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CHAPTER 1

INTRODUCTION 





The human eye is an organ that reacts with light and allows light perception, color 

vision and depth perception. The eye is not shaped like a perfect sphere, rather, a 

fused two-piece unit, composed of an anterior (front) segment and a posterior (back) 

segment. 

The anterior segment is made up of the cornea, iris and lens. The cornea is 

transparent and curved, and is linked to the larger posterior segment, composed 

of the vitreous, retina, choroid and the outer white shell, the sclera, as seen in 

Figure  1a.1,2 The iris is a pigmented circular structure concentrically surrounding 

the centre of the eye, the pupil, which appears to be black. The size of the pupil, 

which controls the amount of light entering the eye, is adjusted by the iris dilator 

and sphincter muscles.

Light energy enters the eye through the cornea, through the pupil and then 

through the lens. The lens shape is changed for near focus (accommodation) and is 

controlled by the ciliary muscle. Photons of light falling on the light-sensitive cells 

of the retina (photoreceptor cones and rods) are converted into electrical signals 

that are transmitted to the brain by the optic nerve and interpreted as sight and 

vision.

The spaces of the eye are filled with aqueous humour anteriorly, between the cornea 

and lens, and vitreous humour, a jelly-like substance, behind the lens, filling the entire 

posterior cavity. The aqueous humour is a clear watery fluid and vitreous humour is a 

clear substance composed of water and proteins.1,2

Figure 1. (a) Anatomy of the eye and (b) fundus image

vitreous chamber
vitreous humor

scleralens
iris

cornea

retina
choroid

fovea

suspensory ligaments

optic nerve

(a) (b)

anterior chamber
aqueous humor

Optic Disc

Macula

3CHAPTER 1



1.1. ANATOMY OF THE RETINA
The retina is the innermost layer of the eyeball, which is a thin, delicate and transparent 

membrane. It extends from the optic disc to the ora serrata and has a surface area of 

about 266 mm2, as seen in Figure 1b.3,4 

1.1.1. OPTIC DISC

The optic disc is a well-defined circular structure of about 1.5 mm diameter with a 

depression seen centrally, called the physiological cup and through the center of this cup, 

the central retinal vessels emerge. All the retinal layers terminate at the optic disc, except 

the nerve fibers, which pass through the lamina cribrosa to run into the optic nerve.

1.1.2. MACULA LUTEA

The macula lutea is a retinal area of about 5.5 mm in diameter, situated at the posterior 

pole of the eyeball, temporal to the optic disc and between the temporal vascular 

arcade. The centre of the macula is the fovea centralis. It is the central depressed area of 

the macula, which is about 1.5 mm in diameter. It consists of the foveola, umbo, clivus 

and the foveal avascular zone (FAZ). The FAZ is an area which is devoid of retinal vessels. 

1.2. MICROSCOPIC STRUCTURE3,4,5

The retina consists of ten layers, as seen in Figure 2(a) in histology and Figure 2(b) on 

spectral domain optical coherence tomography (SD-OCT). These ten layers from sclera 

inward are:

1. Retinal pigment epithelium

2. Layers of rods and cones

3. External limiting membrane

4. Outer nuclear layer

5. Outer plexiform layer

6. Inner nuclear layer

7. Inner plexiform layer

8. Ganglion cell layer

9. Nerve fiber layer

10.  Internal limiting membrane
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Figure 2. Layers of the retina: (a) Histology (b) Spectral domain optical coherence 
tomography

1.2.1. RETINAL PIGMENT EPITHELIUM

The retinal pigment epithelium (RPE) is the outermost layer of the retina. It consists of a 

single layer of hexagonal-shaped cells containing pigment. The RPE is firmly adherent to 
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the underlying Bruch’s membrane, while loosely attached to the layer of rods and cones of 

the sensory retina. The subretinal space is a potential space between RPE and the sensory 

retina. The adjacent RPE cells are connected with each other by tight junctions, zonulae 

occludentes and zonulae adherents. This constitutes the outer blood-retinal barrier. 

1.2.2. LAYER OF RODS AND CONES (NEUROEPITHELIUM)

The layer of rods and cones contains the outer segments of photoreceptor cells, that 

are arranged in a palisade manner. Rods form 90% of all photoreceptors, are 120 million 

in number and contain rhodopsin as the visual pigment. Highest density is below the 

optic disc, reduces towards the periphery and absent at the fovea. They are responsible 

for peripheral vision. Cones constitute 5% of photoreceptors, are 6.5 million in number 

and contain iodopsin as the visual pigment. Maximum number of cones are at the 

fovea and it falls rapidly, being only 6000 cones/mm2, 3 mm away from fovea and 4000 

cones/mm2, 10 mm away.

1.2.3. EXTERNAL LIMITING MEMBRANE 

The external limiting membrane is a fenestrated membrane that extends from the ora 

serrata to the edge of the optic disc. It is formed by the junctions (zonulae adherens) 

between the cell membrane of photoreceptors and Muller’s cells.

1.2.4. OUTER NUCLEAR LAYER

The outer nuclear layer is formed by the nuclei of rods and cones. The bulk of this multi-

layered outer nuclear layer is formed by the rod nuclei, except in the foveal region 

which is dominated by the cones.

1.2.5. OUTER PLEXIFORM LAYER

The outer plexiform layer contains the synapses between the rod spherules and cone 

pedicles with the dendrites of the bipolar cells and processes of the horizontal cells. It 

is thickest at the macula.

1.2.6. INNER NUCLEAR LAYER

The inner nuclear layer resembles the outer nuclear layer. It disappears at the fovea. This 

layer consists of the following bipolar cells, horizontal cells, amacrine cells, the soma of 

the Muller’s cells and capillaries of the central retinal vessels.
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1.2.7. INNER PLEXIFORM LAYER 

The inner plexiform layer consists of synapses between the axons of bipolar cells, 

dendrites of ganglion cells and the processes of integrative amacrine cells. This layer is 

absent at the foveola.

1.2.8. GANGLION CELL LAYER

The ganglion cell layer contains the cell bodies and the nuclei of the ganglion cells, 

which form the second-order neurons of the visual pathway.  

1.2.9. NERVE FIBRE LAYER

The nerve fibre layer (NFL) consists of the unmyelinated axons of the ganglion cells. 

These converge at the optic nerve head and pass through the lamina cribrosa. Posterior 

to the lamina, these fibers become ensheathed by myelin.

1.2.10. INTERNAL LIMITING MEMBRANE

The internal limiting membrane consists mainly of a periodic acid shiff positive true 

basement membrane. It forms the interface between retina and vitreous.

1.3. IMAGING OF THE RETINA: THE JOURNEY 
SO FAR
Unlike the imaging of everyday objects, imaging of the retina is limited by the size 

of the entrance pupil, and the outgoing rays being imaged are restricted by the 

size of the same exit pupil.6,7 The invention of the direct ophthalmoscope gave a 

boost to the study of retinal diseases, with the knowledge of reversibility of rays 

and paraxial viewing. A further development was the indirect ophthalmoscope, 

which allowed rays to form real images using the same system that converged the 

light into the eye. 

The ability to retrieve these outgoing rays and form an image was possible with the 

development of the fundus camera. Although limited initially by the film, its resolution 

and image characteristics were significantly enhanced with charge-coupled devices 

(CCD cameras) producing a digital image.8
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Despite technological advancements, imaging of the retina was limited by the 

optical aberrations of the eye, also expressed as ‘wave aberrations’. Wave front 

distortions of incoming light limit the cones’ resolution capacity. Conversely, wave 

front distortions of light emerging from the eye limit the capacity of optical systems’ 

lateral resolution.

Wave front aberrations may be low order (LOA, defocus or astigmatism) or high order 

(HOA-coma, trefoil and spherical aberration).9 The LOA aberrations constitute about 

90% of all aberrations of the human eye and have been addressed effectively in many 

optical imaging devices including the fundus camera. However, HOAs still pose a limit 

to the lateral resolution capability, as they are not stable. Recognition and correction 

have to be continuous to allow for excellent resolution.9,10

Optical coherence tomography (OCT) added a new dimension to retinal imaging 

with the ability to develop cross-sectional images of retinal tissue to a submicron 

axial resolution and millimetre penetration using a low-coherence interference 

technique combined with a broadband light source.11 Time domain initially and later 

Fourier domain OCT techniques have further improved axial resolution of tissue 

cross-section.

1.3.1. HIGH-RESOLUTION IMAGING

Current retinal imaging techniques are still limited in their ability to detect abnormalities 

of the retinal photoreceptors cells and capillaries. Newer high-resolution imaging 

modalities that are able to detect retinal microstructures, similar to in-vivo histology, 

could detect changes at this micro-level. These can be used to detect early structural 

changes on cellular level. 

(A) ADAPTIVE OPTICS

Adaptive optics (AO) retinal imaging can theoretically improve the lateral resolution to 

2 μm and therefore provide information about the retinal microstructures that cannot 

be obtained with current retinal imaging techniques, as seen in Figure 3.9,11,12 
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Figure 3. The optics of the adaptive optics camera
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It is thus opening a new frontier for clinical research in ophthalmology, providing 

new information on the early pathological changes of the retinal microstructures in 

various retinal diseases. AO systems allow direct visualization of individual rod and 

cone photoreceptor cells, retinal pigment epithelial (RPE) cells, red and white blood 

cells, lamina cribrosa and retinal blood vessels. Most of the research published to date is 

focused on cone photoreceptors which are easily imaged owing to their unique wave-

guiding properties, whereas inbuilt software helps in analysing the counts and the 

spacing between them (see Figure 4).
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Figure 4. The cone counts and spacing in the sampling window
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Imaging rods is more tedious given their small diameter (~2 μm) and their significantly 

reduced wave-guiding properties compared to cones. Considering that structural 

damage of these microstructures precedes their functional impairment, the detection 

of pathological variations of photoreceptors at the pre-clinical stage of the disease will 

help us not only understand the pathogenesis of diseases but also pave way for the 

exciting possibility of early treatment for these diseases. 

Various studies have demonstrated the correlation of cone parameters on AO images 

with measures of central visual function including visual acuity, foveal threshold and 

multifocal electroretinogram (ERG) in patients with retinitis pigmentosa (RP) and cone-

rod dysfunction. Cone spacing measures were also seen to be reproducible suggesting 

that these can be useful in monitoring disease progression and response to treatment. 

Similarly, it’s use in various inherited retinal diseases and drug-related retinopathy is 

being evaluated.13
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(B) OPTICAL COHERENCE TOMOGRAPHY ANGIOGRAPHY

Study of vasculature is critical to understanding the systemic status of the body. The 

retina is an end organ and subtle changes in the capillaries are a sign of degeneration, 

either in the systemic status like diabetes mellitus or age-related changes.

Fluorescein angiography (FA) and indocyanine green angiography (ICGA) are both 

invasive tests that require intravenous administration of dye and imaging for up to 

10–30 minutes. They provide two-dimensional image sets that allow for dynamic 

visualization of blood flow with a wide field of view.14

Figure 5. The Angioplex OCTA: (a) Acquisition of data and processing. (b) Superficial, 
deep and avascular maps from sequential scans with B scans showing layers that 
define the maps and a schematic of the vasculature of the eye

FA and ICGA have other drawbacks that can limit their widespread use. Since they are 

invasive, relatively expensive and time-consuming, they are not ideal techniques to use 

on a regular basis in a busy clinical setting. Although considered safe, the dyes pose 

risks ranging from nausea to allergic reactions, including anaphylaxis in rare instances. 

Aside from allergic reactions of which the likelihood increases with frequency of use, 

indocyanine green dye is contraindicated in pregnancy and kidney disease. For the 
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12 INTRODUCTION

evaluation of patients requiring frequent follow-up exams or of those that may not 

tolerate injection of intravenous dye, a rapid non-invasive technique to visualize retinal 

and choroidal vessels would be beneficial.14

Optical coherence tomography angiography (OCTA) is a new non-invasive imaging 

technique that employs motion contrast imaging to high-resolution volumetric 

blood flow information generating angiographic images in a matter of seconds. 

The angiographic images are generated using a complex algorithm that analyses 

differences in both intensity and phase information from repeated B-scans at the same 

position. This process is repeated at multiple adjacent positions to generate an en-face 

flow volume, as seen in Figure 5.14,15 

Each three-dimensional scan set takes approximately six seconds to obtain. The 

en-face images (OCT angiograms) can then be scrolled outward from the internal 

limiting membrane (ILM) to the choroid to visualize the individual vascular plexus 

and segment the inner retina, outer retina, choriocapillaris or other areas of interest. 

The en-face acquisition areas currently range from 2×2 mm to 12×12 mm with 

the scan quality greatly decreased with a widened field of view since the same 

number of OCT B-scans is used for all scanning areas. Use of the montage technique 

allows for a larger field of view much like FA/ICGA while maintaining this improved 

resolution. Full-thickness scans are manually segmented into the superficial (plexus 

at the RNFL), intermediate (plexus at the GCL) and deep (plexuses at IPL/INL and 

INL/OPL borders) inner retinal vascular plexuses, outer retina, choriocapillaris and 

choroidal layers.14,15

Various studies have been done to analyse the vascular pattern using OCTA in diabetic 

macular oedema, choroidal neovascular membrane, polypoidal choroidal vasculopathy, 

macular telangiectasia, vascular occlusions etc.15 OCTA has been used to classify the 

diseases, assess severity, monitor treatment responses and prognosticate the macular 

pathologies.  



OUTLINE OF THE THESIS
The aim of this thesis is to study two high-resolution imaging modalities, namely, 

adaptive optics and optical coherence tomography angiography, analyse their data in 

normal and pathological retina to help aid in diagnosis, prognosis and treatment of 

retinal diseases.

CHAPTER TWO involves a review of literature on AO. Here, we describe the basic 

principles of AO, clinical applications of AO in photoreceptor analysis in retinal 

degenerations and dystrophies and in retinal vascular analysis.

CHAPTER THREE presents normative data for cone density in emmetropic Indian eyes. 

It also discusses the parafoveal cone arrangement, their variations with eccentricity and 

interocular symmetry. 

CHAPTER FOUR looks at the variations in the cone mosaic in a population of young 

myopic adults in relation to the axial length and extent of the refractive error. 

CHAPTER FIVE describes the structure-function correlation by correlating the cone-

packing with the retinal sensitivity utilizing microperimetry in emmetropes at different 

eccentricities. 

CHAPTER SIX is a single case report where AO is described in a case of melanoma-

associated retinopathy (MAR). This chapter describes the role of AO in assessing the 

extent of pathology in MAR. 

CHAPTER SEVEN is a case report describing improvement in perfusion of the 

superficial capillary plexus immediately after anterior chamber paracentesis in acute 

central retinal artery occlusion. 

