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The purpose of this research was to investigate and objectively quantify image-based 

biomarkers of ocular injury and disease using a combination of non-invasive high 

resolution imaging techniques. High resolution imaging and sensing provides the basis 

for the diagnosis of most retinal diseases so effective characterization of endogenous 

molecular and morphological biomarkers may provide greater insight into the underlying 

biological processes responsible for tissue damage and visual dysfunction. Moreover, the 

non-invasive nature of the data acquisition provides an opportunity to investigate 

dynamic effects and establish a more complete spatial and temporal profile of disease 

processes within the retina.  

The intrinsic optical properties of the eye allow us to quantify differences in depth 

resolved scattering and fluorescence signatures directly related to retinal pathology. The 

research presented in this dissertation consists of multiple studies aimed at utilizing high 

resolution imaging tools to identify and objectively analyze image-based biomarkers of 

retinal degeneration. A combination of imaging and enhancement techniques that 
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included confocal scanning laser ophthalmoscopy, white light fundoscopy, optical 

coherence tomography and adaptive optics were used for the in vivo data collection.  

To achieve these goals we investigated small animal models of retinal disease, 

small animal models of inducible retinal injury and human subjects exhibiting retinal 

pathology. Collectively, these studies demonstrate the utility of multimodal retinal 

imaging in the detection and monitoring of perturbations within the retina discrete layers 

of the retina. The complementary visualization techniques provided multiple metrics 

which may be used validate the utility of small animal models and establish new clinical 

criteria for the assessment of ocular diseases at a cellular or even molecular level.  
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Chapter 1: Introduction 

Over the past three decades, diagnostic imaging in the field of ophthalmology has 

undergone a renaissance which has led to an unprecedented view of the eye and a greater 

understanding of ocular pathology. Prior to the 1980s, most ophthalmic instruments used 

to visualize the retina were based on the designs originally developed by Hermann von 

Helmholtz in 1851(2).  Today, we have the ability to visualize complex vascular 

networks, depth-resolved morphological features at a cellular level, biochemical 

indicators and cellular function in vivo. Collectively, these techniques can provide a 

detailed assessment of the structure, function and molecular activity within the living eye. 

This dissertation encompasses over five years of research using advanced imaging 

techniques to non-invasively investigate injury and disease in the retina. High-resolution 

multimodal imaging provided the basis for the investigation of image-based biomarkers 

in the living eye using both animal models and human volunteers. A summary of the 

experimental models used for imaging and analysis are presented in Table 1-1. 

Table 1-1. Summary of Imaging Modalities and Analysis for Each Experimental Model 

 Model/Disease 
In vivo Imaging 

Methods 

In vivo Imaging 

Analysis 
Ex vivo  Analysis 

Mouse 

Light-induced 

retinal 

degeneration 

Fluorescence 

SLO, NIR-SLO, 

SD-OCT, WL 

Fundoscopy 

CTCF 

(Fluorescence), 

Lesion 

characterization 

IHC, Histology, 

Microscopy 

Rat 

Light-induced 

retinal 

degeneration 

SLO, NIR-SLO, 

SD-OCT, WL 

Fundoscopy 

Dual-λ FAF, 

Fundoscopy, 

NIR-SLO 

IHC, Histology 

Human 

AMD/ Outer 

Retinal 

Pathology 

FAF, NIR0-

SLO, SD-OCT, 

WL Fundoscopy, 

AO-SLO 

Retinal 

Thickness, PR 

Density, PR 

Spacing 

Density*, Spacing* 

(Comparison based 

on previous reports) 
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A series of experiments was performed using focused light sources to induce 

retinal injury to the retinal pigment epithelium (RPE) and photoreceptor cells in rat and 

mouse models. This experimental system was used to help investigate inflammation and 

morphological perturbations which have implications in age-related macular degeneration 

(AMD). A series of clinical studies was performed in parallel with the small animal 

research to demonstrate the applicability of our experimental models and highlight the 

translational implications of our findings. For the clinical study, 25 patients spanning the 

entire clinical spectrum of AMD volunteered to participate in the non-invasive imaging 

examination. Imaging data was collected using clinical diagnostic tools and a custom-

built instrument capable of visualizing individual cells, particularly cone photoreceptor 

cells, in the living human retina. The ultimate goal of each study was to determine image-

based biomarkers of injury and disease within the living eye to better understand the 

development and progression of AMD.   

Chapter 2 provides an overview of common diagnostic imaging and sensing tools 

used in the field of ophthalmology with particular emphasis on the imaging modalities 

used to visualize the retina in our experimental systems. Each modality is addressed 

independently and representative images accompany each section to demonstrate 

orientation of the imaging plane and typical anatomical features. Methods of retinal 

image enhancement through the use of adaptive optics (AO) are also covered to provide 

insight into the next generation of ophthalmic diagnostic imaging which is currently 

being studied at UTMB. Multimodal retinal imaging, simultaneously acquiring data with 

multiple techniques to provide complimentary views of the posterior segment of the eye, 

is also discussed.   
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Chapter 3 highlights the prevalence of AMD and many of the prevailing theories 

regarding the pathogenesis of the disease. The epidemiology of the disease and the 

multitude of factors which can potentiate the progression of AMD are also covered to 

emphasize the complexity of the interactions between innate genetic factors and 

environmental mediators. Although the specific cause of AMD is still unknown, a brief 

summary of the proposed mechanisms for pathogenesis are presented. These mechanisms 

generally converge on the deleterious effects of age-related morphological changes in the 

outer retina, inflammation, oxidative stress, and dysfunctional regulation of lipid 

metabolism.  

Chapter 4 introduces the emerging field of small animal retinal imaging which is 

a fast, efficient method of evaluating spatial and temporal changes in retinal structure, 

function and molecular activity in numerous disease models. This chapter also addresses 

the anatomical similarities in retinal structure as well as the differences in ocular anatomy 

which need to be considered in experimental design. Despite the abundance of animal 

models used to study diseases such as AMD, non-invasive imaging may be applied to 

quickly screen animals and examine the extent to which these models mimic pathology in 

humans.  

Chapter 5 chronicles a non-invasive imaging study in a model of laser induced 

retinal injury using aged brown Norway rats. This study was supported by the Air Force 

Office of Scientific Research (AFOSR) to develop sensitive methods to detect sub-

threshold laser injury in ocular tissue. The endogenous fundus autofluorescence (FAF) 

signal generated by the aggregate fluorescence pigment lipofuscin provided the basis of 

the non-invasive detection of laser induced degeneration in the outer retina. The role of 
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lipofuscin autofluorescence and outer retinal degeneration established a link between the 

laser injury study and clinical indications of AMD. This work was published in 2011 in 

the peer-reviewed journal Investigative Ophthalmology and Visual Sciences under the 

title: “Quantitative Evaluation of Retinal Response to Laser Photocoagulation Using 

Dual-Wavelength Fundus Autofluorescence Imaging in a Small Animal Model.”     

Chapter 6 expands upon the low dose laser-induced retinal injury model by 

incorporating additional morphological and molecular imaging modalities to assess tissue 

remodeling and inflammation in the retina. A transgenic mouse strain (cis-NF-κβ
eGFP

) 

with an enhanced green fluorescent protein (eGFP) reporter was used to provide a signal 

suitable for non-invasive molecular imaging in the posterior segment of the mouse eye. 

This study was the first to demonstrate the use of this model in the context of retinal 

inflammation. The findings from this study yielded two conference proceedings papers 

based on multimodal imaging of laser-induced retinal degeneration: 

(1) Laser Injury And In Vivo Multimodal Imaging Using A Mouse Model (2011) 

(2) NF-kB activation as a biomarker of light injury using a transgenic mouse model 

(2012) 

Chapter 7 transitions to the translational applications of high-resolution imaging 

of the retina using multimodal clinical imaging systems and a custom built adaptive 

optics scanning laser ophthalmoscope (AO-SLO) capable of visualizing individual cells 

within the living human eye. This investigational imaging system was designed and 

optimized in collaboration with engineers at Physical Sciences Inc. (Andover, MA). The 

acquisition parameters were developed and refined using a model eye system and healthy 

volunteers. The custom image processing algorithms and analytical parameters were also 

developed to establish quantitative metrics associated with image-based biomarkers in the 

retina.   
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Chapter 8 applied the AO-SLO imaging and analysis methodology to investigate 

patients with AMD. The pilot study consisting of one patient representing each of the 

four clinical stages of AMD was the first demonstration of AO enhanced imaging across 

the entire spectrum of AMD. This study was published in 2012 in the peer reviewed 

journal Lasers in Surgery and Medicine under the title: “In Vivo Imaging of 

Photoreceptor Disruption Associated With Age-Related Macular Degeneration: A Pilot 

Study(1).” The patient population was then expanded to include 20 volunteers to further 

investigate the impact of AMD on macular cone photoreceptor cells in the living human 

eye. The analytical methods were used to investigate signs of pathology by assessing 

local perturbations in the cone photoreceptor mosaic within patients and examining 

patterns among groups of patients.  

Chapter 9 offers some insight into the future directions of high resolution retinal 

imaging for research applications as well as clinical diagnostics. Many of the recent 

developments like AO are still relatively rare but as the technology continues to mature, 

investigations of pathology are expected to increase significantly. Similarly, other 

imaging techniques are being adapted for ophthalmic instruments. Non-linear optical 

imaging and super resolution microscopy methods have already been applied to visualize 

ocular tissue. All of these new imaging tools provide an opportunity to not only improve 

diagnostics but also help evaluate new therapeutic intervention to determine efficacy.     
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Chapter 2: Non-Invasive Retinal Imaging and Sensing 

2.1 Introduction 

Historically, non-invasive imaging techniques have been used to visualize retinal 

pathology based on gross morphological changes. Many of these alterations in retinal 

structure are accompanied by reductions in visual acuity. In recent years, diagnostic 

imaging in ophthalmology has shifted the focus to microscopic features at the cellular or 

even molecular level. The extraordinary amount of detail within these images may be 

used to study physiology in a dynamic system and identify biomarkers of disease. Ideally, 

early indicators of pathology may be identified prior to visual decline enabling 

preventative therapeutic intervention. Moreover, the application of automated algorithms 

to quantify image-based biomarkers provides an objective diagnostic assessment which 

may be standardized.           

Regardless of the imaging modality used to visualize the retina, it is important to 

consider that the objective lens will always be the eye of the subject being imaged. Minor 

imperfections in the ocular tissue or opacity of the ocular media can have a profound 

impact on overall quality of the data. Therefore, it is important to consider these 

limitations in the design of diagnostic imaging tools to maximize the quality and fidelity 

of the data. The following sections provide a brief overview of many common diagnostic 

imaging and sensing techniques currently used in the field of ophthalmology.   

 

2.2 Confocal Scanning Laser Ophthalmoscopy (cSLO) 

The scanning laser ophthalmoscope (SLO), originally dubbed the flying spot TV 

ophthalmoscope, was a novel instrument for collecting images of the fundus presented by 
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Webb, Hughes, and Pomerantzeff in 1980(3). The system employed a laser to illuminate 

a single spot on the retina while oscillating mirrors were synchronized to quickly raster 

scan the fundus. Notably, this configuration enabled images of the retina to be collected 

at video rate while using light exposures approximately two orders of magnitude less than 

standard clinical instrumentation at the time(4). The fast acquisition was particularly 

helpful in minimizing the effects of eye motion which can induce a blur artifact in 

traditional fundus photography. The addition of a confocal pinhole to the scanning laser 

ophthalmoscope  was demonstrated in 1987 by Webb, Hughes, and Delori(5) and marked 

a significant improvement in image contrast and provided some axial sectioning 

capabilities as well. Similar to applications in conventional microscopy, the confocal 

pinhole was place in front of the detection element to reject light reflected or 

backscattered from outside the desired retinal plane. The same basic design and 

techniques are currently used in clinical confocal scanning laser ophthalmoscopes 

(cSLOs) today. Modifications to the standard cSLO configuration also permit additional 

features to be visualized non-invasively. In the following sections, I will describe a few 

of the common cSLO image acquisition modes that were used in our studies.     

 

2.2.1 Reflectance 

Monochromatic light is generally used in cSLO applications to highlight specific 

features within the eye. Near infrared (NIR) light sources are typically used for 

reflectance imaging which generates an en face view of the fundus to reveal topographic 

features in the posterior segment such as the optic disc, vessel arcades, and the nerve 
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fiber layer. The NIR wavelengths provide enhanced penetration depth in tissue and are 

much less susceptible to scattering caused by ocular opacities like cataracts.  

Wavelengths in the visible spectrum may also be used for reflectance imaging. 

Red-free reflectance is another type of cSLO imaging technique which uses an argon 

laser (~488 nm) as an illumination source. This provides additional contrast around the 

blood vessels, the retinal nerve fiber layer and the epiretinal membrane. Figure 2-1 

demonstrates a variety of fundus imaging techniques which each highlight different 

aspects of the posterior segment of the eye.   

 

 

 

 

 

 

 

 

 

2.2.2 Angiography 

Fluorescent dyes are also used to provide sufficient contrast for studying 

hemodynamics in the eye. Angiography is used clinically to detect a variety of 

complications such as occluded vessels, neovascularization, microaneurysms, and 

breakdown of the blood-retina barrier. Features including hyper- or hypo-fluorescence, 

temporal angiographic phase, and location within the eye may be used to assess vascular 

 
 

Figure 2-1. Fundus imaging in a healthy emmetrope using (A) white light fundus 

photography with a 45° FOV (B) NIR reflectance cSLO with a 30° FOV and (C) Red-

free reflectance cSLO with a 30° FOV. 
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complications and morphological perturbations in the retina and choroid. Two commonly 

used contrast agents are fluorescein and indocyanine green (ICG) which may be 

administered systemically to visualize vasculature in the retina and choroid. For 

fluorescein angiography (FA), blue-green light is used to excite the dye while a barrier 

filter allows only the emitted yellow-green fluorescent light to pass to the detector. ICG is 

a near-infrared fluorophore which is particularly adept at revealing details of the 

choroidal vessels since the longer excitation and emission (Ex: ~785 nm, Em: ~830 nm) 

wavelengths are not absorbed by the melanin in the retinal pigment epithelium (RPE). 

Fluorescein angiograms in three different species (human, rabbit, and rat) are shown in 

Figure 2-2 to highlight the orientation of the vasculature.    

 

 

2.2.3 Autofluorescence 

Fundus autofluorescence (FAF) images are routinely used to evaluate changes in 

the retina associated with aging or pathology. The FAF signal is predominantly generated 

by autofluorescent lipofuscin granules in the RPE(6). Lipofuscin accumulates in post-

mitotic cells throughout the body and originates in the RPE as a byproduct of the 

A B C 

Figure 2-2. Fluorescein angiography in (A) a human patient with multiple evanescent 

white dot syndrome (B) an albino rabbit and (C) an albino Sprague-dawley rat. 
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lysosomal degradation of photoreceptor outer segments(7). Lipofuscin granules are 

comprised of multiple fluorescent components which yield a broadband emission 

spectrum when excited with UV or short wavelength visible light. Apart from the normal 

low levels of FAF and the age-related accumulation of lipofuscin, aberrant accumulation 

of fluorescent pigments may be indicative of pathology such as AMD and fundus 

flavimaculatus (Stargardt’s Disease). (Additional information on lipofuscin and its role in 

pathology may be found in Chapter 5)  

Traditionally, the same commercial argon lasers (~488 nm) which are used to 

excite fluorescein dye for angiography are also used for FAF excitation. A barrier filter is 

used to block the short wavelength light used for excitation while the emitted fluorescent 

light (> 500 nm) is collected with a sensitive photodetector.  FAF patterns are highly 

variable and may be influenced by numerous factors but can be used as an additional tool 

to detect underlying pathology, particularly in the RPE.  Finally, near infrared light 

sources have also demonstrated unique features within the fundus when used in 

fluorescence imaging modes but the clinical applications of this technique are still being 

investigated. Multiple studies have suggested melanin may be responsible for the near 

infrared fundus autofluorescence (NIR-FAF) which may have diagnostic implications for 

diseases such as AMD which have a profound impact on the RPE(8, 9).  A comparison of 

visible features from FAF and NIR-FAF images of a patient with multiple evanescent 

white dot syndrome is shown in Figure 2-3. 
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2.3 Optical Coherence Tomography (OCT) 

 Optical coherence tomography (OCT) is an imaging modality which can generate 

high-resolution, cross-sectional views of tissue non-invasively by interpreting signals 

from backscattered light to generate an optical biopsy. The first cross-sectional OCT 

imaging in tissue was demonstrated by Huang et al. in 1991(10) and soon followed by in 

vivo imaging of the human retina two years later(11, 12). OCT signals are generated by 

dividing the incident light source into two paths known as the sample arm and the 

reference arm. When light is reflected from both paths and reaches a photodetector 

simultaneously, an interference signal is produced. The contrast in OCT images is created 

by measuring the time delay and magnitude of the interference signal of the light 

backscattered from the tissue. Spatial variations in structure, index of refraction and 

Figure 2-3. Fundus autofluorescence (FAF) imaging of outer retinal pathology 

in a 26 year old female patient with multiple evanescent white dot syndrome 

(MEWDS). (A) Traditional FAF with blue light excitation (488 nm) 

highlighting perifoveal lesions along the primary vessel arcades. (B) Near 

infrared fundus autofluorescence (NIR-FAF) revealed enhanced detail of the 

foveal granularity associated with this transient condition.  
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partial absorption enable features to be easily differentiated. This technique is analogous 

to the detection of echoes used in ultrasound imaging. 

Conventionally, OCT data is characterized based on the orientation of the scan in 

one of 3 ways (1) an A-scan is a single in-depth profile of the backscattered light depicted 

on an intensity scale (2) a B-scan is a single slice view of the tissue cross-section and (3) 

a C-scan, also known as en face, which provides a tomographic view of the tissue in the 

direction of light propagation. For retinal imaging applications, the en face view is 

equivalent to the fundus images generated with SLO but with improved axial resolution 

and reduced transverse resolution. Cross-sectional views of the tissue are generated by 

rapidly scanning the light source and mapping the intensity profile of adjacent A-scans 

which produces the B-scan view. By minimizing the spacing between B-scans, a high 

resolution optical biopsy of the tissue may be used to inspect depth resolved 

morphological features. Volumetric imaging of the human macula is shown in Figure 2-4.     

A near infrared (NIR) light source, typically a superluminescent diode (SLD) or 

swept source laser, is used to direct photons into the tissue. The axial resolution of OCT 

imaging systems corresponds to the coherence length of the source and is inversely 

proportional to the bandwidth. Therefore, broadband sources (~60-300 nm bandwidth) 

with a short coherence length are often used to achieve the highest possible axial 

resolution and discern fine structural detail. The theoretical maximum axial resolution 

can be calculated using the following formula(13): 

           (
  

  
) 

where λ and Δλ correspond to the wavelength of the source and the bandwidth, 

respectively.  
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Figure 2-4. Volumetric SD-OCT imaging data (15° x 5°) scanning along the 

Superior-Inferior meridian depicting the macula of a healthy 29 year old 

volunteer in relation to a wide field fundus reflectance image. Images acquired 

with the Heidelberg Spectralis™ HRA+OCT in high resolution mode at a scan 

rate of 20kHz with an average of 20 B-scans for each position and a distance 

of 30µm between each B-scan. 

 

B A 

Figure 2-5. Intensity v. depth profile of SD-OCT data (A) SD-OCT B-scan 

through the fovea of a healthy volunteer. (B) The intensity vs. depth plot on 

the right represents the A-scan indicated by the dashed red line. The intensity 

profile may be used to differentiate retinal layers or signs of pathology.  
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Most modern OCT systems are knows as Fourier or frequency domain, as 

opposed to the original time domain OCT systems. In Fourier domain systems, the entire 

optical echo of each A-scan is interpreted simultaneously using an optical grating and 

spectrometer which improves the acquisition speed by approximately 50 times(14). This 

reduces motion induced artifacts and permits 3-dimensional data acquisition. 

OCT has seen considerable development in the field of ophthalmology due 

largely to the amenable optical properties of the eye and the inaccessibility of the retina 

for evaluation using conventional techniques such as tissue biopsies. As shown in Figure 

2-5, the retina is a stratified tissue with distinct cellular layers that are relatively easy to 

identify. An enhanced view of the SD-OCT b-scan is with each visible layer labeled 

[(NFL) Nerve fiber layer (GCL) Ganglion cell layer (IPL) Inner plexiform layer (INL) 

Innner nuclear layer (OPL) Outer plexiform layer (ONL) Outer nuclear layer (ELM) 

External limiting membrane (IS/OS) Inner segment/outer segment junction (RPE) Retinal 

pigment epithelium] shown in Figure 2-6. The depth resolved morphological data is used 

to diagnose and monitor disease and injury in the posterior segment which may not be 

visible when viewed using superficial fundus imaging techniques. Current clinical 

instruments are capable of achieving an axial resolution of 3-7 µm and a transverse 

resolution of approximately 15 µm(14).  

The advent of new high speed scanning hardware and improved sensing elements has 

also led to the development of specialized OCT systems designed to measure blood flow, 

tissue oxygenation, and contrast-free mapping of vasculature throughout the body. 

Doppler OCT(15) and polarization-sensitive OCT(16) are two techniques which have 

demonstrated potential clinical utility with respect to retinal blood flow and 
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birefringence, respectively. The advancement of OCT technology remains an active area 

of biomedical research which includes both hardware and software based solutions for 

identifying characteristic features of normal morphology and pathology throughout the 

body. 

 

 

 

 

 

Figure 2-6. Enlarged view of an SD-OCT cross-section of the retina. (NFL) 

Nerve fiber layer (GCL) Ganglion cell layer (IPL) Inner plexiform layer (INL) 

Innner nuclear layer (OPL) Outer plexiform layer (ONL) Outer nuclear layer 

(ELM) External limiting membrane (IS/OS) Inner segment/outer segment 

junction (RPE) Retinal pigment epithelium. 
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2.4 Adaptive Optics (AO) 

Adaptive Optics (AO) is a technique originally developed for applications in 

astronomy to compensate for optical aberrations in the atmosphere but has found multiple 

applications in biotechnology in recent years. This technology was first adapted for 

ocular imaging by Liang, Miller and Williams in 1997(17) to compensate for optical 

aberrations from the ocular tissue, primarily the cornea an lens, and observe individual 

photoreceptors cells in the living eye. In 2002, Roorda et al.(18) demonstrated the first 

AO enhanced SLO instrument. Generally, the AO component of an imaging system 

consists of three primary elements (1) a deformable element, typically a 

MicroElectroMechanical Systems (MEMS) deformable mirror (2) a wavefront sensor and 

(3) feedback control system to actively communicate between the sensor and the mirror. 

A cartoon depiction of the AO components and operation is shown in Figure 2-7. 

Together, these components can measure and compensate for distortions in the wavefront 

in real time. By correcting the aberrations caused by imperfections in the ocular tissue, it 

is possible to achieve resolution approaching the diffraction limit in vivo. It is important 

to note that AO alone does not actually produce an image, but may be incorporated into 

traditional imaging modalities such as SLO, OCT or flood illuminated fundus cameras to 

enhance the resolution within the eye.  

Wavefront sensing provides the basis for AO correction necessary to achieve 

resolution approaching the diffraction limit in a living eye. The most common technique 

for measuring optical aberrations in the eye is through the use of a Shack-Hartmann 

wavefront sensor. For this type of sensor, a lenslet array is used to effectively divide the 

wavefront into small points to sample the wavefront across the pupil. The magnitude and 
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direction of the local shift in the wavefront from each lenslet position can be represented 

mathematically as(19):  

       

  
 

  

 
      

       

  
  

  

 
 

 

 

where the wavefront error, W(x,y) can be reconstructed based on the lateral shifts (Δx and 

Δy) of each focused point from the lenslet array onto the charge-coupled device (CCD) 

camera. By compensating for these changes in magnitude and direction, one can 

reconstruct an ideal plane wavefront with a specialized optical surface such as a MEMS 

Figure 2-7. Cartoon depiction of the principal components of an adaptive 

optics system used to correct optical aberrations from ocular tissue. The 

aberrations from the wavefront ware reflected back through the optical path 

where a small portion of the light (8% for the UTMB system) is diverted to the 

Shack-Hartmann wavefront sensor. The magnitude and direction of the 

distortion for each point sampled across the pupil are then relayed to the 

deformable mirror via a computer controlled feedback system. The distortions 

in wavefront error are corrected by controlling an array of independent 

actuators to alter the surface of the mirror thereby creating a plane wavefront.  
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deformable mirror. A dynamic surface is necessary since each eye has a unique set of 

aberrations and patient motion can alter the orientation of the incident light with respect 

to the pupil. AO-SLO images from healthy volunteers are shown in Figure 2-8. 

