures be verified in the clinical population, sampling from normal, 

glaucoma suspects and patients with various forms of glaucoma, and at every stage of 

the disease.  This is especially of importance, as intraocular pressure is only a risk factor 

for glaucoma,356,370-373 and patients considered to have normal tension glaucoma,357,374 

demonstrate progressive optic neuropathy regardless of having normal IOP measures.    
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The parapapillary RNFL thickness is the most common SD OCT measure in the 

management of optic nerve pathologies.  Both the dynamic range265 and repeatability131-

135 of this measure make it ideal for diagnosing and monitoring progressive and non-

progressive optic nerve pathologies.  For example, although ONH rim volume was the 

first to show significant changes in the ocular hypertensive eyes, and hence important 

for disease detection, it was also the first measure to asymptote (Fig. 6-6F, 6-11A&C).  

In contrast, RNFL area measures continued to change over a larger period of time (Fig. 

6-8, 6-11A&C).  In addition, having a small intra subject standard deviation, SD OCT 

RNFL area measures are better for detecting progression once disease has been 

identified. 

The RNFL, as imaged and quantified using SD OCT, has both neuronal and non-

neuronal components.  These non-neuronal components include both glial136,168 and 

vascular167,316,345 tissue.  Although glial tissue and small retinal vasculature cannot be 

resolved by current SD OCT imaging systems, the major retinal vasculature cast 

shadows167 and can be visualized within the scan.  The results of the present study 

illustrate the importance of accounting for major retinal vasculature when assessing the 

RNFL.  In the healthy rhesus eyes, the major retinal vascular contribution was 9.2%, and 

similar to those previously reported in juvenile animals.224  For the ocular hypertensive 

eyes, although the percent vascular contribution increased (up to ~18%), there was a 

significant decrease in the vascular area itself.  Based on the best fit to the vessel area 

data (Fig. 6-7A), this decrease to end stage disease measured a 25.5% change.  In 

human subjects, previous reports indicate a difference in vessel diameter of up to 

15%167,169,170,344 when comparing healthy eyes to the eyes of glaucoma patients.  When 

the decrease is transformed to an area measure it is a 28% difference, which is similar 

to the present findings.  Hence, the reduction in vascular contribution is likely a result of 
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a change in vessel caliber, as illustrated in Fig 6-7D.  Although the vessel walls could not 

be visualized accurately enough to measure vessel caliber, an investigation of the vessel 

shadow width in these animals resulted in a similar decrease with disease progression 

(22.6%, data not shown), (Patel NB, et al. WGC 2011;E-Abstract FP16).  

The relationship between ONH neural rim volume and RNFL area after vessel 

compensation (Fig. 6-12) provides useful data regarding non-neuronal components in 

the RNFL.  Based on a neural rim volume of 0 mm3, the best fit to these data would 

suggest a residual RNFL area of 352,871 µm2.  It is likely that this residual RNFL area 

(39.3%) represents glial and microvascular components within the RNFL.  Although this 

estimate is similar to previous reports,168 histological studies will be required to verify this 

measure.  In addition, the present SD OCT data do not provide insight into changes in 

these non-neuronal components as a function of disease state. 

The macular region in primates has the highest densities of both cone 

photoreceptors and retinal ganglion cells.119,223,250  In the non-human primate, using SD 

OCT technology, the RGC layer has been reported to be thickest within a 1 mm radius of 

the foveal pit (Patel NB, et al. IOVS 2009;50:ARVO E-abstract 6207).  Hence, for 

progressive optic neuropathies, it is likely that there will be a corresponding change in 

the macula morphology.  Although total foveal volume within the central 3 mm, had good 

repeatability, it was the last of the morphological measures investigated to show 

progression (Fig. 6-9).  In addition, none of the animals exceeded the normal variability 

of the normative data.     