CHAPTER EIGHT discusses the role of OCTA in detecting an increment in the macular 

perfusion and vascularity indices at 1 month after uneventful phacoemulsification 

surgery, independent of improvement in signal strength. 

CHAPTER NINE characterizes the morphology of retinal microvasculature in patients 

with diabetic macular oedema and its correlation with visual acuity after treatment 

with Ranibizumab injections.

CHAPTER TEN elucidates the superiority of manual segmentation over automated 

segmentation to identify choroidal neovascular membrane in age-related macular 

degeneration. 
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14 INTRODUCTION

CHAPTER ELEVEN shows the superficial capillary plexus of an isolated racemose 

angioma in an asymptomatic young girl without any systemic associations. 

CHAPTER TWELVE is a general discussion in which the findings of the research 

presented in this thesis are put into perspective. 

CHAPTER THIRTEEN summarizes the main findings of the preceding chapters. 

CHAPTER FOURTEEN reflects on the scientific impact of the results of the research 

described in this thesis and its social impact.
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CHAPTER 2

ADAPTIVE OPTICS IMAGING  
OF THE RETINA 

Rajani Battu, Supriya Dabir, Anjani Khanna,  
Anupama Kiran Kumar, Abhijit Sinha Roy

INDIAN JOURNAL OF OPHTHALMOLOGY 2014; 62:60–65





ABSTRACT

Adaptive optics is a relatively new tool that is available to ophthalmologists for study of 

cellular level details. In addition to the axial resolution provided by the spectral-domain 

optical coherence tomography, adaptive optics provides an excellent lateral resolution, 

enabling visualization of the photoreceptors, blood vessels and details of the optic 

nerve head. We attempt a mini review of the current role of adaptive optics in retinal 

imaging in normal subjects, myopes and inherited retinal diseases. 

PubMed search was performed with key words Adaptive optics OR Retina OR Retinal 

imaging. Conference abstracts were searched from the Association for Research in 

Vision and Ophthalmology (ARVO) and American Academy of Ophthalmology (AAO) 

meetings. In total, 261 relevant publications and 389 conference abstracts were 

identified.

Keywords: Adaptive optics, cone count, cone spacing, retinal imaging.
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2.1. INTRODUCTION
The invention of the direct ophthalmoscope gave a boost to the study of retinal diseases, 

with the knowledge of reversibility of rays and paraxial viewing.  A further development 

was the indirect ophthalmoscope, which allowed rays to form real images using the 

same system that converged the light into the eye. Unlike imaging of everyday objects, 

imaging of the retina is limited by the size of the entrance pupil, and the outgoing rays 

being imaged are restricted by the size of the same exit pupil.1,2

The ability to retrieve these outgoing rays and form an image was possible with the 

development of the fundus camera. Although limited initially by the film, its resolution 

and image characteristics were significantly enhanced with charge-coupled devices 

(CCD cameras) producing a digital image.3

The scanning laser ophthalmoscopy (SLO) marked a change in photographic capture 

technique which utilized the principle of illuminating only a small spot of the retina with 

collimated laser light directed through the very centre of the pupil and capturing the 

reflections from its entire surrounds within the pupil confines.4 This reversed the optics 

of entrance and exit imaging and allowed usage of much lower levels of light energy 

with better images. However, the small spot imaged at each instant, necessitated a 

scanning system to allow a large area of the fundus to be scanned and produce an 

image after collating the scans with appropriate software; this was done with a series 

of rotating polygonal mirrors and galvanometric mirrors to produce a ‘raster scan’. 

This resulted in two effects on the viewing of the image. Axial resolution was further 

addressed by using a simple, but ingenious principle of “confocal scanning” where a 

pinhole of a sufficient diameter interposed before the photodetector system allowed 

scattered light in front of and behind “the plane of focus” to be reflected off and only 

the ‘confocal rays’ finding their way through the pinhole and onto the photodetector.  

This allowed micrometer precision axial resolution at an image ‘plane’ combined with 

the lateral resolution offered by the SLO. 

Optical Coherence tomography (OCT) added a new dimension to retinal imaging 

with the ability to develop cross sectional images of retinal tissue to a submicron axial 

resolution and millimeter penetration using a low coherence interference technique 

combined with a broadband light source.5 Time domain initially and later Fourier 

domain OCT techniques have further improved axial resolution of tissue cross-section. 
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Despite technological advancements, imaging of the retina was limited by the ‘optical 

aberrations’ of the eye, also expressed as ‘wave aberrations’. Wavefront distortions of 

incoming light limit the cones’ resolution capacity.  Conversely, wave front distortions 

of light emerging from the eye, limit the capacity of optical systems’ lateral resolution.  

Wavefront aberrations may be Low order (LOA - defocus or astigmatism) or High order 

(HOA-coma, trefoil and spherical aberration).6 The LOA aberrations constitute about 

90% of all aberrations of the human eye and have been addressed effectively in many 

optical imaging devices including the fundus camera. However, HOAs still pose a limit 

to the lateral resolution capability, as they are unstable; recognition and correction has 

to be continuous to allow for excellent resolution. 

Adaptive optics (AO) technology aims to correct these ocular aberrations and enhance 

performance of the optical systems. AO was first used in astronomical telescopes to 

allow for correction of atmospheric aberrations on wavefronts entering telescopes 

leading to significant loss of resolution and contrast.7

The three principal components of such an AO system include a wavefront sensor 

(typically Hartman-Shack), a deformable mirror and software to control the interaction 

between these two components. The wavefront sensor measures the native aberrations 

of the eye in vivo. The deformable mirror uses a complex system of actuators to adjust 

several small mirrors to compensate for the aberrations measured. The interaction 

between the two is controlled by specialized software (Figure 1).6,8

Adaptive optics in retinal imaging could be used with flood illumination or combined 

with both the SLO and the OCT to produce high quality images whose lateral resolution 

permits cone discrimination and also allows the study of blood vessels and cells.9,10 

By compensating for the aberrations caused by irregularities of the optics of the eye, 

lateral (transverse) resolutions to the order of 2 μm can be achieved, thereby allowing 

for the visualization of individual cone photoreceptors.11
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Figure 1. Schematic outline of adaptive optics imaging system. A beam of light enters 

the eye, and a small amount is reflected back out of the eye and into the optical system. 

Reflected light is altered by the deformable mirror for optical aberrations based on 

measurements made by the wave-front senor. Information about the aberrations of the 

wave front is processed by the control system that provides feedback to the deformable 

mirror

Deformable mirror

Control system Beam splitter

Wavefront
Sensor

CCD camera

With the rapidly increasing potential for adaptive optics imaging, we herein provide a 

mini-review of the current status of AO in retinal imaging.

2.2. APPLICATIONS
AO system allows direct visualization of individual rod and cone photoreceptor cells, 

retinal pigment epithelial (RPE) cells, red and white blood cells, lamina cribrosa and 

retinal blood vessels. Cone photoreceptors are easily imaged owing to their unique 

wave-guiding properties, and most of the research published to date is focused on 

this.12–16 Imaging rods is more tedious given their small diameter (~2 μm), and their 

significantly reduced wave-guiding properties compared to cones.17
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2.2.1. AO IMAGING IN NORMAL SUBJECTS

Data from the AO imaged in healthy eyes is necessary in establishing a baseline of the 

cone characteristics in vivo, to enable detection of retinal diseases at a very early stage. 

One of the AO prototypes (rtx1, Imagine Eyes, Orsay, France) operates at a wavelength of 

750 nm to measure and correct aberrations while maintaining focus at different retinal 

layers. Another light source of 850 nm is used to illuminate the retina and capture an 

image of 4° × 4°. For fixation, the device has a yellow cross, which can be moved by the 

investigator. A sequence of 40 frames (frame rate, 9.5 fps) is acquired on overlapping 

regions of the posterior pole (Figure 2). 

Figure 2. Raw image before analysis from the rtx1 (from a normal subject). Note the 

multiple white dots corresponding to the cones 

After acquisition, a program provided by the manufacturer is used to produce a final 

image with enhanced signal-to-noise ratio. Frames exhibiting large motion artifacts 

owing to eye movement or blinking are manually removed before processing. Before 

analysis, the retinal magnification factor is calculated in each eye using the Gullstrand 

schematic eye as a model. 

Image analysis of the acquired image is then performed using Image J (version 1.45a, 

NIH, Bethesda, MD). Once the region of interest (ROI) is selected, analysis of the region 

provides three parameters, mainly cone-packing density, cone spacing and the Voronoi 

analysis. The Voronoi analysis assesses the regularity of the photoreceptors and the 

percentage of hexagonal polygons. The ROI can be selected as specific areas in the 

posterior pole, for comparison with various structural pathologies. The possible range of 

spherical correction on the rtx1 is −12DS to +6DS.  Some AO systems are unable to resolve 

the central foveal cones due to the high foveal cone-packing density (Figures 3–5). 
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Figure 3. Cone-packing density in a normal subject on the rtx1. The encircled area 

shows the mean and standard deviation of cone density and cone spacing in the 

central 4x4 deg
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Figure 4. Voronoi tessellation of photoreceptors (cones) in a normal subject on the 

rtx1. The colour scale shows the packing density in the central 4 × 4 deg. The apparent 

low cone density depicted in the foveal centre is due to a lack of adequate resolution of 

the device in that region. In this patient, the mean cone count was 17428 ± 6743/mm2.
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Figure 5. Voronoi teselation of cones in a 4 × 4 deg square of a normal subject. The 

colour scale shows the Voronoi legend 
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In a study by Chui et al., cone densities ranged from approximately 40,000 cones/mm2 

at 1° to 10,000 cones/mm2 at 7° from the fovea. They also indicated that the human cone 

photoreceptors are arranged hexagonally near the fovea with the cones becoming 

more irregular as the retinal eccentricity increases, perhaps due to rod intrusion.18 A 

study by Park et al. using a Canon prototype AO-SLO showed a cone density of 32,200 

cells/mm2 at 0.5 mm from the fovea, which decreased to 11,600 cells/mm2 at 1.5 mm 

from the fovea.19 They did not find demographic and clinical factors, such as gender, 

ocular dominance, and race/ethnicity to be determinants of cone-packing density. 

Only retinal eccentricity and axial length were significantly associated with measured 

cone-packing density.

Lombardo et al. using the rtx1 AO observed that with the exception of the central fovea 

(<160 μm), the photoreceptor structure was well resolved in most of the eyes. The inter-

individual variation in cone density was 16%, between 260 μm and 600 μm eccentricity 

from the foveal center.9 Song et al. reported that cone-packing density in the living 

human retina decreased as a function of age.20
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2.2.2. AO IN MYOPIA

Axial length (AL) measurements are an important consideration in the analysis of cone-

packing density. Although the mechanisms are not completely understood, it has been 

shown that the eye continues to grow into early adulthood, while the cones reach their 

final number early in development.21 It therefore stands to reason that cone density 

varies across eyes with varying axial lengths. 

In a population of 18 eyes of 18 healthy subjects (age range 23 to 43 years; AL range 

22.86 to 28.31 mm), Li et al. found that cone density decreased significantly with 

increasing AL at eccentricities between 100 mm and 300 mm from the foveal center.22

Chui et al. reported cone-packing density variations with refractive error; they found 

that the cone-packing density was lower in highly myopic eyes than in emmetropic eyes 

at both 1.0 mm and 2.0 mm eccentricity from the foveal center.18 They also compared 

differences between eyes based on simple angular density of the cones—that is, using 

the visual angle rather than retinal size, which required correcting the data for the axial 

length of the eye. They found that the cone-packing density was much more constant 

with axial length when expressed in cells per square degree of visual subtense than 

when expressed as cells per mm2 of retinal surface area.18

Park et al. also found a statistically significant negative correlation between axial 

length and cone-packing density (decrease of 341 cell/mm2 per 1 mm) increase in axial 

length.19 Lombardo et al. also detected a higher amount of intraocular higher order 

aberrations in myopic eyes. The retinal stretching resulting from the increased AL in the 

eye has been postulated to cause the lower cone density estimated in myopic eyes.18

2.2.3. INHERITED RETINAL DISEASES

Inherited retinal degenerations affect about 1:2000 to 1:7000 people worldwide.23 

These are a group of disorders like Retinitis Pigmentosa (RP), Stargardt disease, Usher’s 

syndrome and cone-rod dystrophies that are characterized by slow progressive death of 

rod and cone photoreceptors and relentless vision loss.24 There is presently no definitive 

treatment for most of these; several therapeutic trials that are underway include stem 

cells, gene therapy, neuroprotective drugs and retinal prosthesis.25–27 One limitation to 

the development of these modalities has been lack of sensitive outcome measures of 
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disease progression and response to therapy. Tests of visual function cannot be used 

as outcome measures as significant photoreceptor loss must have occurred before 

reliable significant differences are measurable in visual function. Objective sensitive 

measures of photoreceptor survival may reduce the time to identify treatment effect of 

an experimental therapy; studying surviving photoreceptors using adaptive optics may 

be one step in this direction. It is therefore not surprising that the majority of scientific 

work on the AO is dedicated to the study of photoreceptors, mostly cones (Figure 6).  

Figure 6. Voronoi tessellation of photoreceptors (cones) in a patient with rod-cone 

dystrophy on the rtx1. The colour scale shows the packing density in the superior 100 x 

100 μ (0.34x0.34 deg). In this patient, the mean cone count was 2683 ± 4006/mm2
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AO has been used in the following instances in the study of photoreceptors: 

1) To study photoreceptor density and structure in patients with inherited retinal 
degenerations:
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Various groups have studied the cone photoreceptor structure and their functional 

correlation in inherited retinal disorders. Chen et al. used AO-SLO, SD-OCT and fundus 

guided microperimetry to study macular cone structure, lipofuscin deposition and 

visual function in patients with Stargardt disease and found a correlation with abnormal 

autofluorescence and abnormalities of cone morphology and packing on AO with 

corresponding impaired function.28

Tojo et al. found a correlation between AO images, OCT and fundus autofluorescence 

(FAF) images in 2 patients with RP. They demonstrated that the edge of the high-density 

FAF ring (that corresponded to the border of external limiting membrane and inner 

segment-outer segment (IS-OS) line on OCT) showed blurring of cone photoreceptors 

at the ring as compared to controls on AO. They attributed this to loss of photoreceptor 

outer segments in patients with RP.29

Other studies have demonstrated the correlation of cone parameters on AO images 

with measures of central visual function including visual acuity, foveal threshold and 

multifocal electroretinogram (ERG) in patients with RP and cone-rod dysfunction. Cone 

spacing measures were also seen to be reproducible suggesting that these can be 

useful in monitoring disease progression and response to treatment.30, 31

Rod photoreceptors have also recently been imaged with AO-SLO and the emergence of 

first rods has been demonstrated at 190 µ from foveal centre as seen in histopathological 

studies.32 The rod mosaic can be focused best at 10 microns, shallower than cones,  at 

retinal eccentricities more than 8 degrees. This can open new insights into the study of 

rod disorders.