 

Imaging modalities enhanced with AO are now able to provide clinicians and 

researchers with the ability to visualize individual cells within the living retina. The 

development and refinement of processing algorithms for AO retinal imaging systems is 

an active area of research due to the wealth of information available and relative novelty 

of the technique for biomedical applications. Recent studies have also demonstrated 

applications of AO which go beyond imaging highly reflective features like the 

Figure 2-8. AO-SLO images from healthy volunteers demonstrating a 

continuous cone photoreceptor mosaic at different retinal eccentricities.  
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photoreceptors. Vascular mapping without contrast agents(20-23), fluorescence imaging 

of the RPE(24-27) and detailed analysis of the lamina cribrosa morphology(28, 29) are 

among the most promising clinical prospects in ophthalmology.  

 

2.5 Functional Imaging and Sensing 

Data obtained with the previously described imaging modalities rely 

predominantly on the morphological observations to evaluate the health of the retina. 

Visual psychophysical tests and functional sensing (visual acuity, perimetry, color vision, 

contrast sensitivity, etc.) encompass a variety of techniques designed to quantify sensory 

function and visual perception based on external stimuli. Functional measurements in the 

retina may be obtained using a variety of methods such as perimetry and 

electroretinography (ERG). Perimetry is a method used to systematically detect and 

quantify visual deficits in the peripheral regions of the retina. Microperimetry is similar 

diagnostic technique which determines the sensitivity threshold in the central visual field 

(i.e. the macula). The preferred location of fixation and stability of fixation may also be 

monitored to evaluate progressive deterioration. Microperimetry provides enhanced detail 

regarding functional deficits associated with diseases such as AMD when compared to 

traditional visual acuity measurements.  

ERG is used to measure the electrical responses from a variety of cells within the full 

field of the retina including the photoreceptors, ganglion, amacrine and bipolar cells. The 

amplitude of these signals and time course of the response may be used to identify 

regions of the retina with reduced functionality associated with underlying pathology. 

Multifocal ERG (mfERG) simultaneously measures the response from multiple locations 
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to map the function across the central 40-50° of the central visual field(30). An example 

of the topographic mapping of the retinal function in a patient with central visual deficits 

is shown in Figure 2-9. 

 

 

2.6 Multimodal Retinal Imaging 

 Each of the imaging and sensing methods described in the previous sections have 

numerous strengths and weaknesses that are dictated by the methods in which the data are 

generated. Many of the weaknesses can be mitigated by combining two or more imaging 

modalities to visualize complimentary features. For example, combining SLO and OCT 

enables detailed fundus imaging of structural details with high transverse resolution from 

the SLO channel coupled with depth-resolved morphological information from the OCT 

channel (Figure 2-10). Together, co-registered images utilizing these techniques can 

provide a more accurate assessment of retinal health than either method alone. Similarly, 

functional assessments may be improved by utilizing the high transverse resolution of 

Figure 2-9. mfERG recording from a patient demonstrating focal reductions in signal 

amplitude in the central visual field as noted in the trace array (Left) The 3-D 

topography (Center) depicting the hexagonal regions of the stimulus delivery. (Right) 

Plot of response timing.  
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fundus imaging techniques such as SLO to guide stimulus delivery and test to a specific 

Figure 2-10. Multimodal clinical imaging in a healthy patient incorporating (A) Wide 

field NIR-cSLO (B) SD-OCT cross-sectional view of the retina indicated by the green 

line in the wide field SLO image. Inset demonstrates the scale of the images acquired 

with the investigational AO-cSLO at UTMB. 
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area of interest. New imaging systems using SLO guided microperimetry offer such 

advantages. Moreover, the ability to monitor structure and function within a specified 

location over the course of time may provide valuable information regarding the 

progression of a disease or even the benefits of therapeutic intervention.    

The incorporation of AO into multimodal imaging systems represents the next 

stage in the development of high-resolution diagnostics. Multiple groups have 

successfully demonstrated the integration of AO into systems with SD-OCT and SLO(31-

34). The fidelity of functional test may also be improved with AO by utilizing the small 

field of view and cellular detail. Recently, AO-SLO guided microperimetry was 

successfully applied to measure the sensitivity of individual photoreceptor cells in 

vivo(35). The identification of clinically relevant parameters for diagnostic applications 

with these new techniques will undoubtedly improve our understanding of ocular 

pathology.  
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Chapter 3: Age-Related Macular Degeneration 

 

3.1 Introduction 

Age-related macular degeneration (AMD) is the leading cause of irreversible 

vision loss in industrialized countries and the third leading cause worldwide(36, 37). In 

the United States alone, approximately 8 million people over the age of 40 currently 

exhibit signs of AMD, and nearly 2 million have advanced AMD(38). Based on current 

projections, the number of AMD patients is expected to increase by 50% within the next 

10 years(37). This disease targets the specialized and highly sensitive area in the central 

region of the retina known as the macula. Although the macula represents a relatively 

small fraction of the entire retinal area, it is home to the vast majority of the cone 

photoreceptor cells which enable humans to distinguish color and visualize fine detail. 

AMD is subdivided into two major classes (1) exudative (wet) or (2) non-

exudative (dry). The wet form of AMD is generally considered a more severe 

manifestation of the disease due to the rapid vision loss associated with aberrant growth 

of blood vessels and vascular leakage within the macula. Over the past decade, the use of 

anti-vascular endothelial growth factor (VEGF) antibodies aptamers has become the 

standard of care for patients with wet AMD. Although this treatment does not treat the 

underlying cause of the disease, anti-VEGF therapy can help preserve visual function and 

quality of life. However, the wet form of AMD comprises only 10-15 % of all AMD 

patients. The dry form of the disease represents the remaining 85-90% of the patient 

population and is characterized by pigment abnormalities in the retina and the presence of 

extracellular deposits called drusen, which form along the basal surface of the retinal 
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pigment epithelium (RPE). To date, there are no approved treatment options available to 

reverse vision loss in dry AMD but certain vitamin supplements have been shown to help 

delay the progression of the disease(39, 40).  

As a global health epidemic, AMD also presents a major financial burden in terms 

of health care costs. According to AMD Alliance International, the global cost of visual 

impairment associated with AMD is approximately $343 billion (USD) with roughly two 

thirds attributed to direct healthcare costs(41). The prevalence of AMD combined with 

increasing life expectancy and lack of effective treatment options for the non-exudative 

form of the disease underscore the need for additional research.     

 

3.2 Epidemiology 

The etiology of AMD is complex with many intrinsic and extrinsic factors 

contributing to onset and progression of pathological degeneration in the retina. 

Numerous population-based studies have been conducted throughout the world to 

estimate the prevalence of AMD among a wide range of racial and ethnic 

backgrounds(37, 42-46). Additional studies have also described risk factors such as age, 

cigarette smoking, diet, sunlight exposure, and hypertension. Meta-analysis performed by 

Friedman et al.(37) demonstrated the prevalence of AMD increases exponentially after 

the age of 55 in the Caucasian population. This effect is somewhat reduced in other 

ethnicities, but there is still a significant increase associated with age across ethnicities.  

Smoking is the most prominent modifiable risk factor for developing AMD. In 

most studies, smoking increases the risk for developing advanced AMD by a factor of 2.5 

to 4.5 in current smokers. Although the exact reason is not known, it has been suggested 
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that smoking promotes the progression of AMD through a variety of mechanisms 

including increasing oxidative stress, reducing choroidal blood flow, and hypoxia. 

Smoking habits vary considerably, but most studies suggest that smoking cessation for an 

extended period of time can actually decrease AMD risk when compared to active 

smokers.   

Nutritional factors also play an important role in the development of AMD. Most 

epidemiological studies have focused on effects of three types of nutritional components: 

antioxidants (zinc, β-carotene, vitamin C, and vitamin E), carotenoids (lutein and 

zeaxanthin), and omega-3 polyunsaturated fatty acids. A randomized, placebo-controlled 

clinical trial demonstrated that a combination of these antioxidants can reduce the risk of 

progression from intermediate to advanced AMD by 25%(39). The antioxidants likely 

mitigate the detrimental effects of reactive oxygen species (ROS) generated as a 

byproduct of the high metabolic activity in the retina and light exposure. The carotenoids, 

collectively known as macular pigment, accumulate within the macular region of the 

retina where they act as free radical scavengers to reduce the overall oxidative stress 

burden. Additionally, macular pigment has an absorption peak at 460 nm which enables it 

to filter high-energy blue light that has been shown to induce phototoxic effects in the 

retina(47, 48). Since macular pigment is not synthesized de novo it must be acquired 

through dietary intake in foods like green leafy vegetables. Multiple studies demonstrated 

a reduced risk for AMD in patients with high plasma concentrations of carotenoids(49-

51). Omega-3 polyunsaturated fatty acids (PUFA) are another nutritional component 

which may reduce the risk of AMD via anti-inflammatory and anti-apoptotic functions. 

The long-chain omega-3 fatty acid derivative docosahexaenoic acid (DHA) is also a 
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primary component of photoreceptor cells and thereby provides a structural function as 

well(52, 53).   

Although the associations across studies are occasionally inconsistent, there has 

been agreement in most large-scale comparative studies with regards to the detrimental 

effects of smoking and a protective role of antioxidants, carotenoids, and PUFAs. 

Likewise, familial history has been one of the most consistent indications of disease risk 

replicated in multiple studies signifying a strong genetic component in the development 

of AMD. Determining the underlying genetic risk factors remains an active area of 

research, but a wide variety of genes associated with AMD have already been 

characterized.  

  

3.3 Genetics of AMD 

Although there are a multitude of environmental risk factors which can potentiate 

the development of AMD, recent work to determine genetic risk factors has revealed an 

even greater level of complexity. A number of genomic regions have been implicated in 

AMD susceptibility based on meta-analysis of genome wide association studies (GWAS). 

These AMD-associated loci include genes which function in integral biological pathways 

such as the complement pathway, oxidative stress, angiogenesis, extracellular matrix, and 

lipid metabolism. Early detection of genetic risk factors may allow early therapeutic 

intervention and lifestyle changes to minimize the influence of modifiable risk factors 

such as smoking and diet to slow the progression of the disease.     

   Identification of at risk patients may be established through genetic screening, 

and although it is not common practice yet, screening may soon provide ophthalmologists 



27 

with another tool to devise effective treatment strategies before the onset of debilitating 

central vision loss. Recent studies have begun to investigate the response of antioxidant 

supplements(54) and pharmaceutical intervention(55, 56) in patients with known genetic 

risk factors.   

 The identification of complement pathway genes associated with increased risk 

for developing AMD, particularly genes coding for complement factor H (CFH), was first 

published in a series of papers in 2005(57-60). CFH provides negative inhibition of the 

alternative pathway of the complement system(61). Common single nucleotide 

polymorphisms (SNPs) can alter the function of CFH resulting in the over-activation of 

the immune response leading to persistent inflammation in the retina and damage to 

healthy tissue. These findings provided a genetic basis to support the belief that local pro-

inflammatory events contribute to the development of AMD. Additional elements in the 

complement cascade (CFB(62), CFI(63), C2(64), and C3(65)) have also been identified 

as risk factors, although they seem to have a minor influence relative to CFH.     

The age-related maculopathy susceptibility 2 gene (ARMS2) has also been 

identified as a contributing factor to the development of AMD(66, 67), however, the 

precise role of this locus has not been determined. Recent studies have identified the 

ARMS2 protein in the outer mitochondrial membrane of photoreceptor cells, and reduced 

mitochondrial populations in the RPE cells of AMD donor eyes(68, 69). Multiple 

research groups have suggested a prominent role of mitochondrial dysfunction in the 

pathogenesis of AMD through increased oxidative stress and apoptosis(70-73) which 

may be facilitated by certain ARMS2 variants.      
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It has been estimated that approximately 55-60 % of the heritability of advanced 

AMD may be attributed to genetic loci that have already been discovered(74). It should 

be noted that although these insights offer clues into the underlying mechanisms, a 

multitude of extrinsic factors can substantially impact the development and progression 

of AMD. Moreover, these modifiable risk factors can further complicate the analysis and 

interpretation of longitudinal studies investigating potential therapies.  

 

3.4 Pathogenesis of AMD  

Each of the following topics have already been reviewed in great detail in the 

literature, however, I would like to provide a brief overview of the potential mechanisms 

responsible for AMD pathogenesis while noting how advanced imaging techniques 

continue to further our understanding of the disease in a clinical setting and in 

experimental models.  

It is generally accepted that the outer retinal complex, consisting of the 

photoreceptor cells, RPE, Bruch’s Membrane and the choriocapillaris, is the site of AMD 

pathogenesis but the specific events that trigger pathology as opposed to normal aging are 

still unknown. Many of the proposed mechanisms of AMD pathogenesis converge on the 

deleterious effects of morphological changes in the outer retina, inflammation, oxidative 

stress on the RPE, and dysfunctional regulation of lipid metabolism.  

Age-related changes in the choroid have been noted in multiple studies which 

may have implications in the development of AMD. For instance, Ramrattan et al.(75) 

used morphometric analysis to demonstrate a progressive thinning of the choroid 

whereby patients in their ninth and tenth decades exhibited a 60% decrease in total 
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choroidal thickness compared to young patients. Likewise, scanning laser Doppler 

flowmetry (SLDF) imaging demonstrated a reduction in submacular choroidal blood flow 

and volume associated with age(76) and further reductions in patients with AMD(77). 

These alterations in the choroid seen with age and AMD may contribute to the 

pathogenesis of AMD by compromising the exchange of nutrients and waste products 

with the neurosensory retina.  

Bruch’s membrane (BM) is the thin, multilayered extracellular matrix which acts 

at the interface between the retina and the choroid. Numerous age-related changes occur 

within BM which may contribute to the pathogenesis of AMD. Most notably, BM 

increases in thickness from 2 μm to approximately 4μm due to the accumulation of 

cellular debris and extracellular matrix proteins which become trapped in the inner 

collagenous layers(78, 79). This effect is more pronounced within the macular region 

which may explain the predisposition for morphological and functional perturbations in 

the central retina seen in AMD patients. Additional changes in the structural properties of 

BM caused by calcification and crosslinking of advanced glycation end products (AGEs) 

effectively impede the transport between the choroid and neural retina(80, 81).    

SD-OCT is particularly useful in determining the age-related morphological 

changes in the outer retina since these subsurface features cannot be seen with standard 

fundus imaging techniques. The decrease in choroidal thickness may be measured non-

invasively with techniques such as enhanced depth imaging OCT (EDI-OCT) to assess 

the correlation between submacular vascular alterations and changes in the neurosensory 

retina. Although the gradual thickening of BM is close to the current axial resolution 
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limits of the most advanced OCT systems, alterations in the composition of the tissue and 

the accumulation of extracellular deposits may be observed.    

The preceding alterations in outer retinal morphology associated with age likely 

contribute to the development of AMD through a complex process which includes the 

oxidative stress, inflammation, mitochondrial dysfunction, and lipid metabolism. The 

retinal pigment epithelium (RPE) is a post-mitotic monolayer of cells that supports the 

overlying photoreceptors by maintaining the blood-retinal barrier, phagocytosis of the 

photoreceptor outer segments (POS), immune regulation, secretion of cytokines, and 

regulating metabolic activity within the retina. RPE senescence is thought to contribute to 

the progression of AMD since the exposure to high levels of oxidative stress is 

cumulative within these cells. A byproduct of POS phagocytosis is the accumulation of 

the autofluorescent pigment lipofuscin which has been shown to negatively impact 

lysosome function and cholesterol metabolism(82). Inflammation associated with 

morphological changes in the tissue and the presence of extracellular debris also 

contributes to the progression of AMD. Inflammatory mediators and immune cells 

responsible for pro-inflammatory signaling have been identified at the site of 

characteristic AMD lesions(83). The two primary inflammatory pathways implicated 

AMD are the complement cascade and microglial activation. The cumulative effects of 

stressors in the outer retina are believed to elicit a low level of inflammation, dubbed 

para-inflammation. Persistent para-inflammation in response to stress from exogenous 

factors is thought to have a significant contribution to the development of AMD(84, 85).   

Fundus autofluorescence imaging (FAF) can reveal details regarding lipid 

metabolism and the lysosomal degradation of photoreceptor outer segments in the retina 



31 

based on the degree of lipofuscin autofluorescence within the RPE. Each patient exhibits 

a unique FAF pattern and the appearance of hypoautofluorescence or 

hyperautofluorescence may be used to identify regions of pathology (Figure 3-1). 

Similarly, angiography may be used to help identify changes such as voids in the RPE 

indicative of atrophy or thinning of the RPE associated with subretinal deposits.    

 

3.5 Drusen 

Vision loss associated with early and intermediate stages of dry AMD is typically 

minimal and attributed to the disruptive influence of extracellular deposits, known as 

drusen, which form along the basal surface of the RPE. Drusen represent one of the 

earliest visible biomarkers of AMD. The appearance of drusen in fundus photography 

(i.e. size, shape, location) is used as the basis for clinical diagnosis of early and 

intermediate stages of the disease. Additional imaging techniques such as SLO, FAF and 

SD-OCT may also be used to refine the characterization of drusen phenotypes. A 

summary of the AMD categories according to the Age-Related Eye Disease Study 

(AREDS) may be found in Table 3-1. Although it is widely accepted that drusen are risk 

factors associated with progression of AMD, little is known about the cause-effect 

relationships among the morphological disruption, functional loss and local inflammatory 

response as a function of disease progression.  

The presence of a few small drusen (< 63 μm) distributed sparingly throughout 

the macula is thought to be a natural byproduct of the aging process. However, the 
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Figure 3-1. Variable appearance of AMD phenotypes encompassing each clinical 

stage of disease progression visualized with FAF imaging.  
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presence of numerous drusen in the sub-RPE space has been shown to elicit a low level 

inflammatory response which may develop into a persistent state of parainflammation 

within the microenvironment surrounding drusen(86-92). It has been hypothesized that 

this chronic inflammation may trigger the progression of AMD(84, 85, 87). As AMD 

progresses, drusen often coalesce into larger deposits which disrupt the outer retinal 

morphology and impede the nutrient-waste exchange functions of the RPE and choroid. 

Pervasive drusen may ultimately lead to the advanced form of dry AMD, known as 

geographic atrophy (GA), in which the death of the RPE and photoreceptor cells in the 

macula causes severe, irreversible vision loss. A cartoon depiction of AMD progression 

in a cross-sectional view of the outer retina is shown in Figure 3-2.   

 

Table 3-1. Characterization of AMD based on the appearance of drusen using standard 

fundus photography methods. 

 

 

 

 

 

 

 

 

 

 

 

The lexicon of drusen characterization can often be confusing based on the 

periodic changes in nomenclature, but advancements in diagnostic imaging techniques 

have revealed some degree of clarity with respect to drusen phenotypes. Scanning laser 

ophthalmoscopy (SLO) and optical coherence tomography (OCT) have been particularly 

adept at discerning irregularities in the outer retina associated with AMD. Hard drusen 

Age-Related Eye Disease Study (AREDS) 

Stages of AMD(93) 

Category 

I 
No or few small drusen (<63 µm) 

Category 

II 
Intermediate drusen (<125 µm) 

Category 

III 

Extensive intermediate or 

large drusen (>125 µm) 

Category 

IV 

Neovascular AMD or  

Central Geographic Atrophy 
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are common in aged individuals and generally seen as benign, but widespread hard 

drusen (> 8) may be associated with an increased risk of developing intermediate or 

advanced AMD(94). Soft drusen are larger aggregates (> 63 µm) of extracellular debris 

associated with a higher risk of progression to late stage AMD. Basal linear deposits 

(diffuse drusen) consist of membranous material such as extracellular matrix protein 

fragments and form between the basal membrane of the RPE cells and the inner 

collagenous layers of BM(95). Basal laminar drusen (cuticular drusen) typically occur in 

middle age, are relatively benign, and exhibit a characteristic “stars-in-the-sky” pattern 

during angiography. Reticular pseudodrusen (subretinal drusenoid deposits) are located 

between the RPE and inner segment/outer segment junction (IS/OS) of the 

photoreceptors(96). Reticular pseudodrusen are easy to discriminate on SD-OCT scans 

based on the location within the retina and were recently associated with a significant risk 

of developing late AMD(97).  

Multiple classification systems have been developed over the past 30 years(98-

100), but the Age-Related Eye Disease Study (AREDS) criteria are most commonly used 

clinically due to the broad applicability and simplicity of the grading scale(93). 

Generally, the severity scales use a combination of innate features that can be easily 

detected during a routine clinical examination. A concerted effort to standardize 

diagnostic criteria and reporting of AMD patients based on well-defined metrics was one 

of the primary objectives of the AREDS. The AREDS classification system relies on 

extensive clinical data which was used to develop a predictive model for the development 

of advanced AMD, either neovascular or geographic atrophy, based on observed risk 

factors. It remains to be seen whether specific genotypes actually correspond with distinct 
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phenotypes but high resolution imaging systems and large catalogues of imaging data 

from AMD patients would certainly facilitate such investigations.      

The composition of drusen has revealed a multitude of constituents including 

trace elements (Ca, Fe, Zn)(101), nearly 150 proteins(102), and lipids(91, 103). The 

majority of these components are synthesized by the RPE, neural retinal cells, and 

choroidal cells. The largest component of drusen is lipid, primarily in the forms of 

esterified cholesterol, unesterified cholesterol and phosphatidylcholine(104). Prominent 

proteins include vitronectin, crystallins, apolipoprotein B, apolipoprotein E, clusterin, 

amyloid P, and multiple components of the complement complex(105).  Many of the 

genes already identified as risk factors play a significant part in the regulation of 

inflammatory and metabolic pathways associated with the aforementioned proteins found 

in drusen. 

 

3.6 Geographic Atrophy (GA) 

 The most advanced form of non-exudative AMD is geographic atrophy (GA) in 

which the loss RPE and photoreceptor cells results in extensive central visual deficits. 

GA accounts for approximately 20% of the legal blindness associated with AMD 

patients(106, 107). Abnormal RPE cells are the hallmark of GA and manifest as a variety 

of morphological alterations in the outer retinal complex such as atrophy, hypertrophy, 

hyperpigmentation, hypopigmentation, and cell migration(108) (Figure 3-3). Atrophic 

regions continue to enlarge over time but rates of progression vary greatly from patient to 

patient(109-112). GA has a distinct appearance on FAF which may be used to monitor 

the progression of atrophy. Regions within GA appear dark on FAF due to the lack 
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of viable RPE cells and lipofuscin; however, the marginal zones of GA appear hyper- 

Figure 3-2. Cartoon depiction of the outer retinal cross-section at each stage of AMD 

progression (A) Healthy retina exhibiting a uniform photoreceptor mosaic (B) Early 

signs of AMD represented by small focal drusen in the sub-RPE space causing 

minimal disruption of the overlying photoreceptor cells. (C) Intermediate AMD with 

larger confluent drusen and more extensive loss of photoreceptor cells. (D) Advanced 

AMD exhibiting extensive central geographic atrophy of the RPE cells and choroidal 

neovascularization. (Modified from Boretsky et al. 2012)  
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autofluorescent from the release of lipofuscin granules during phagocytosis and possibly 

RPE hypertrophy(90, 113-115). A regression of drusen may also be observed since the 

presumed origins of the extracellular debris, the RPE and photoreceptor cells, 

have little or no metabolic activity at this stage of the disease.   

 

 

 The appearance of GA on SD-OCT cross-sections provides additional information 

and insight into the morphology of advanced AMD. The absence of melanin from the 

RPE reduces absorption and scattering of the incident light resulting in increased 

penetration depth in the ocular tissue. This effect can been useful in determining the 

boundaries of atrophic lesions. Similarly, the regression of drusen, degeneration of 

Figure 3-3. Variable patterns of geographic atrophy in 5 patients with advanced AMD 

viewed using NIR-reflectance cSLO.  
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photoreceptor outer segments, Bruch’s membrane thickening and choroidal thinning may 

also be measured. Multimodal imaging of a patient exhibiting GA is shown in Figure 3-4.   

  

3.7 Choroidal Neovascularization (CNV) 

The aberrant growth of blood vessels from the choroid into the retinal space is the 

alternative form of advanced AMD known as choroidal neovascularization (CNV). The 

vascular leakage, bleeding and scarring within the macula often lead to visual field 

defects, visual distortion, and decreased visual acuity. Fluorescein angiography (FA) may 

be used to visualize retinal circulation and reveal anatomical changes associated with the 

growth of new vessels. A breakdown of the blood ocular barrier results in leakage of 

fluorescent dye into the retinal space. In some cases, CNV can also result in subretinal 

Figure 3-4.  Multimodal imaging of a patient with extensive geographic atrophy throughout 

the macula. (A) NIR-reflectance image of the fundus (B) FAF image (C) White light fundus 

photograph (D) high resolution AO-SLO mosaic of the atrophic lesions representing the 

yellow box from panel A (E) SD-OCT cross-section indicated by the green line in panel A. 

Horizontal red lines denote enhanced light penetration into the choroid due to the absence of 

scattering and absorption from melanin in the RPE. Corresponding intensity profile in depth 

indicated by the dashed blue line in the SD-OCT scan.  
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hemorrhaging, macular edema or pigment epithelial detachment which may be observed 

in SD-OCT cross-sectional images.    