The decrease in macula volume corresponded well with changes in temporal 

(102.4 degree sector) RNFL area (Fig. 6-13).  The best fit linear regression to these data 

had an intercept of approximately zero, providing support that the total retinal volume 

change within the central 3 mm is associated with only inner retinal loss.  Although not 
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quantified in the present study, it is likely that isolation and measurement of the RGC 

layer itself would provide a better diagnostic measure.  For example, studies in human 

subjects have reported differences in the retinal ganglion cell/inner plexiform layer in the 

macular region in both early120,127 and advanced124,128 glaucoma patients. 

In conclusion, the findings of this study provide support for the use of multiple SD 

OCT determined scaled morphological measures for the diagnosis and management of 

primary open angle glaucoma associated with an elevated intraocular pressure.  While 

ONH rim volume measures were the first to show change, RNFL area had the largest 

dynamic range.  The data also provide evidence that for the most accurate RNFL 

measures, it is important to compensate for the major retinal vasculature.  Although the 

total macular volume did not exceed the normative data, these measures may be 

important, especially in monitoring changes in patients with advanced to end stage 

disease. 
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GENERAL DISCUSSION 

Glaucoma defines a group of optic neuropathies that can lead to irreversible 

blindness if left untreated.  In 2002, it was estimated that 37 million individuals worldwide 

were blinded by this disease, with 82% of these patients being over the age of 50.319  As 

the world's population ages, by the year 2020, 79.6 million individuals will have the 

disease, of which 74% will be diagnosed as open angle glaucoma.375  In the United 

States, glaucoma is a significant public health problem, affecting 2.2 million individuals, 

and is one of the leading causes of irreversible vision loss. 

Having an elusive cause, the diagnosis or management of glaucoma usually 

relies on direct assessment of the optic nerve head (ONH), evaluating the retinal nerve 

fiber layer (RNFL) and/or measuring the sensitivity across the visual field.   Although 

classical visual field defects are the hallmark sign of glaucoma, inter-individual and intra-

individual variability make the detection of small changes or defects difficult, generally 

requiring multiple confirmatory tests.33,34,164  Advances in imaging technology, specifically 

SD OCT provides an objective, non-invasive in vivo examination of the RNFL and ONH 

with nominal axial resolutions between 5-7 µm that may improve the diagnosis and 

management of glaucoma.  However, for RNFL measures, several factors including age, 

ethnicity, axial length, signal strength, non-neuronal factors and scan centration need to 

be considered.134,136,140,142,268  The series of experiments in this dissertation investigate 

ocular biometry, scan centration, segmentation and major retinal vasculature in RNFL 

analysis. 
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SUMMARY OF FINDINGS 

SD OCT Layer Identification  

The preliminary studies comparing histological sections to high resolution SD 

OCT images through similar regions provided a good correlation for retinal layers as 

illustrated in figure 1-2.  However, there were some notable discrepancies.  Specifically, 

the outer nuclear layer (ONL) thickness was significantly thicker while the outer plexiform 

layer (OPL) was significantly thinner in SD OCT sections.  In addition, the iterative cross 

correlation methods used could not find a good histological correlate for the bright band 

in OCT sections, commonly labeled as the inner segment/outer segment (IS/OS) 

junction.   

For the studies in foveal maturation (chapter two), the layers identified by cross 

correlation and the IS/OS junction99,241 were used for data analysis.  Overall, the SD 

OCT data from this study provided valuable insight into changes in foveal morphology 

from one to eighteen months of age.  Specifically, using repeated measures on the same 

animal, accurate timelines were determined for each retinal layer and eccentricity 

evaluated.  In general, the in vivo measures for the macular region corresponded well 

with and added to histological data previously published.191,209,210,221 

The maturational changes in retinal layers, as visualized by SD OCT, provided 

additional insight on the identity of each layer.  For example, there were significant 

changes in the IS/OS junction during the period studied.  Hence, it is unlikely that this 

bright band in OCT cross sections represents a junction between the inner and outer 

segments.  However, it does provide support for the band corresponding to the ellipsoid 

of the inner segments.22, 23  In addition, thickening of this layer was most notable at time 

points at which metabolic demand in the outer retina would also be greatest. 95,255   
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The histological comparison with the SD OCT scan section of a 10 day old (Fig 

2-4) exemplified the discrepancy in ONL thickness.  As with the histological comparison 

in the adolescent monkey (Fig 1-2), the OPL was significantly thinner than in the 

histological section.  Hence, the monkey SD OCT ONL includes OPL and Henle fibers, 

similar to that in human scans.251  However, the ONL thickness within the center of the 

pit, where the ONL and Henle fibers should be proportional, was used effectively at 

estimating the cone density and subsequently the Nyquist limit376 for each scan session 

(Fig. 2-10). 