2) Assessment of photoreceptor function

Variations in photoreceptor reflectivity have been observed in different disease 

states. Photoreceptor reflectivity in AO appears to represent an optical biomarker of 

photoreceptor integrity. In patients with achromatopsia the remaining cones are 

sparse and have been shown to reduce reflectivity. Similar cone phenotype is also seen 

in patients with opsin mutations, acute macular neuroretinopathy (AMN) and closed 

globe blunt ocular trauma.33
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Rod and cone photoreceptors have been also shown to vary in intensity over time 

and by developing methods to quantify this temporal variability, more insight into the 

health of photoreceptors may be available.34

3) To decide which patients will benefit the most from treatment

AO imaging of achromatopsia has revealed varying degrees of retained cone structure. 

Studying the structure and function of retained cones can set a baseline to assess those 

patients who may benefit from gene therapy (as has been successful in dog and mouse 

models) and to anticipate the degree of functional improvement that can be expected 

based on the patient’s baseline cone count.14 Hence, it can help prioritize those patients 

who can undergo trial of gene therapy (i.e. those with certain number of retained cones) 

over patients who may not benefit from therapy (those with absent cones).

4) Monitoring response to treatment

In a study by Talcott et al., AOSLO was used to longitudinally study the cone spacing and 

density in 3 patients implanted with Ciliary Neurotrophic Factor (CNTF) encapsulated 

implant.35 While other modalities like visual field sensitivity and electroretinography 

responses did not show significant changes at 24 months, AOSLO images showed 

significantly reduced rates of cone loss in CNTF-treated eyes. Longitudinal imaging and 

monitoring of individual cones was also done and they concluded that AOSLO provided 

a sensitive measure of disease progression and treatment responses in patients with 

retinal degenerations.

2.2.4. VASCULAR ANALYSIS ON AO

Imaging and analysis of the retinal vasculature can be a surrogate marker for 

systemic vascular health. Correlations between vascular abnormalities in the retina 

and elsewhere in the body have been demonstrated in a diverse array of conditions 

including diabetes, hypertension, stroke and migraine. The earliest change in disease 

begins at the level of the microvasculature; however, current imaging methods lack the 

lateral resolution to track blood flow at the capillary level.36 Imaging retinal capillaries 
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is difficult because of their small size, low contrast and arrangement in multiple planes 

of varying retinal depth.

Due to its high-magnification, resolution, and real time visualization, it is possible to 

observe details of vascular wall and contents using AO (Figure 7). Lombardo et al. 

used an AO flood-illumination retinal camera and described a characteristic pattern 

of the lumen of a blood vessel, consisting of a central high-intensity channel and two 

peripheral darker channels. They attributed this difference in intensity to the curvature 

of the vessel wall and the different shear rate of erythrocytes.37 In a subset of diabetics, 

they showed the capillary lumen caliber to be significantly narrower in non-proliferative 

diabetic retinopathy eyes than age matched controls.34

Figure 7. High-resolution image of the venule and arteriole. The black arrow points to 

the vessel wall (venule). Note the defocused retinal nerve fibre layer in the background 

Martin and Roorda imaged parafoveal capillary leukocyte movement and measured 

their velocity without contrast dyes. A follow-up study investigated the possible role 

of the cardiac cycle on capillary leukocyte velocity by directly measuring capillary 

leukocyte pulsatility.38

The detection of preclinical abnormalities of retinal microcirculation may potentially 

represent an additional advantage of AO retinal imaging in patients with diabetes 

and cardiovascular diseases. Tam et al. evaluated the parafoveal capillary network in 

patients with Type 2 diabetes. They showed a capillary dropout and a higher tortuosity 

of the arteriovenous channels in patients with no retinopathy compared to healthy 

controls.39 Popovic et al. imaged the foveal capillary networks of five healthy subjects 

with no previous history of ocular or neurologic disease or surgery with a novel high-

resolution, wide-field dual-conjugate adaptive optics (DCAO) imaging instrument.39 
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Their results showed a mean foveal avascular zone (FAZ) area of 0.302 ± 0.100 mm2 and 

mean equivalent diameter of 612±106 μm.40

2.3. CLINICAL LIMITATIONS AND FUTURE 
PROSPECTS OF ADAPTIVE OPTICS
As adaptive optics imaging finds more clinical applications, normative databases need 

to be developed for different populations as a reference for disease states. Universally 

acceptable standards and protocols need to be defined for image acquisition and 

analysis to ensure reproducibility and comparability worldwide. Acquisition of AO 

images of sufficient quality to perform quantitative cone spacing measures is difficult 

in patients with unstable fixation, dense cataracts and other media opacities. The use of 

AO may be limited owing to costs and lack of expertise.

In summary, AO is an innovative new tool in the extensive armamentarium of 

ophthalmologists to explore the cellular details of the retina. It may help us understand 

the pathogenesis of diseases at a subclinical stage, thus paving way for the exciting 

possibility of early treatment for these diseases. It is possible that as more detailing of 

cellular structures becomes possible, we may need to develop better analytical tools. 

As treatment paradigms for inherited retinal diseases evolve, it is likely that AO systems 

will play a major role in early diagnosis and monitoring therapies. 
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ABSTRACT

AIM

To describe the parafoveal cone arrangement in emmetropic subjects and it’s variations 

with eccentricity, meridians and change in axial length in Indian eyes. 

METHODS

We imaged 25 subjects using compact adaptive optics (AO) retinal camera prototype, 

the rtx1 (Imagine Eyes, Orsay, France). Imaging was done at 1, 2 and 3 degrees 

eccentricity from the fovea in 4 meridians: nasal, temporal, superior and inferior.

RESULTS

A statistically significant drop of the cone-packing density was observed from 2 

degrees to 3  degrees  [2  degrees  eccentricity = 25350/mm2  (5300/mm2,  8400/mm2 

–34800/mm2)  3  degrees eccentricity = 20750/mm2 (6000mm2, 9000/mm2–33670/

mm2)] P<0.05. The spacing correspondingly increased  with  increase  in  distance  from  

the  fovea  (2  degrees  eccentricity =  6.9 µm  (0.70 µm, 5.95–11.6 µm) and 3 degrees 

eccentricity= 7.80 µm (1.00 µm, 6.5–13.5 µm) P<0.05. As the axial length increases, the 

cone density significantly decreased. Interocular variations were noted.

CONCLUSION

With the advent of adaptive optics, visualization at cellular level in now possible. 

Understanding the photoreceptor mosaic in the parafoveal space in terms of its density, 

spacing and arrangement  is  crucial  so  as  to  detect  early  pathology  and  intervene  

appropriately.  Newer therapeutic modalities that are targeted at the cellular level like 

yellow micropulse laser, stem cells, gene therapy etc. may be better monitored in terms 

of safety and efficacy.

Keywords: Cone density, parafovea, adaptive optics, emmetropia, axial length.
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3.1. INTRODUCTION
Retinal imaging is challenging because of aberrations caused by the tear film, cornea, 

lens and internal  reflections  of  eye.  Fundus  cameras  eliminate  spherical  aberrations,  

however, adaptive optics (AO) technology has made it possible to correct lower- and 

higher-order aberrations, allowing better visualization of microscopic structures.1,2

Understanding the normal lattice arrangement of photoreceptors' aids in detecting 

early signs of disease and initial assessment of therapeutic regimes like yellow laser, 

gene therapy, stem cell therapy etc.1

The scope of our article is to describe the parafoveal cone arrangement, their variations 

with eccentricity and interocular symmetry in emmetropic Indian eyes. 

3.2. MATERIALS AND METHODS
3.2.1. SUBJECTS

Twenty-five healthy subjects were included in the prospective study. The study was approved 

by the institutional review board of the hospital and adhered to the tenets of Helsinki 

declaration. An informed consent was obtained from all subjects to whom the nature of 

study was explained. They underwent a comprehensive ophthalmic examination. Normal 

eyes were defined as emmetropic subjects or those with best correct visual acuity of 20/20 

or better with astigmatism less than 2 diopters. Subjects with ocular or systemic diseases 

or previous eye surgery were excluded from the study. All subjects underwent assessment 

with the Tonoref RKT-7000 autorefractometer, Nidek, non-contact biometry (IOL master; 

Carl Zeiss Meditec, Germany) for axial length, I trace (Tracey technologies Corp., Houston, 

TX, USA)  for  corneal  aberrations  and  spectral-domain  optical  coherence  tomography 

(Spectralis, Heidelberg) for central foveal thickness. A compact AO retinal camera prototype, 

the rtx1 (Imagine Eyes, Orsay, France), was used to image the photoreceptor layer. Core 

components of the apparatus include a Shack–Hartmann wave front sensor (HASO 32-eye; 

Imagine Optics, Orsay, France), a deformable mirror (MIRAO 52; Imagine Optics) and a low-

noise high-resolution camera (Roper Scientific, Tucson, AZ, USA).

3.2.2. METHODS

In this study, the AO imaging sessions were conducted after dilating the pupils with 1 drop 

each of 0.5% tropicamide and 10% phenylephrine hydrochloride to achieve mid-dilated 

pupils. Aberrations induced by pupil dilation are negated by the AO system.  Stable fixation 

was maintained by having the  patient  look  at  the  system’s  inbuilt  target  and  then  as  
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moved  by  the  investigator  to pre-determined coordinates. The patient was instructed to 

fixate at 0°, 1°, 2° and 3° eccentricity along all the four quadrants, superior, inferior, nasal and 

temporal retina. A video (i.e. a series of 40 frames; 4° field size) was captured at each of the 

above retinal locations. After the acquisition, a program  provided  by  the  manufacturer  

correlated  and  averaged  the  captured  image  frames to produce a final image.3

Cone density (cones/mm2) was measured at 1°, 2° and 3° eccentricity along all the four 

quadrants, superior, inferior, nasal and temporal retina. There has been no standardized 

protocol on which areas to image and size of the sampling window to choose the 

region of interest. The sampling window we choose was 100 μm and we placed it at 

specific coordinates calculated by a prefixed  formula  intentionally  avoiding  blood  

vessels.  Our  rationale  was  that  the  size  of  the sampling window correlates with 

the size of the retinal area stimulated by a Goldman size III target, so as to be able to 

correlate structure-function in the future. Eccentricity was computed as the distance 

between the center of each window and the foveal center reference point (identified as 

the point with fixation coordinates: x = 0°, y = 0°). The images were captured at temporal 

(–3°, 0°), superior (0°, 3°), nasal (3°, 0°) and inferior (0°, –3°), as seen in Figure 1. The cone 

counting software AO detect created on MATLAB by Imagine Eyes was used to process 

the images and calculate the cone density, spacing and Voronoi. The cone density was 

verified by three investigators (SD, SM and AK) in order to minimize the possible error in 

cone identification of the automated software. The inter-observer variability was tested 

by three observers. The images of all the 25 subjects were analysed using the AO detect 

(Imagine Eyes, Orsay, France) by each observer separately and the results were noted. 

The variability in choosing the region of interest (ROI) and the value of the cone counts 

was  noted between the observers and the closest two values were considered for 

the interpretation of the results. The subjects were imaged twice at two different time 

intervals and were analyzed separately. The variation in the cone count was assessed.

Figure 1. Sampling windows showing the cone mosaic at (a) 1° eccentricity (b) 2° 

eccentricity and  (c) 3° eccentricity respectively 

(a) (b) (c)
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3.2.3. STATISTICAL ANALYSIS

Statistical analysis was performed using the SPSS 17 statistics software program (SPSS 

Inc., Chicago, IL, USA). The Shapiro-Wilk Test was applied to note the distribution of 

data. We applied the Friedman’s analysis of variation in packing density, spacing and 

voronoi at different eccentricities and quadrants and a post hoc test with Bonferroni 

correction was applied to the significance level. Mann-Whitney U test was applied to 

check for interocular variability in the cone-packing density. A simple linear regression 

was applied to analyze the variation in cone density with axial length. 

3.3. RESULTS
The study group comprised of 14 females and 11 males between the ages of 20–40 

years, as seen in Table 1. The axial length and spherical equivalent ranged between 

21.53–24.9 mm and −0.24 to + 0.13D respectively. The cone count, spacing and Voronoi 

D (50) p = 0.000 were significantly non-normal in distribution. 

Cone-packing density, spacing and Voronoi were analyzed for the 4 quadrants and 

the eccentricities separately, as seen in Figure 2. The cone density was found to be 

significantly different among all the four quadrants (temporal = 25900/mm2 (6100/mm2, 

15000/mm2–34800/mm2), superior = 21600/mm2 (7400/mm2, 12200/mm2–33700/mm2), 

nasal = 23100/mm2 (4400/mm2, 9000/mm2–32700/mm2) and inferior = 20400/mm2 

(6900/mm2, 8400/mm2–30200/mm2). A  statistical  significance (P<0.008)  was  found 

between the orthogonal  meridians i.e.  temporal,  nasal > superior, inferior  (temporal + 

nasal= 49000/mm2 > superior + inferior = 42000/mm2). 

Table 1. Demographics of the study group

   Demographics Values

Total no. of eyes 25 eyes of 25 
volunteers

Age group 20–40 years

Sex (male: female)(%) 11: 14 (44: 56%)

Axial length (range) 21.53–24.9 mm

Spherical equivalent (range) -0.24D- +0.13D
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A similar result was observed in the spacing between the cones in the various 

quadrants  temporal = 6.90 µm (0.80 µm, 5.95–8.8 µm), superior = 7.60 µm (1.1 µm,  

5.95–13.5 µm), nasal = 7.20 µm (0.90 µm, 6.05–11.20 µm) and inferior = 7.80 µm (0.90 µm, 

6.30–11.60  µm). Temporal, nasal < superior, inferior (temporal + nasal = 14.1  µm 

< superior + inferior = 15.40 µm) was found to be statistically significant (P<0.008).

Figure 2.  Box plots showing the (a) average cone density distribution in the 4 quadrants, 

inferior, nasal, superior and temporal; (b) average cone density distribution at different 

retinal eccentricities; (c) Voronoi analyses at different retinal eccentricities
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A statistically significant drop of the cone-packing density was observed from 2 degrees 

to 3 degrees (2 degrees eccentricity = 25350/mm2 (5300/mm2, 8400/mm2–34800/mm2) 

3 degrees eccentricity = 20750/mm2 (6018/mm2, 9000/mm2–33670/mm2) P<0.05. The 

spacing correspondingly increased  as  we  moved  away  from  the  fovea  (2  degrees  

eccentricity = 6.9µm (0.73µm, 5.95µm–11.6µm) and 3 degrees eccentricity = 7.80µm 

(1.00µm, 6.5µm–13.5µm) P<0.05.