In contrast to GA, a greater understanding of pathogenesis associated with CNV 

has led to the development of multiple therapies targeting the leaky vascular growth. The 

most commonly used agents are anti- vascular endothelial growth factor (VEGF) drugs 

which are administered via intravitreal injections. Although this approach does not treat 

the underlying cause of the disease, anti-VEGF therapies have been very effective in 

preserving visual function when administered regularly.    

 

3.8 Treatment Strategies and Therapeutic Targets 

Various therapeutic targets have been identified based on proposed mechanisms 

of pathogenesis associated with the development of non-exudative AMD. There are 

numerous clinical trials underway to test candidate molecules and intervention 

strategies(116). Disparate approaches including RPE stem cell transplants(117), anti-

amyloid therapy(118), anti-complement therapy(119), and rheopheresis(120) have all 

been proposed. The variability in the design of appropriate treatment strategies has a 

great deal to do with the complexity of the disease and our limited understanding of the 

pathogenesis of AMD. Currently, vitamin supplementation is the only proven treatment 

option to delay the progression of dry AMD. Many of these trials have already 

demonstrated some degree of success. However, all of these approaches would benefit 

from a highly sensitive, objective, non-invasive and reproducible method to assess long-

term patient outcomes and identify the most suitable treatment regimen.    
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Chapter 4: Small Animal Retinal Imaging of Injury and Disease 

4.1 Introduction 

The use of modified clinical instrumentation has become an increasingly popular 

method of studying the influence of progressive diseases in small animal models. The 

truncated timetable in which disease and injury may be evaluated enables investigators to 

quickly ascertain key elements in pathological development. The development of 

transgenic animals also provides an opportunity to investigate specific molecules and 

genes thought to play a role in human disease.  

Non-invasive imaging of the rodent eye provides the opportunity to investigate 

many of the spatial and temporal changes in retinal morphology associated with 

pathology. Moreover, modern imaging systems have demonstrated capabilities which 

yield comparable data to traditional techniques such as histology(121-123). A recent 

comparison of high-resolution spectral domain optical coherence tomography (SD-OCT) 

data with histology in multiple murine models of retinal degeneration demonstrated a 

strong correlation (r
2
 = 0.897) between the central retinal thickness measurements using 

both methods(124). Similarly, changes in retinal morphology have been documented 

using non-invasive imaging techniques in a variety of disease models such as diabetic 

retinopathy(125-129), glaucoma(130-132), and AMD(133-139).  

As discussed in the previous chapter, AMD is a multifaceted disease with 

multiple environmental and genetic risk factors. The investigation of numerous animal 

models has greatly enhanced our understating of fundamental processes involved in the 

pathogenesis of AMD. However, no single model has been able to encompass the breadth 
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of AMD phenotypes and account for myriad causative factors which potentiate the 

disease. As a result, dozens of transgenic mouse models have been created to study 

changes in retinal ultrastructure and molecules involved in key inflammatory pathways 

and regulatory processes(135, 138, 140-142). Additionally, inducible models of AMD-

like pathology have been used to reproduce specific characteristics of the disease. This 

chapter is not intended to be a review of every model of AMD, but designed to provide a 

brief introduction to many of the common themes in the design of these experimental 

models and provide a comparison between the murine retina and the primate retina.  

 

4.2 - Anatomy of the Rodent Eye vs. Primate Eye  

Despite the similarities between the rodent retina and human retina, there are 

notable differences in ocular anatomy which must be taken into consideration. A 

comparison of ocular anatomy among humans, rats and mice is summarized in Table 4-1. 

First, the rodent lacks a true macula which makes investigating the molecular 

mechanisms and innate features of AMD particularly problematic. This region of the 

retina is heavily populated with cone photoreceptors in primates which enables sharp 

central visual perception. The rodent eye lacks this cone-dense region and consequently 

has a much lower cone-to-rod ratio of photoreceptors when compared to primates. The 

mean cone density in the rodent retina is similar to the primate retina at approximately 3-

4 mm eccentricity from the fovea(138). Therefore, any analysis of photoreceptor 

topography would need to account for these differences. Figure 4-1 provides a 

comparison of fundus images acquired using near infrared confocal scanning laser 
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ophthalmoscopy (SLO) and color fundus photography in a healthy human volunteer and a 

wild type C57BL/6 mouse.  

The anterior segment of the rodent eye is considerably different than the primate. 

The crystalline lens of the rodent eye occupies a much larger percentage of the total 

ocular volume and the radius of the corneal curvature is considerably less. As a result, the 

optical power of the rodent eye is much greater than that of the human eye. Mouse, rat, 

and human eyes have optical powers of 560 diopters(143), 300 diopters(144) and 60 

diopters(145), respectively. These differences in the optical properties result in a higher 

numerical aperture (NA) in the rodent eye. The mouse has a NA of approximately 0.49 

with a 2 mm pupil diameter versus a NA of approximately 0.18 for a 6 mm pupil 

diameter in humans(146). Theoretically, the resolving power should be greater in the 

rodent eye yielding a diffraction-limited transverse resolution of 0.7 μm versus 1.4 μm in 

the human eye(147).    

Table 4-1. Comparison of Ocular Anatomy 

 Axial 

Length 

[mm] 

Subtense 

[µm/degree] 

Retinal Area 

[mm
2
] 

Retinal Arc  

[mm] 

Cone:Rod  

Ratio 

Aqueous 

Volume 

[µL] 

Vitreous 

Volume 

[mL] 

Human 24 290 1024 51 1:18 260 5.2 

Mouse 3.37 31 15.6 4.9 1:36 4.4 0.005 

Rat 6.3 59 52 10.6 - 13.6 0.05 

 

Although there are anatomical differences, mice remain the most commonly used 

experimental models of AMD for numerous reasons. First and foremost, the presumed 

origin of AMD pathogenesis is the basal surface of the retinal pigment epithelium (RPE) 
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where the retina is separated from the choroidal circulation by Bruch’s membrane (BM). 

The interface between the RPE and BM is evolutionarily conserved in mammals and 

serves the same role in supporting retinal homeostasis through nutrient and waste 

exchange to support the visual cycle. Figure 4-2 depicts fundus reflectance images and 

spectral domain optical coherence tomography (SD-OCT) cross-sectional views of the 

human and mouse eye. It is important to note that the layered organization of the retinal 

Figure 4-1. Comparison of the (A) Human fundus and (B) Mouse fundus images 

acquired using the Spectralis HRA. Both cSLO reflectance images represent a 30° 

field of view in the respective species. (C, D) White light fundus photography of a 

healthy human and a wild type C57BL/6 pigmented mouse. Scale bars = 200 µm.  
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cells and total thickness of the retina is similar in both species despite the difference in 

total size of the eye. 

 The genetic factors described in the previous chapter, which contribute to the 

development and progression of AMD, are difficult to replicate in rodent models. This is 

often due to the single nucleotide polymorphisms (SNPs) associated with human disease. 

SNPs generally influence the functionality of a gene but do not necessarily ablate the 

function altogether. Therefore, knockout animal models may not accurately mimic the 

entire disease progression. Likewise, the impact of environmental factors on genetically 

modified mice is often difficult to interpret. Many research groups are now trying to 

characterize the influence of factors such as diet(139), light exposure(134), and 

Figure 4-2. Multimodal imaging through the human macula and central retina of a 

C57Bl/6 mouse. Simultaneous near infrared reflectance scanning laser 

ophthalmoscopy (SLO) and spectral domain optical coherence tomography (SD-OCT) 

in a (Top) Healthy volunteer and (Bottom) C57BL/6 mouse. Both images represent a 

30° field of view and a single cross-sectionals scan through the retina.  
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smoking(148) in small animal models. The investigation of extrinsic factors on specific 

molecules implicated in AMD may provide additional insight into the role of modifiable 

risks associated with pathogenesis.   

 

 4.3 - Common Models of Dry AMD 

 A multitude of rodent models have been developed which mimic symptomatic 

features of AMD which include heightened accumulation of autofluorescence, reduced 

visual function, focal retinal lesions, formation of outer retinal deposits, and 

photoreceptor degeneration(135). Transgenic animals with alterations in the physiology 

of the RPE and photoreceptors have been shown to develop many of the morphological 

changes observed clinically in AMD patients. The Abcr-/- (149), ELOVL4(150), and 

Ctsd
mcd/mcd (137) 

transgenic mice all exhibit accelerated accumulation of A2E and 

lipofuscin in the RPE and extracellular deposits due to impaired phagocytosis of 

photoreceptor outer segments. The presence of these features is not only an indication of 

pathology but is also suspected in promoting the progression of AMD to advanced stages 

where patients may experience permanent debilitating vision loss.      

 The suspected role of inflammation in AMD is largely based on the presence of 

inflammatory mediators in drusen, particularly components related to oxidative stress and 

the complement system(105, 151). Therefore, many research groups have targeted 

specific components of these inflammatory pathways. One popular model demonstrating 

both wet and dry AMD phenotypes was reported by Ambati et al. using senescent mice 

deficient in either Ccl-2 or Ccr-2(152). This model suggests a possible role of 
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macrophage dysfunction and damage induced by host inflammatory cells. However, a 

link between either Ccl-2 or Ccr-2 has not been established as a causative factor in 

patients with AMD. Similarly, Malek et al. developed a dry AMD mouse model with an 

isoform of apolipoprotein E which is a genetic risk factor for AMD. Interestingly, the 

mice only developed the AMD phenotype using a combination of the genetic variant, 

advanced age and a high fat diet(153). This model highlights the complexity and 

multifaceted nature of AMD.    

 Oxidative damage is another key component in AMD which has prompted the 

development of small animal models. Deficiency in Cu,Zn-superoxide dismutase (Sod1) 

in mice led to the accumulation of drusen-like deposits and neovascularization(154) and 

modifications to Sod2 in mice produced progressive degeneration of the RPE, 

photoreceptors and thickening of Bruch’s membrane(136). Once again, many of the 

hallmarks of AMD were demonstrated in a mouse model but the genes modified in these 

mice have not been associated with AMD in patients. Similarly, a recently characterized 

transgenic mouse deficient of nuclear factor erythroid 2-related factor 2 (Nrf2-/-) 

exhibited retinal pathology such as drusen-like deposits, accelerated lipofuscin 

accumulation, spontaneous choroidal neovascularization, and inflammatory proteins in 

the sub-RPE space(133). The NRF2 transcription factor is integral in retinal antioxidant 

response and autophagy. This model provided evidence of a link between autophagy and 

oxidative stress in the pathogenesis of AMD.  

Inducible models of retinal degeneration are alternative methods used to examine features 

of AMD, particularly the loss of photoreceptor cells and atrophy of the RPE. Laser injury 

is commonly used to induce choroidal neovascularization (CNV) as a model of wet AMD 
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in small animals. Additional light-induced retinal degeneration models have also been 

used to investigate the loss of photoreceptor cells and atrophy of the RPE. This may be 

achieved through the use of low dose broadband exposures to cause widespread 

photochemical damage(155, 156) or targeted low dose photothermal laser exposures 

which cause outer retinal damage without eliciting new vessel growth(157-161). These 

light-induced retinal degeneration models share some of the morphological alterations 

observed in AMD but the mechanisms of damage and time course are substantially 

different (Figure 4-3). Similarly, chemically induced methods of retinal degeneration, 

such as systemic administration of sodium iodate (NaIO3)(162, 163), have demonstrated 

AMD-like characteristics in the RPE and neurosensory retina.   

Figure 4-3. Laser induced retinal degeneration in a wild type C57BL/6 mouse. (A) 

Fluorescein angiography of the mouse retinal vasculature with amorphous 

fluorescence indicating regions of compromised RPE continuity from focal 

photothermal laser exposure. The green line indicates the SD-OCT scan (B) SD-

OCT cross section through the center of the laser lesion. The dashed lines indicate 

the lesion boundaries while the arrow shows an adjacent area exhibiting intact retinal 

structure including continuity of the RPE and inner segment/ outer segment junction 

(IS/OS). 
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In addition to manipulating gene function in mice, the incorporation of fluorescent 

reporter molecules such as enhanced green fluorescent protein (eGFP) may be used to 

label molecules or cells of interest. These endogenous probes can be encoded in the 

rodent genome at a specified locus to act as a biomarker for molecular activation or 

upregulation. A number of imaging techniques may be used to visualize the spatial and 

temporal distribution of fluorescently labeled molecules to determine the influence on 

pathology. Advanced imaging systems now permit in vivo molecular imaging via 

endogenous fluorescent reporters in transgenic animals(161, 164-166) or functionalized 

molecular probes such as quantum dots(167, 168).  

Larger animals have also been used to study AMD. Obviously, non-human 

primates provide the closest approximation of the human eye since they are similar in 

size and have a macula, but the high cost of maintaining an aged colony is prohibitive in 

most cases. Likewise, pigs and rabbits have been used due to the similarity in the size of 

the eye but significant differences in the rabbit vasculature and slow disease development 

in pigs limit the research and development applications. The cost associated with housing 

and caring for these animals typically precludes large scale studies. The study of 

experimental models of AMD has greatly improved our knowledge of basic 

pathophysiology and led to many new developments and breakthroughs. However, the 

abundance of animal models and experimental systems underscores complexity of AMD 

and the difficulty encompassing all of the contributing factors.     

In conclusion, the use of retinal imaging techniques has broad implications for 

investigations of small animal models of injury and disease. The large number of small 

animal models currently being studied as well as novel models yet to be developed would 
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greatly benefit from non-invasive methods of evaluating complex and dynamic processes 

within the living eye. Current instrumentation has already demonstrated exceptional 

capabilities in visualizing microscopic features within the rodent eye after minor 

modifications to compensate for differences in ocular optics.   
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Chapter 5: Quantitative Fundus Autofluorescence Imaging in a Rodent 

Model of Retinal Injury 

 

Fundus autofluorescence (FAF) is a non-invasive technique that is able to 

generate contrast in retinal images based on the properties of endogenous fluorescent 

pigments within the eye. These fluorophores can be sensitive indicators of injury and 

disease within specific cellular layers of the retina. As a result, FAF has become a fixture 

in clinical examinations to help diagnose a wide range of pathological conditions. The 

distribution of endogenous fluorophores provides insight into the development of 

diseases such as age-related macular degeneration and may be used to monitor rates of 

progression. The majority of the autofluorescence signal in the retina originates within 

the retinal pigment epithelium (RPE) through the excitation of the fluorophore lipofuscin.  

Excitation of retinal lipofuscin with visible light often reveals features which cannot be 

observed using fundus photography or near-infrared reflectance (NIR) imaging 

techniques. In the present study, we used a novel dual-wavelength (λ) FAF technique to 

assess retinal tissue following light-induced injury to the RPE and photoreceptors in a 

brown Norway rat model. The implications for this study are varied but include the 

demonstration of a sensitive diagnostic imaging application, furthering our understating 

of light-induced damage in the retina, and introducing an aged rodent model to study 

characteristics of AMD.      

The majority of the data presented in this chapter was published in the peer-

reviewed journal Investigational Ophthalmology and Visual Science: 

Boretsky A, Motamedi M, Bell B, van Kuijk F. Quantitative Evaluation of Retinal Response to Laser 

Photocoagulation Using Dual-Wavelength Fundus Autofluorescence Imaging in a Small Animal 

Model. Invest Ophthalmol Vis Sci. 2011 Aug 9; 52(9):6300-7. 
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5.1 Introduction 

 The widespread use of lasers in both therapeutic and diagnostic applications in the 

field of ophthalmology has prompted substantial interest in characterizing damage 

mechanisms and identifying biomarkers of injury and disease in the eye. A variety of 

light sources may be used to identify characteristic features within the retina. Many of 

these techniques were reviewed briefly in Chapter 2 of this dissertation. However, certain 

wavelengths and intensities can induce phototoxic effects. Light-induced injury is divided 

into three regimes (1) photothermal, (2) photochemical, and (3) photomechanical(169). 

The distinctions are made based on the exposure parameters which include wavelength, 

exposure area, power, and duration. Certain ocular diseases such as age-related macular 

degeneration (AMD) and diabetic retinopathy can benefit from photocoagulation 

(photothermal exposures) to prevent vascular leakage or reduce excessive oxidative 

stress. Similarly, photodynamic therapy (PDT) may be used to prevent vascular leakage 

by targeting the affected area with the use of light activated chemicals which are 

administered systemically. The frequency, and often necessity, of the use of lasers and 

intense light sources in eye warrants a thorough evaluation of phototoxicity.  

A number of studies have investigated light-induced retinal injury in small animal 

models using techniques such as fluorescein angiography (FA), near infrared reflectance 

(NIR), and white light fundoscopy(170-175). Histology(158, 176-181) and 

electroretinography (ERG) (159, 182) have also been used to assess the structural and 

functional impact of light-induced retinal damage. Visible perturbations in retinal 

morphology associated with photothermal injury are often viewed using white light 

fundoscopy. The gross morphological changes observed are the result of a local increase 
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in the temperature of the RPE by at least 10°C which causes protein denaturation(183). 

Thermal diffusion of the laser energy can also lead to the death of neighboring cells in the 

RPE and the neural retina. Higher powered laser exposures are even capable of rupturing 

Bruch’s membrane (BM) which may lead to choroidal neovascularization (CNV).  

The dual-wavelength FAF technique used to investigate retinal damage in the 

present study was originally developed to quantify macular pigment optical density 

(MPOD)(184). This technique may also be used to visualize native contrast generated by 

the accumulation autofluorescent pigment lipofuscin within the RPE cells. Similar studies 

have already demonstrated applications of FAF with a single excitation wavelength to 

measure the effects of photochemical damage in the retina(24, 25). The heightened 

sensitivity and quantifiable parameters of the customized dual-wavelength FAF imaging 

system are uniquely capable of monitoring subtle changes in the rodent retina following 

photothermal injury.           

5.1.1 Lipofuscin  

Lipofuscin is an aggregate of cellular debris which accumulates in metabolically 

active, post-mitotic cells throughout the body(185, 186). Within the retina, lipofuscin is 

generated primarily through the continual breakdown and regeneration of photoreceptor 

outer segments (POS). With age, this process of recycling POS via lysosomal degradation 

becomes increasingly inefficient(82). As a result, lipofuscin granules accumulate within 

the lysosomal compartments of the RPE cells. This accumulation of lipofuscin within the 

RPE cells can be observed as an increase in FAF in the living eye(6, 7, 114, 187). 

Lipofuscin granules are approximately 1 µm in diameter and localize near the basal 

surface of the RPE cells(7, 188). According to one study, progressive lipofuscin 
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accumulation can account for approximately 20% of the total cytoplasmic volume of RPE 

cells by age 80(186).    

 Although numerous groups have investigated characteristics of lipofuscin, there 

are many unanswered questions regarding its role in ocular pathology(189, 190). This can 

be partially attributed to the multitude of components, difficulty in extraction of pure 

lipofuscin and oxidative modifications of extracted proteins(191). However, recent 

proteomic analysis of purified lipofuscin granules found minimal protein indicating that 

the phototoxic substances in lipofuscin are the bisretinoids and lipids(192).  

 Multiple fluorophores have been identified in RPE lipofuscin. The most 

prominent lipofuscin fluorophore implicated in retinal damage and degeneration is the 

bis-retinoid N-retinylidene-N-retinylethanolamine (A2E). A2E is present in the POS and 

in the RPE as a by-product of the retinoid cycle which is used to regenerate the pigments 

necessary for transduction of visual signals. The central region of the eye seems 

particularly susceptible to deleterious effects of A2E due to the high density of 

photoreceptor cells and exposure to short wavelength visible light. Blue light has been 

shown to photoactivate A2E resulting in the production of singlet oxygen molecules 

which can stimulate apoptosis in the RPE(193-196). Additional in vitro studies 

demonstrated complement activation in the presence of A2E(197, 198) and perturbations 

in cholesterol metabolism even in the absence of photoactivation(199). This evidence 

implicates lipofuscin in the progression of AMD and suggests that lipofuscin levels may 

be used as a biomarker for the disease.  

Lipofuscin emits a characteristic broadband autofluorescence signature from 500 

to 800 nm with peak excitation of the fluorophores occurring between 480 and 520 
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nm(200). Numerous diseases exhibit detectable changes in FAF patterns or intensity as a 

function of progression. Among the most common are AMD(109, 113-115, 189, 201-

203), fundus flavamaculatus (Stargardt’s disease)(204, 205), and vitelliform macular 

dystrophy (Best disease)(206). The development of reliable and sensitive means of 

assessing FAF quantitatively would likely benefit patients with the aforementioned 

diseases. In this study, we demonstrated the value of quantitative dual-wavelength fundus 

autofluorescence imaging in the detection and monitoring of photothermal retinal injury.  

 

5.2 Methods 

All experimental procedures were approved by the Institutional Animal Care and 

Use Committee at the University of Texas Medical Branch and complied with the ARVO 

Statement for the Use of Animals in Ophthalmic and Vision Research. 

5.2.1 Animal Model:  

Brown Norway rats (Charles River Laboratories) at least 9 months of age were 

used in this study. Aged rats were necessary because they exhibited sufficient 

autofluorescence signal from the accumulation of lipofuscin in the RPE. Likewise, 

pigmented animals were necessary to limit the amount of backscattered light from the 

choroid and provide sufficient contrast for imaging the FAF. Animals exhibiting visible 

retinal defects or opacity of the lens and cornea were excluded from the study. All 

animals were housed under standard conditions with a 12-hour light/ 12-hour dark cycle. 

Prior to imaging, animals were anesthetized with isofluorane (1 - 2 %) and pupils were 

dilated with tropicamide (1%). Corneal hydration was maintained during image 

acquisition by regularly applying 0.5% hypromellose lubricating eye drops (Alcon 
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Laboratories) every 2-3 minutes. An adjustable, heated platform was used to position the 

animals for imaging and photocoagulation.  

5.2.2 Photothermal Laser Exposure and White Light Fundoscopy: 

An argon laser (Ultima 2000, 514 nm; Coherent, Santa Clara, CA) was integrated 

into a slit lamp (Zeiss 30 SL-M) to deliver laser radiation at specified locations within the 

retina. Pre-exposure images were acquired to perform a before and after evaluation of the 

fundus and establish the minimal visible lesion (MVL) threshold criteria for our 

experimental model. A MVL was defined as the lowest exposure inducing a visible 

blanching of the retinal tissue under white light fundoscopy. Funduscopic evaluations 

were performed within 30 minutes of laser exposure. White light fundoscopy was 

performed via digital photography by mounting a digital-SLR camera (Nikon D70s, 

Nikon Inc., Melville, NY) onto the slit lamp. A fixed exposure time (0.1 seconds), spot 

size (0.1 mm), and wavelength (514 nm) were used in all experiments.  

A specialized 5.4 mm fundus laser lens (Ocular Instruments; Bellevue, WA) was 

used for all exposures to accommodate for the corneal curvature and higher optical power 

of the rat eye. A 2.5 % hypromellose gel (Gonak
™

, Akorn, Inc., Lake Forest, IL) was 

applied prior to placing the lens to provide better optical coupling and prevent 

dehydration of the cornea. An aiming beam was used to specify the retinal location for 

photothermal lesion placement. Particular care was taken to avoid damage to the large 

blood vessels radiating from the optic disc. Likewise, we did not exceed 50% of the 

energy required to induce CNV in the rat as demonstrated by Dobi et al. (207) and Frank 

et al. (208) to avoid unintentionally promoting new vessel growth from the choroid.  
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A total of 21 aged brown Norway rats were used to investigate changes in retinal 

autofluorescence associated with photothermal laser exposure for up to 6 months. The 

animals were divided into 4 groups. Group 1 (n = 6, 12 eyes) was used for dosimetry to 

determine the minimal visible lesion (MVL) criteria and establish subthreshold, threshold 

and suprathreshold conditions for the laser exposures. Group 2 (n = 3) received multiple 

exposures at 8, 13.5, 16, and 22 mW to encompass the subthreshold, threshold and 

suprathreshold categories. Group 3 (n = 6) received multiple exposures at 16 and 22 mW 

to investigate threshold and suprathreshold response in each rat. Finally, Group 4 (n = 6) 

received multiple exposures at 20 and 22 mW to determine the difference in response 

between two suprathreshold exposures and assess the sensitivity of the dual wavelength 

FAF ratio analysis.  The experimental setup (Figure 5-1) allowed color fundus 

photography and FAF images to be acquired in rapid succession to minimize temporal 

effects.  

5.2.3 Dosimetry: 

A range of exposure powers from 5 mW to 22 mW were used to determine 

threshold limits of MVLs in our rat model. This range was selected to compare threshold 

values in our rat model with previously published data in additional rodent strains(158, 

159, 171, 177, 209, 210), non-human primates(170, 176, 211), and cell culture models 

(178, 183, 212-214). Six rats (12 eyes) were used to perform the dosimetry experiments. 