 

Transverse Scaling of in vivo Images 

The Littmann176 or modified Littmann formulas (t=p.q.s)174 are the most common 

methods used for determining transverse or lateral scaling for in vivo images, including 

fundus photography and scanning laser imaging.  As, changes in axial length are 

calculated to have a nine times larger effect on ocular magnification compared to 

refractive changes associated with the cornea and crystalline lens,377 this methodology 

does not take into account variability in anterior segment optics and assumes a static 

location for the first principal point.174  However, the most accurate scaling 

methodologies should consider as many refractive elements as possible.175  The first two 

experiments in this dissertation validate the use of a three surface schematic eye179 for 

transverse scaling.   

The influence of axial length on the extent of the retina scanned was investigated 

in chapter two.  For the sixteen animals followed with SD OCT imaging, a three surface 

schematic eye accurately described changes in the ocular magnification as determined 

through image registration of successive SLO images.  The rhesus monkey eye was 
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ideal for this experiment, as it has a higher equivalent power, and therefore small 

changes in axial length result in significantly large changes in retinal magnification.   

In chapter three, the effects of anterior segment power on ocular magnification 

and RNFL thickness were investigated.  Changes in dioptric power at the anterior 

corneal surface corresponded to both changes in ocular magnification and subsequently 

scan path location and RNFL thickness measures.  In addition, the rate of change in 

ocular magnification with contact lens dioptric power was directly related to axial length.  

These observed changes were accurately described using the three surface schematic 

eye.  Overall, the results from the experiments described in chapter two and three 

validate the use of a schematic eye for calculating transverse retinal scaling. 

 

SD OCT RNFL Segmentation 

 For assessment of optic neuropathy, a 12 degree circular scan centered on the 

ONH is the most common method implemented for measurements of the peripapillary 

RNFL thickness.  Measures of global RNFL thickness from these scans are shown to be 

repeatable and reliable in normal and diseased eyes131-135 and are often used as a 

surrogate for axonal content within the eye.47,48,50,138  However, thickness measures are 

dependent on the specific clinical instrument and the segmentation algorithm used.  

Specifically, although RNFL thickness measures are derived from similar scans, the 

global RNFL measures from one clinical instrument cannot be used interchangeably with 

another. 

 A custom, semi-automated segmentation algorithm that compensates for major 

retinal vasculature was investigated in human subjects as described in chapters three 

and four.  In addition, the algorithm using image registration and methods to detect the 

fovea center, as described in chapter two, aligned the RNFL scans to a line connecting 



266 
 

the center of the optic nerve and the fovea.  In both experiments, the vascular 

contribution to the global RNFL thickness was approximately 11.5%.  These measures 

are in agreement with those reported by Mardin et al (11%), (Mardin CY, et al. IOVS 

2009;50:ARVO E-abstract 3333), but less than those reported by Hood et al (13%).167  In 

chapter three, the standard circular RNFL scan was repeated at the end of the 

experiment with no contact lenses.  Based on these well centered circular scans, the 

intra-subject standard deviation was 1.19 µm, corresponding to repeatability measures 

of 3.31 µm, and comparable to instrument based RNFL analysis (1.5-5 µm).88,266,378-380  

However, when the scan path was registered and interpolated from raster scans 

centered on the optic nerve, the repeatability improved to 1.19 µm, illustrating the 

importance of scan path in addition to scan centration on RNFL measures. 

 The custom segmentation algorithm was then used to investigate differences in 

thickness measures between two commercial instruments (Spectralis and Cirrus).  