Voronoi analysis was done to assess if the cone-packing was regular. The number of 

hexagonal cones were counted and analyzed at the various quadrants and degrees. 

It was observed that the number of hexagonal cones decreased from 2 degrees to 

3 degrees (2 degrees eccentricity =122 and 3 degrees eccentricity = 105) and this 

observation was found to be statistically significant (P<0.05).

Table 2. Variation in cone-packing density and spacing in the 4 meridians at different 
retinal eccentricities

Cone Count Spacing
P-value2o 

Eccentricity
3o 

Eccentricity
2o 

Eccentricity
3o 

Eccentricity

Temporal 29500 24500 6.4 8.1 P=0.000 (P<0.008)

Superior 25700 19300 7.0 8.0 P=0.000 (P<0.008)

Nasal 24000 23000 7.1 7.3 P=0.000 (P<0.008)

Inferior 24600 18400 7.0 8.1 P=0.000 (P<0.008)

Table 3. Interocular variability in the cone-packing density

2o 
Eccentricity

3o 
Eccentricity P-valuea

Right eye 25200 21100 P=0.534
(P<0.05)Left eye 21400 20600

aMann-Whitney U test.

Difference was also noted in the number of hexagonal cones between the four 

quadrants (P<0.05). The agreement between the three observers was found to be 0.57. 

The difference was found to be in the selection of the ROI between the observers and 

hence a difference of ± 2000/mm2. The  subjects were imaged at two different intervals 

in the same locations to note the variability in the cone count.

The difference in the cone counts between the images was found, although the 

difference was not statistically significant (p=0.453).
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We also noted the mean cone count at 1 degree [23000/mm2 (2800/mm2–32000/mm2)]. 

However, counts at or closer than one degree to the foveal center was not considered 

for statistical analysis due to the unreliable values obtained from images near the fovea.

Interocular variability was analyzed at the different retinal eccentricities in all the 

quadrants, as seen in Table 3. No statistically significant difference was found in the 

cone-packing density between the two eyes (p=0.534).

A negative correlation was observed between cone density and axial length at both 2 

and 3 degrees, which was found to be statistically significant (R2 = 0.147 p=<0.05 and R2 

= 0.236 P<0.05), as seen in Figure 3.

Figure 3. Scatter plot depicting the relation between cone-packing density and axial 

length at (a) 2o  eccentricity and (b) 3o eccentricity respectively
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3.4. DISCUSSION

The average human retina contains 4.6 million cones (4.08–5.29 million). Peak foveal 

cone density averages  199,000  cones/mm2 and  is  highly  variable  between  individuals  

(100,000–324,000 cones/mm2).4

Curcio et al. (1990)4 studied the histology of eight eyes and found individual variations 

in cone density differ with retinal region, highest being near the fovea, least in the 

midperiphery and an increase again towards the ora serrata.

In our current study, we found the average cone-packing densities at 1, 2 and 3 degrees 

from the fovea. At 1 degree, the counts were erroneous due to dense packing of the 

cones and hence the software was unable to count the cones which were smaller than 

2 μm, or the spacing was less than 2 μm, leading to a gross under sampling of the 

cone density. Hence they were not utilized for statistical analysis. The counts at 2 and 

3 degrees were approximately 25,350/mm2 (5,300/mm2, 8,400/mm2–34,800/mm2) to 

20,750/mm2 (6,018/mm2, 9,000/mm2–33,670/mm2) P<0.05. Park et al. (2013)5 in their 

study found the cone density decreased from 32,200 to 11,600 cells/mm2 with retinal 

eccentricity (0.5 mm to 1.5 mm from the fovea, P < 0.001). Lombardo et al. (2013)6 found 

an average decline of cone density from 51,000 cones/mm2 at 250 mm eccentricity to 

14,000 cones/mm2 at 1,300 mm eccentricity along the horizontal meridian.

The numerical variation between the published western literature and our study could 

be because of various factors such as eyes with different axial lengths, the location of 

the foveal reference point, the difference in the sampling window size and the non-

standardized approach used to calculate cone distribution among the various studies.5,6 

Some have a manual addition to the automated software and a few have used special 

tools with MATLAB software.5

Lombardo et al. (2013)1 have discussed the various technical differences between 

the Voronoi maps created using images of the photoreceptor mosaic acquired using 

different systems, i.e. flood-illumination and SLO-based. Some of them are due to 

differences in the brightness and contrast of the various types of cone mosaics, effect 

of rods and retinal vessels and image processing tools.

We have described the distribution of density, spacing and the hexagonal-packing 

arrangement of the cone photoreceptors at different retinal eccentricities across the 
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parafovea in emmetropic  young adults. It is essential to establish normative data so as 

to be able to detect early onset of pathology at cellular level and accordingly intervene 

early.

Park et al. (2013)5 compared cone-packing density in the 4 meridians at different 

eccentricities of 0.5 mm, 1 mm and 1.5 mm and found no significant difference, with 

the exception of 1.0 mm eccentricity. At 1.0 mm eccentricity, there were significant 

differences in cone-packing density between the orthogonal meridians (P < 0.001; 

nasal, temporal > superior, inferior). We found the highest density to be in the 

temporal meridian followed by superior, nasal and inferior at both the eccentricities 

of 2 and 3 degrees. Our pattern describes the horizontal packing of cones to be denser 

than the vertical meridian, as noted by the various histological studies.4,7

As  cone  density  decreases  with  increasing  distance  from  fovea,  the  spacing  will  

accordingly increase. We found the average spacing increase from a mean of 7.08 μm at 

2 degrees to 7.86 μm at 3 degrees. Lombardo et al. (2013)3 found the eccentricity 

increase from an average of 4.50 to 8.20 μm from 250 to 1100 μm, which is similar to 

our data.

Axial length played a significant role in our study as has been proved by multiple 

studies5,8,9 so far. As the axial length increased, the cone count significantly decreased, 

following the hypothesis of posterior pole being stretched and the cones getting 

distributed along a larger surface area. The coefficient of variation between the two 

eyes of each patient was 30.7% at 2 degrees and 21% at 3 degrees.

The limitation of our study was the absence of a manual addition to the existing 

automated software to  count  missed  cones,  small  sample  size  and  the  data  

presented  was  limited  to  3  degrees eccentricity.

3.5. CONCLUSION

There has been no literature published thus far from the Indian population and our 

work may help in the development of normative database of individual variations in 

emmetropic subjects. This allows us to understand early pathology at the cellular level 

and intervene appropriately. Newer therapeutic modalities that are targeted at the 

cellular level like yellow micropulse laser, stem cells, gene therapy etc. may be better 

monitored in terms of safety and efficacy.
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ABSTRACT

AIM

To assess the variations in cone mosaic in myopia and its correlation with axial length  

(AL). 

SUBJECTS AND METHODS

Twenty-five healthy myopic volunteers underwent assessment of photoreceptors using 

adaptive optics retinal camera at 2° and 3° from the foveal center in four quadrants 

superior, inferior, temporal and nasal. Data were analyzed using SPSS version 17 (IBM). 

Multivariable regression analysis was conducted to study the relation between cone 

density and AL, quadrant around the fovea and eccentricity from the fovea. 

RESULTS

The mean cone density was significantly lower as the eccentricity increased from 2° 

from the fovea to 3° (18,560 ± 5455 to 16,404 ± 4494/mm2 respectively). There was 

also a statistically significant difference between four quadrants around the fovea. The 

correlation of cone density and spacing with AL showed that there was a significant 

inverse relation of AL with the cone density.

CONCLUSION

In myopic patients with good visual acuity, cone density around the fovea depends on 

the quadrant, distance from the fovea as well as the AL. The strength of the relation of 

AL with cone density depends on the quadrant and distance.

Keywords: Adaptive optics, axial length, cone density, myopia.
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4.1. INTRODUCTION
Myopia is a common visual imperfection mostly due to an increase in the axial length 

(AL) of the eye. It can lead to severe visual loss when myopic degeneration develops. It 

may also cause both lower as well as higher-order aberrations.1 In a less severe stage, its 

vision loss can be corrected with glasses or contact lenses. Even with glasses the quality 

of vision with best-corrected visual acuity of 20/20 between myopes and emmetropes 

is not the same, and this may be due to multiple anatomical and physiological factors.2–6 

These could include the spatial distribution and orientation of the photoreceptors 

stretched along the posterior pole of the retina due to a larger AL in a myopic eye. It is 

to be expected that the cone density decreases with increasing myopia.7–9 However, to 

what extent this occurs in relation to changes in the AL or extent of the refractive error is 

largely unknown. With the advent of adaptive optics (AO) technology in vision science, 

it is now feasible to determine the photoreceptor cone distribution.7–9 In this study, we 

measured the variations in the cone mosaic in a population of young myopic adults in 

relation to the AL and extent of the refractive error. This may help to understand the 

missing link between increasing severity of myopia and changes in the visual acuity 

or quality of vision in patients with myopia and enhance the opportunity to monitor 

essential anatomic changes in myopia.

4.2. SUBJECTS AND METHODS

4.2.1. SUBJECTS 

Twenty-five consecutive patients who, visited the comprehensive out-patient and the 

refractive out-patient departments, with myopia within the age group of 20–40 years, 

were included in the prospective study. An informed consent was obtained from all 

subjects, and the nature of the study was explained to them. The study adhered to 

the tenets of the declaration of Helsinki and was approved by the Ethics Committee 

and review board of the hospital. The patients in the study group were those who 

presented  with myopia with the spherical equivalent between −1D and −12D and 

best corrected visual acuity of 20/20. Pathological myopia, and those with any ocular 

or systemic pathology were not included in the study and all patients enrolled had a 

clinically normal fundus. We grouped the myopes as low, moderate and high based on 

their spherical equivalent (mild being 1D–3D, moderate = 3D–6D and high >6D) for 

analysis.
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All the subjects underwent a comprehensive ophthalmic examination including 

an assessment with the Tonoref RKT-7000 autorefractometer, Nidek, non-contact 

biometry (IOL master; Carl Zeiss Meditec, Germany) for AL and spectral-domain optical 

coherence tomography (Spectralis, Heidelberg) for central foveal thickness. A compact 

AO retinal camera prototype, the rtx 1 (Imagine Eyes, Orsay, France), was used to image 

the photoreceptor layer.

4.2.2. ADAPTIVE OPTICS IMAGING

As mentioned in our previous study on emmetropes,10 the AO imaging sessions were 

conducted after dilating the pupils with 1 drop each of 0.5% tropicamide and 10% 

phenylephrine hydrochloride to achieve mid-dilated pupils. Aberrations induced by 

pupil dilation are negated by the AO system. Stable fixation was maintained by having 

the patient look at the system’s inbuilt target and then as moved by the investigator 

to predetermined coordinates. The patient was instructed to fixate at 0°, 1°, 2° and 3° 

eccentricity along all the four quadrants, superior, inferior, nasal and temporal retina. A 

video (i.e. a series of 40 frames; 4° field size) was captured at each of the above retinal 

locations. After the acquisition, a program provided by the manufacturer correlated and 

averaged the captured image frames to produce a final image. Cone density (cones/

mm2) was measured at 1°, 2° and 3° eccentricity along all the four quadrants, superior, 

inferior, nasal and temporal retina. There has been no standardized protocol on which 

areas to image and size of the sampling window to choose the region of interest. 

The sampling window we choose was 100 µ and we placed it at specific coordinates 

calculated by a prefixed formula intentionally avoiding blood vessels. Eccentricity was 

computed as the distance between the center of each window and the foveal center 

reference point (identified as the point with fixation coordinates: x = 0°, y = 0°). The 

images were captured at temporal (−3°, 0°), superior (0°, 3°), nasal (3°, 0°) and inferior 

(0°, −3°).10 The cone counting software AO detect created on MATLAB by Imagine 

eyes was used to process the images and calculate the data. The repeatability has been 

mentioned in our previous study.

4.2.3. DATA ANALYSIS

The statistical analysis was performed using the IBM SPSS version 20 (SPSS Inc. Chicago, 

ILa, USA) and MedCalc version 11. The Shapiro–Wilk test was performed to determine 
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whether the continuous data were parametric or non-parametric in distribution. We 

first described the values of cone density and spacing with AO per quadrant and per 

eccentricity, 2° and 3° from the fovea. Secondly, we tested by means of dependent t-test 

whether there was a difference in these parameters between the four quadrants per 

degree of eccentricity. Thirdly, we tested whether there was a difference between the 

degrees of eccentricity per quadrant. We finally studied the relation between either 

AL or degree of myopia expressed as spherical equivalents and AO parameters per 

quadrant and per degree of eccentricity. A linear regression analysis was conducted and 

a multivariable model was developed with the interaction of AL with the quadrant and 

degree of eccentricity. In both models the cone density was the dependent variable. 

The same analyses were conducted with refractive error instead of AL as the dependent 

variable.

4.3. RESULTS
Fifty eyes of 25 myopic subjects (10 female, 15 male) between the ages of 20 and 40 

years, refractive error of −1D to −12D and an AL of 22.68–28.20 mm were included in 

the study. The mean cone count and spacing the four quadrants (temporal, superior, 

nasal, inferior to the fovea) and at  different eccentricities (2° and 3° from the fovea) are 

represented in Table 1. The mean cone density was found to be significantly lower in 

the myopic group when compared to the age-matched emmetropic group as reported 

in our previous study.10

Table 1. The mean and SD of the cone density and spacing at the 4 quadrants (temporal, 
superior, nasal, inferior) and at 2° and 3° retinal eccentricities

Temporal Superior Nasal Inferior

2° 3° 2° 3° 2° 3° 2° 3°

Cone count 
(/mm2) 18,410±5790 18,650±4370 19,600±5080 15,495±3854 17,030±5892 16,845±4953 19,193±4780 14,625±3759

Spacing (μm) 8.44±1.53 8.30±1.25 8.14±1.47 9.14±1.63 8.83±1.61 8.51±2.28 8.17±1.14 9.30±1.27 

SD: Standard deviation
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Table 2. Mean and SD of cone density and cone spacing between 2° and 3° retinal 
eccentricity among myopic subjects

2° 3° Significance (P)

Cone count (/mm2) 18,560 ± 5,455 16,404 ± 4,494 <0.001

Spacing (μm) 8.40 ± 1.4 8.81 ± 1.7 0.010

SD: Standard deviation

There was a significant decrease in the mean cone density from 18560/mm2  ±  5455  

to  16,404/mm2  ±  4,494  respectively and a significant increase in spacing from 8.40 

μm ± 1.4 to 8.81 μm ± 1.7 with increase in eccentricity from 2° to 3° from the fovea 

respectively in the myopic group, as seen in Table 2, a mirror trend similar to that of the 

emmetropes (decrease in cone density and increase in cone spacing as the distance 

from fovea increases).