Multiple lesions at each exposure power were evaluated in at least 3 rats to assess inter-

subject variability and intra-subject variability due to spatial irregularities in pigment 

density and absorption of the laser energy.    
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5.2.4 Dual Wavelength FAF Imaging  

 A modified confocal scanning laser ophthalmoscope (cSLO) was used to acquire 

FAF images of the brown Norway rat. Two independent argon lasers were used as 

excitation sources at 488 nm and 514 nm. A barrier filter at 520 nm was used to block the 

excitation wavelengths and allow only the emitted autofluorescence (~520 – 800 nm) to 

reach the detector. The emitted autofluorescence can be represented mathematically using 

the following equation: 

       ∫                          
   

     

         

  

  F(Λ) denotes the emitted fluorescence that reaches the detector ,      is the intensity of 

the excitation source at a particular wavelength Λ. The terms 10
-D(Λ)

 and 10
-D(λ)

 denote the 

absorption of the excitation wavelength Λ and emitted autofluorescence wavelengths λ, 

respectively.   

Dual-λ confocal 

SLO with 

custom 

analytical 

software 

Slit lamp with 

custom integrated 

argon laser delivery 

system 

Adjustable, heated 

platform featuring an 

articulating fundus 

laser lens mount for 

white light rodent 

imaging and 

photocoagulation. 

Figure 5-1. Laboratory setup for dual wavelength fundus autofluorescence imaging, 

white light fundus photography and photothermal laser delivery. 
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5.2.5 Image Acquisition Procedure: 

Dual wavelength FAF images were collected using a modified Heidelberg Retinal 

Angiogram (Heidelberg Engineering, Heidelberg, Germany) confocal scanning laser 

ophthalmoscope (cSLO). Endogenous retinal fluorophores were excited using 

independent argon lasers operating at 488 nm and 514 nm. A 30° x 30° field of view 

(FOV) was used for sequential image acquisition. All images were acquired in the high-

resolution mode (512 x 512 pixels) and the detector sensitivity was maintained at a fixed 

value.  A sequential imaging protocol was used to collect 16 frames at each wavelength 

in less than 3 seconds to minimize the impact of involuntary eye movement in the 

anesthetized rats. Individual, non-normalized frames were registered based on 

morphometric features and averaged to improve overall signal to noise ratio. The 

hardware configuration and analytical software package was originally developed by 

Heidelberg Engineering to measure MPOD. However, rodents lack the equivalent of a 

primate macula so the instrument was used to investigate the distribution of lipofuscin 

autofluorescence and monitor localized changes in FAF following photothermal injury. 

An example of dual-λ FAF imaging in the rat retina following photothermal laser 

exposure is shown in Figure 5-2. 

Radiant exposure values were calculated for each imaging modality using typical 

image acquisition parameters. A retinal subtense value of 59 micrometers per degree, 

based on the Hughes schematic eye for the rat(144), was used to determine the scaling for 

radiant exposure calculations over the 30° x 30° field of view. A summary of the light 

exposure parameters used during image acquisition may be found in Table 5-1.  
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 5.2.6 Dual-Wavelength FAF Measurements 

 Lipofuscin autofluorescence was calculated by measuring the difference in optical 

density for each excitation wavelength (488 nm and 514 nm). Fixed extinction 

coefficients were used for each source based on the original configuration and calibration 

performed by Heidelberg Engineering. The difference in the emission profiles of the 

lipofuscin in the RPE based on the excitation source provided the foundation of the 

ratiometric measurements. The ratios of the optical densities within each region of 

Figure 5-2. Image acquisition for lipofuscin density measurements based on ratio-

metric analysis of dual wavelength fluorescence excitation. (A) 30° FOV 

autofluorescence image of the rat retina using a 488 nm source for excitation (B) 30° 

FOV autofluorescence image of the rat retina using a 514 nm source for excitation (C) 

Optical density map of the retina (D) Lipofuscin density map based on ratiometric 

analysis of the FAF images acquired at each wavelength. (E) Analysis of the 

lipofuscin distribution using the custom software developed by Heidelberg 

Engineering.   
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interest (ROI) were normalized to the baseline dual-wavelength autofluorescence ratio 

measured prior to exposure. This enabled multiple rats to be grouped and observe trends 

in the FAF profile with respect to time. Variability in retinal illumination due to pupil 

size and orientation of the optical axis were negated by using the ratiometric 

measurements. Therefore, only the changes in the FAF pattern associated with laser-

induced damage to the retina were measured. 

 

Table 5-1. Light Exposure Parameters Used During Image Acquisition 

 

 

 

 

 

 

 

 

 

5.2.7 Fluorescein Angiography 

 Fluorescein angiography (FA) was performed following the FAF imaging 

procedure in the group of animals used in the dosimetry experiments. A 1% solution of 

fluorescein sodium (Akorn, Inc., Lake Forest, IL) was administered via intraperitoneal 

(IP) injection following laser exposure, at 24 hours, 1 week and 2 weeks.  

 

5.3 Results  

5.3.1 Dosimetry 

Laser dosimetry was performed to establish the minimal visible lesion (MVL) 

threshold criteria in the aged brown Norway rat model. Figure 5-3 depicts a range of 

Light Source 
Wavelength 

(nm) 

Output Power 

(µW) 

Radiant Exposure* 

(J/cm
2
) 

Diode Laser 830 60 0.11 

Argon Laser 514 290 0.03 

Argon Laser 488 300 0.03 

*An exposure duration of 60 seconds (typical) was assumed in the 

calculation of the radiant exposure for NIR-reflectance and 3 seconds 

for each argon laser source. 
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powers used grade laser damage based on white light fundus photography and FAF in a 

single eye. The dosimetry group (n=6, 12 eyes) was used to determine the inter-subject 

and intra-subject variability in response to retinal photocoagulation.  

 

 

 

 

 

 

 

 

 

 

 

 

A comprehensive slit lamp evaluation was conducted within 30 minutes of 

photothermal exposure. For each rat in the dosimetry group, characteristic circular gray 

lesions were visible at exposure powers of 16 mW and 22 mW in fundus photographs 

(Figure 5-3A), whereas lower powered laser exposures did not reveal any evidence of 

damage. Thus, the threshold for a MVL was set at 16 mW with the fixed 0.1 mm spot 

size, 514 nm λ, and 0.1 second exposure duration. Laser powers greater than 22 mW 

were classified as suprathreshold and therefore not used to investigate the lower limits of 

our autofluorescence detection threshold. The corresponding FAF images were acquired 

Figure 5-3. Dosimetry to establish the clinically defined MVL threshold using our 

laser exposure configuration and the parameters already described. (A) Composite 

white light image exhibiting the characteristic blanching immediately after laser 

exposure at powers of at least 16 mW. (B)  autofluorescence images (488-nm 

excitation shown) exhibit a higher degree of definition and disruption of the retina 

as a result of the photothermal insult. *Modified from Boretsky et al. 2011 
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immediately after laser exposure and revealed heightened contrast and definition of 

lesion boundaries. Subthreshold exposures at 13.5 mW were also visible with FAF; 

however, the 8 mW exposures did not produce any detectable changes with either fundus 

imaging technique.   

5.3.2 Acute Changes in FAF Immediately After Photocoagulation 

We were able to measure baseline FAF intensity in our aged brown Norway rat 

model due to the heightened accumulation of lipofuscin in the RPE. Subsequent 

measurements were normalized to the baseline level to account for innate variability 

among rats. We tested the sensitivity of our imaging technique using the 4 exposure 

powers described in the dosimetry experiment (8, 13.5, 16, and 22 mW) and included an 

additional suprathreshold exposure power of 20 mW. Immediately after 

photocoagulation, we observed a dose-dependent decrease in the FAF which is shown in 

Figure 5-4. The number of lesions evaluated for each exposure power is presented in 

Table 5-2 along with the radiant exposure and mean dual-wavelength FAF ratio. Laser 

powers greater than 8 mW yielded a significant reduction in the dual-wavelength FAF 

ratio as a function of exposure power (ANOVA, p < 0.001; observed power = 1).      

Table 5-2. Immediate Reduction in Autofluorescence 

† The laser powers greater than 8 mW resulted in a significant decrease in the 

autofluorescence ratio relative to the magnitude of the laser power (ANOVA, P < 0.001). No 

significant changes in autofluorescence were detectable at 8 mW 

Power 

[mW] 

# of 

Lesions 

Evaluated 

Radiant Exposure  

[J/cm
2
] 

Dual λ FAF 

Ratio (mean) † 
Standard Error 

8 5 10.2 1.003 ± 0.008 

13.5 5 17.2 0.889 ± 0.013 

16 17 20.4 0.752 ± 0.029 

20 9 25.8 0.717 ± 0.039 

22 17 28.0 0.641 ± 0.015 
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Color fundus photographs and FAF images were also acquired within the first 

week after laser exposure to examine the sensitivity of each technique in identifying the 

damaged regions of the retina. The MVLs at 16 and 22 mW appeared as distinct gray 

spots with white light fundoscopy immediately after exposure but the lesions appeared to 

fade at the 24 and 48 hour time points. At 72 hours post-exposure, the lesion sites were 

no longer distinguishable. Likewise, no evidence of the laser exposure was noted at any 

time beyond 3 days. The laser lesions in the FAF images appeared hypoautofluorescent 
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Figure 5-4. Dose-dependent changes in the dual wavelength autofluorescence ratio 

measured immediately after laser exposure. The ratio of the intensity values from each 

excitation wavelength (488 nm and 514 nm) were normalized to the baseline FAF for 

each rat. The linear regression profile of the dose-dependent response for this 

exposure regime is represented by the dashed line (R
2
 = 0.9605). The subthreshold, 

threshold, and suprathreshold exposures were determined based on the MVL criteria 

outlined in the methods section and assessed by white light fundus photography. 

*Modified from Boretsky et al. 2011 



64 

immediately after laser exposure relative to the background autofluorescence of the 

undamaged RPE. At 24 hours, the threshold and suprathreshold lesions had become 

hyperautofluorescent. At 48 hours, the threshold lesions (16 mW) were amorphous 

hyperautofluorescent regions and a confluence of multiple lesions was observed. The 

suprathreshold exposures (22 mW) also exhibited increased hyperautofluorescence but 

the circular shape was still discernable. At one week, the FAF images of the threshold 

and suprathreshold lesions still exhibited heightened autofluorescence (Figure 5-5). 

 

5.3.3 Dynamics of FAF Following Laser Exposure 

We monitored the rats for up to 6 months to assess longitudinal changes in the 

FAF profile as a function of both time and exposure power. Two-way ANOVA was 

performed on the dual-wavelength AF ratio data to establish statistical significance of the 

observed changes based on time after exposure (p = 0.002, observed power = 0.931) and 

laser power (p = 0.04, observed power = 0.496).  

A return to baseline FAF levels was observed for the subthreshold (13.5 mW) and 

threshold (16 mW) lesions at 3 weeks and 4 months, respectively. Paired t-tests were 

used to compare pre-exposure FAF levels with the time points in which recovery was 

noted (13.5 mW lesions, paired t-test P = 0.601; 16 mW lesions, paired t-test P = 0.937) 

(Figure 5-6). Half of the rats from group 3 (n = 3) were evaluated again at 6 months and 

still demonstrated hyperautofluorescence associated with the photothermal laser 

exposure. A summary of the FAF recovery times is presented in Table 5-3. 
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5.3.4 Fluorescein Angiography 

 Fluorescein angiography was performed within the first hour following laser 

exposure to verify location of the laser lesions and confirm a disruption in the continuity 

Figure 5-5. Longitudinal evaluation of threshold and suprathreshold laser lesions 

using white light fundus photography and Dual λ FAF imaging. (A–D) White light 

funduscopy of near-threshold and suprathreshold laser lesions in a Brown Norway rat 

(A–C; bright white spots are back reflections from the slit lamp). Both 16-mW and 

22-mW lesions appear as distinct gray spots that fade entirely after 48 hours. (E–H) 

Corresponding autofluorescence imaging of a Brown Norway rat using 488-nm 

excitation. (E) AF image immediately after near-threshold and supra-threshold laser 

exposure (16 and 22 mW). (F) AF image at 24 hours shows the healing process 

occurring in the 16-mW lesions and the periphery of the 22-mW lesions. (G) AF 

images at 48 hours exhibit the reappearance of the higher powered lesions as 

hyperfluorescent spots. (H) In contrast to the white light funduscopy image, AF 

imaging 1 week still shows the clearly defined hyperfluorescent spots from 22-mW 

lesions and amorphous areas corresponding to the 16-mW laser exposure. (I–L) 

Corresponding autofluorescence imaging using 514-nm excitation. *Modified from 

Boretsky et al. 2011 
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of the RPE. We observed the characteristic halos around the lesions immediately after 

exposure, however these features were no longer present during follow up imaging at 1 

and 2 weeks post exposure. Furthermore, no other indications of CNV were observed 

throughout the course of the in vivo imaging. 

 

 

Table 5-3. Long-Term Fundus Autofluorescence Recovery 

 
 

 

5.3.5 Histology 

A histological assessment was performed in a limited number of rat eyes. At the 

conclusion of the study, one eye from each group of animals was extracted. The entire 

globe was flash frozen in liquid nitrogen. The tissue was then sent to a contract laboratory 

(Brown & Associates Medical Laboratories, Houston, TX) for further processing which 

included sectioning and staining of the samples with hematoxylin and eosin. Histological 

evaluation of the eyes did not reveal any indication of new vessel growth using standard 

H&E staining techniques (Figure 5-7). 

 

 

† - No significant change in autofluorescence signal detectable after laser exposure 

Power 

[mW] 

# of Lesions 

Evaluated 
Recovery of Autofluorescence  

8 5 N/A
†
 

13.5 4 3 weeks post exposure 

16 5 4 months post exposure 

20 9 Retinal damage still evident at 6 months 

22 9 Retinal damage still evident at 6 months 
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5.3.6 Comparison Between Rat and Human Response 

 A sample data set of longitudinal FAF imaging in a patient receiving subthreshold 

laser therapy for drusen was used to examine the similarity between the human response 

to photocoagulation and rodent response to comparable exposure parameters (Figure 5-

8). In both cases, the lesions exhibited hypoautofluorescence immediately after laser 

exposure. Similarly, a transition to hyperautofluorescence was observed during follow up 

examinations. The time course of this transition was substantially different between 

species; however, the overall dynamic response appeared to follow a consistent pattern. 
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Figure 5-6. Laser dosimetry evaluation to establish long-term threshold limits for 

retinal damage based on autofluorescence imaging: 8 mW (white), 13.5 mW (gray), 

16 mW (black), 22 mW (hatched). Complete recovery of baseline autofluorescence 

was still not present 6 months after exposure for 22-mW exposures. The dual-

wavelength autofluorescence ratio represents the ratio of FAF intensities from each 

excitation light source (488 and 514 nm) normalized to the baseline FAF for each 

subject. *Modified from Boretsky et al. 2011 
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5.4 Discussion  

The goal of this study was to demonstrate a novel application of in vivo 

fluorescence cSLO imaging to measure changes in the outer retina, particularly the RPE, 

following photothermal damage. Heightened definition of the retinal lesions was 

observed using FAF when compared to NIR-reflectance cSLO and white light 

fundoscopy in our aged brown Norway rat model. The increase in contrast provided by 

the lipofuscin autofluorescence allowed for dynamic monitoring of the RPE following 

photothermal exposure. Moreover, we demonstrated measurable changes in the FAF 

signal caused by exposures below the MVL threshold established using white light 

fundoscopy. Although we did not explore other regimes of light-induced injury, it is 

likely that photochemical and photomechanical exposures would also yield detectable 

perturbations in the FAF signal from the outer retina.     

The dynamics of the FAF pattern offer some insight into the biochemical and 

morphological alterations in the acute phase of injury and wound healing in the retina. 

The immediate decrease in the FAF signal intensity at the lesion sites is not clear, but it 

may be attributed to increased attenuation of the excitation light source by denatured 

proteins affected by the thermal diffusion through the tissue. This is one possible 

explanation for the relatively rapid transition from hypoautofluorescence to 

hyperautofluorescence observed within the first 48 hours after laser exposure. Similar 

observations were reported in clinical studies based on traditional FAF imaging(202, 211, 

215, 216). Alternatively, changes in the FAF profile could be influenced by 

photobleaching or decreased absorption of melanin in the RPE. Time-dependent 

photobleaching of melanosomes has been demonstrated in response to intense visible 
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light sources(217, 218) and may possibly contribute to the hypoautofluorescence. 

Photooxidation of melanin can also compromise the ability of RPE cells to perform 

antioxidant functions(218). This could potentially impede the wound healing process in 

the aged rats and contribute to the extended periods of hyperautofluorescence we noted 

with the suprathreshold laser exposures. 

 

In addition to detecting acute changes in the retina associated with laser exposure, 

we were able to monitor the dynamics of the FAF signal for up to 6 months. The 

longitudinal studies revealed even more detail regarding the FAF patterns and dose-

dependent nature of fluorescence recovery. A complete recovery of baseline FAF was 

observed for the subthreshold (13.5 mW) and threshold (16 mW) lesions at 3 weeks and 4 

months, respectively. In the absence of ultrastructural analysis or functional assessments, 

we cannot state with complete certainty that there were no latent effects from the laser 

exposure but the recovery of baseline FAF levels likely indicated viable RPE cells were 

Figure 5-7. Hematoxylin and eosin (H & E) staining of a brown Norway rat retinal 

cross-section at (A) 20 x magnification and (B) 40 x magnification. Serial sectioning 

did not reveal any visible defects in the outer retina following subthreshold lesions of 

13.5 mW at the experimental endpoint of 4 months.  
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still present. Moreover, the accumulation of lipofuscin autofluorescence suggests that the 
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overlying photoreceptors were still actively shedding the outer segments to produce the 

necessary metabolic byproducts. This supports the use of lipofuscin as a biomarker for 

retinal damage to compliment traditional imaging modalities such as fundus photography 

and NIR reflectance SLO. Likewise, we observed a trend towards recovery of baseline 

levels of FAF with suprathreshold exposures at 20 mW and 22 mW. Multiple reports of 

photoreceptor migration to fill in damaged areas of the retina have been documented 

following UV light exposure(159, 219, 220). This may account for the reduction in lesion 

size observed during the longitudinal FAF imaging experiments. Similar studies used 

histology to demonstrate a decrease in laser lesion diameter 3 weeks after the initial 

exposure in an apparent remodeling phase in the retina(158). Electroretinography (ERG) 

studies in rats have also shown either partial or full recovery of function at 60 days with 

comparable exposure parameters to our study(159).         

The observed changes in the fluorescence signal were particularly useful in the 

longitudinal analysis of the RPE since the color fundus images and NIR-reflectance SLO 

did not reveal any perturbations in the tissue. The improved sensitivity of this technique 

may also be coupled with additional imaging modalities such as spectral domain optical 

coherence tomography (SD-OCT) to correlate structural changes in the outer retina with 

alterations in the FAF profile (Figure 5-9).  

There are a few important considerations that need to be taken into account when 

quantifying FAF images. Traditional FAF and dual-wavelength FAF both assume that 

fluorophores in the RPE are the only contributing fluorescent components. Similarly, 

there is an assumption that only one fluorophore (lipofuscin) is present. Despite the fact 

that multiple fluorescent components are present within lipofuscin, it is still considered a 
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single fluorophore with a broadband emission spectrum. The dual-wavelength method 

does offer some distinct advantages over traditional single-wavelength FAF (1) the 

concentration of the fluorophore does not have to be constant throughout the retina (2) 

non-uniform illumination effects will be equivalent at both wavelengths so only the 

difference is noted and (3) location dependent effects will only be influenced if they are 

highly wavelength specific. Since both excitation wavelengths are only separated by 26 

nm this is unlikely. 

 

FAF imaging may be used to supplement traditional imaging techniques such as 

white light fundoscopy and NIR reflectance SLO. Generally, these latter methods are 

used to guide the placement of light-based therapies but this study demonstrated the 

contrast provided by lipofuscin revealed greater detail of the lesion morphology. The dual 

wavelength FAF technique also offers distinct advantages over traditional FAF imaging, 

particularly when performing quantitative analysis. Many factors can confound 

fluorescence intensity measurements when acquiring images with a single wavelength. 

Extensive calibration procedures are often necessary to ensure reproducibility of imaging 

Figure 5-9. Multimodal imaging of the brown Norway rat retina. (Left) NIR 

reflectance SLO image of the rat retina in the superior quadrant (Right) SD-OCT cross 

section demonstrating the layered structure of the rat retina.  

 



73 

data(221, 222). By using two wavelengths for excitation, we were able to compensate for 

variables such as non-uniform illumination, pupil diameter, and heterogeneous pigment 

distribution.   

The widefield view (30° x 30°) of the fundus described in this study is well suited 

for lipofuscin density measurements; however, it does not provide sufficient transverse 

resolution to visualize individual RPE cells. Recent studies incorporating high resolution 

adaptive optics fluorescence scanning laser ophthalmoscopy were able to provide that 

degree of detail at the cellular level in non-human primate models(24, 25, 223). 

Interestingly, the light sources used for fluorescence excitation in these studies resulted in 

photochemical damage to the tissue at levels below the current American National 

Standards Institute (ANSI) guidelines(224). Presumably, the small field of view, high 

energy visible light sources, and relatively long exposure durations were sufficient to 

produce transient, and in some cases permanent, changes in the FAF signal. It should be 

noted that despite the difference in the mechanism of damage (photothermal vs. 

photochemical) the total radiant exposures used in our study and the fluorescence AO-

SLO imaging study were similar. Subsequent AO imaging studies with fluorescence have 

implemented designs which significantly improve yield without the risk of phototoxicity 

to the retina by limiting exposures to less than 2.44 J/cm
2 

(27). Similarly, multiphoton 

microscopy has been used to provide a high degree of detail of spatial detail with respect 

to retinal fluorophores in animal models both in vivo(225) and ex vivo(226-228).    

This study has numerous implications for diagnostic and therapeutic applications in a 

wide variety of retinal diseases, including AMD. The brown Norway rat model may be 

used to characterize regions of divergent autofluorescence associated with injury and 
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induced disease states. Recent reports have proposed classification methods for various 

dry AMD phenotypes based on the observed FAF characteristics(229, 230). The use of 

targeted laser exposures to ablate the RPE and photoreceptors could be used to model 

morphological changes in the fundus similar to the patterns in patients with geographic 

atrophy (GA). Additionally, this methodology could be used to study the kinetics of laser 

tissue interaction in the retina in therapeutic applications. Photocoagulation may be used 

to treat a variety of retinal conditions such as proliferative diabetic retinopathy (PDR), 

neovascular AMD, branch retinal vein occlusion (BRVO), and central serous retinopathy 

(CSR). Although the use of low-dose radiant exposures is not a novel concept(231, 232), 

recent advanced in diagnostic imaging capabilities provides an opportunity to refine 

current standards to reduce the risk of collateral damage in the retina. 
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Chapter 6: Morphological and Molecular Imaging of Induced Retinal 

Degeneration in a Transgenic Mouse Model 

 

Endogenous fluorophores are prevalent throughout the body and may be used to 

monitor changes in biochemical activity or perturbations associated with injury and 

disease as demonstrated in the previous chapter. However, this native autofluorescence 

does have limitations due to the broadband emission spectrum and inability to provide 

direct information on molecular activity. The development of transgenic animals with 

fluorescent reporter genes provides the opportunity to investigate the activation or 

upregulation of specific molecules of interest in models of pathology. This approach 

enables researchers to actively monitor molecular activity in a living animal which 

provides a dynamic model to study pathology, potential interventions, and helps to reduce 

the number of animals needed in biomedical research. The use of fluorescently labeled 

molecules is particularly appealing for retinal research due to the uniquely accessible 

nature of the tissue when using optical imaging techniques. In the second phase of our 

small animal studies, a transgenic mouse model was selected to non-invasively study 

morphological perturbations and molecular dynamics of the transcription factor nuclear 

factor kappa beta (NF-ĸβ) in response to low-dose retinal photocoagulation.  

 

6.1 Introduction 

  As an immune privileged site in the CNS, the retina must maintain tight 

regulation over the activation of inflammatory pathways. Neuroinflammation in the retina 

is primarily stimulated by activated microglial cells which lead to the release of cytotoxic 

mediators and reactive oxygen species (ROS)(233). Many common signs of pathologic 
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neuroinflammation have been observed in progressive diseases like AMD(84, 85, 234) 

which leads to decreased visual acuity through the loss of photoreceptors, retinal pigment 

epithelial (RPE) cells and in some cases, neovascularization. Dysfunctional regulation of 

inflammatory pathways has also been implicated in a variety of other common ocular 

diseases, including glaucoma(130, 235) and diabetic retinopathy(128, 236-239). Non-

invasive imaging techniques are the primary means of diagnosing and monitoring these 

conditions. Therefore, it is essential to identify image-based biomarkers that capture the 

spatial and temporal characteristics of neuroinflammation within the eye. This knowledge 

will lead to a better understanding of pathological mechanisms and targeted treatment 

strategies.  

The family of transcription factors known collectively as nuclear factor-kappa B 

(NF-kB) plays a critical role in the regulation of inflammation and cellular stress 

response pathways(240-243). Significant increase in the activity of NF-kB has been 

shown in neurons and microglia throughout the CNS, particularly in brain tissue, in 

patients with neurodegenerative diseases such as Parkinson’s and Alzheimer’s(244-247). 