Whereas the Cirrus HD OCT interpolates a circular scan from a 200 X 200 A-scan 

scanned region centered on the ONH, the Spectralis uses the traditional circular scan 

path to acquire the same data.  Although subjects were scanned sequentially by the 

same operator, there were significant differences between the instrument-determined 

RNFL measures of the two instruments (mean = 6.7 ± 4.8 µm), and similar to those 

reported by Leite et al.61  However, when identical scan paths and the same 

segmentation algorithm were used, the measures were in good agreement (mean 

difference = 0.1 ± 3.1 µm).  The results of this study also illustrate the influence of ocular 

magnification on RNFL thickness measures. 

 In both human subject experiments, a three surface schematic eye was used to 

calculate the transverse scaling.  When transverse scaling was incorporated, the 

relationship between RNFL measures and anterior segment power or axial length was 
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not significant.  Specifically, RNFL area275 measures calculated by multiplying the scan 

circumference by global thickness were independent of ocular biometry.  In turn, the 

RNFL area should correspond well with the RNFL axonal content when the thickness 

contributions of non-neuronal factors, including microvasculature and glial tissue, have 

been excluded. 

 

SD OCT RNFL Measures in the Rhesus Monkey 

 The standard 12 degree circular scan has been used to describe RNFL changes 

in the monkey experimental laser induced ocular hypertension glaucoma model.  

However, several factors including differences in ocular biometry and ocular anatomy 

should be considered.  For example, the adult eye of the rhesus monkey is significantly 

shorter than that of the human, and also has a higher equivalent power.  In addition, 

whereas the human ONH is slightly larger in the vertical than horizontal dimension, the 

monkey optic nerve is particularly elliptical in shape.  Hence, the standard RNFL circle-

scan may not be appropriate for this species. 

 In chapter five, RNFL measures were investigated in the rhesus monkey using 

both, a standard circular scan, and custom elliptical scan paths that matched the shape 

of each subject’s ONH.  The same segmentation algorithms as those used for chapters 

three and four were used for RNFL quantification.  The major retinal vasculature 

accounted for only 9.3% of global thickness measures in monkeys, which is less than in 

humans.  Thickness measures from the standard circular scans were linearly related to 

axial length, with a steeper slope (Fig 5-6, -6.3 µm/mm) than for human eyes (Fig 4-8, -

3.0 µm/mm).  This difference in slopes is a direct reflection on the differences in 

equivalent power, and axial lengths of emmetropic eyes in the two species. 
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 The influence of scan path on RNFL measures was investigated using 

interpolated elliptical scans 300-600 µm from the rim margin.  As anticipated, there was 

linear decrease in RNFL thickness with increasing distance from the ONH.  However, 

measures of the RNFL area remained constant.  In general, these findings were in 

agreement with corresponding histological data.  Specifically, while the RNFL thickness 

decreases with increasing distance from the ONH rim margin,157 the change in thickness 

is not explained by axonal loss to RGCs within the region.119  When elliptical scans were 

calculated using each individual’s transverse scaling from schematic eye calculations, 

the RNFL thickness measures for each elliptical scan distance were not significantly 

related to axial length.  In general, scan paths that were 550 µm from the rim margin 

resulted in global thickness measures that were similar to those acquired using standard 

circular scan methods (Fig 5-8). 

 

SD OCT Morphological Measures in Experimental Glaucoma 

 RNFL measures from 550 µm elliptical scans were investigated in six rhesus 

monkeys with experimental glaucoma.  The repeatability, based on the control eyes (4.0 

µm) was used to determine progression, while the 95% confidence interval of the 

normative data was used for disease detection.  RNFL loss was investigated as a 

function of both the cumulative/integrated IOP and duration from the first laser treatment.  