Table 3. The effects of fixed factors on the cone count by LMM

Parameter Parameter 
estimate Significant

95% CI

Upper limit

Intercept 32,307 0.010 7,845 56,770

Degree=2 16,986 0.022 2,423 31,549

Degree=3+ 0

Site=I 28,465 0.007 7,870 49,061

Site=N 25,416 0.016 4,821 46,011

Site=S 12,930 0.218 −7,665 33,525

Site=T+ 0

Axial length −600 0.231 −1,588 387

Degree=2×AL −599 0.046 −1,187 −11

Degree=3×AL+ 0

Site=I×AL −1,216 0.004 −2,047 −384

Site=N×AL −1,091 0.010 −1,923 −260

Site=S×AL −562 0.184 −1,394 269

Site=T×AL+ 0

+Factors set to zero, since they are redundant. Dependent variable: Cone count, AL: 
Axial length, CI: Confidence interval, LMM: Linear mixed models
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Table 4. The correlation between AL and refractive error

Degree Quadrant
AL Refractive error

R2 P R2 P

2 Temporal −0.195 0.174 −0.131 0.365

2 Superior −0.492 <0.001 −0.245 0.086

2 Nasal −0.404 0.004 −0.197 0.171

2 Inferior −0.619 <0.001 −0.284 0.046

3 Temporal −0.223 0.12 −0.211 0.142

3 Superior −0.239 0.094 −0.58 0.689

3 Nasal −0.46 0.001 −0.174 0.226

3 Inferior −0.53 <0.001 −0.203 0.157

AL: Axial length 

The linear regression test performed to relate the cone density and spacing with AL 

showed that there was significant relation of AL with the cone density in all separate 

quadrants, at 2° as well as at 3° eccentric from the fovea [Figures 1 and 2] and is lower 

when AL is higher. The results for cone spacing showed an increase in the spacing 

between adjacent cones as eccentricity from the fovea increased. Moreover, there is an 

interaction between AL on one hand and quadrant and degrees on the other implying 

that the strength of the relation between AL and cone density depends on the degree 

and quadrant, as seen in Table 3. The relation strength was not different for the square 

of the radius (= half AL), a measure directly related to the surface area. Figure 3 shows 

the variation in the cone density between the mild-, moderate- and high-myopia 

groups. There was no statistically significant difference between these groups. When 

refractive error was used as the independent variable instead of AL, the strength of the 

relation in all analyses was lower, as seen in Table 4. The Pearson’s coefficient, used to 

find the correlation between refractive errors versus ALs, was significant (R2 = 0.352, P 

= 0.012 [P < 0.05]).

Figure 1. (a–d) Scatter plots showing the variation in cone density with axial length in 

the 4 quadrants (temporal, superior, nasal and inferior) at 2° eccentricity
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Figure 3. Box plot showing the difference in the cone density between the subgroups 

(mild, moderate and high) in the myopic subjects
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4.4. DISCUSSION
There have been multiple studies that have looked at the axial elongation of the eye 

in myopia, rather than the equatorial elongation.11 This is because it is easier to study 

changes in the photoreceptor mosaic at the posterior pole than at the equator.3,12 It 

is well-established that the cones do not get distributed evenly as the expansion 

occurs non-uniformly. The retinal vasculature is said to restrict the cone migration 

along the entire surface.13,14 Curcio et al. in his histological analysis found the density 

at 1 mm in the parafoveal retina to be 16,000 cells/mm2, corresponding to a cone 

spacing of 7.4 mm.15 In our previous study on emmetropes, we found a statistically 

significant  difference  in  the cone density from 2° to 3°. At 2° eccentricity the mean 

was 25,350/mm2 (5,300/mm2, 8,400–34,800/mm2), and at 3° eccentricity the mean was 

20,750/mm2 (6,000 mm2, 9,000–33,670/mm2) P < 0.05.

The spacing correspondingly was lower at 2° of eccentricity as compared to 3°. At 2° 

the mean was 6.9 mm (0.70 mm, 5.95–11.6 mm) and at 3° the mean was 7.80 mm (1.00 

mm, 6.5–13.5 mm) P < 0.05.10 In our current study, we found similar difference in the 

counts as the eccentricity increased from 2° from the fovea to 3° (18,560 ± 5,455–16,404 

± 4,494/mm2 respectively). 
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When we used the variable as refractive error, the relation with cone density was less 

strong as compared to AL as a variable.

Lombardo et al. studied 11 eyes and found cone density in moderately myopic eyes 

(up to −7.50 D) was significantly lower than in emmetropic eyes within (or at) 2.0 mm 

from the fovea, similar to our results. They reported the spatial vision and the Nyquist 

limit of resolution of the retinal cone mosaic to reduce with increasing AL from 22.60 

to 26.60 mm.9

Kitaguchi et al. reported the cone spacing in the moderate- to high-myopic group to 

be larger than that in the emmetropic and low-myopic group. They found the cone 

spacing in a −15D myopic eye was 5.92 μm, which is 1.48 times the cone spacing in 

emmetropic eyes (4.00 μm), unlike a mathematical model where it would be 1.26-fold. 

We grouped the myopes as low, moderate and high based on their spherical equivalent 

(mild being 1D–3D, moderate = 3D–6D and high >6D) and evaluated the cone density 

at different eccentricities from the fovea to understand local anisotropia in correlation 

to increase in AL. The cone count and spacing between the mild and moderate group 

was not found to be significantly different but statistically significant variation was 

found between the mild and the moderate group with the high myopes (Figure 3). This 

adds to the theory that the expansion is non-uniform.7

The limitations of our study were the cone mosaic at the fovea could not be assessed 

due to their dense arrangement9  and absence of a correction factor due to the retinal 

magnification factor.7 

4.5. CONCLUSION
The variables affecting vision in myopes are multifactorial. The higher-order aberrations, 

size of the pupil, stretching of the photoreceptors, reduced retinal sampling and the 

contribution of postreceptor neural factors play a role. With AO we are now able to 

understand the placement of the photoreceptors with respect to the AL in myopes. In 

myopic patients with good visual acuity, cone density around the fovea depends on 

the quadrant, distance from the fovea as well as the AL. The strength of the relation of 

AL with cone density depends on the quadrant and distance. Further research on the 

relation between cone density, visual acuity, psychophysical tests and micro-perimetry 

may help us understand the structural and functional vision of these patients. This may 

aid us better in counseling our patients, e.g. prior to any refractive or retinal surgical 

procedure. 
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ABSTRACT

AIM

To assess the functional aspects of cone mosaic and correlate cone-packing with retinal 

sensitivity utilizing microperimetry in emmetropes at different eccentricities.

METHODS

Twenty-four healthy volunteers underwent microperimetry (MAIA Centervue, 

Italy) and assessment of photoreceptors using adaptive optics retinal camera, rtx1 

(Imagine Eyes, Orsay, France), at 2 and 3 degrees from the foveal centre in 4 quadrants: 

superior, inferior, temporal and nasal. Data were analyzed using SPSS version 17 (IBM). 

Spearman’s correlation tests were used to establish correlation between mean cone-

packing density and retinal sensitivity at different quadrants.

RESULTS

Thirteen females and 11 males (age range 20–40 years) were included. The cone density 

was found to be significantly different among all quadrants (temporal = 25786.68/mm2 

± 4367.07/mm2, superior = 23009.35/mm2 ± 5415.81/mm2, nasal = 22838.09/mm2 ± 

4166.22/mm2 and inferior = 21097.53/mm2 ± 4235.84/mm2). A statistical significance (μ 

< 0.008) was found between orthogonal meridians, that is, temporal, nasal (48624.77/

mm2) > superior, inferior (44106.88/mm2). A drop in retinal sensitivity was observed 

as the eccentricity increased (μ < 0.05). It was also found that as cone-packing density 

decreased retinal sensitivity also decreased (μ < 0.05) in all quadrants. This was observed 

at both 2 and 3 degrees.

CONCLUSION

It is crucial to establish normative variations in cone structure-function correlation. This 

may help in detection of subtle pathology and in it's early intervention.
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5.1. INTRODUCTION
Adaptive optics (AO) is emerging as an objective tool in assessment of the architecture 

of the photoreceptor layer of retina. It can be used to quantify the cone mosaic including 

the density and packing arrangements. Studying the cone mosaic shows different 

reflectance patterns with wide temporal and spatial variations. Multiple AO systems 

have described this variation in the cone reflectivity to be secondary to differences 

in the phases of phototransduction, length of the outer segment, disc shedding, 

wavelength of the light, and so forth.1–3

By just studying the cone mosaic, we are unable to assess the functional aspect of a 

visible cone and correlate whether a visible cone is a functional cone.

Our study aims to assess the functional aspects of the cone mosaic and correlate the 

cone-packing with the retinal sensitivity utilizing microperimetry (MAIA) in emmetropes 

at different eccentricities.

5.2. SUBJECTS
Twenty-four healthy volunteers were included in the study after an informed consent 

was obtained, approved by the institutional review board and in adherence to the 

tenets of Helsinki declaration. Inclusion criteria were emmetropia or best correct visual 

acuity of 20/20 or better with astigmatism less than 2 diopters (as assessed by the 

Tonoref RKT-7000 autorefractometer, Nidek). Subjects with ocular or systemic diseases 

or previous eye surgery were excluded from the study.

5.3. METHODS
All subjects underwent objective refraction, non-contact biometry (IOL master; Carl 

Zeiss  Meditec,  Germany)  for axial length, and microperimetry (MAIA Centervue- 

100809). A compact AO retinal camera prototype, the rtx1 (Imagine Eyes, Orsay, France), 

was used to image the photoreceptor layer. Core components of the apparatus include 

a Shack-Hartmann wavefront sensor (HASO 32-eye; Imagine Optics, Orsay, France), a 

deformable mirror (MIRAO 52; Imagine Optics), and a low-noise high-resolution camera 

(Roper Scientific, Tucson, AZ, USA). AO imaging sessions were conducted after dilating 

the pupils with 1 drop each of 0.5% tropicamide and 10% phenylephrine hydrochloride. 

Stable fixation was maintained by having the patient look at the system’s inbuilt target 

moved by the investigator to predetermined coordinates. The patient was instructed to 
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fixate at 0, 2, and 3 eccentricity along all the four quadrants, superior, inferior, nasal, 

and temporal retina. A series of 40 frames, 4 field size, was captured at each of the above 

retinal locations. After acquisition, a program provided by the manufacturer correlated 

and averaged the captured image frames to produce a final image.4 At each site, a 

sampling window square of 100 microns width was chosen avoiding blood vessels. 

Cone counting software created on MATLAB by Imagine Eyes was used to process the 

images and calculate the cone density (cones/mm2) and spacing. The axial length was 

entered into the automated software to account for differences in magnification.

Macular integrity was tested with MAIA, a non-mydriatic, near infrared, line SLO scanning 

laser ophthalmoscope with high-frequency eye tracker, a third-generation automated 

macular perimeter with normative database and a statistical analysis module. An expert 

or detailed threshold test takes about 4–7 minutes for each eye and was performed. The 

grid selected was 37-point stimuli covering the central 6 degrees with 25 μm stimulus 

size, that is, Goldmann III. The threshold values at radius of 2 degrees and 3 degrees 

from the fovea were considered in all the 4 quadrants: superior, inferior, nasal, and 

temporal. The Goldmann size III target subtends 0.431 of visual angle and represents 

0.123 mm (0.431* 0.286 mm/) on the retina and an area of 0.012 mm2.5 The sampling 

window that we have used with the AO image processing is 0.1 mm, and hence the 

correlation has the potential for fine retinotopic precision, as seen in Figure 1.

Figure 1. The retinal sensitivity on the MAIA image being correlated to the cone-packing 

density at 1, 2, and 3 degrees from the fovea and 4 quadrants (superior, inferior, temporal, 

and nasal)

3 degree

2 degree

1 degree
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5.4. STATISTICAL ANALYSIS
The data collected was analyzed using SPSS version 17 (IBM). Spearman’s correlation 

tests were used to establish the correlation between the mean cone-packing density 

and the retinal sensitivity at the different quadrants. To look for possible differences 

between MAIA threshold values at the different quadrants and eccentricities, a Linear 

Mixed Models analysis (LMM) was performed with subject ID as grouping factor and 

cone density, eccentricity, and quadrant and their interaction term as covariates. The 

LMM procedure expands the general linear model so that the data are permitted to 

exhibit correlated and non-constant variability. The LMM analysis, therefore, provides 

the flexibility of modeling not only the means of the data but their variances and 

covariances as well. LMM handle data where observations are not independent, as 

in this study. That is, LMM correctly models correlated errors, whereas procedures 

in the general linear model family usually do not.6, 7 P-values smaller than 0.05 were 

considered to be significant.

5.5. RESULTS
Twenty-four subjects were included in the study. The study group comprised of 13 

females and 11 males between the ages of 20 and 40 years. Figure 2 shows MAIA 

threshold values as a function of cone density for the different quadrants. The Pearson 

correlation coefficient, r, was significant for all sites (P < 0.001). The cone density was 

found to be significantly different among all the four quadrants (temporal: 25786 ± 

4367 mm−2, superior: 23009 ± 5415 mm−2, nasal: 22838 ± 4166 mm−2, and inferior: 21097 

± 4235 mm−2). A statistical significance (P < 0.008) was found between the orthogonal 

meridians, that is, temporal, nasal > superior, inferior (temporal + nasal = 48624 mm−2> 

superior + inferior = 44106 mm−2). Figure 3 shows mean MAIA thresholds at 2 and 3 

degrees for the different quadrants. A drop in the retinal sensitivity was observed as 

the eccentricity increased. LMM analysis revealed that MAIA threshold values differed 

significantly between the four quadrants (temporal = 32.2 ± 2.7 dB, superior = 31.2 ± 1.6 

dB, nasal: 31.8 ± 1.4 dB, and inferior: 30.5 ± 2.1 dB, P = 0.001) and also between the two 

eccentricities (see Figure 3, P = 0.01).
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Figure 2. Scatter plot showing correlation between cone density and average threshold 

at 4 quadrants, both at 2 and 3 degrees
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5.6. DISCUSSION
With the advent of adaptive optics leading to compensation of higher-order aberrations, 

the in-vivo imaging of the photoreceptor mosaic is now a reality. The challenge 
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now comes in assessing the correlation of the cone mosaic with their function. It is 

interesting to understand whether areas with dense cone-packing are associated 

with higher retinal sensitivities. Establishing the normative database in emmetropes 

is essential before we understand pathology. This may be useful in establishing the 

functional correlates of photoreceptor mosaic structure in patients with macular 

disease who develop central scotomas due to various diseases like age-related macular 

degeneration. They can then be coached to prefer a certain peripheral part of retina to 

fixate with, depending on the cone density and retinal sensitivity at that area.8, 9 Even in 

children after squint surgeries, they may be trained to develop fixation by utilizing the 

structure-function knowledge of the retinal areas.