An increase in NF-kB activity has also been shown in the retina in response to a variety 

of stimuli including oxidative stress(248-250), ischemia(251), glutamate(183) and intense 

light exposure(155, 156, 160, 165, 219, 252). The dynamics of this cellular stress 

response are difficult to determine using conventional techniques due to the conditional 

signaling events and localization of specific cell types within the eye. Conventional 

techniques such as immunohistochemistry, histology and western blots have been used to 

evaluate tissue post mortem but were not able to investigate the temporal response within 

an individual subject.    
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In the present study, a laser-induced retinal injury model was used to investigate 

molecular activity of NF- ĸβ in relation to morphological perturbation. Fluorescence 

confocal scanning laser ophthalmoscopy (cSLO) was used to investigate the spatial and 

temporal upregulation of NF-ĸβ (p65) in vivo. Likewise, dynamics of the retinal structure 

were investigated using spectral domain optical coherence tomography (SD-OCT) to 

correlate the morphological perturbations with molecular activity. The in vivo findings 

were then compared with ex vivo analysis of the tissue using immunohistochemistry and 

multiple microscopy methods. 

 

6.2 Methods 

All experimental procedures were approved by the Institutional Animal Care and 

Use Committee at the University of Texas Medical Branch and complied with the ARVO 

Statement for the Use of Animals in Ophthalmic and Vision Research. 

 

6.2.1 Animal Model 

 The cis-NF-κβ
eGFP

 reporter mouse was created at the University of North Carolina 

and designed to investigate the spatial and temporal upregulation of NF-κβ induced 

transcription in response to injury and disease. A gene-targeting approach was used to 

incorporate a single copy of the NF-κβ reporter. This approach minimized transgene 

expression due to basal NF-κβ activity and insured only a single copy of the transgene at 

a well-characterized locus, 5ꞌ of the mouse hypoxanthine phosphoribosyltransferase 

(HPRT) gene(166).  
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 A breeding trio was obtained from the University of North Carolina (Chapel Hill, 

NC) to establish a colony of the cis-NF-κβ
eGFP

 mice at the University of Texas Medical 

Branch. The first three generations of mice, including the original breeding trio, were 

genotyped (Transnetyx, Cordova, TN) based on tissue collected from a tail snip to verify 

incorporation of the transgene. Subsequent generations were phenotyped using 

fluorescence microscopy techniques to detect the presence of the eGFP reporter.   

Prior to imaging and laser exposure, mice were anesthetized with isofluorane (1 – 

2%) and placed on an adjustable, heated platform positioned orthogonal to the imaging 

system. A topical ocular anesthetic (0.5% Proparacaine hydrochloride, Bausch & Lomb, 

Tampa, FL) was first applied, and then the pupils were dilated with 1% Tropicamide 

(Bausch & Lomb, Tampa, FL). Corneal hydration was maintained throughout the 

imaging session by periodically administering 0.5% hypromellose lubricating eye drops.  

 

6.2.2 Laser Induced Retinal Injury 

 The laser injury and color fundus imaging protocols for this study were detailed in 

the previous chapter. Dosimetry tests were performed in 14 mice to ensure that the 

damage thresholds remained unchanged between the rat and transgenic mouse model 

(Table 6-1). The only difference in the experimental set up was the use of 3.2 mm fundus 

laser lens (Ocular Instruments Inc., Bellevue, WA) to account for the smaller corneal 

curvature of the mouse eye. For a subset of the animals, a newly acquired Micron III 

fundus imaging system (Phoenix Research Labs, Pleasanton, CA) was used to collect 

color fundus images and videos. 
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Table 6-1. Laser Dosimetry Parameters
†
 

Power (mW) # Exposures Radiant Exposure 

(J/cm2) 

Grade 

8.4 15 (n = 3) 10.7 Sub-threshold 

14.6 30 (n = 5) 18.6 Threshold 

28.9 45 (n = 6) 36.8 Supra-threshold 
†
Exposure duration: 0.1 s, Exposure λ: 514 nm, Exposure Spot Size: 0.1 mm were fixed 

 

6.2.3 In vivo Imaging 

 A modified clinical imaging system (Spectralis HRA+OCT, Heidelberg 

Engineering, Heidelberg, Germany) was used to collect multimodal imaging data from 

the fundus and retinal cross-sections. A +25 diopter achromatic lens was mounted on the 

front of the imaging system to compensate for the optics of the mouse eye. The confocal 

scanning laser ophthalmoscope (cSLO) utilized multiple light sources to highlight 

specific features of the fundus. An argon laser (488 nm) and two diode lasers (790/820 

nm) were used for eGFP fluorescence imaging, fundus autofluorescence (FAF), 

fluorescein angiography (FA), red free reflectance (RF) and near infrared reflectance 

(NIR) imaging modes. The cSLO featured a scan rate of 15 frames/sec and multiple 

frames were averaged to improve the overall signal to noise ratio (SNR) using the 

TruTrack™ active eye tracking system. The TruTrack™ system created a reference scan 

and actively compensated for eye motion enabling multiple images to be registered and 

averaged in near real-time. All fundus images were acquired in the high-resolution mode 

over a 30° x 30° (1536 x 1536 pixels) or 20° x 20° (1024 x 1024 pixels) field of view 

(FOV).  

 High resolution cross-sectional views of the retina were generated using the SD-

OCT channel of the modified clinical imaging system. To compensate for the difference 
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in the axial length of the mouse eye, the reference arm offset was decreased in the 

hardware initialization file for the Spectralis. The addition of a line of code in the 

HRA2.ini file was used to reduce the geometric pathlength of the reference arm by the 

empirically determined value of 6 mm in air. The HRA2.ini file is stored in 

C:\\heyex\plugins. Additional line of code in the OCT section of the initialization file: 

[OCT] 

ReferenceArmOffest = -6000 

 

Likewise, a corneal curvature value of 0.67 was used to provide the appropriate scaling 

factor for the fundus images of the mouse(122). A broadband superluminescent diode 

(SLD, λ = 870 nm) was used to generate the SD-OCT images at a rate of 20,000 or 

40,000 A-scans per second for high resolution or high speed acquisition, respectively. 

The high resolution mode was used to observe heightened detail of the retinal layers 

based on multiple averaged frames (> 30 frames). The high speed mode was used to 

acquire dense volumetric scans where each B-scan was separated by only 3.8 μm. For 

volumetric scanning, only 3-10 frames were averaged to reduce motion artifacts and 

overall scan time. This enabled volumetric analysis of the retinal morphology and regions 

of laser-induced injury, particularly when viewed in the en face plane.   

  

6.2.4 Ex Vivo Tissue Preparation 

 At the conclusion of the in vivo imaging studies, the eyes of each subject were 

enucleated and preserved for further analysis. Retinal flatmounts were prepared by fixing 

the tissue in 4% paraformaldehyde (PFA) for 24 hours. Next, the eye was dissected by 

making an incision at the interface of the cornea and sclera to remove the anterior 

segment, lens, and vitreous. A small spatula was used to peel the neural retina from the 
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remainder of the eye cup. Four small incisions were made along the edge of the tissue 

enabling it to be flattened and mounted on a slide. Whole eyes were also prepared for 

cryosectioning. Each eye was enucleated, placed in Tissue-Tek® optimum cutting 

temperature (O.C.T.) (Sakura Finetek, Torrance, CA), flash frozen in liquid nitrogen and 

stored at -80°C. Eight to sixteen micrometer cryosections were made along the transverse 

plane through the entire globe for each sample and thaw-mounted on Fisherbrand™ 

Superfrost™ Plus glass slides (Fisher Scientific, Pittsburgh, PA) in preparation for 

staining.      

 

6.2.5 Immunohistochemistry and Histology 

 Immunohistochemistry was performed with multiple fluorescently labeled 

antibodies: ionizing calcium-binding adaptor molecule 1 (Iba-1), glial fibrillary acidic 

protein (GFAP), NeuN, isolectin B4 and p65. Texas red (Molecular Probes) was the 

fluorescent label in each case to identify microglia and macrophages (Iba-1), glial cells 

(GFAP), vasculature (Isolectin B4), and the p65 subunit of NF-ĸβ (p65). Briefly, the 

tissue was washed in PBS, permeabilized in 1% Triton and blocked in 10% normal goat 

serum (NGS) for 30 minutes at room temperature. Tissues were incubated overnight at 

4°C in the primary antibody, rinsed in PBS (x3) and incubated in the secondary antibody 

for 4 hours at 4°C. The tissue was then mounted on a slide with VECTASHIED
®

 

mounting media (Vector Laboratories, Burlingame, CA) with DAPI to stain cell nuclei.  

This method enabled multi-channel fluorescence microscopy with the eGFP transgene 

occupying the green channel, the labeled cells, proteins or vasculature occupying the red 

channel and cell nuclei stained with DAPI on the blue channel. The stained flatmount 
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preparations provided a complimentary view to the in vivo fundus imaging with cSLO 

while the stained cryosections provided a complimentary view to the in vivo SD-OCT 

imaging data to compare alterations in retinal morphology.  

 

6.2.6 Microscopy 

Multiple microscopy techniques were used to visualize the excised retinal tissue 

to investigate alterations in morphology and fluorescence expression. Flatmount 

preparations were used to provide comparable views to the in vivo SLO fundus images. 

Two-photon microscopy (Ultima IV, Prairie Technologies, Middleton, WI) was used to 

visualize the spatial distribution of the eGFP fluorescence associated with the 

upregulation of NF-κβ in 3-dimesnions (Ex 2PE: 900-1000 nm; Em: 510 nm). Similarly, 

confocal laser scanning microscopy (LSM 510 META, Zeiss, Thornwood, NY) was 

performed in the retinal flatmounts to investigate the eGFP fluorescence (Ex: 488 nm; 

EM: 510 nm). Differential interference contrast (DIC) microscopy (Eclipse 800, Nikon 

Instruments Inc., Melville, NY) was performed to visualize the orientation of the 

photoreceptors cells and investigate the morphology of the neural retina following laser 

injury.  

 

6.2.7 Image Analysis 

 Single images were exported from the Heidelberg Eye Explorer software 

(Heidelberg Engineering, Heidelberg, Germany) as .tiff files in the native resolution to 

prevent data loss due to compression. The SD-OCT data sets, either volumetric or single 

B-scans, were exported as raw data files in the .vol format. Raw data sets were imported 
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into ImageJ (Wayne Rasband, National Institute of Health, Bethesda, MD) using the 

Open Heyex Raw Files plugin developed by Kris Sheets 

(http://rsb.info.nih.gov/ij/plugins/heyex/index.html)(122).  

 The dynamics of the retinal lesions were evaluated in the volumetric SD-OCT 

data sets by measuring changes in the lesion diameter as a function of time. The en face 

spatial resolution in the axial direction. Each lesion was manually delineated based on the 

appearance of distorted boundaries along the RPE and IS/OS junction. Each lesion was 

assumed to have a circular shape at any given depth based on Gaussian profile of the 

argon laser used for photocoagulation and the thermal diffusion throughout the tissue.  

 The changes in eGFP fluorescence were measured using the corrected total cell 

fluorescence (CTCF) technique(253) which is based on the integrated density 

measurement for regions of interest and background sampling to compensate for 

illumination effects and background autofluorescence: 

CTCF = Integrated Density – (Area of ROI x mean background 

fluorescence) 

where the integrated density is the product of the mean intensity and the ROI area. This 

method was used to measure localized increases in eGFP while accounting for the 

background eGFP fluorescence associated with the basal expression of NF-κβ. 

 

6.3 Results 

6.3.1 Characterization of Baseline Fluorescence In Vivo  

 The baseline fluorescence signal originating from the endogenous eGFP was 

unique for each mouse in the study. Figure 6-1 demonstrates the variability of the basal 
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expression from a sub set of animals. The degree of eGFP fluorescence also appeared to 

be bilateral regardless of expression levels. The eGFP signal in the naïve transgenic mice 

was predominantly located within the neurosensory retina and around branch points of 

Figure 6-1. Variability in native eGFP expression in naïve cis-NF-κβ
eGFP

 transgenic 

mice using fluorescence cSLO imaging in the neural retina of naïve mice.  
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the vasculature. As the focal plane of the cSLO was moved to the outer retina, the 

background FAF signal attributed to lipofuscin in the RPE became visible but the eGFP 

signal was minimal (Figure 6-2). The baseline fluorescence intensity at different focal 

Figure 6-2. Differential fluorescence 

expression profiles based on focal depth 

of the cSLO. The inner retinal focus at 

the nerve fiber layer (+10 diopters) 

revealed increased fluorescence along 

the major blood vessels and punctate 

hyperfluorescent regions near vessel 

branch points. The outer retinal focus at 

the RPE (-10 diopters) demonstrated 

fewer eGFP fluorescent regions but 

heightened background 

autofluorescence from lipofuscin.    
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depths was calculated and presented in arbitrary units (Figure 6-3). The variability in 

fluorescence intensity based on focal depth necessitated the selection of the same focal 

plane when analyzing CTCF across multiple mice and at multiple time points. In contrast 

to the transgenic mice, wild type C57BL/6 mice only exhibited background fluorescence 

from lipofuscin in the RPE (Figure 6-4). 

 

6.3.2 Fundus Imaging Following Photothermal Injury 

 Threshold and suprathreshold laser exposures resulted in injury which was 

immediately visible using fundus photography, NIR reflectance cSLO, red free cSLO, 

Figure 6-3. Baseline fluorescence signal as a function of focal depth in naïve cis-NF-

κβ
eGFP

 reporter mice (n=6). Fluorescence values are presented in arbitrary units.  
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and SD-OCT. The upregulation in NF-κβ indicated by a localized increase in eGFP was 

not visible until approximately 4-8 hours after exposure. Presumably, this lag is due to 

the time required for eGFP accumulation to reach sufficient levels for the avalanche 

photodiode. Fluorescence intensity continued to increase for up to 48 hours and appeared 

as clusters of heightened eGFP expression. From the 24 hour time point to the 48 hour 

time point, CTCF measurements increased nearly 20% indicating continued upregulation 

of NF-κβ. After reaching maximum expression levels around 48 hours, the CTCF values 

gradually declined over subsequent weeks (Figure 6-5). At the conclusion of the four 

week study, the eGFP fluorescence was 56% lower than peak levels observed at 48 hours 

(Figure 6-6). 

 

 

 

 

 

Figure 6-4. Wild type C57BL/6 FAF pattern in naïve mice.  

 

Figure 6-5. Longitudinal imaging of a single suprathreshold photothermal lesion over 

a one month period demonstrating the local upregulation in eGFP in response to the 

injury.  
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Comparable exposures were also tested in wild type C57BL/6 mice to ascertain 

any differences in response. The multimodal fundus images obtained with the cSLO are 

shown in Figure 6-7. The NIR and RF images clearly show the characteristic circular 

lesions, FA was used to demonstrate discontinuity of the RPE associated with the laser 

exposure and the FAF images revealed small perturbations in the lipofuscin 

autofluorescence similar to the previous experiments with the brown Norway rats. As 

expected, the appearance of the retinal injury was similar to the transgenic mice with the 

exception of the eGFP signal on the fluorescence channel.  

 

Figure 6-6. Longitudinal CTCF measurements of suprathreshold photothermal 

exposures in cis-NF-κβ
eGFP 

mice (n=15) based on fluorescence cSLO imaging.  The 

number of lesions included in each measurement is noted above the respective bar. 
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6.3.3 SD-OCT Imaging Following Photothermal Injury 

 Imaging of the retinal structure with SD-OCT was used to complement the 

molecular imaging with the eGFP reporter gene. Volumetric data sets were acquired over 

the same period of time to investigate changes in structure relative to the upregulation of 

NF-κβ. In contrast to the fluorescence signal, the SD-OCT images revealed immediate 

changes in the optical characteristics of the retinal following photocoagulation. These 

effects were visualized within the neural retina and the RPE. The nerve fiber layer 

(RNFL), ganglion cell layer (GCL), and inner plexiform layer (IPL) did not exhibit signs 

of altered morphology over the course of 28 days (Figure 6-8). The majority of the laser 

energy was absorbed by the melanin in the RPE which caused localized disruption in the 

outer retina. The early stages of photothermal injury were easily identified by the altered 

backscattering profile within the outer nuclear layer (ONL), inner segment/ outer segment 

junction (IS/OS), and the RPE. 

Volumetric imaging of the photothermal lesions was also performed to investigate lesion 

morphology based on appearance in the en face plane (Figure 6-9). Heightened detail of 

the lesion boundaries was observed and the depth sectioning capabilities permitted 

Figure 6-7. Multimodal cSLO fundus imaging used to evaluate laser damage in a wild 

type C57BL/6 mouse (A) Red-free (RF) reflectance immediately after exposure (B) 

RF-reflectance at 24 hours post exposure (C) Fluorescein angiography at 24 hours (D) 

NIR-reflectance focused at the RPE at 24 hours (E) FAF at 8 days post exposure.   
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measurements of lesion area as a function of time. Orthogonal views of the laser lesions 

were also generated to provide a reference for the retinal layer portrayed in the en face 

projections exhibiting the largest lesion area (Figure 6-10). 

 

Figure 6-8. Longitudinal SD-OCT images of a single threshold photothermal lesion 

(circled) in single B-scan cross-sections of the retina (A) Initial laser exposure (B) 6 

hours post-exposure (C) 12 hours post-exposure (D) 24 hours post-exposure (E) 4 

days post-exposure (F) 1 week post-exposure (G) 2 weeks post-exposure (H) 4 

weeks post-exposure.  
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Figure 6-9. (Top) Volumetric SD-OCT scan through a retinal area with multiple 

photothermal laser lesions co-registered with the NIR-reflectance cSLO image of the 

fundus. (Bottom) (A) En face view of the laser lesions in depth shown in the outer 

nuclear layer. Orthogonal views of the volumetric data representing the xz-plane or B-

scan (B) and the yz-plane or the adjacent A-scans (C). 
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The laser lesion area was measured at 24 hours, 48 hours, 72 hours, 1 week, 2 

weeks, and 4 weeks following exposure. The dynamics of the lesion area were plotted for 

at least 12 lesions (> 3 mice) at each time point. The data is presented as mean lesion area 

A 

D C 

B 

Figure 6-10. (A) En face projection of suprathreshold photothermal laser lesions 

immediately after exposure (B) yz-plane through a single lesion (C) xz-plane through 

the same lesion (D) White light fundus photography demonstrating the characteristic 

circular retinal lesions.  
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(µm
2
) ± SEM. Lesion area decreased 75-80% over the course of 4 weeks with the 

majority of the lesion regression occurring within the first 7 days based on the SD-OCT 

measurements. At the 2 week time point, the lesion area appeared to reach a plateau 

(Figure 6-11). 

 

A small group of mice (n=3) was also used to investigate the lesion size as 

different focal depths based on the appearance in the en face projections and orthogonal 

views. The ONL, IS/OS junction and RPE were selected based on the preliminary 

assessments which qualitatively revealed changes in the SD-OCT profile (Figure 6-12). 

Figure 6-11. Longitudinal imaging of lesion area based on en face views of 

volumetric SD-OCT data sets in cis-NF-κβ
eGFP 

mice (n=12).  
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The lesions appeared to stabilize after one week at each retinal location and the decrease 

in the lesion area followed the same pattern for all three depths measured.   

Next a comparison between the structural changes observed with SD-OCT and 

the molecular changes observed with fluorescence SLO were plotted together to assess 

similarities in the longitudinal progression (Figure 6-13). With the exception of the initial 

lag observed with the eGFP fluorescence, the dynamic profiles of each imaging modality 

were complementary with respect to lesion area and CTCF measurements. 

 

Figure 6-12. Depth resolved photothermal lesion area measured based on en face 

views of volumetric SD-OCT data sets in cis-NF-κβ
eGFP 

mice (n=3) at the outer 

nuclear layer (ONL), inner segment/ outer segment junction (IS/OS), and retinal 

pigment epithelium (RPE). The number of lesions measured at each time point is 

noted above the respective bars.  
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6.3.4 Differential Interference Contrast (DIC) Microscopy 

 Differential interference contrast (DIC) microscopy was used to provide a 

morphological assessment of the photoreceptor cells in flatmounts of laser exposed mice. 

DIC microscopy was well suited for imaging the neurosensory retina due to the 

transparent properties of the tissue. This technique has traditionally been used in retinal 

research to visualize the distribution of photoreceptor cells in fixed tissue samples(254, 

255). The retinal regions exposed to photothermal damage were readily apparent under 

normal operating conditions. Although the majority of the laser energy in our 

Figure 6-13. Comparison of the longitudinal response to laser induced retinal 

degeneration measured using SD-OCT (blue) to quantify changes in lesion 

morphology and fluorescence cSLO to perform molecular imaging of NF-κβ 

upregulation based on eGFP.  

 



96 

experimental setup was absorbed by the melanin in the underlying RPE cells, thermal 

diffusion did induce noticeable changes in adjacent cellular layers as demonstrated by the 

alterations in photoreceptor morphology observed with DIC microscopy. A reduction in 

the number of photoreceptor cells was noted in the laser exposed regions while the 

remaining cells exhibited blebbing and general disorganization (Figure 6-14). This would 

suggest cells were actively undergoing apoptosis. 

 

6.3.5 Fluorescence Microscopy 

 Retinal flatmounts and cryosections from cis-NF-κβ
eGFP

 and wildtype C57BL/6 

mice were analyzed to investigate the differences in morphology and molecular 

Figure 6-14. Differential interference contrast (DIC) microscopy of murine 

photoreceptor cells in a retinal flat mount depicting multiple threshold laser lesions.  
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expression related to laser exposure.  Focal regions of eGFP observed in flamount 

preparations with epifluorescence, confocal LSM, or multiphoton microscopy (MPM) 

corresponded with in vivo fluorescence detected with the cSLO. Fluorescence expression 

was highly variable but basal eGFP was observed throughout the neural retina and along 

the vasculature with particularly bright expression as vessel branch points. Figure 6-15 

shows retinal flatmount samples and corresponding in vivo images from transgenic mice 

receiving suprathreshold laser exposure, threshold laser exposure, naïve, and a naïve wild 

type C57BL/6 mouse as a control. For the transgenic mice, the eGFP fluorescence is 

clearly visible and the regions of heightened eGFP expression associated with 

suprathreshold and threshold laser exposure can be seen clearly in both the flatmount 

preparations and the in vivo images.   

 Staining of cryosections with GFAP revealed moderate co-localization with 

eGFP, particularly within the inner retina of laser exposed mice. The Texas red labeled 

GFAP was observed traversing multiple retinal layers including the GCL, INL, and ONL 

along eGFP positive cells which were presumably Müller cells (Figure 6-16).  Staining of 

cryosections with the fluorescently labeled p65 antibody demonstrated near complete co-

localization with the eGFP signal indicating that the eGFP observed in vivo and ex vivo 

was the result of NF-κβ upregulation (Figure 6-17). The fluorescently labeled Iba-1 

antibody did not co-localize with the eGFP signal indicating that it does not arise from 

microglial cells but activated microglia were observed in close proximity to eGFP 

positive cells traversing the retina around the INL (Figure 6-18). This indicated a 

relationship between the upregulation in NF-κβ/eGFP and the pro-inflammatory signals 

initiated by the activated microglial cells to stimulate cytokines, chemokines and 
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proteases(256).  The Isolectin b4 staining of the vasculature provided additional 

Figure 6-15. Comparison of laser exposed mice with naïve transgenic and wild type 

mice.  (Left) Multi-channel fluorescence imaging of retinal flatmount preparations 

stained with DAPI (blue), isolectin b4 (red) and eGFP (green) (Center) Isolectin b4 

(red) and eGFP (Green) (Right) in vivo  fluorescence cSLO.  

A B C 

D E F 
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landmarks to compare retinal features from the in vivo imaging data and the retinal 

flatmount preparations. The stained vasculature also provided reference points with 

respect to depth during the confocal LSM and MPM 3-D imaging. Interestingly, the 

majority of the eGFP signal observed in the GLC was adjacent to the blood vessels 

stained with isolectin b4.  

 

 

Figure 6-16. IHC staining with GFAP (red), DAPI (blue) 

and endogenous eGFP (green).  
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Figure 6-17. Immunostaining of retinal cryosections demonstrating the 

colocalization of eGFP (green) with the p65 subunit of NF-kB (red).  The arrows 

in the merged image on the right highlight two regions that failed to stain with the 

p65 antibody. 

eGFP p65 

Figure 6-18. IHC of the cis-NF-κβ
eGFP

 mouse retina following light-induced injury. 

The Müller glia expressed the eGFP (green) associated with the upregulation of NF-

κβ. The mounting media contained DAPI (blue) which preferentially stained the 

nuclei in the ganglion cell layer, inner nuclear layer and outer nuclear layer. 

Microglial cells were stained with Iba-1 (red). The microglial cells did not colocalize 

with the eGFP signal but activated microglia were observed in close proximity to the 

fluorescent Müller cells (arrow).   
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Volumetric fluorescence microscopy was performed using confocal LSM and 

MPM to determine the 3-D orientation of the eGFP signal in the fixed tissue and examine 

the cell types responsible for upregulation of NF-κβ in the transgenic model. The fixed 

retinal flatmounts exhibited continuous eGFP signal traversing the entire thickness of the 

tissue from the RNFL to the photoreceptor outer segments following laser exposure. 