In general, although there was a significant relationship with IOP, the rate of change for 

each animal was different (Fig 6-7G).  These results are in agreement with previous 

reports where the relationship between visual function and intraocular pressure was not 

significant.326 

The percent vascular contribution to the RNFL increased with disease 

progression.  However, the major retinal vascular content within the RNFL decreased 
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linearly with area measures.  Although elevated intraocular pressure can lead to 

vascular obstruction, the patency of the retinal vasculature of the six animals was 

normal, as determined with fluorescein angiography.  Hence, the changes in vascular 

contribution most likely represent a combination of loss in neuronal tissue and a 

reduction in the vessel caliber associated with disease progression, which corresponds 

to observations in human patients.48, 77-79   

In contrast to RNFL measures, ONH morphology, and in particular the neural rim 

volume was significantly related to IOP.  For the six monkeys, a small change in IOP 

resulted in a significant decrease in rim volume.  However, other ONH parameters, such 

as cup depth did not show a similar trend.  These results illustrate the differences in 

ONH morphology between subjects (Fig 6-5).  Specifically, physiologically deep cups 

may show less changes in cup depth compared to animals with shallow baseline 

cupping.  And although animals have differences in ONH shape and cup depth, the 

axonal content is relatively similar.  Hence, it is not surprising that baseline neural rim 

volume measures had the smallest variance of all ONH parameters (Table 6-1).  These 

findings and association of ONH morphological measures with IOP are in agreement 

with previous reports using this experimental glaucoma model.114,366 

Although both RNFL measures and ONH rim volume represent axonal content, 

the two measures were not linearly related.  As illustrated by the exponential rise to 

maximum relationship, a significant decrease in rim volume precedes changes in RNFL 

measures.  This finding is also supported by the earlier time points at which progression 

was noted for rim volume compared to RNFL measures (Tables 6-3&4).  In general, 

these longitudinal data provide supporting evidence for the biomechanical paradigm of 

glaucoma.113 
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The longitudinal study also provides support for macular analysis in glaucoma 

assessment.  Although none of the animals in the study showed changes beyond the 

normative data, the macula volume decreased at a steady rate over time, showing 

progression only at later stages in the disease.  In addition, changes in total macular 

volume were linearly related to changes in the corresponding sector of the peripapillary 

RNFL area (Fig 6-13).   

 

FUTURE DIRECTIONS 

 Measures of RNFL area should correspond well with the ganglion cell content 

within the eye.  However, in vivo measures include non-neuronal tissue.  Hence, to use 

RNFL area as a surrogate for RGC content, it is essential that a relationship between 

optic nerve axonal counts be established at various stages of disease.  These data will 

indirectly provide information on changes in the non-neuronal tissue within the RNFL 

associated with glaucomatous disease progression.  Subsequently, measures of axonal 

content from RNFL measures will aid in investigations of structure-functional 

relationships.  For RNFL to be used as a structural endpoint in disease diagnosis or 

progression, it is essential for these measures to accurately predict visual function.   

 As illustrated in the last experiment, the morphological structures of the eye 

change at varying rates with elevated IOP.  Although RNFL measures have the largest 

dynamic range, the ONH rim volume was the first to change.  Similarly, although the 

macula volume did not fall below the normative data, each animal showed progression.  

From these observations, it is likely that assessment of all these measures may provide 

useful insight into disease state.  For example, changes in ONH parameters may be 

useful in assessing glaucoma suspects, and their conversion to glaucoma.  Similarly, 

investigations of macula volume may provide useful diagnostic information for changes 
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in advanced disease, where visual field defects have encroached within the central 20 

degrees.  However, results from the present study suggest that an isolation of the 

RGC/IPL layers will improve the diagnostic capability of macular measurements in 

glaucoma.  Although a majority of this work will be done in the rhesus monkey, it is also 

important that the finding be translated to patients with glaucoma. 

  

CONCLUSION 

An in vivo morphological assessment of the posterior segment can provide 

valuable information on the health of the eye.  However, analysis is dependent on the 

properties of the imaging device and the algorithms used for quantification.  For 

structural measures to be used as endpoints in detection of disease or disease 

progression, measures need to be repeatable and have good correspondence with 

retinal anatomy.  The series of studies presented in this dissertation illustrate the 

importance of scaling and segmentation in the accurate analysis of the RNFL as imaged 

with SD OCT.  The future directions are aimed at developing a structure functional 

relationship that will aid in validating the use of objective structural measures in 

assessing visual function in glaucomatous optic neuropathy. 
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