There has been a lot of literature on the use of microperimetry alone to find the 

preferential retinal locus in patients with central macular disease, and they have found 

it to be differing with respect to the task assigned to the patient.8–12 This however does 

not happen in normal adults where the preferential retinal locus is fixed. Hence it 

may be possible to rehabilitate these patients once we understand the areas in which 

relative structural photoreceptor loss has led to relative functional loss.

The Goldmann size III target has the diameter which subtends 0.431 of visual angle 

which corresponds to the sampling window of the adaptive optics, and hence the 

correlation has the potential for fine retinotopic precision.

Our study shows that when the mean cone-packing density decreased with increasing 

eccentricity, the corresponding retinal sensitivity also decreased (P < 0.05).

The limitations of our study are that we have used a flood-illuminated AO camera and 

not an AO-SLO-based microperimetry system,13 which would have better localizing. 

Also multifocal electrophysiology would have been a more objective tool to analyze 

the macular function but the costs of tests were a limiting factor.

This study may help establish a sensitive outcome measure to evaluate the safety and 

efficacy of newer treatment modalities like stem cell therapy and gene therapy in the 

management of genetic retinal disorders.

5.7. CONCLUSION
Understanding the correlation between the anatomy of a structure and its function 

is crucial to plan management of any disease. Knowing the variations in a healthy 

population helps us analyze pathology better.
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ABSTRACT

We report a 56-year-old male patient, complaining of metamorphopsia in his left 

eye. Visual acuity, slit lamp, and fundus examinations were within normal limits. 

Microperimetry (MAIA, Centervue, Italy) revealed central field loss and spectral domain 

optical coherence tomography (Spectralis, Heidelberg, Germany) showed disrupted 

cone outer segment tip layer. The patient had a diagnosis of cutaneous melanoma in his 

foot for which an excision biopsy with lymph node dissection was performed 5 months 

earlier. Our clinical diagnosis was melanoma-associated retinopathy. Electrophysiology 

confirmed the diagnosis. Adaptive optics retinal imaging (Imagine eyes, Orsay, France) 

was performed to assess the cone mosaic integrity across the central retina. This is 

the first report on the investigation of autoimmune retinopathy using adaptive optics 

ophthalmoscopy. This case highlights the viability of innovative diagnostic modalities 

that aid early detection and subsequent management of vision threatening retinal 

pathology.

Keywords:  Adaptive optics, autoimmune retinopathy, cone dysfunction, 

electrophysiology, melanoma-associated retinopathy.
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6.1. INTRODUCTION
Autoimmune retinopathy is a spectrum of immune-mediated degenerations of the retina 

that occurs in patients, including cancer-associated retinopathy, melanoma associated 

retinopathy (MAR) and presumed non-paraneoplastic autoimmune retinopathy.

Most commonly, these patients present with night blindness, photopsia and painless, 

progressive vision loss. Clinically, ocular findings are often unremarkable; nevertheless 

they include optic nerve pallor, retinal pigment epithelial alterations across the macular 

area and vascular attenuation.1 In the absence of clinical findings, high-resolution 

imaging tools might be of great value to detect pathological alterations of ocular 

microstructures, even in patients with a history of systemic neoplasm.

We discuss the case of a patient with history of cutaneous melanoma in the foot were 

combined imaging and functional tools aided in assessment of early pathological 

retinal alterations.

6.2. CASE REPORT
A 56-year-old man complained of metamorphopsia in his left eye since 1 month. 

On examination, his best-corrected visual acuity was 20/20 and N6 in both eyes. 

The anterior segment was normal. Intraocular pressure was 10 and 12 mmHg using 

applanation tonometry in the right and left eye respectively. The pupils were quickly 

reacting to light without any relative afferent pupillary defect. Fundus examination was 

normal, as shown in Figure 1.

He subsequently underwent a few investigations including a 30-2 Humphreys perimetry 

(Humphrey Field Analyzer; Carl Zeiss Meditec, Dublin, CA, USA), spectral domain optical 

coherence tomography (SD-OCT; Spectralis, Heidelberg, Germany) and microperimetry 

(MAIA, Centervue, Italy).

The 30-2 field of vision showed a central scotoma in both eyes, larger in the left eye 

than right eye. The SD-OCT of the macula was normal. Foveal contour and central foveal 

thickness were 204 microns in both eyes, as shown in Figure 1. 

The microperimetry showed abnormal macular integrity index, 100, in both eyes 

(normal values = 0–40, suspect = 40–60, abnormal = 60–100). Average threshold was 

22.1 decibels (dB) and 0 dB in the right and left eye respectively (normal = 36–25 dB, 

suspect = 25–24 dB and abnormal <24 dB). Fixation was stable in the right eye and 

relatively unstable in the left eye, as shown in Figure 2.
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Figure 1. Fundus montage of the right (a) and (b) left eye showing normal fundus with 

normal spectral domain optical coherence tomography and the decreased cone count 

using adaptive optics at 1.5° eccentricity in all four quadrants

(a) (b)

Detailed systemic history elicited that the patient had a diagnosis of cutaneous 

melanoma of the foot 5 months earlier for which he had undergone a wide excision of 

the lesion with block dissection of the ilio-inguinal lymph nodes. The histopathology 

report clarified it was a histiocytoid variant with tumor-free margins. Positron emission 

tomography showed metastasis to right iliac, inguinal and popliteal lymph nodes. The 

patient was free from pulmonary or distant metastasis.

With a provisional diagnosis of MAR, the patient underwent fullfield and 

multifocal electroretinogram (Full-field electroretinography [ff ERG] and multifocal 

electroretinography [mf ERG]; Visual Evoked Response Imaging System Science™ 5) for 

confirmation. The ff ERG showed a central cone photoreceptor dysfunction in the right 

eye and a reduced scotopic response, with a negative ERG in the combined maximal 

response in the left eye, as shown in Figure 3. The mf ERG showed reduced responses 

across the central 0–15° in both eyes.

Adaptive optics retinal imaging was done using the rtx1 instrument (Imagine Eyes, 

France) and its automated software was used to assess the cone density and their 

spacing across the central retina, as seen in Figure 1. The central 4° × 4° of the retina was 

evaluated. His axial length was 24 mm in both eyes. A mean (± standard deviation [SD]) 

density of 12.923 ± 4218 cones/mm2 at 1.5° temporal and 18.485 ± 5825 cones/mm2 

at 1.5° nasal from the foveal fixation was detected in the right and left eye respectively 

(mean cone density of emmetropes with no ocular pathology at 1.5° from the fovea 

75CHAPTER 6



is 31.707 ± 7149 cones/mm2 as calculated on 25 age-matched healthy subjects). The 

mean cone spacing (±SD) was of 9.61 ± 1.75 μm and 8.16 ± 1.52 μm in the right eye 

and left eye respectively (cone spacing of emmetropes, as seen in 25 age-matched 

healthy subjects was an average of 6.21 ± 0.85 μm at 1.5° from the fovea. The patient 

was then sent to his primary oncologist for metastatic work up. All the reports were 

negative. He was then started on a tapering oral prednisolone 1 mg/kg body weight by 

the immunologist. At 3 months followup, he remains clinically stable.

Figure 2. Sensitivity map of the right (a) and left eye (b) showing unstable fixation and 

decreased sensitivity in the left eye only
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Figure 3. Full-field electroretinography (ff ERG) of the right eye (a) shows normal 

response in scotopic ERG and subnormal response in photopic ERG; (b) ff ERG Left 

shows an unrecordable b wave in the dark-adapted 0.01 ERG and a negative ‘b’ wave in 

dark adapted 3.0 ERG; the photopic response is also subnormal

6.3. DISCUSSION
The diagnosis of MAR is always a clinical dilemma since most of the patients have very 

subtle clinical findings. Hence, the use of highly accurate investigative modalities plays 

a main role in the management of these patients. Identification of antiretinal antibodies 

might not be often feasible because of the costs and the reagents availability in the 

laboratory in developing countries. There is no definitive treatment of MAR.1 Audemard 

et al. discuss a rare case of melanoma and MAR treated with ipilimumab, taking 

into account the fact that it can be effective on tumor burden, but can also increase 

autoimmunity.2

Pepple et al. have evaluated the use of SD-OCT and auto fluorescence in patients with 

autoimmune retinopathy and reported the presence of a hyperautofluorescence ring 
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that corresponded with disruptive changes seen in outer retinal layers on SD-OCT.3 ERG 

changes were inconclusive of the diagnosis too. In our patient the structural damage 

was not severe enough to be picked up on SD-OCT, but was easily detected on the 

adaptive optics camera where the cone density was reduced. Furthermore, functional 

changes were appreciated on Humphrey fields and microperimetry.

With the advent of new technology such as adaptive optics, we can image as near-

histology as possible with the high-resolution scans, allowing us to quantify the extent 

of cone degeneration. Thus far, adaptive optics has been used to study eyes with early 

retinal degenerations and dystrophies and proved to be a good tool to study early 

onset of subtle pathology.4, 5

This new imaging modality may be useful in establishing the diagnosis of this rare 

disease, monitoring disease progression and evaluating response to therapy. It may 

help in monitoring the patient’s response to immunotherapy by quantifying the 

cone density and hence revolutionize the way these patients are managed in the 

future.
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ABSTRACT

An 80-year-old Asian Indian man presented with sudden painless loss of vision in 

the right eye since 7 days. Best-corrected visual acuity at presentation was hand 

movements in the right eye and 20/20 in the left eye with normal intraocular pressure. 

Fundus examination revealed central retinal arterial occlusion in the right eye. Fundus 

fluorescein angiography revealed filling of the cilioretinal artery in early phase 

and delayed filling of the retinal arteries (Figure 1). Optical coherence tomography 

angiography (OCTA) revealed perfusion in the cilioretinal artery with nonperfusion of 

vessels in the superficial and deep plexus, however, the choroid capillaries remained 

unaffected (Figure 2). The patient underwent anterior chamber paracentesis. OCTA   

performed   immediately  after paracentesis showed return of the blood flow in 

superficial and deep vasculature (Figure 2) but with no vision improvement. 

OCTA works on principle of split-spectrum amplitude decorrelation algorithm (SSADA) 

which detects motion in blood vessel lumen by measuring variation in reflected  OCT 

signal amplitudes between consecutive scans. An 8 mm × 8 mm scan was acquired 

by the angiovue protocol (ReVue, version 2014.2.0.15; Optovue Inc.).1 The image 

thus acquired shows the retinal layers into four slabs: the superficial-internal limiting 

membrane to internal plexiform layer, deep-outer internal plexiform layer to outer 

plexiform layer, outer retina-outer plexiform layer to retinal pigment epithelium, and the 

choroid-basement membrane of retinal pigment epithelium to 20 micron posteriorly.

Keywords: Spectral domain-optical coherence tomography, angiography, central 

retinal artery occlusion, paracentesis
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Figure 1. Fundus fluorescein angiography (Heidelberg retinal tomography, HRT; Hei-

delberg Engineering, Heidelberg, Germany) at 20 seconds showing filling of the cilio-

retinal artery with retro grade flow into the veins. The area perfused by the cilioretinal 

artery does not involve the fovea. At 3.25 minutes, angiogram shows delayed filling of 

the arteries.

Figure 2. Optical coherence tomography angiography (OptoVue RTVue XR AVANTI, 

Inc, Fremont, CA, USA) (SSADA algorithm) performed before and immediately 

after paracentesis. Optical coherence tomography angiography performed before 

paracentesis (a–c) showing no perfusion in the superficial plexus (a) except a localized 

area supplied by the cilioretinal artery that is perfused; deep plexus (b) shows 

disruption in the vascular areas with coarse texture and the choriocapillaris are not 

affected. An altered area at choroidal level (c) can be noticed which may be due to 

the overlying retinal edema in the superficial layers. The OCTA changes correspond 

very precisely to the early frames of fundus fluorescein angiography. The brighter areas 

on choroid capillary layer correspond to the better contrast of the fovea and perfused 

cilioretinal artery in comparison with the dark arc-like area seen in the outer retina 

and choroid as this dark area is the representation of the retinal edema due to central 

retinal arterial occlusion itself. Optical coherence tomography angiography performed 

after paracentesis (d–f) reveals increased perfusion of the retinal vasculature in both 

superficial and deep layers. The superficial layer (d) shows reperfusion quite clearly 

with an established centripetal pattern. The deep layer (e) shows artifacts of the vessels 
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present in the superficial plexus. The choroidal layer (f ) shows no alteration.
Retina OverVue
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DISCUSSION
Vascular changes in central retinal arterial occlusion documented on fundus 

fluorescein angiography were comparable with OCTA. Optical coherence tomography 

angiography after paracentesis showed a prompt re-perfusion in the superficial layers 

despite the 7-day-old event. The repeatability constraints of invasive fundus fluorescein 

angiography can thus be overcome by the non-invasive OCTA. To the best of our 

knowledge, there are no reports of OCTA findings of central retinal arterial occlusion 

in the literature. Optical coherence tomography angiography can be an efficient 

and promising alternative in acute vascular episodes due to its non-invasiveness, 

repeatability, and nil systemic side effects.
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ABSTRACT

PURPOSE

To identify changes in superficial retinal capillary microvasculature before and after 

cataract surgery using optical coherence tomography angiography (OCTA).

SETTING

Rajan eye care, Tertiary care center in Chennai, India.

DESIGN

Prospective observational study.

METHODS

Patients above 40 years who underwent uncomplicated cataract surgery had 6 × 6 mm 

OCTA fovea-centered scans using Zeiss Angioplex 5000 OCTA before and 4 weeks 

postoperatively. Signal strength and automated values obtained for perfusion density 

(PD) and vascular density (VD) were recorded.

RESULTS

Fifty-eight eyes of 33 patients aged 67 ± 5 years were enrolled. Signal strength (3.9 ± 2.3 

vs. 5.7 ± 2.1, P < 0.001), PD (16.4 ± 10.4 vs. 26.6 ± 10.3, p < 0.001) and VD (7.4 ± 4.5 vs. 11.4 ± 

4.0, P < 0.001) increased significantly after surgery. Strong positive correlation was seen 

between signal strength and PD (r=0.86, P < 0.001) and VD (r=0.79, P < 0.001). Linear-

mixed model analysis with eye as grouping factor, time (i.e. pre- and post-surgery) and 

signal strength as covariates showed, surgery independently caused an increase in PD 

(ß= 3.63 increment in PD after surgery, P < 0.001) and VD (ß = 1.61 increment in VD after 

surgery, p=0.003). After adjusting for signal strength, a 20% increment in macular PD 

and VD was observed in central 1 mm area around fovea. Foveal avascular zone (FAZ) 

area, perimeter and circularity, did not change after surgery.