Based on the structure of the cells and the characteristic soma within the inner retina, it 

was concluded that the eGFP positive cells were in fact Müller glial cells. Figure 6-19 

depicts a maximum intensity projection from a volumetric confocal LSM data set 

oriented to show the span of the Müller cells across the retina. Similar to previous light 

microscopy studies, the endfeet of the Müller cells were observed in the inner retina(257) 

which may account for the uneven distribution of the basal fluorescence observed in the 

naïve cis-NF-κβ
eGFP

 mice. A top-down view of the eGFP fluorescence highlighted the 

Müller cell endfeet in the inner retina and demonstrated the convergence of the cells 

toward the site of injury in the outer retina (Figure 6-20).  

A comparison between the in vivo cSLO images and the fixed flatmount 

preparation from the same animal is shown in Figure 6-21. Isolectin b4 was used to 

visualize the vasculature, DAPI stained the cell nuclei in the GCL, INL and ONL and the 

eGFP revealed the laser exposed area of the retina. The views of the tissue shown in 

Figure 6-21 C & D depict the superficial fluorescence signal from the Müller cells while 

the orthogonal view of the tissue from the 3-D data set clearly shows the extension of the 

eGFP expressing cells from the inner retina to the outer retina.   
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Figure 6-19. Heightened eGFP expression in the transgenic mouse retina observed at 

a photothermal laser lesion site using confocal microscopy in a fixed flat mount. A 

maximum intensity projection of the confocal stack (retinal cross-sectional view) 

demonstrated upregulation in NF-kB activity in the Müller cells extending from the 

RNFL to the outer retina.   

Figure 6-20. Heightened eGFP expression in the transgenic mouse retina observed at 

a photothermal laser lesion site using confocal microscopy in a fixed flat mount. A 

top-down view from the GCL revealed the Müller cell endfeet (arrows) and 

convergence of the cells towards the site of retinal injury.   
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 MPM was also performed to investigate background autofluorescence signals 

from the tissue and the spatial distribution of the eGFP signal in fixed retinal flatmounts. 

Figure 6-22 depicts multiple views of the retina following photothermal laser exposure 

using 3-dimensinoal in vivo and ex vivo imaging techniques. Volumetric imaging of the 

lesions with SD-OCT (Figure 6-22 A, B) viewed in the en face plane exhibited structural 

alterations similar to the 3-D reconstruction of the excised retinal tissue around the lesion 

sites seen in Figure 6-22 C. The voids in the tissue were presumably the result of ablation 

of the photoreceptor cells and the 3-D reconstruction of the eGFP signal revealed similar 

patterns in the fluorescence expression of the Müller cells compared to the confocal 

LSM.  

6.3.6 Histology 

 Histological evaluation of retinal cryosections was also performed with 

hematoxylin and eosin (H & E) to investigate changes in the outer retina associated with 

photothermal laser exposure. As expected, the majority of the perturbations in the retina 

were located in and around the RPE. Disruption in the continuity of the RPE monolayer, 

fragments of RPE cells and infiltrating cells were all observed at the site of injury (Figure 

6-23).  Cryosections from adjacent retinal areas appeared unaffected by the laser 

exposure and maintained the typical layered organization. Epifluorescence imaging of 

cryosections stained with DAPI exhibited similar features in the outer retina, particularly 

the RPE, and appeared to have small focal regions of heightened eGFP signal within the 

laser lesion locations (Figure 6-24). Both the H & E stained cryosections and the DAPI 

stained cryosections were obtained within 24 hours of laser exposure to observe acute 

changes in retinal morphology.  
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Figure 6-22. En face SD-OCT projections from a laser exposed mouse 

retina simultaneously acquired with (A) fluorescence SLO to detect 

eGFP expression (B) reflectance SLO [Red rectangles represent the 

volumetric OCT scan area encompassing two discrete  lesions]. (C) 3-D 

rendering of the volumetric data from the MPM imaging sets depicting 

the voids in the retinal tissue caused by the photothermal damage. (D) 3-

D reconstruction of the eGFP fluorescence signal using MPM. 

A B 

C 

D 
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Figure 6-24. Cryosections of the cis-NF-kB
EGFP

 mouse retina. (Top) Naïve mouse 

exhibiting normal retinal structure. (Bottom) Distorted RPE and photoreceptor 

morphology following photothermal exposure to the retina. (Blue – DAPI stained 

nuclei; Green – eGFP)  

Figure 6-23. H & E staining of the mouse retina. (A) Two adjacent laser lesion sites 

were visible in the retinal section. This animal was sacrificed 8 hours after receiving 4 

retinal exposures. The arrows identify the mottling observed along the RPE and the 

infiltrating cells stained in blue immediately above the RPE monolayer. (B) A naïve 

age-matched mouse was used as a control for comparison with normal retinal 

architecture.   
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6.4 Discussion 

 In the present study, two non-invasive retinal imaging techniques, cSLO and SD-

OCT, were applied to investigate the response to local photothermal injury in a transgenic 

mouse model. The eGFP reporter gene provided an opportunity to directly visualize the 

upregulation of NF-ĸβ in response to low dose photothermal laser exposure. Multiple 

laser exposure powers were used to demonstrate variability in the molecular expression 

and morphological perturbations in the outer retina. The spatial and temporal profiles of 

both molecular and morphological biomarkers were evaluated.   

 The delayed response observed in the eGFP fluorescence reflects a gene response 

model of rodent retinal injury recently proposed by Vazquez-Chona et al.(258) The early 

response to injury included the upregulation of numerous transcription factors, including 

NF-ĸβ (p65). Following the early phase, a general inflammatory reaction that lasts for 

days includes damaged cells releasing pro-inflammatory cytokines and migration of 

Müller cells to the site of injury. Inflammation generally resolves within the first week as 

the chronic stage of wound healing begins. During this late phase, Müller glia remain 

active in the structural remodeling of the damaged tissue(259). These findings are 

consistent with the observed eGFP fluorescence in the Müller cells visualized using 

confocal LSM and MPM in fixed tissue samples. The proposed timeline was also 

consistent with the in vivo fluorescence signals and volumetric SD-OCT data.  

 Although the eGFP response appeared to be highly sensitive to light-induced 

retinal injury, it is unknown whether the continued presence of eGFP fluorescence is truly 

indicative of prolonged NF-ĸβ upregulation and inflammation. An attempt was made to 

quantify the expression at multiple time points based on western blots but the small 
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amount of tissue available from the mouse retina coupled with the relatively small 

regions of light induced damage did not yield significant results when compared with 

naïve mice. Similarly, it is debatable whether different classes of laser exposure (i.e. 

threshold vs. suprathreshold) yield measurable differences in fluorescence expression. 

Recent analysis by our collaborators demonstrated a significant correlation, albeit weak (r 

= 0.29, P = 0.0017) between suprathreshold lesion size and eGFP fluorescence in a 

limited number of mice over 7 days using a mixed model of repeated measures(161). It is 

likely that additional mice will need to be examined in the future to determine the degree 

to which this method may be used as an assay to determine upregulation of the 

transcription factor and overall injury to the retina. Moreover, it would be beneficial to 

investigate different regimes of laser exposure (i.e. photomechanical and photochemical) 

and additional wavelengths to assess changes in the spatial and temporal upregulation of 

NF-ĸβ based on these parameters.  

 In addition to the in vivo imaging studies, we also examined excised retinal tissue 

using immunohistochemistry and multiple microscopy techniques including confocal 

laser scanning, multiphoton (MPM) and differential interference contrast (DIC). The ex 

vivo imaging served to validate our in vivo imaging data and provided additional 

information regarding the localization of the eGFP fluorescent reporter in depth. 

Hematoxylin and eosin staining and immunostaining were also performed on 

cryosections and flatmounts of the retinal tissue to investigate to role of specific cell 

types and molecules in response to the laser-induced injury.  

 The localized degeneration of the photoreceptor cells seen with DIC may be used 

to investigate additional mechanisms of cell death following retinal injury or chronic 
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inflammation. The regions of laser exposure were clearly delineated in the photoreceptor 

mosaic and the remaining cells exhibited altered morphology. In addition to our DIC 

microscopy findings, recent studies conducted by our collaborators also demonstrated a 

similar phenomenon using a TUNEL assay to detect apoptotic cells in retinal 

cryosections following photothermal damage to the mouse retina(260). The apoptotic 

cells were largely confined to the outer nuclear layer of the retina. Although the 

assessment of the photoreceptor mosaic was based on ex vivo samples, it will likely be 

possible to conduct similar experiments in vivo in the near future with the use of high 

resolution adaptive optics scanning laser ophthalmoscopy (AO-SLO) and adaptive optics 

optical coherence tomography (AO-OCT). Novel imaging systems have been designed or 

modified to accommodate for the higher optical power and smaller size of the rodent eye 

while correcting optical aberrations from the ocular tissue of rodents to provide in vivo 

images at a cellular level(147, 261-263). Furthermore, recently developed techniques to 

effectively mount the rodent RPE(264) may provide additional insight into the 

photothermal injury incurred from the absorption of high energy light by melanin.  

 NF-ĸβ has been linked to increased oxidative stress, inflammation, and 

angiogenesis. All of these features play a prominent role in the pathogenesis of AMD 

which makes this transcription factor an intriguing target for therapeutic intervention. A 

recent phase II clinical trial examined the use of a topical compound to inhibit over-

expression of NF-ĸβ in patients with geographic atrophy(265). Based on the 11 patients 

studied, this intervention demonstrated a significant preservation in visual acuity but 

failed to effect enlargement of atrophic area, contrast sensitivity, and extension of drusen. 
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Therefore, the authors of the study concluded the intervention strategy at the given 

concentration and route of administration only provided a minor benefit.   

 The data suggest that the focal depth is an important factor to consider with this 

transgenic mouse model due to the variability of the eGFP expression throughout the 

retinal tissue. Likewise, the time course of NF-kB upregulation has a substantial impact 

on the analysis. Current confocal retinal imaging systems are limited based on axial 

resolution but recent advancements in in vivo MPM and adaptive optics would eliminate 

many of these issues by providing depth resolved fluorescence data with respect to the 

localization of NF-ĸβ(223, 225, 226). The combination of MPM and SD-OCT for in vivo 

imaging would provide highly detailed information regarding the fluorescence (both 

autofluorescence and eGFP) and the structural alterations associated with injury and 

tissue remodeling in the light-induced degeneration model.  

   

 In conclusion, the combination of light-induced retinal degeneration the cis-NF-

κβ
eGFP

 transgenic mouse model provided a novel method to examine the spatial and 

temporal upregulation of NF-κβ and morphological perturbations. The similarities in the 

progression of the eGFP fluorescence and morphometric assessment of the SD-OCT data 

suggest that structural remodeling following injury may be closely related to the 

inflammatory response of the Müller cells in the retina. This model system may be used 

to investigate a wide variety of degenerative diseases not only in the retina but throughout 

the CNS as well. The inhibition of specific inflammatory pathways may also provide 

insight for the development of new targeted therapies to preserve neuronal cells impacted 

by injury and disease.  
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Chapter 7: Adaptive Optics Confocal Scanning Laser Ophthalmoscopy 

(AO-cSLO) in the Human Retina 
 

7.1 Introduction 

Adaptive optics (AO) enhanced retinal imaging is becoming a popular method of 

non-invasively visualizing cellular morphology in the living eye. Currently, these 

instruments are limited to research applications but are likely to transition to clinical use 

in the near future. Numerous research groups have visualized cellular features and retinal 

ultrastructure including the photoreceptor mosaic, retinal pigmented epithelial cells, 

capillary networks, and retinal nerve fiber bundles. A number of parameters have been 

explored in healthy volunteers to characterize variability in the normal population based 

on traits such as axial length(266, 267), eccentricity(266, 268-270), and age(271). Over 

the past 5 years, there has also been exponential growth in the number of publications 

implementing high-resolution AO-SLO to study pathology(272). The photoreceptor cells, 

particularly cones, are among the easiest features to observe using AO-SLO due to their 

natural waveguide properties which make them highly reflective. However, the small size 

(~2 µm) and increased packing density of the foveal cones has limited studies directly 

visualizing these features(273). Generally, analysis is performed on parafoveal cone 

photoreceptors for better accuracy and reproducibility with respect to metrics such as 

density and spacing.  

The objectives of this study were to (1) characterize high resolution AO-cSLO 

imaging data using a custom designed instrument in healthy volunteers and (2) develop 

analytical methodology to quantitate morphological biomarkers in the retina. The 
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following sections describe the design of the instrumentation, image acquisition 

parameters, processing methodology, and algorithms for quantitative image analysis.      

7.2 Instrumentation Design  

A variety of design strategies may be implemented in AO instrument design. The 

most common designs use a series of spherical mirrors similar to large scale AO 

telescopes used for astronomy applications(18, 33, 269, 274, 275). Designs favoring 

lenses in place of spherical mirrors have also been developed which provide some 

additional benefits, namely the possibility for more compact instrument design(273). The 

UTMB AO retinal imaging system implements an all reflective design using 7 spherical 

mirrors. The system was configured with the optical elements arranged on a 2’ x 2’ 

breadboard to minimize the footprint of the instrument while incorporating commercially 

available optics. The design of the imaging beam path transfers images of the pupil or 

retina to the appropriate conjugates using paired mirrors (i.e. a telescope). A 2-D 

representation of the optical configuration and the actual layout of the SLO channel are 

shown in Figure 7-1. The paired mirrors were separated by the sum of their focal lengths 

(f-f) and the associated magnification was determined by the ratio of the focal lengths. 

The final unpaired spherical mirror was configured in an f-2f relay which contained both 

pupil and retinal conjugates. The scanning galvanometers, Hartmann-Shack wavefront 

sensor (HS-WS), and deformable mirror (DM) were all placed at pupil conjugates to 

effectively sample and correct the wavefront at the pupil of the patient. The magnification 

of the beam through the system yielded a final beam diameter of 7 mm, which is the 

approximate diameter of a dilated pupil in patients. The AO control software and 

associated electronics are located on an additional cart and relayed to optical table.  
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A custom SLO timing board was used to generate the pixel clock, line sync, and 

frame sync signals. Additionally, the timing board was responsible for driving the 

imaging galvanometers and automatically de-warping the SLO images caused by the 

sinusoidal resonant scanner (RS). The RS (Electro-Optical Products Corporation (EOPC), 

Ridgewood, NY) operates at a frequency of 12 kHz and provides the fast horizontal scans 

and slow offsets which permit larger scan areas to be acquired by directing the raster scan 

to follow a predefined pattern.   

The imaging and sensing light source is an 830 nm superluminescent diode (SLD, 

Superlum, Moscow, Russia) with a bandwidth of 62 nm (Figure 7-2). Utilizing the same 

light source for both imaging and sensing helped to maintain a small footprint for the 

system, minimized optical alignment issues, and eliminated the possibility of wavefront 

correction errors due to chromatic shifts (i.e. longitudinal chromatic aberration (LCA)). 

The HS-WS used a lenslet array (SussMicroOptics, Neuchatel, Switzerland) and a CCD 

camera (Uniq Vision Inc., Santa Clara, CA) to sample the wavefront error across the 

pupil. The focal length of the lenslet array (18 mm) was selected to be compatible with 

off the shelf optics while providing suitable sensitivity and dynamic range to image a 

wide variety of patients in a clinical setting. An iris was also placed in front of the lenslet 

array to block diffuse reflections backscattered from the cornea.  

The cSLO component used a confocal pinhole and an avalanche photodiode (APD, 

Hamamatsu, Japan) to collect the light reflected or backscattered from the retina. The 

total power of the light, measured at the cornea, was routinely measured and maintained 

below 500 μW to ensure compliance with safety standards(276). Low light levels 

reflected from the fundus are difficult to detect even with state-of-the-art sensing 
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elements like avalanche photodiodes (APD) and photomultiplier tubes (PMT). There is 

also a need to minimize the amount of light delivered to the retina to mitigate the risk of 

adverse effects from phototoxicity. Achieving a balance between the power of the 

illumination source and the detector sensitivity is a fundamental component of any AO 

Figure 7-1. (Top) Cartoon diagram of the AO-SLO beampath including all of the optical 

and sensing elements. 
*
The flattened 2-D representation is not to scale. (Bottom) Actual 

configuration of all elements arranged on the 2’ x 2’ optical breadboard. 
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system design. A comparison of high resolution, small FOV SLO images with and 

without adaptive optics correction is shown in Figure 7-3. The accompanying wavefront 

sensor display and wavefront error maps are also shown. The pinhole diameter was 

adjustable (25 – 400 µm diameter) by manually changing the size to reject out of focus 

light from the retinal plane based on the desired experimental conditions. 

 Generally, the larger confocal pinholes (200 and 400 µm) were used for 

imaging patients with dim fundus reflectance or undilated patients. Smaller pinholes 

yielded better contrast but this came at the expense of collection efficiency of the 

backscattered photons. A large-stroke, 50 µm, deformable mirror with 52 actuators 

(Imagine Eyes Mirao 52-d, Orsay, France) was used to correct distortions in the 

wavefront. Videos were recorded at a rate of 12 frames per second (fps) in sequences of 

approximately 10-30 seconds for each retinal location and saved as 8-bit .avi files for 

further processing. Each SLO image in the video sequence was collected at 1024 x 1024 

pixel resolution and an estimated optical resolution of approximately 2.5 µm.   

The custom control software for the electronic components and active AO 

correction were developed by Physical Sciences, Inc. (Andover, MA). Each module was 

independently controlled through a graphical user interface (GUI) in LabVIEW (National 

Instruments Corporation, Austin, TX).   

Patients were positioned relative to the beam path to align the pupil with the 

incident light source. A chin rest and forehead rest provided the appropriate angular 

alignment while a micrometer controlled 3-axis stage was used to guide the fine position 

thereby aligning the center of the patient’s pupil. The custom position for each patient 

was documented to enable easier realignment during subsequent imaging sessions. 
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Fixation was maintained using an 8 x 8 array of LED lights. Each LED could be 

selectively illuminated to steer the patient’s fixation and raster scan specific regions on 

the retina.   

 

7.3 Image Processing Methods 

Distortions in retinal images are a common source of error which can have a 

negative impact on registration. Despite a patient’s best efforts, there is always at least a 

small degree of motion when acquiring images of the retina on such a small scale. Three 

of the most common sources of image distortion are saccades, blinking, and focal 

alignment which are depicted in Figure 7-4. For each video sequence, a frame-by-frame 

assessment of the data was performed to eliminate images exhibiting extensive 

distortions or suboptimal quality. These features were particularly prominent in patients 

with impaired vision caused by ocular pathology but were also common in young healthy 

Figure 7-2. Spectrum for the Superlum SLD used for wavefront 

sensing and reflectance image acquisition.  
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Figure 7-3. High resolution, 1.5° x 1.5° (~435 µm x 435 µm) field of view SLO image of 

a healthy emmetrope with (A) adaptive optics closed loop correction on and (B) 

corresponding image without AO correction. (C) Corrected wavefront (D) original 

wavefront sampling of ocular aberrations without correction. Wavefront error maps for 

the corrected (E) and the native (F) images depicting the magnitude of the wavefront 

error. With the closed loop correction active, minute features are easily discernable due to 

the increased brightness and contrast of each image. 

100 



118 

volunteers. In general, the elimination of extensive motion artifacts improved the overall 

image quality for subsequent image processing steps. 

 

 

7.3.1 Image Registration 

A variety of registration techniques have been described in the literature but there 

is no universally accepted methodology for AO-SLO image sequences. Much of this 

variability arises from the differences in the methods used in data acquisition and 

acquisition speed. Perhaps the most commonly cited technique involves selecting a 

template image and subsequently matching the remaining images based on predefined 

descriptors, generally local intensity minima and maxima. This method can be further 

improved by dividing each image into blocks or subsets which help account for intra-

frame motion(277, 278).  

 We employed a method developed by Saalafeld et al.(279) which is freely 

available as a plugin for ImageJ (Wayne Rasband, NIH, Bethesda, MD). The program 

was originally developed to register 3-D data sets of electron microscopy but we found 

that the robust feature identification and registration pairing is also well suited for AO-

Figure 7-4. Examples of imaging artifacts due to (A) saccades, (B) blinking and (C) focal 

alignment. Each frame was removed from the data set prior to registration and averaging.   

A B C 
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SLO image sequences. The basis of this registration technique is the Scale Invariant 

Feature Transform (S.I.F.T)(280) which identifies unique features in each frame and 

performs a cross-correlation among successive frames to align the data set (Figure 7-5). 

Variations on the S.I.F.T. registration technique have also been demonstrated by other 

groups in the context of high resolution retinal imaging(281, 282). A combination of 

transformations was also used to accommodate for different types of motion. In general, 

rigid transformations were used to account for inter-frame motion due to bulk movements 

and affine transformations were used to account for intra-frame motion. Following the 

registration stage of the video sequences, the images were averaged to improve the 

overall signal to noise ratio and make features more discernable. Ten to twenty registered 

images were typically averaged for each retinal location. The resultant improvements in 

SNR can be seen in Figure 7-6. When available, larger mosaics were also reconstructed 

Figure 7-5. Sequential frames from an AO-SLO video demonstrating lateral motion. The 

S.I.F.T. registration method was able to identify features in each frame and perform 

cross-correlation of these structures to align images in each data set.  



120 

by stitching averaged images together with Adobe Photoshop (Adobe Systems Inc., 

Mountain View, CA) to create a composite of the photoreceptor morphology throughout 

the macula. A mosaic of averaged images from the parafoveal retina of a healthy 

volunteer is shown in Figure 7-7. 

 

7.4 Image Analysis Methods and Results 

 Although the processing steps are an important part in obtaining high quality 

images, it is still necessary to establish quantitative metrics to analyze the imaging data. 

The identification of clinically relevant parameters is vital in transitioning new diagnostic 

and therapeutic devices to widespread clinical use. The ability to image individual cells in 

vivo provides a unique opportunity to characterize the variability of anatomical 

parameters within individual patients and among larger populations. This information 

may be used to help distinguish irregularities which are indicative of pathology.  

 The most common analytical metrics for AO-SLO images involve the 

photoreceptor cells because they are among the easiest features to detect and play a key 

role in the transduction of visual signals. Photoreceptor density, spacing, and packing 

arrangement are quantitative benchmarks commonly cited in the literature. A variety of 

methods may be used to extract these features from high resolution images. The 

following sections detail the custom applications designed at UTMB to quantitative 

assess the cone photoreceptor cells. 
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Figure 7-6. Improvements in image quality from registration and averaging aligned 

frames (A) Raw image obtained with AO-cSLO (B) Average of 20 frames from the 

same retinal location demonstrating an improved signal-to-noise-ratio. 

A B 

Figure 7-7. Cone photoreceptor image (2° x 1°, ~0.58 mm x 0.29 

mm) acquired from a healthy volunteer using the AO-SLO at the 

University of Texas Medical Branch. The cone photoreceptors 

immediately adjacent to the fovea exhibit normal packing density 

and show no signs of disruption [Scale bar = 0.1mm, asterisk 

marks the center of the fovea] Figure modified from Boretsky et 

al. 2012  
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There are numerous challenges in developing quantitative algorithms and 

analytical techniques for AO-SLO data. First, the retina is densely populated with 

millions of photoreceptor cells which require automated methods to thoroughly 

characterize morphological parameters. Alternative methods include sparse sampling 

throughout the retina and manual identification of features, but these processes are time 

consuming and rely heavily on interpolation of the data. Second, the reflectivity of 

individual photoreceptors may be variable depending parameters such as on the incident 

angle of the incoming light(283) and the turnover of photoreceptor outer segments(284, 

285). To account for these variables, it is necessary to evaluate metrics like spacing, 

density and packing arrangement in multiple regions and assess local changes with 

respect to retinal eccentricity.  

 

7.4.1 Photoreceptor Identification 

We employed a Laplacian of Gaussian (LoG) technique which combines a 

Laplacian derivative filter and a Gaussian smoothing filter to identify the photoreceptor 

cells in each image. The Gaussian filter was first used to smooth the image thereby 

reducing background noise and minimizing false positive identification of features. The 

Laplacian derivative filter was then used to identify edges caused by a sharp transition in 

local intensity values. The LoG filter may be represented mathematically using the 

following equation: 

          
 

   
[  

     

   
]  

  
     

    

We also applied a technique described by Byun et al.(286) to help expedite the 

calculation by providing an approximation of the cell size and spacing prior to the 
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calculation. Threshold intensity values were also set to minimize the detection of 

erroneous extrema. This step was often necessary to eliminate features such as blood 

vessels which may exhibit reflections at the surface. The centroid of each photoreceptor 

identified in the images was reduced to a single point and the coordinate locations were 

saved. Once the location of each photoreceptor was mapped, an overlay of each position 

was applied to the original image. This served as a final quality control step in which 

cells that were not identified in the automated detection were manually added or false 

positive identification of cells were removed before further analysis. Based on the 

orientation of the identified photoreceptors, Voronoi diagrams were generated as a 

geometric representation of the relationships among neighboring cells (Figure 7-8). 

 

Figure 7-8. Identification of cone photoreceptor cells in high resolution AO-SLO images 

(A, D) Averaged imaging frame of the parafoveal cone mosaic in a healthy volunteer 

measuring 2° x 1.5° (B, E) Location of the centroid for each cone photoreceptor cell. (C, 

F) Voronoi diagram depicting the relationships among neighboring cells. D, E, and F 

provide an enhanced view of the image details in the 0.5° x 0.5° subsets outlined in red.  
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7.4.2 Photoreceptor Density Measurements 

Once the cone photoreceptors were identified, the images were divided into 

smaller regions of interest (ROIs). Each ROI had a specified area which enabled us to 

calculate the local photoreceptor density and represent this value in the conventional term 

of Cones/mm
2
. The ROI size was user defined so it could be modified to suit any 

particular study. Analysis of the photoreceptor density measurements based on the ROI 

size was performed using data from healthy volunteers to identify the appropriate 

conditions for our system. This allowed us to compare our findings with similar imaging 

studies utilizing AO instruments(271) and earlier microscopy studies of post mortem 

donor tissue(287, 288).  

 

The semi-automated density measurements were compared to the “gold standard” 

method of manually counting each cell. Obviously, the manual counting approach would 

be prohibitive on a large scale due to the amount of time it would take to analyze each 

image so a fully automated method would be preferable. We evaluated 22 images from 

healthy volunteers to test both methods. A few of these images are shown in Figure 7-9. 

Each image represented a 0.5° x 0.5° FOV (~145 μm x 145 μm) from various parafoveal 

locations. A comparison of both methods is shown in the Bland-Altman plot in Figure 7-

10. For this plot, the x-axis represents the mean value of the two measurement methods 

while the y-axis represents the difference between the two methods. The solid line is the 

linear regression plot of the data set and the dashed lines signify the 95% confidence 

interval (95% CI = 1.96*SD). In general, the difference between the cone counting 

methods was less than 10% for a given area, but excessively dark or noisy images yielded 
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poorer results due to the presence of ambiguous features. The data analysis, regardless of 

methodology, appeared to be highly dependent on the initial image quality.   

In addition to identifying the photoreceptor cells in a given image, we tested the 

variability in density measurements based on the size of the ROI selected by the user. For 

Figure 7-9. In vivo AO-cSLO images from 3 healthy volunteers depicting variable 

photoreceptor density based on retinal eccentricity and image intensity. Each image 

represents a video frame cropped to 0.5° x 0.5°. Comparative analysis of the manual 

cone counting method and the semi-automated LoG algorithm was performed to 

assess the agreement between methods.  
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flood illuminated AO fundus cameras, the size and orientation of the sampling window 

can have a significant impact on photoreceptor density and spacing measurements(289). 

The region selected for analysis was adjacent to the fovea (parafoveal) where cone 

packing density is relatively high but decreases exponentially as a function of 

eccentricity. This permitted us to evaluate a wide range of density values over a small 

area (2° x 2° FOV). In Figure 7-11 the same image was analyzed using 5 different 

sampling window sizes to demonstrate the influence of sampling window on the density 

measurements. 

Figure 7-10. Bland-Altman plot showing the agreement between 

parafoveal cone density values in healthy volunteers counted 

manually vs. the semi-automated LoG technique. The x-axis 

represents the mean of both methods while the y-axis portrays the 

difference between the methods. The dashed lines represent the 95 

% confidence interval for agreement between both methods.  
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An additional test was performed on an image of the peripheral (perifoveal) cone 

mosaic to determine the variability in a region where the density values were not 

expected to vary more than 10-20% based prior AO-SLO(266, 270, 271, 290) and 

histological studies(255, 288).  Box-and-whisker plots for the density distribution of the 

parafoveal and perifoveal images based on sampling window are shown in Figure 7-12. 

Regions with zero photoreceptor counts were found in the analysis of the perifoveal 

image when the ROI size was limited to 16 x 16 or 32 x 32 pixels. This indicated an 

undersampling error which was dependent on the analytical window size. A summary of 

the mean density values, standard deviation and undersampling percentage is displayed in 

Table 7-1.  

 

Figure. 7-11. Analysis of sampling window size on photoreceptor density counts on a 

2° x 2° parafoveal AO-SLO image from a healthy volunteer.  
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Photoreceptor density is a useful method of quantifying the cone mosaic which is 

why it has been used as a fundamental metric to assess AO-SLO images in numerous 

studies. However, density measurements must be interpreted with caution since they can 

vary substantially based on the type of imaging system used to acquire the data, the 

method of identifying photoreceptors and the overall quality of the images. Inter-subject 

variability of up to 20% has been documented within 10° of eccentricity from the 

fovea(266, 268, 271, 290). Recent studies have also described abnormalities in the 

photoreceptor mosaic despite density measurements within the accepted normal range 

(291, 292).  

 Additionally, density measurements may be skewed by the presence of 

retinal vasculature which obscures reflectance from the photoreceptors. This results in an 

underestimation of the true cell count and potential false positive indication of pathology. 

Rod photoreceptors may also be misidentified as cones which would provide an 

overestimation of the cell count. Current research is underway to help discriminate 

between different photoreceptor types(293) (i.e. rods versus cones), which is of particular 

interest in diseases such as rod-cone dystrophy and age-related macular degeneration.  

 

7.4.3 Photoreceptor Spacing Measurements  

 Photoreceptor spacing represents a more conservative assessment of the cell 

population and may therefore be used to complement the density analysis. Based on the 

photoreceptor locations that were previously mapped, we were able to perform Delaunay 

triangulation to determine the center-to-center spacing of neighboring cells and calculate 

the mean spacing for a given ROI. The Delaunay triangulation method determines spatial 
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orientation by creating a circumcircle from the 3 vertices of a triangle such that no 

additional points lie within the circumcircle. An illustration of Delaunay triangulation and 

the related Voronoi diagram is shown in Figure 7-13. This method limited overestimation 

of the spacing between cells by maximizing the minimum angle of each triangle. 
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Additionally, measuring the center-to-center distance eliminated the need to delineate 

each cell boundary to measure the gaps between cells. 

 The ROI size selected for analysis of both density and spacing measurements was 

matched to provide complementary information regarding the morphology of the 

photoreceptor mosaic. As stated previously, each method has its own strengths and 

weaknesses so the graphical representations for each measurement strategy served to 

balance the interpretation of the data and provide complementary views. Prior studies 

have demonstrated that sampling windows larger than 60 x 60 µm provide a more 

comprehensive assessment of local photoreceptor density, spacing and packing 

arrangement (270, 289, 292, 294) We selected image subsets of 0.25° x 0.25° (~73 x 73 

µm), which is consistent with these previously  published reports (Figure 7-14). 

Figure 7-13. (A) Depiction of Deluanay Triangulation with a random array of points. 

The Euclidian distance between points forms the vertices of the triangles. The 

circumcircles are shown in gray. (B) Illustration of the relationship between Delaunay 

Triangulation and the corresponding Voronoi diagram shown in red.  



132 

Moreover, this allowed us to investigate local perturbations in the context of larger scan 

areas, including regions which appeared morphologically normal. 

  Alternate methods of calculating the average cone spacing have also been 

described in the literature. For example, Lombardo et al.(270) labeled the coordinate 

locations of the photoreceptors and calculated the center-to-center cone distance (Inter-

cone distance, ICD) based on the formula: 

        [
 

√  
]  

 
 ⁄  

where D represents the photoreceptor density measured in cones/mm
2
. This method 

works under the assumption that the cones are arranged in a hexagonal pattern. However, 

only approximately 35-50 % of the cones may be found in this orientation, depending on 

retinal eccentricity. Our approach does not make this assumption in the calculation of the 

mean spacing so is therefore less prone to bias based on eccentricity-dependent changes 

in density. 

 

The relationship between the density and spacing measurements along the nasal-

temporal axis is shown in Figure 7-15. For cone density and spacing measurements, 

Figure 7-14. (A) Enhanced view (0.25° x 0.25°) of the perifoveal cone photoreceptors 

(B) Voronoi diagram with the centroid of each cell mapped (C) Delaunay 

triangulation based on the coordinates of the cones used to measure center-to-center 

spacing.  
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retinal eccentricity is referenced with respect to the anatomical fovea of each patient. This 

enabled us to compare groups of patients based on a common scale of degrees of arc 

instead of absolute distance measured in micrometers. Although we were unable to 

resolve the smallest foveal cones at the center of the foveola to identify the exact 

location, we believe our approach represents a reasonable estimation based on the 

correlation between our finding and similar reports. 

 

Figure 7-15. Relationship between cone photoreceptor density (black) and spacing 

(red) as a function of retinal eccentricity in healthy volunteers. The R
2
 values for the 

density and spacing measurements were 0.968 and 0.965, respectively.  
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7.4.4 Photoreceptor Packing Arrangement 

 Documenting the preferred packing arrangement of photoreceptors cells 

throughout the eye represents another analytical parameter which may have diagnostic 

implications. Packing arrangement was determined based on the nearest neighbor 

analysis of each Voronoi region. The number of adjacent cells determines the preferred 

arrangement for a given location and is denoted based on the corresponding geometric 

shape (i.e. 4n = rectangular, 5n = pentagonal, 6n = hexagonal, etc.). The results of the 

nearest neighbor analysis were represented by color coding each Voronoi region to 

display the given geometric configuration (Figure 7-16). The data was then exported to 

excel for further analysis of the preferred arrangement based on retinal eccentricity. 

Generally, a hexagonal (6n) arrangement constitutes the largest proportion of the 

preferred packing arrangement with approximately 35-50% and 4n – 8n arrangements 

comprise over 95%. Therefore, divergence in the expected orientation of the packing 

arrangement may indicate underlying pathology directly affecting the photoreceptor cells. 

 

Figure 7-16. (A) 2° x 2° image of the cone photoreceptor mosaic in a healthy patient 

approximately 5° from the fovea along the temporal meridian. (B) Voronoi diagram of 

the geometric orientation of the cones. (C) Color-coded diagram depicting the 

photoreceptor packing arrangement with respect to the number of nearest neighbors. 

The scale bar represents the number of adjacent cones for each Voronoi region.  
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We performed analysis on the macular packing arrangement of 3 healthy 

volunteers to determine the preferred geometry of the cone photoreceptors with respect to 

eccentricity within 5° of the fovea. As expected, the 6n orientation was the most 

prominent for each patient and at every eccentricity tested along the nasal-temporal axis 

(Figure 7-17). 

 

7.5 Conclusion 

 The development of retinal imaging systems enhanced with adaptive optics has 

provided an unprecedented view of microstructure within the living eye. The 

development and refinement of processing algorithms is a fundamental step in translating 

new devices into a clinical setting. The low light levels reflected back from the fundus, 

ocular motion, and limitations on the amount of light energy that may be safely delivered 

to the retina were the primary obstacles to obtaining high quality images of retinal cells in 

vivo. A preprocessing step was necessary to inspect each data set and remove extensive 

motion artifacts. The registration technique implemented to align sequential images in a 

series provided the basis for subsequent processing and analysis. The S.I.F.T. technique 

followed by block matching was able to account for the vast majority of the involuntary 

motion observed during acquisition. Averaging the resultant images improved the SNR 

and provided heightened structural detail. Alternative methods of image analysis are able 

to take advantage of this dynamic image acquisition process by evaluating motion to 

calculate features such as leukocyte velocity(295) or vascular networks(20, 22).   

 The clinical implications for AO technology are widespread and have been 

reviewed in great detail in the literature(272, 296). Qualitatively, the high-resolution 
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Figure 7-17. Preferred packing arrangement along the nasal-temporal axis 

compiled from 3 healthy volunteers.  
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images help reveal clinically relevant signs of pathology like altered cellular morphology. 

However, the identification of quantitative biomarkers of disease is equally important to 

justify the routine use of AO in a diagnostic capacity. It is doubtful that one metric alone 

will be suitable to ascertain the health of the retina or even just the photoreceptor cells. It 

is likely that the relationships among multiple complementary parameters will provide a 

more accurate characterization of tissue. Each analytical technique demonstrated in this 

chapter had its own limitations which could potentially be counterbalanced by 

incorporating additional metrics to improve the diagnostic capabilities of AO-SLO 

instruments. 
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Chapter 8: High Resolution Imaging in Patients with Age-Related 

Macular Degeneration 

 

 
High resolution imaging techniques provide the basis for differential diagnoses of retinal 

diseases. Each new innovation has the potential to further our understanding of retinal 

diseases by providing a new way of assessing structural, functional or molecular changes 

associated with pathology. Adaptive optics (AO) represents the next stage in the 

evolution of diagnostic retinal imaging. A recent review by Carroll et al. highlighted the 

increase in scientific publications referencing AO enhanced imaging to investigate 

pathology, particularly over the past 5 years(272). This upward trajectory is likely to 

continue for the foreseeable future as AO retinal imaging enters the mainstream with 

commercially available diagnostic instruments.    

As one of the leading causes of irreversible visual impairment throughout the 

world, age-related macular degeneration (AMD) represents a global health crisis that is 

only projected to rise as life expectancy increases(36-38). This progressive disease targets 

the specialized region of the retina which is primarily responsible for color vision and 

sharp central fixation. AMD can have a profound impact on quality of life and represents 

a tremendous financial burden associated with healthcare costs. In the United States 

alone, AMD is attributed to billions of dollars in direct health care cost annually(297-

299).  

 

8.1 Introduction 

 The epidemiology and proposed mechanisms of AMD pathogenesis were outlined 

in Chapter 3 of this dissertation. Despite the uncertainty in our current understanding of 
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AMD pathogenesis, it is known that vision loss is the result of photoreceptor 

degeneration. Specifically, the loss of cone photoreceptors within the macula leads to 

decreased central visual acuity. This inability to discern objects in the central visual field 

has a negative impact on nearly every aspect of a patient’s life by compromising 

everyday tasks such as driving, reading or even recognizing faces.  

 Despite the prevalence of AMD and the increasing prominence of adaptive optics 

(AO) retinal imaging research, only a few publications have demonstrated the use of AO 

in patients with AMD(1, 300-303). The best quality AO enhanced images are acquired in 

patients with stable fixation and clear ocular media. Unfortunately, this is rarely the case 

with elderly patients exhibiting the degenerative effects of AMD within the macula. 

Stable fixation helps minimize inter- and intra-frame motion distortions which reduce the 

quality of the retinal images. The use of near-infrared light sources can mitigate some of 

the effects of ocular opacities due to decreased scattering but features such as dense 

cataracts can still have a substantial impact on the amount of light reflected back from the 

fundus. Likewise, advanced retinal tracking software(278) or hardware(31, 275) is often 

incorporated into AO retinal imaging systems to mitigate the effects of minor, 

involuntary eye movements. Furthermore, patient cooperation is crucial because of the 

length of time, generally up to an hour, required to scan a substantial retinal area with 

most research instruments.  

Although there are numerous obstacles in acquiring high resolution images in low 

vision patients, a variety of techniques may be used to help circumvent these common 

problems.  In this study, we acquired AO-SLO data in patients with each clinical stage of 

non-exudative AMD and applied quantitative analytical tools to characterize image-based 



140 

biomarkers based on retinal morphology. The application of novel image processing 

techniques and identification of benchmarks for disease progression may provide a 

greater understanding of pathogenesis and establish new criteria for the evaluation of 

emerging therapeutic intervention strategies.  

 

8.2 Methods 

All procedures in this study were performed in accordance with the Declaration of 

Helsinki. A detailed protocol was approved by the University of Texas Medical Branch 

Institutional Review Board and informed consent was obtained for all study participants. 

Exclusion criteria for patients included retinal complications from diabetes mellitus, 

cataracts, and history of ocular surgery, with the exception of intraocular lens (IOL) 

implantation. Likewise, patients that were unable to maintain suitable fixation were 

excluded from analysis.   

8.2.1 Pilot Study 

A pilot study was conducted to test the feasibility of high resolution AO-SLO imaging in 

patients with known indications of pathology. Four representative patients were selected 

to encompass each clinical stage of AMD progression according to the Age-Related Eye 

Disease Study (AREDS) classification system (Table 8-1). One eye per patient was 

selected for AO-SLO imaging. The participants in the pilot study were all female and 

ranged in age from 65 to 86 years old (Mean age: 75 ± 8.7 years). The age of each 

patient, eye imaged, and Snellen visual acuity may be found in Table 8-2. We anticipated 

increasing difficulty in obtaining quality imaging data suitable for analysis to correlate 

with more advanced stages of the disease. For the advanced stage of AMD (Category IV), 
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a patient with extensive central geographic atrophy was selected to represent the worst 

case scenario. Each patient received a comprehensive retinal examination including 

multimodal clinical imaging (SD-OCT, NIR, FAF, & fundus photography) prior to AO-

SLO imaging. Wide field NIR reflectance images (30° x 30°, λ = 830 nm, 1536 x 1536 

pixel resolution), FAF (ex: λ = 488 nm; em: λ >500 nm) and SD-OCT (λ =870, 

acquisition speed 20,000 A-scans/s; axial resolution ~7 μm) were all obtained with the 

Spectralis™ HRA+OCT (Heidelberg Engineering, Heidelberg, Germany). The wide field 

clinical imaging data and SD-OCT cross-sections were used to help direct the AO-SLO 

imaging window to regions exhibiting signs of pathology and control regions which 

appeared morphologically normal. The AO-SLO acquisition parameters previously 

described in Chapter 7 were used to collect the pilot study data as well. The only 

exception to the previously described acquisition procedure was the use of a larger 

confocal pinhole when imaging AMD patients. A 400 µm pinhole (~6 Airy discs) was 

used to enhance the collection efficiency at the avalanche photodiode (APD). Fundus 

images of the 4 pilot patients are shown in Figure 8-1. 

 

 

Age-Related Eye Disease Study (AREDS) Stages of AMD 

Category I No or few small drusen (< 63 µm) 

Category II Intermediate drusen (< 125 µm)  

Category III Extensive intermediate or large drusen (> 125 µm) 

Category IV Neovascular AMD or Central Geographic Atrophy (GA) 

 

Table 8-1. Age-related eye disease study (AREDS) classification levels for AMD. 
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Table 8-2. Summary of Pilot Study Patient Information 

 

 

 

 

 

 

 

OD – right eye, OS – left eye. *Patient was only able to 

count the examiners fingers at a distance of two feet. 

(modified from Boretsky et al. 2012(1)) 

 

Pilot Study Patient Population 

 
Eye 

Imaged 
Age Visual Acuity 

Patient 1 

(Category I) 
OD 74 20/25 

Patient 2 

(Category II) 
OD 77 20/30 

Patient 3 

(Category III) 
OS 65 20/25 

Patient 4 

(Category IV) 
OD 86 CF 2 ft* 

Figure 8-1. Wide field NIR reflectance SLO images from each pilot patient with the 

corresponding FAF image below (A,E) Category I (B,F) Category II (C,G) Category 

III (D,H) Category IV.  
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8.2.2 Expanded Study 

Based on the early success of the pilot study, additional patients were recruited for 

a larger study which included a total of 20 patients (22 eyes). The participants in the 

expanded study were selected to provide a balance between male and female patients and 

ranged in age from 54 to 92 years old (Mean age: 76 ± 9.5 years). The age of each 

patient, eye(s) imaged, and Snellen visual acuity may be found in Table 8-3. A further 

breakdown of the patient demographics based on category is shown in Table 8-4. The 

image acquisition procedures remained consistent throughout the study. Typically, image 

sequences were acquired for 10-30 seconds while scanning the raster over a small region 

of the retina to oversample the imaged area. This aided in subsequent image registration 

and processing steps. The relatively short duration of the acquisition for each area 

allowed the patients to take frequent breaks to minimize eye fatigue. Each AO-SLO 

imaging session lasted approximately 30-45 minutes. Similar to all of the other AO 

imaging studies, patients were screened with a multimodal clinical imaging system 

(Spectralis™ HRA+OCT, Heidelberg Engineering) to identify specific regions of interest 

and provide a general assessment of AMD-related pathology.  

8.2.3 Image Analysis  

 The primary image analysis metrics were cone photoreceptor density and spacing 

measurements. Detailed methodology on the semi-automated AO-SLO image analysis 

techniques may be found in Chapter 7 of this dissertation. Briefly, a Laplacian of 

Gaussian (LoG) filter was used to identify the location of each cell and reduce it to a 

single point based on the centroid and the coordinate locations were mapped. Voronoi 
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diagrams were generated to provide a geometric representation of cellular arrangement 

and scaled look up tables (LUTs) were used to highlight regions of divergent orientation 

by manually thresholding the 8-bit images. Finally, the coordinate locations of each 

photoreceptor were used to measure mean center-to-center spacing based on Delaunay 

triangulation. The corresponding data was then displayed as a heatmap overlay on the 

original image with each of the analytical regions of interest (ROI) color coded based on 

the custom spacing or density scale. For each Heatmap, a color coded gradient was used 

to display the density measurements while a standard deviation scale was used for the 

spacing measurements.   

Table 8-3. Summary of AMD Patients Enrolled in the Imaging Study 

AMD 

Category 

Patient ID 

Age Sex Eye 

Snellen 

Visual 

Acuity 

I AB_0001 74 F OD 20/25 

I AB_0006 66 F OD 20/20 

I AB_0015 66 F OS 20/25 

I AB_0019 84 M OD 20/30 

I AB_0020 71 M OD 20/25 

II AB_0005 77 F OD 20/25 

II AB_0008 68 F OD - 

II AB_0011 83 M OD - 

 AB_0011   OS - 

II AB_0013 72 M OD 20/20 

II AB_0016 54 M OD - 

III AB_0002 65 F OS 20/40 

III AB_0007 77 F OD 20/25 

III AB_0010 77 M OD  

III AB_0014 92 M OD 20/40 

III AB_0018 72 M OD 20/25 

 AB_0018   OS 20/25 

IV AB_0003 86 F OD CF 

IV AB_0004 80 F OD 20/40 

IV AB_0009 71 M OD 20/40 
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IV AB_0012 88 F OS 20/25 

IV AB_0017 77 M OD 20/25 

 

Table 8-4. Summary of Patients Based on AMD Category 

AMD Category Mean Age ± St. Dev. Male : Female Ratio 

Category I 72.2 ± 7.4 2 : 3 

Category II 70.8 ± 10.9 3 : 2 

Category III 76.6 ± 9.9 3 : 2 

Category IV 80.4 ± 6.9 2 : 3 

 

8.3 Results   

8.3.1 Pilot Study Patients 

The pilot study consisted of 4 female patients as representative cases for each clinical 

category of AMD. The cone photoreceptor mosaic was evaluated in registered and 

averaged composite images to assess the integrity of the macular morphology. A 

qualitative comparison of the high resolution images acquired with the investigational 

AO-SLO system was compared with standard clinical diagnostic techniques. The smaller 

FOV of the AO-SLO enabled photoreceptor cells to be readily identified throughout the 

macula. In some cases, photoreceptor cells were discernable without AO. The active 

closed-loop AO correction provided heightened contrast with respect to the vasculature 

and distortions in the photoreceptor mosaic attributed to drusen. AO-SLO imaging in the 

Category I AMD patient exhibited minimal disruption in the photoreceptor mosaic which 

we attributed to focal hard drusen. Multiple punctate features were also observed which 

may be early subclinical indications of drusen. FAF revealed isolated regions of 

increased fluorescence signal in the perifovea and SD-OCT imaging was able to detect a 

few isolated deposits in the outer retina. Overall, the AO-SLO images helped visualize 
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these features in greater detail and identified potential subclinical indications of aging and 

pathology. The Category II AMD patient exhibited multiple discontinuities in the cone 

mosaic which correlated with drusen observed using SD-OCT. Typical sub-RPE drusen 

(approximately 120 µm in diameter based on SD-OCT measurements) resulted in dark 

circular shapes in the cone mosaic with a few bright features within the ring shape. 

Presumably, disruption of the alignment of the photoreceptors with respect to the incident 

Figure 8-2. Wide field (30° x 30°) near infrared fundus reflectance images with 

corresponding Spectral Domain Optical Coherence Tomography cross-sections 

(position noted by the horizontal green line) provides an overview of the retinal 

morphology for each patient. AO–SLO cone photoreceptor mosaics shown are 

represented by the blue rectangles. The small scale of the images demonstrates the 

effect of disease progression on cone photoreceptors for a representative patient from 

each category (red rectangles represent additional scan areas—not shown). Scale bars 

represent 200 mm. (modified from Boretsky et al. 2012(1)) 
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light led to the reduced reflectance observed with AO-SLO.  The category III AMD 

patient exhibited large confluent drusen which were evident on using multimodal clinical 

imaging. Finally, the category IV patient had extensive central GA as shown in Figure 8-

1 D & H. Regions along the marginal zones of the atrophy exhibited morphologically 

intact cone photoreceptor cells although the population of cones appeared sparse. 

Presumably, this was due to the retinal eccentricity but the progression of AMD may also 

play a role in the photoreceptor density and spacing at these locations. An overview of 

the wide filed clinical SLO images with corresponding SD-OCT cross sections through 

regions exhibiting pathology and AO-SLO images for each of the pilot patients are 

shown in Figure 8-2.   