CONCLUSION

Macular perfusion and vascularity indices increase immediately after cataract surgery 

independent of improvement in signal strength, though FAZ is not influenced.

Keywords: OCT angiography, microvascular changes, phacoemulsification, superficial 

retinal capillary layer, vascular density, perfusion density.
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8.1. INTRODUCTION
Cataract surgery is the most commonly performed intraocular procedure worldwide. 

There have been paradigm shifts to improve the safety of surgery and ensure excellent 

refractive outcomes. However, cataract surgery has been known to induce transient 

inflammation leading to increased retinal circulation and clinically significant cystoid 

macular edema in a minority of cases.1,2 Evaluation of retinal morphology has shifted 

from the routine use of fluorescein angiography to optical coherence tomography 

(OCT) over the past decade. Studies have shown a slight increment in the macular 

thickness after uncomplicated cataract surgery using automated OCT measurements, 

thereby providing surrogate evidence of an increase in retinal perfusion after cataract 

surgery.3,4 However, quantitative measurements of the retinal vascular density and 

perfusion status after cataract surgery have not been studied extensively.  

Optical coherence tomography angiography (OCTA) is an exciting and new imaging 

modality that has revolutionized our understanding of the retinal and choroidal 

vasculature in a non-invasive manner in normal as well as diseased states.5 This 

technology has been recently used to study changes in retinal circulation following 

cataract surgery with most authors confirming an increment in circulation at the level 

of the superficial and deep capillary plexus.6–8 However, there is controversy regarding 

whether OCTA measurements denote a true increment in blood flow or whether a 

mere improvement in signal strength post cataract removal gives a pseudo impression 

of enhanced blood flow.9 This potential source of error is compounded by the fact that 

OCTA scans are prone to motion artifacts and segmentation errors, are influenced 

by signal strength10 and every OCTA machine uses different software algorithms to 

automatically denote vascularity indices. 

In view of this, it is important to statistically adjust for variability in signal strength and 

re-evaluate the OCTA parameters to understand whether cataract surgery has a truly 

pro-inflammatory influence on retinal circulation. We performed a study to understand 

the changes in the superficial retinal capillary microvasculature before and after 

cataract surgery using the OCTA in an Indian population.
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8.2. MATERIALS AND METHODS
This was a prospective observational study on consecutive consenting patients 

undergoing uncomplicated cataract surgery for routine age-related cataracts. The 

study was approved by the institutional ethics committee and was carried out as per 

the tenets of the declaration of Helsinki and good clinical practice guidelines. Informed 

consent was obtained from all patients before undertaking the cataract surgery. 

All patients above the age of 40 who presented to our institution with senile cataracts 

without any coexisting ocular or systemic comorbidity were offered participation and 

consenting patients were enrolled. Eyes with posterior polar, brown, black or mature 

cataracts, those with poor mydriasis, pseudoexfoliation, zonular weakness and eyes that 

experienced a surgical complication such as posterior capsular rupture were excluded 

from the analysis. All patients underwent a routine preoperative work up including 

evaluation of the best corrected visual acuity (BCVA), intraocular pressure (IOP), dilated 

slit lamp evaluation of the anterior segment and thorough evaluation of the posterior 

segment followed by optical biometry for intraocular lens power estimation. 

Patients also underwent preoperative OCTA assessment in the eye to be operated using 

the Zeiss Angioplex – 5000 OCTA system (Carl Zeiss Meditec, Dublin, CA, USA). The 

scans were acquired by a technician well-trained in obtaining OCTA. A 6 × 6 mm scan 

centered on the fovea was acquired and en-face retinal angiograms were created using 

the proprietary Optical Microangiography  (OMAG) algorithms from the manufacturer 

that utilizes amplitude and phase OCT signal data to deliver the angiography images. 

A preoperative signal strength of minimum of 3/10 was required to register the scan 

for analysis without any motion artifacts. The technician checked for segmentation 

errors as well before admitting the scan for automated analysis. A postoperative signal 

strength of minimum 5/10 was required for the scan to be admissible. After acquisition, 

automated measurements from the superficial capillary plexus were used for study 

purposes. Parameters used were perfusion density, vascular density and the size of the 

foveal avascular zone (FAZ). These parameters from the central (circle with a diameter of 

1 mm), parafoveal (circle with a diameter of 3 mm) and perifoveal (circle with a diameter 

of 6 mm) regions, as described previously by Zhao et al.6, were used for analysis. 
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All patients underwent routine clear corneal phacoemulsification with intraocular lens 

implantation and received topical prednisolone acetate eye drops in a tapering fashion 

for 4 weeks. At the end of 4 weeks, the OCTA measurements were again performed by 

the same technician using the same protocols described above. The primary outcome 

measures were changes in perfusion density, vascular density and size of the FAZ at 4 

weeks post cataract surgery compared to preoperative values. 

8.2.1. STATISTICAL ANALYSIS

All continuous variables were described as means with standard deviation and 

categorical variables were described as proportions (n, %). Differences between pre 

and postoperative measurements were done using the paired t-test. To study changes 

of perfusion and vascularity density as well as FAZ in time we performed a linear mixed 

model analysis with these dependent variables and with time (i.e. pre- and post-

surgery) and signal strength as covariates. Data were recorded using Microsoft Excel 

and statistical analyses were done with SPSS statistical software (version 25, IBM Corp, 

Armonk, NY, USA). A p-value of <0.05 was considered significant.

8.3. RESULTS
Table 1. OCTA parameters acuity pre- and post-surgery.

VA pre VA post P*

Signal Strength 3.9 ± 2.3 5.7 ± 2.1 < 0.001

PD Central 3.4 ± 3.3 6.9 ± 5.3 < 0.001

PD Inner 14.1 ± 10.6 25.2 ± 11.7 < 0.001

PD Outer 17.5 ± 10.8 27.8 ± 10.3 < 0.001

PD Full 16.4 ± 10.4 26.6 ± 10.3 < 0.001

VD Central 1.8 ± 1.5 3.3 ± 2.5 < 0.001

VD Inner 6.6 ± 4.7 10.9 ± 4.7 < 0.001

VD Outer 8.2 ± 4.5 11.8 ± 4.0 < 0.001

VD Full 7.4 ± 4.5 11.4 ± 4.0 < 0.001

FAZ area 0.23 ± 0.18 0.20 ± 0.21 0.32

FAZ perimeter 2.04 ± 1.00 1.57 ± 0.61 0.62

FAZ circularity 0.65 ± 0.14 0.62 ± 0.09 0.59

*Paired t-test. PD: perfusion density; VD: vascular density; FAZ: foveal avascular zone.
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In this study, we included 58 eyes of 33 subjects (21 female, 12 male), aged 67 ± 5 years. 

Table 1 shows pre- and post-surgery values for the perfusion density, vascular density, 

and FAZ in the central, perifoveal and parafoveal zones. The signal strength improved 

significantly after surgery. Similarly, the perfusion density and vascular density also 

increased significantly after surgery (P<0.001). Figure 1a & b shows OCTA images of an 

eye before and after surgery showing increased perfusion and vascular density.

Figure 1. (a) The OCTA of a patient before cataract surgery. (b) The OCTA of a patient 

after cataract surgery
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Table 2. Pearson correlation, r, between signal strength and the different OCTA parameters.

r P

PD Central 0.56 < 0.001

PD Inner 0.83 < 0.001

PD Outer 0.86 < 0.001

PD Full 0.86 < 0.001

VD Central 0.49 < 0.001

VD Inner 0.75 < 0.001

VD Outer 0.80 < 0.001

VD Full 0.79 < 0.001

FAZ area -0.029 0.84

FAZ perimeter -0.069 0.63

FAZ circularity -0.082 0.57

PD: perfusion density; VD: vascular density; FAZ: foveal avascular zone



Figure 2. (a) Perfusion density vs signal strength. (b) Vascular density vs signal strength
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A strong positive correlation was found between signal strength and the perfusion and 

vascular density (Table 2). The scatter plots in Figure 2 show the association between 

signal strength and perfusion and vascular density. 

A linear mixed model analysis with eye as grouping factor, the different OCTA 

parameters as dependent variable and time (i.e. pre- and post-surgery) and signal 

strength as covariates showed that both signal strength and surgery independently 

caused an increase in perfusion density and vascular density (Table 3). Assuming a 

constant signal strength of 8, associated with an excellent signal, this would imply an 

increment in perfusion density of 20% in the central zone, of 12% in the inner zone 

and of 10% in the outer zone. For the vascular density this would be 11%, 12% and 
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8% respectively. The FAZ parameters i.e. area, perimeter and circularity, did not change 

after surgery and showed no correlation with the signal strength. None of the patients 

showed any changes of cystoid macular edema at the study end point of 4–6 weeks. 

Table 3. Pearson correlation, r, between signal strength and the different OCTA parameters.

constant signal strength post- versus pre-
surgery

β β P β P

PD Central 1.42 0.97 < 0.001 1.85 0.012
PD Inner 2.98 3.94 < 0.001 4.20 0.001
PD Outer 6.18 3.93 < 0.001 3.64 < 0.001
PD Full 5.28 3.79 < 0.001 3.63 < 0.001
VD Central 1.17 0.83 < 0.001 0.85 0.023
VD Inner 2.61 1.50 < 0.001 1.78 0.009
VD Outer 3.77 1.45 < 0.001 1.27 0.020
VD Full 3.41 1.44 < 0.001 1.61 0.003

PD: perfusion density; VD: vascular density

8.4. DISCUSSION
In this prospective study, measuring OCTA parameters before and after cataract 

surgery, in a cohort of patients who underwent routine uncomplicated cataract 

surgery, we found that there was a significant increment in retinal capillary perfusion 

and vascular density in the superficial capillary plexus. This relation persisted even after 

adjusting for the proportionally increased signal strength due to cataract removal. The 

maximum increment in vascular parameters was seen in the central zone and least in 

the perifoveal zone between 3 and 6 mm from center of fovea. The FAZ dimensions 

did not show any change on OCTA parameters after the cataract surgery and was not 

affected by the signal strength. 

In a recent study with a similar methodology, Zhao et al. evaluated the macular 

vasculature of 32 consecutive eyes undergoing uncomplicated cataract surgery using 

a split-spectrum amplitude-decorrelation angiography algorithm (RTVue-XR Avanti 
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(Optovue, Inc.).11 They reported that the mean vessel density increased by 6% and 3% 

in the parafoveal and perifoveal area at 3 months after surgery. 

The authors also reported a 27% reduction in the size of the FAZ. Contrary to these 

results, we did not find any change in the FAZ and also found greatest increment in 

vascularity on the central 1 mm zone of about 20% from baseline. These differences 

could be explained on the basis of different algorithms used to analyze the OCTA data 

with different machines, and importantly, adjustment for signal strength done in our 

study as opposed to unadjusted measures reported by Zhao et al.11 Tan et al.9 have 

pointed out this ambiguity of unadjusted values presented by Zhao et al. and have cast 

doubts on the results published. 

Similarly, Yu et al. have demonstrated the influence of cataract density and grade on the 

OCTA measurements using a swept source OCTA in 12 eyes.8 Authors showed increment 

in the perfusion and vessel densities in both the superficial and deep capillary plexus 

after cataract surgery within the 3 × 3 mm images obtained. Authors also observed 

significantly better distinguishability of FAZ border postoperatively, however, FAZ area 

and perimeter measurements did not significantly change after cataract surgery, a 

finding similar to ours. Lim et al. have also shown signal strength as an important factor 

in the analysis of microvascular density using OCTA.10 In view of these publications, we 

thought it was prudent to evaluate changes in the macular vascularity after adjustment 

of the increase in signal strength. Age is another factor known to influence these 

measurements.12 However, given the small range of age in our study and the limited 

numbers, we did not include age as a covariate in our statistical modeling when 

adjusting for signal strength. 

We observed maximum increment in vascularity in the central 1 mm zone around the 

FAZ. This could be because of the way the algorithm computed the thickness with 

maximum averaging done at the macula, or it could be because the pro-inflammatory 

cytokines produced after cataract surgery gravitate to the centre of the fovea and lead 

to increased vascular density and permeability. However, none of the eyes developed 

cystoid macular edema, making it difficult to provide a direct clinical application to these 

findings. Yet, it may be prudent to perform OCTA before cataract surgery, especially in 

eyes with diabetic retinopathy and other diseases prone to developing macular edema 

postoperatively. Also, these findings may be transient and studies with longer follow up 

are required to determine this.
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The drawbacks of the study are the lack of assessment of the deep capillary plexus 

and lack of correlation with macular thickness values using the structural OCT. The 

merits are the adequate number of eyes studied and the statistical adjustment done to 

compensate for the influence of signal strength on macular vessel density. 

8.5. CONCLUSION
In conclusion, even after adjusting for changes in signal strength, we observed a near 

20% increment in the macular perfusion and vascular density in the central 1 mm area 

around the fovea. These increments were slightly lower but still statistically significant 

in the parafoveal and perifoveal regions. FAZ was not influenced by cataract surgery. 

The clinical relevance of these findings needs to be studied further with larger samples 

and longer follow-up periods. 

What was known

1. Signal strength while obtaining OCT images improves after cataract surgery due to 

media clarity.

2. Studies have shown a slight increment in the macular thickness after uncomplicated 

cataract surgery using automated OCT measurements, thereby providing surrogate 

evidence of an increase in retinal perfusion after cataract surgery.

3. Quantitative measurements of the retinal vascular density and perfusion status 

after cataract surgery have shown slight increment after surgery, however, there 

is controversy regarding whether OCTA measurements denote a true increment in 

blood flow. 

What this paper adds

1. There is significant increment in retinal capillary perfusion and vascular density 

in the superficial capillary plexus after cataract surgery and this relation persisted 

even after adjusting for the proportionally increased signal strength due to cataract 

removal. 

2. The maximum increment in vascular parameters was seen in the central zone within 

1 mm of fovea and least in the perifoveal zone between 3–6 mm from center of fovea. 

3. The FAZ dimensions did not show any change on OCTA parameters after the cataract 

surgery and was not affected by the signal strength.
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ABSTRACT

PURPOSE

Diabetic macular oedema (DME) is a vision threatening complication of diabetic 

retinopathy. Spectral domain optical coherence tomography angiography (SD-OCTA) 

is useful for assessing DME. We performed serial OCTA measurements before and after 

3 monthly intravitreal anti-vascular endothelial growth factor (anti-VEGF) injections 

to understand its relation with best corrected visual acuity (BCVA), central macular 

thickness (CMT) and vascular indices. 

METHODS

OCTA assessment consisting of 6 × 6 mm scans centred on fovea and en-face retinal 

angiograms were obtained. Scans were done at baseline and at 1 month following each 

of the 3 intravitreal injections of anti-VEGF (Ranibizumab- Lucentis®).