 Quantitative analysis of the photoreceptor mosaic was performed for each of the 

pilot study patients to assess changes in cone density based on disease category. For this 

analysis, a 3° x 1° retinal area was selected along the temporal axis (~5° - 7° from the 

foveal center) to measure cone photoreceptor density. This region was selected because 

the imaging area was acquired for each patient and density measurements within this 

region are less likely to be biases by the presence of large blood vessels along the major 

arcades. The mosaics were divided into smaller regions of interest (0.25° x 0.25°) to 

measure the variability of the density in the perifovea. Voronoi diagrams and grayscale 

heatmaps were generated to provide a visual representation of the density of each ROI in 

the context of the larger mosaic (Figure 8-3). 

 A One-way analysis of variance (ANOVA) was used to test for significant 

differences in cone density among the four pilot patients from each AREDS category. 

The density values were significantly different among the clinical stages (P < 0.001). 
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Pairwise multiple comparisons among the individual stages (Tukey Test) were also 

performed. Differences between groups were deemed significant at P < 0.05 during the 

multiple comparisons tests. The Category I and II patients did not exhibit significant 

differences in cone density. Similarly, Category III and IV measurements were not 

statistically different. However, both Category I and Category II density values were 

significantly different from the Category III and Category IV measurements. This would 

indicate the ability to distinguish between earlier and later stages of the disease based on 

cone photoreceptor density measurements. A summary of these results may be found in 

Table 8-5. 

 The findings from the density measurements may also be observed qualitatively 

based on the increasing prevalence of regions demonstrating decreased cone reflectance 

as a function of disease progression. These features are noted by the arrows in Figure 8-4.   

Figure 8-3. Example of cone photoreceptor density analysis from a Category II dry 

AMD patient (A) cone photoreceptor mosaic (3° x 1°, ~ 0.87 mm x 0.29 mm) (B) 

Automated identification of cone photoreceptor locations (C) Heat map of localized 

photoreceptor densities in 0.25° x 0.25° regions, dark regions represent lower 

photoreceptor density [values range from 2568 – 13983 cones/mm
2
; mean value ± 

SD: 8698 ± 2964] (D) Voronoi diagram demonstrating the relationship between 

photoreceptor packing density and alterations caused by drusen formation. [Scale bar 

= 0.1 mm] (modified from Boretsky et al. 2012(1)) 
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Table 8-5. Cone photoreceptor density analysis for a representative patient from each 

AMD category 

 

 

 

 

 

n 

Mean Cone 

Density 

[Cones/mm
2
] 

Standard 

Deviation 
Min Max 

Category  I 48 9128 ± 1612 4946 14269 

Category  II 48 8698  ± 2965 2568 13983 

Category III 48 5443 ± 1259 3234 8371 

Category IV 48 4744 ± 1377 1141 7420 

Multiple Comparisons (Tukey Test) 

Category I vs Category IV P < 0.05 

Category I vs Category III P < 0.05 

Category I vs Category II No 

Category II vs Category IV P < 0.05 

Category II vs Category III P < 0.05 

Category III vs Category IV No 

One-way ANOVA was used to test differences in photoreceptor density among the 

four clinical stages of AMD. Photoreceptor density was significantly different among 

the 4 groups (P < 0.001). Post-hoc comparison of the groups (Tukey Test) found 

Category I to have a significantly higher cone density than both Category III & IV. 

Likewise, Category II demonstrated significantly higher cone density than both 

Category III & IV. No significant differences were observed between Category I & II 

or between Category III & IV (values were deemed significant at P < 0.05).Composite 

images for each patient represent ~5-7° from the central fovea along the temporal 

meridian. Each data point represents a 0.25° x 0.25° region to assess local variations 

in cone density. (modified from Boretsky et al. 2012(1)) 
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Figure 8-4. AO-SLO composite images from Category I patient (A, B), Category II 

(C, D), Category III (E, F) and Category IV (G, H). White boxes represent the 

0.5°×0.5° regions shown in B, D, F & H. An increase in photoreceptor disruption can 

be observed as a function of disease progression. The arrows denote regions with 

decreased reflectance possibly indicating loss of functionality or atrophy of cone 

photoreceptors. Scale bars (A, C, E, & G) = 0.1 mm. Scale bars (B, D, F, & H) = 0.02 

mm (modified from Boretsky et al. 2012(1)) 
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8.3.2 Expanded Study Patients 

 The pilot study demonstrated the ability to visualize the retinae of AMD patients 

with great detail. However, the pilot study only included a single patient from each 

category and all four patients were female. In an effort to expand the scope of the study, 

analysis of multiple patients for each category was performed. The age range for these 

patients spanned nearly 5 decades and a nearly even gender distribution. The analysis 

also included the addition of spacing measurements using Delaunay triangulation as 

described in the previous chapter. A demonstration of multiple analytical metrics 

including density, Voronoi orientation, and spacing over a typical sub-RPE druse is 

shown in Figure 8-5.  

 

Imaging in patients with early and intermediate stages of AMD often provided the 

opportunity to create larger composites of the photoreceptor mosaic throughout the 

macular region, but this was generally not possible in cases of advanced AMD due to 

reduced fixation. Composites of early and intermediate AMD patients are shown in 

Figure 8-5. (A) Analysis window from an early AMD patient (Category II) exhibiting 

a typical sub-RPE druse. (B) Corresponding cone photoreceptor map based on the 

LoG technique (C) Voronoi diagram highlighting regions of distorted packing 

arrangement (D) tessellation diagram graphically depicting spacing results from 

Delaunay triangulation analysis.   
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Figure 8-6 as an overlay on wide field (30° x 30°) SLO images taken with the clinical 

system to provide a comparison of scale (Figure 8-6). 

 

8.3.3 Photoreceptor Density and Spacing Analysis 

 The photoreceptor density and spacing analysis was performed visualize local 

perturbations in the cone mosaic based on averaged images and to assess changes in these 

Figure 8-6. NIR-reflectance SLO images with the accompanying FAF images. Areas 

outlined in red represent the composite AO-SLO scan regions from the registered 2° 

x 2° data sets.  
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metrics across multiple patients within AMD categories. The local changes in the mosaic 

were easily discernable in both the density and spacing measurements. However, the 

density measurements were more likely to be influenced by the presence of normal 

anatomical features such as blood vessels which yielded numerous regions that appeared 

below the expected mean photoreceptor density. Alternatively, the spacing measurements 

provided a more conservative assessment of the integrity and continuity of the cone 

mosaic. This is aptly demonstrated in Figure 8-7. An alternative view of the processed 

overlay images in shown in Figure 8-8. This representation highlights the aberrant 

features, namely distortion of the cone mosaic due to confluent drusen, using the Voronoi 

diagram and the cone density heatmap.   

 

Figure 8-7. Parafoveal photoreceptor mosaic from a stage II (early) AMD patient 

demonstrating pronounced disruption in the continuity of the cones. The dark circular 

shapes correspond with typical sub-RPE drusen while the irregular dark patches appear to 

be regions impacted by reticular pseudodrusen. SD-OCT scans through each region are 

shown below. Each image panel represents a clinically applicable assessment of the 

viewable retinal region. (Left) Summary of the imaging area highlighting photoreceptor 

density characteristics (Center) Heatmap depicting regional variations in photoreceptor 

spacing in subdivided regions of the image where green is within 1 standard deviation of 

the expected spacing for a given retinal eccentricity, yellow is greater than 1 standard 

deviation, and red is greater than 2 standard deviations. (Right) Heatmap of the 

photoreceptor density in each 0.25° x 0.25° region of interest. 
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 The data from the density and spacing measurements was plotted with respect to 

retinal eccentricity for each stage of the disease to evaluate and discernable patters 

associated with progression. The nasal and temporal meridians were selected in an effort 

to standardize the regions evaluated to better compare multiple patients within and across 

each disease category. Trends toward decreased photoreceptor density and increased 

spacing were observed but the high degree of variability in the measurements did not 

yield statistically significant results. Additionally, the data points from the category IV 

patients with extensive GA were limited to the regions outside of the atrophic lesions so 

measurements near the fovea were not available.  The plots for the density and spacing 

measurements may be found in Figures 8-9 through 8-12. 

 

 

 

Ultimately, multimodal imaging with the clinical instruments and the 

investigational AO-SLO provided the most comprehensive assessment of the retina. The 

combination of fundus photography, wide field SLO, SD-OCT, and AO-SLO gave us 

Figure 8-8. Category III AMD patient (77 year old female) with intermediate drusen 

throughout the macula. (A) 2°x3° mosaic along the superior meridian (B) Voronoi 

diagram highlighting regions of the PR mosaic affected by underlying drusen. (C) 

Heatmap of the local PR density. Scale bar = 100 µm  
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complimentary views of the tissue. The use of SD-OCT to identify morphological 

abnormalities in the outer retina helped guide the regions of interest for AO-SLO 

imaging, specifically in the investigation of the macular cone photoreceptor cells. The 

FAF images also helped to define the atrophic margins which could then be viewed in 

greater detail with the AO imaging system (Figure 8-15). Similarly, regions of hyper- or 

hypo-pigmentation may be seen with enhanced detail to highlight early signs of AMD 

pathogenesis (Figure 8-16) 

 

 

Figure 8-9. Photoreceptor density plot with respect to retinal eccentricity along the 

nasal meridian. The dashed lines represent the best fit logarithmic plot for each 

category based on the data set. The equations for the best fit plots and their respective 

correlation coefficients are shown. 
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8.3.4 Subretinal Drusenoid Deposits (Reticular Pseudodrusen) 

Although we did not explicitly seek out patients with subretinal drusenoid 

deposits (SDD, also known as reticular pseudodrusen), a post hoc assessment of these 

features was noted based on the SD-OCT data. Specifically, the subretinal drusenoid 

deposits/debris (SDD) demonstrated a pronounced decrease in the hyper-reflectivity of 

the IS/OS junction. In one patient (Patient AB_008; Category II non-exudative AMD), 

we were able to observe typical sub-RPE drusen and subretinal drusenoid deposits in the 

same data set (Figure 8-13). Future AO-SLO imaging of such patients may be able to 

reveal whether or not SDD actually confer lower risk for advanced AMD when compared 

Figure 8-10. Photoreceptor density plot with respect to retinal eccentricity along the 

temporal meridian. The dashed lines represent the best fit logarithmic plot for each 

category based on the data set. The equations for the best fit plots and their respective 

correlation coefficients are shown. 
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with conventional drusen as proposed by Zweifel et al(97). Additional imaging of this 

subject was viewed with SD-OCT to examine the integrity of the IS/OS junction (also 

currently referred to as the ellipsoid zone of the inner segments(304)) within the region of 

SDD. The intensity profiles of a control region and the SDD zone were plotted together 

to demonstrate the loss of the hyper-reflective band typically associated with the IS/OS 

junction (Figure 8-14).  Additionally, similar techniques could be used to investigate 

features such as outer retinal tubulations with AO as demonstrated by Panorgias et 

al(305).    

 

 

Figure 8-11. Photoreceptor spacing plot with respect to retinal eccentricity along the 

nasal meridian. The dashed lines represent the best fit logarithmic plot for each 

category based on the data set. The equations for the best fit plots and their respective 

correlation coefficients are shown. 
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8.4 Discussion 

 In the pilot study, we were able to demonstrate the application of high resolution 

imaging at a cellular level in patients representing each clinical stage of non-exudative 

AMD. This study was the first of its kind to visualize the cone photoreceptor mosaic in 

vivo in patients encompassing each clinical stage of AMD with AO-SLO. Detailed 

morphological data regarding the health of the macular photoreceptor cells established an 

additional clinical benchmark for the diagnosis of AMD, criteria for disease progression, 

Figure 8-12. Photoreceptor spacing plot with respect to retinal eccentricity along the 

temporal meridian. The dashed lines represent the best fit logarithmic plot for each 

category based on the data set. The equations for the best fit plots and their respective 

correlation coefficients are shown. 
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and the potential to evaluate therapeutic intervention. Local anomalies in the integrity of  
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the photoreceptor mosaic also provided insight into the underlying pathogenesis of AMD. 
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By quantifying metrics such as density and spacing, early biomarkers of AMD which are 

currently deemed subclinical may be identified.  

 Qualitatively, the images acquired for the AMD patients were generally poorer 

than young, healthy volunteers. This was expected based on the dim fundus reflectance in 

the aged patients and problems maintaining fixation for extended periods of time. Despite 

these complications, the quantitative analysis of our data yielded comparable results to 

previous ex vivo and in vivo characterization of the photoreceptor mosaic in aged and 

AMD patients(255, 271, 287, 303). Interestingly, the analysis of cone density was able to 

discern statistically significant differences between early stages of AMD (Category I & 

II) and later stages (Category III & IV).     

 The combined data from each AMD category provided an intriguing problem 

from an analytical standpoint. The unpredictable nature of drusen accumulation and the 

formation of GA yielded wide variability when density or spacing measurements were 

plotted with respect to retinal eccentricity. Even the addition of hundreds or thousands of 

patients to generate a normative database would be unlikely to produce a predictive 

assessment of photoreceptor metrics. Therefore, local perturbations were evaluated 

within the context of the surrounding tissue to identify deviations in the pattern of the 

photoreceptor mosaic. This approach used retinal regions which appeared 

morphologically normal as innate controls. In the absence of a more complex model, this 

technique has been used to assess AMD patients in one other AO study(302). Admittedly, 

this approach will not provide much additional diagnostic benefit to late stage patients 

with extensive morphological alterations which can already be detected using current 
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~ 6° 
x

 4° 

50 µm 

Figure 8-15. Category II non-exudative AMD patient. (A) Wide field SLO fundus 

image (B) SD-OCT cross section through a retinal region exhibiting sub-RPE drusen 

(C) Color fundus photography (D) Composite AO-SLO image of the cone photoreceptor 

mosaic with closed loop correction (E) High resolution SLO without AO correction (F) 

Enhanced view of photoreceptor disruption associated with drusen.  

1° Arc 
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 clinical instrumentation. However, as shown here, this technique may still be used to 

investigate the marginal zones of GA or the progressive enlargement of drusen.      

Recently, another research group demonstrated similar findings in the displacement of the 

cone mosaic attributed to drusen(303). One plausible explanation of the dark regions 

observed in the AO-SLO mosaics is the displacement of the photoreceptor layer by the 

underlying drusen. This effect would alter the angle of the photoreceptors with respect to 

Figure 8-16. Intensity versus depth plot of adjacent retinal regions in a patient exhibiting 

characteristic signs of reticular pseudodrusen/subretinal dursenoid deposits (SDD). The SDD 

region lacks the hyper-reflective SD-OCT band typically associated with the IS/OS junction 

(also referred to as the ellipsoid zone). 
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the incident light. Photoreceptors have a well characterized directional sensitivity 

whereby light entering the eye at the edge of the pupil elicits a smaller response 

compared to an equivalent stimulus directed near the center of the pupil. This  

 was first described in 1933 by Walter Stiles and Brian Crawford(306) and is 

known today as the Stiles-Crawford effect. Based on observations with OCT and 

histology, we know punctate drusen elevate the RPE and photoreceptor layer resulting in 

axial displacement at the apex of each druse and an angular shift in the alignment of the 

photoreceptors along the edge of the druse. This is consistent with our observations of 

dark halos throughout the photoreceptor mosaic in patients with AMD. It should be noted 

that these features are not seen in young healthy patients or age-matched patients without 

visible perturbations in the outer retina. The shift in the alignment of photoreceptor cells 

would alter the acceptance angle of the cones with respect to the incident light projected 

onto the retina.    

Although we were unable to demonstrate off-axis imaging in our AMD patients to 

test this theory, it is conceivable that some or all of the displaced photoreceptors may 

retain waveguide functionality. Likewise, we cannot state definitively that the reflective 

regions within the dark halos are viable cones. The separation of the RPE and 

photoreceptors from the choroidal blood supply almost certainly has a detrimental effect 

on the metabolic regulation of the outer retina and the turnover of the photoreceptor outer 

segments. Functional tests would likely reveal further information regarding the viability 

of these cells. Recent work by Tuten et al. utilized AO-SLO guided microperimetry to 

measure the response of individual photoreceptor cells which could be useful in 

determining the functionality of displaced cones(35).      
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Within the areas of GA, hyper-reflective features were noted but they did not 

exhibit characteristics generally attributed to photoreceptor cells. It is unlikely that cones 

would be able to survive without the underlying RPE to provide metabolic support. 

However, changes in the reflectance patter may provide some indication of tissue 

remodeling associated with the progressive enlargement of GA. Interestingly, we did not 

observe the hypo-reflective clusters (HRCs) recently described by Gocho et al(301). This 

may be the result of differing acquisition techniques (Flood Illumination vs. SLO) or the 

lack of longitudinal data in our analysis. Regardless, AO enhanced retinal imaging would 

provide an opportunity to investigate emerging therapies to recover the RPE and 

photoreceptor cells with tissue grafts or stem cell implants.  

The analysis of local perturbations is a highly useful method of identifying tissue 

abnormalities, particularly within the perifovea where the density of the cone 

photoreceptors changes gradually as a function of eccentricity. This may limit the 

applications of the specified metrics within the cone-dense fovea but trade-offs in the 

optical design of the UTMB system prohibit reliably visualizing individual foveal cones. 

Future systems with the ability resolve the smallest foveal cones and peripheral rods may 

require more advanced analytical models to generate standard curves which 

accommodate for variations in factors such as axial length, refractive error, and 

eccentricity.   
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Chapter 9: Future Directions 
 

9.1 Introduction 

The advancement of ophthalmic imaging instrumentation has seen tremendous 

development over the past three decades. Many of the cutting-edge devices currently 

being tested have been adapted from existing technology and optimized for use in the 

eye. Adaptive optics (AO) is a prime example of implementing existing technology for 

biomedical applications. Much of the AO enhanced retinal imaging thus far has focused 

on the analysis of the photoreceptor mosaic. However, novel system designs and image 

processing techniques have revealed a wealth of information which may be beneficial for 

clinical diagnostics. For example, modifications to the configuration of the confocal 

pinhole or utilizing dark field aperture designs may be used to highlight specific features 

within the retina such as microvascular networks(22) and RPE cells(26). Characterization 

of the foveal avascular zone (FAZ) and the retinal capillary networks has been shown 

without introducing contrast agents by plotting standard error maps of the registered 

image sequences to reveal blood flow(20-22). Creative modifications to existing 

diagnostic techniques and improved analytical methodology have the potential to provide 

additional insight into pathogenesis of ocular disease. These emerging applications of AO 

could conceivably be used to investigate a variety of conditions affecting retinal 

vasculature such as capillary dropout in diabetic retinopathy (DR) and branch retinal vein 

occlusion (BRVO).  
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9.2 - Investigations into Normal Physiology and Retinal Pathology 

 A multitude of retinal diseases have already been explored using imaging systems 

enhanced by adaptive optics (AO) but most of these studies are limited to only a handful 

of cases. Efforts are also underway to compile data from multiple institutions, each 

utilizing custom instrumentation, to determine variability in morphometric parameters 

across a wider population. To date, variability in the cone photoreceptor population based 

on retinal eccentricity(270, 274, 290, 294), axial length of the eye (266), sampling 

window size(289), and age of the patient(271) have all been reported. The cone 

photoreceptors have been the natural target for AO retinal imaging investigations since 

they are instrumental in the transduction of visual signals, act as natural waveguides, and 

exhibit a bright reflectance pattern. Some examples of novel investigations into changes 

in the photoreceptor mosaic associated with multiple evanescent white dot syndrome 

(MEWDS) and cone-rod dystrophy are shown in Figure 9-1 and Figure 9-2, respectively.   

Additional retinal features are also being investigated at a rapid pace. As 

mentioned previously, the RPE plays a prominent role in maintaining overall retinal 

health and regulation of the visual cycle. Therefore, this monolayer of cells is another 

desirable target for non-invasive, high-resolution imaging techniques. Recent studies 

have highlighted the potential for AO-SLO imaging of the RPE by capitalizing on the 

endogenous autofluorescence from lipofuscin in non-human primate models(24, 25), 

healthy volunteers(26), and patients with AMD(27). Similarly, high resolution images of 

the lamina cribrosa enhanced with AO(29, 307) are being used to investigate patients and 

animal models of glaucoma. We recently reported on the dynamics of a case of multiple 

evanescent white dot syndrome (MEWDS) utilizing a multimodal imaging approach  
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which included  AO-SLO(308). Similar investigations will undoubtedly provide a better 

understanding of pathological processes associated with numerous ocular diseases. 

 

Functional imaging is another promising direction for AO. The visualization of 

photoreceptors provides an opportunity to deliver a stimulus to an individual cell and 

measure the response to determine functional viability. Tuten et al.(35) recently reported 

Figure 9-1. High resolution composite AO-SLO images of (A) perifoveal lesion [2.1° 

x 6.3°] (B) adjacent unaffected area [1.7° x 5.9°] (C) boundary of the foveal 

granularity observed during recurrent episode [3.9° x 4.3°]. (D) Overlay of the 

corresponding AO-SLO imaging regions on a wide field (30° x 30°) FAF image taken 

during initial clinical presentation. (E) SD-OCT cross-section at the perifoveal lesion 

site taken prior to AO-SLO imaging [width of red box corresponds to the width of the 

AO-SLO scan of the perifoveal lesion site from (A)]. All scale bars = 200 µm (Figure 

modified from Boretsky et al 2013) 
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the development of an AO-SLO based microperimetry system which could be used to 

simultaneously investigate structure and function at a cellular level. Other aspects of 

retinal function and anatomy, such as the arrangement and distribution among different 

classes of cone photoreceptor cells(309, 310), have also been studied. These 

advancements have led to a much greater understanding of the underlying genes 

responsible for normal color vision in humans. 

 

 

9.3 – Next Frontier of Diagnostic Retinal Imaging 

 New techniques, collectively named super-resolution microscopy, have also been 

developed to go beyond the traditional diffraction limit which has long been held as a 

fundamental limitation in achievable resolution of optical imaging systems. Among these 

super-resolution techniques, structured illumination microscopy has already shown 

promise in ex vivo applications to visualize nano-scale features in retinal tissue such as 

Figure 9-2. Multimodal imaging of a patient with Rod-cone dystrophy. Functional 

deficits noted using multifocal electroretinography were investigated with a clinical 

SD-OCT system and AO-SLO to correlate morphological alterations at a cellular 

level with reduced functional response in the macula.  
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individual lipofuscin and melanolipofuscin granules(311, 312). As acquisition speed 

improves and effects of patient motion are mitigated, it is conceivable that structured 

illumination could provide an additional solution for in vivo cellular imaging without the 

complex optical components required for AO.  

Non-linear optical imaging techniques have also shown great promise in the 

investigation of ocular tissue. The endogenous fluorophores present in the retina are well 

suited for detection using two-photon excited fluorescence microscopy which has 

recently been demonstrated in frog retinal tissue(228), mouse retinal tissue(227), and 

even in vivo in a non-human primate model(225). Monitoring changes in retinal 

autofluorescence properties is already used as a biomarker for certain disease but clinical 

imaging systems are limited to a 2 dimensional assessment of the FAF pattern. 

Multiphoton microscopy techniques would provide additional information regarding 

spatial orientation of retinal fluorophores seen in aging and disease.   

 

9.4 – Adapting Instrumentation for Small Animal Models of Injury and Disease 

 As we have already demonstrated in our studies, small animal models of retinal 

injury and disease are particularly useful for investigating complex biological interactions 

and subtle changes in tissue morphology. Moreover, the rodent genome can be 

manipulated to help investigate the influence of specific molecules and the cellular 

response to an inducible disease state.  

Clinical instruments and research instruments have been modified for use in small 

animal models. This will help characterize injury and disease non-invasively to ascertain 

the degree to which commonly used experimental models mimic human pathology. The 
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market for this technology has actually led to the development of companies devoted to 

the design of manufacture of small animal imaging instrumentation. Multiple reports 

have demonstrated a strong correlation between high resolution in vivo imaging data and 

traditional methods such as histology(121, 124). Additionally, the degree of detail visible 

in small animal models will continue to improve with the incorporation of AO as two 

groups recently demonstrated(261, 262). 

 

9.5 – Characterization of emerging therapeutic intervention 

 The ultimate goal in translational research is the development of new techniques 

or strategies that can have an immediate impact on the wellbeing of patients. To that end, 

I believe that high resolution imaging of the retina will greatly improve early stage 

diagnosis of AMD prior to widespread vision loss. Furthermore, these new tools also 

have the ability to provide feedback on the efficacy of therapeutic intervention to identify 

the optimal course of treatment for each patient. Recent work by Talcott et al.(313) 

demonstrated this capability by utilizing AO-SLO to investigate the longitudinal effects 

of ciliary neurotrophic factor on patients with inherited retinal degenerations (retinitis 

pigmentosa and Usher syndrome type 2). Such investigations may also help expedite the 

clinical trial process by identifying early changes at a cellular level which would 

otherwise go undetected.   
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