RESULTS

Our prospective study included 24 eyes of 24 subjects, aged 63.0 ± 5.0 years. There was 

a mean gain of 0.07 log MAR (3 letters) and reduction of CMT, vessel density (VD) and 

perfusion density (PD) by end of 3rd month. CMT was independently associated with 

improvement in BCVA. There were significant reductions in FAZ area, VD and PD over 3 

months from baseline.

CONCLUSION

At 3 months, intravitreal anti-VEGF therapy is associated with visual function recovery in 

DME, with reduction in CMT being the most reliable predictor of response. OCTA shows 

a reduction in VD and PD suggestive of reduced macular perfusion in the short term. 

Simultaneous reduction in FAZ size can be due to reversal of manual displacement of 

the retinal capillaries resulting from resolution of intraretinal edema. 

Keywords: Diabetic macular oedema, superficial capillary plexus, vascular density, 

perfusion density, foveal avascular zone, optical coherence tomography angiography, 

macular ischemia.

103CHAPTER 9



9.1. INTRODUCTION
Diabetic retinopathy (DR) is a common cause for acquired loss of vision in adults 

worldwide and is known to be a progressive microvascular complication of diabetes 

mellitus. India alone is estimated to have 72 million people with diabetes mellitus (DM) 

and potentially 33% of them are at risk of developing retinopathy.1 With a prevalence 

and a rising trend in diagnosis of DM at a younger age, the incidence of retinopathy is 

expected to rise. In fact, the risk of developing sight threatening DR is 2 times higher 

in people who develop DM earlier in life (<40 years) and nearly 6.5 times higher in 

individuals with long-standing DM (>16 years).2 

Diabetic macular oedema (DME) is the most common vision threatening complication 

of DR and is estimated to be affecting ~9% of all patients with any form of DR in India.1  

A metabolic cascade secondary to systemic hyperglycaemia results in the disruption of 

the blood retinal barrier (BRB) and is a consequent cause of macular oedema. Although 

inflammatory dysregulation of the vascular endothelium could be a critical pathway, 

it is also found that the swelling and subsequent apoptosis of pericytes activates the 

cascade of vasoconstriction, followed by disruption resulting in vasculopathy and fluid 

collection.3,4 Hypoxia caused by the microvascular disease stimulates the release of 

vascular endothelial growth factor (VEGF), leading to increased vascular permeability 

and resultant retinal oedema.3 In recent years, the use of intravitreal anti-VEGF injections 

have become the standard of care in managing diabetic macular oedema.5 Intravitreal 

steroids are used as an alternative in patients who fail to respond to anti-VEGF, elderly 

individuals with pseudophakia, or when they are unable to take monthly injections. 

These therapies are also best used with routine monitoring and measurements of 

the retinal vasculature as frequently as possible to obtain safe and effective patient 

outcomes. While fluorescein angiography had been the established gold standard for 

assessing retinal vasculature, it is limited by its invasiveness, use of contrast, and limited 

ability to obtain quantifiable measurements of avascular area and vessel density.6 

Newer non-invasive modalities such as spectral domain optical coherence tomography 

(SD-OCT) have paved a way for assessing the effectiveness of intravitreal anti-VEGF 

treatment in patients with DME and is the current gold standard in care.6 Spectral 

domain  optical coherence tomography angiography (SD-OCTA) has added a new 

dimension to understanding the disease as it gives the vascular pattern of the 

different layers of the retinal capillaries. It was limited in its use till late because of 

being predominantly qualitative, time-consuming and lack of an applicable software. 
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Now with the automated software built into the machine, it is easier to quantify the 

vascular features. Studies in the past have described the various changes that occur 

on OCT in diabetic retinopathy. However, more studies are needed in the Indian 

setting to understand the relation between the OCTA markers and improvement 

in the visual acuity following anti-VEGF therapy, given the high burden of cases and 

resource poor setting to tailor optimal strategies. To understand the recovery in 

retinal microvasculature  and treatment responses to anti-VEGF agents, in this study 

our objective was to perform serial OCTA measurements before and after monthly 

intravitreal anti-VEGF injections (Ranibizumab-Lucentis®). Our aim was to understand 

the changes in central macular thickness (CMT), vascular indices, and foveal avascular 

zone (FAZ). We also explored the relationship between the change in the best-

corrected visual acuity (BCVA) with OCTA measures including CMT, FAZ, vessel density 

(VD), and perfusion density (PD). 

9.2. PATIENTS AND METHODS
This prospective study at Rajan Eye Care Hospital Pvt Limited, a tertiary eye care 

centre  in  Chennai, South India, included patients with type 2 diabetes who were 

diagnosed with diabetic macular oedema, defined as central retinal thickness greater 

than 300  mm. The clinical severity of DR in each patient was classified using the 

International Clinical Diabetic Retinopathy Disease Severity Scale. Eyes with moderate-

severe DR, were included in this study. We included both treatment-naïve eyes and 

eyes that received previous anti-VEGF or focal photocoagulation treatments more than 

6 months before the base-line. We excluded patients with retinal vascular diseases, 

uveitis, glaucoma. Any media opacities like dense cataracts and patients with OCTA 

scans with signal strength less than 6 were not enlisted in the study. Patients with 

systemic history of recent cerebrovascular accident/ischemic heart disease in the last 6 

months were also excluded. The methodology adhered to the tenets of the Declaration 

of Helsinki and the Rajan eye care ethical Committee. Informed consent was obtained 

from all patients. 

All patients underwent a comprehensive ophthalmic evaluation including SD-OCT, 

OCTA, best-corrected visual acuity (BCVA), tonometry, slit lamp bio microscopy 

and indirect fundus examination at baseline,1 month, 2 months, and 3 months. The 
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patients received loading monthly injections for a period of 3 months irrespective of 

the fluid status on SD-OCT (fixed dosage regimen). Physician clearance was obtained 

if the patient had a recent history of systemic thromboembolic event within the past 

3 months. One-week variation in dosing was allowed. The procedure was done by 

an experienced retina surgeon in the Operation Theatre, under aseptic precautions. 

OCTA assessment was done using the Zeiss Angioplex – 5000 OCTA system (Carl Zeiss 

Meditec, USA). The scans were acquired by a technician well-trained in obtaining OCTA. 

Only scans with signal strength more than 6 were considered. A 6 × 6 mm scan centred 

on the fovea was acquired and en-face retinal angiograms were created using the 

proprietary Optical Microangiography (OMAG) algorithms from the manufacturer that 

utilizes amplitude and phase OCT signal data to deliver the angiography images. After 

acquisition, automated measurements from the superficial capillary plexus were used 

for study purposes. Parameters used were central macular thickness, perfusion density, 

vascular density and the size of the foveal avascular zone (FAZ). The scan was done 4 

times in total for each patient, at baseline and at 1 month after each of the 3 injections.

9.2.1. STATISTICAL ANALYSIS

Statistical calculations were done with SPSS statistical software (version 25, IBM Corp, 

Armonk, NY, USA). To study changes in time, we used a general linear model repeated 

analysis and performed a linear mixed model analysis. Results are expressed as mean ± 

standard deviation. To analyse visual acuity, we used LogMar values. A p-value of <0.05 

was considered significant.

9.3. RESULTS
In this study we included 24 eyes of 24 subjects (9 female, 15 male), aged 63.0 ± 5.0 

years and of which 9 were pseudophakic. Eleven patients had moderate NPDR and 

13  had severe NPDR with a mean duration of diabetes mellitus around 16.2 ± 4.0 

years. Twenty-one eyes were treatment-naïve while 3 eyes had previously received 

treatment with anti-VEGF injections ± laser minimum 6 months prior to the study. We 

treated 14 right eyes and 10 left eyes. Visual acuity improved in time. Vessel density 

and PD decreased significantly in time, as seen in Figure 1, for all four areas as well as 

the area and perimeter of the FAZ and the CMT. We found no differences in time in the 

circularity of the FAZ (Table 1).
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Figure 1. The SCP with the vessel density and perfusion density at baseline and 1 

month after the 3rd injection of a study patient. It shows the superficial capillary plexus 

(a) with vessel density calculated at baseline (b) with vessel density calculated at the 

end of 3 months (after 3 consecutive injections of anti-VEGF) (c) with perfusion density 

calculated at baseline (d) with perfusion density calculated at the end of 3 months 

(after 3 consecutive injections of anti-VEGF) 
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Table 1. Visual acuity, central macular thickness and different OCTA parameters at baseline 

and follow-ups.

Baseline 1 month 2 months 3 months Pa Pb

LogMar 0.27 ± 
0.18

0.25 ± 
0.12

0.25 ± 
0.18 0.20± 0.17 0.017* 0.028*

Snellenc
0.54 ± 
0.22 

(20/37)

0.56 ± 
0.16 

(20/36)

0.56 ± 
0.23 

(20/36)

0.63± 0.25 
(20/32) < 0.001

CMT 450 ± 94 409 ± 81 382 ± 81 331 ± 69 < 0.001* < 0.001*

VD Central 7.0 ± 3.1 5.4 ± 2.4 5.2 ± 2.9 4.0 ± 2.3 < 0.001* < 0.001*

VD Inner 13.2 ± 1.8 11.9 ± 2.1 10.8 ± 3.4 9.7 ± 2.4 < 0.001* < 0.001*

VD Outer 13.5 ± 2.1 12.2 ± 1.8 11.1 ± 2.4 10.4 ± 2.2 < 0.001* < 0.001*

VD Full 13.2 ± 1.9 11.9 ± 1.7 10.9 ± 2.6 10.1 ± 2.0 < 0.001* < 0.001*

PD Central 14.8 ± 7.2 11.3 ± 6.4 11.2 ± 6.7 9.1 ± 5.7 < 0.001* 0.001*

PD Inner 31.0 ± 4.3 27.5 ± 5.5 25.6 ± 8.8 23.7 ± 6.5 < 0.001* < 0.001*

PD Outer 32.2 ± 4.7 29.3 ± 5.0 26.9 ± 6.5 26.5 ± 5.4 < 0.001* 0.001*

PD Full 31.5 ± 4.3 28.4 ± 4.7 26.2 ± 6.9 25.4 ± 5.6 < 0.001* < 0.001*

FAZ area 0.21 ± 
0.15

0.17 ± 
0.12

0.17 ± 
0.14

0.19 ± 
0.14 0.002* 0.012*

FAZ perimeter 2.13 ± 
1.13

1.80 ± 
0.78

1.82 ± 
0.95

1.95 ± 
0.95 0.004* 0.024*

FAZ circularity 0.56 ± 
0.14

0.61 ± 
0.10

0.61 ± 
0.15

0.57 ± 
0.15 0.15 0.31

a General linear model repeated model analysis; b Linear trend in a general linear 

model repeated model analysis; c Determined from LogMAR values; *P-value which 

is statistically significant; Abbreviations: CMT: Central macular thickness; VD: vascular 

density; PD: perfusion density; FAZ: foveal avascular zone

We performed a Pearson correlation between LogMAR, CMT, area, and perimeter of the 

FAZ on one hand and VD and PD on the other hand (Table 2). It showed that the vessel 

and perfusion densities at the different areas all correlated with each other significantly 

(r>0.97, P<0.001). Thus, a decrease in VD and PD was significantly correlated with 

reduction in CMT and decrease in area and perimeter of FAZ. Since VD and PD correlated 

with CMT, area and perimeter of the FAZ, which changed over time, the observed 

decreases in both may just be, attributable to the decrease in the latter three.
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Table 2. Pearson correlation between LogMAR, CMT, area, and perimeter of the FAZ on 

one hand and VD and PD on the other hand.

LogMar CMT FAZ area FAZ perimeter

r P r P r P r P

LogMar 0.57 < 0.001* 0.089 0.42 0.090 0.42

CMT 0.57 < 0.001* 0.13 0.22 0.14 0.22

VD Central 0.42 < 0.001* 0.60 < 0.001* 0.33 0.003* 0.30 0.005*

VD Inner 0.22 0.030* 0.30 0.003* 0.45 < 0.001* 0.44 < 0.001*

VD Outer 0.075 0.47 0.27 0.008* 0.57 < 0.001* 0.55 < 0.001*

VD Full 0.15 0.15 0.31 0.002* 0.56 < 0.001* 0.54 < 0.001*

PD Central 0.49 < 0.001* 0.57 <0.001* 0.31 0.005* 0.28 0.009*

PD Inner 0.19 0.060 0.29 0.004* 0.48 < 0.001* 0.47 < 0.001*

PD Outer 0.029 0.78 0.21 0.042* 0.58 < 0.001* 0.57 < 0.001*

PD Full 0.095 0.36 0.25 0.013* 0.59 < 0.001* 0.57 < 0.001*

FAZ area 0.089 0.42 0.13 0.22 0.97 <0.001*

FAZ perimeter 0.090 0.42 0.14 0.22 0.97 <0.001*

FAZ circularity −0.11 0.32 −0.10 0.36 −0.62 <0.001* −0.74 <0.001*

FAZ circularity 0.56 ± 
0.14

0.61 ± 
0.10

0.61 ± 
0.15

0.57 ± 
0.15 0.15

Abbreviations: CMT: Central macular thickness; VD: vascular density; PD: perfusion 
density; FAZ: foveal avascular zone; *P-value which is statistically significant

We therefore performed a linear mixed model analysis with eye as the grouping factor, 

the vessel or perfusion density as the dependent variable and time, central macular 

thickness and area and perimeter of the fovea avascular zone as covariates (Table 3). 

It showed that the central macular thickness and the area of the avascular zone 

independently contributed to the vessel and perfusion density changes. To be precise, 

a decrease in the CMT and FAZ size was positively correlated with a reduction in VD and 

PD, respectively.

Neither did the perimeter of the foveal avascular zone contribute additionally nor 

did we find an additional independent change in time. For LogMAR, central macular 

thickness appeared to be the only predictor in this approach.
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Table 3. β-coefficients from a linear mixed model analysis

Intercept CMT FAZ area

β p β p

LogMar 0.073 0.00037 0.011* 0.12 0.22

VD Central −3.13 0.019 < 0.001* 5.09 0.003*

VD Inner 6.14 0.0092 0.005* 9.33 < 0.001*

VD Outer 8.44 0.0046 0.041* 8.69 < 0.001*

VD Full 7.62 0.0062 0.005* 8.25 < 0.001*

PD Central −6.58 0.041 < 0.001* 11.96 0.004*

PD Inner 14.41 0.021 0.009* 25.31 < 0.001*

PD Outer 21.07 0.0091 0.123 23.15 < 0.001*

PD Full 18.81 0.012 0.033* 23.45 < 0.001*

Abbreviations: CMT: Central macular thickness; VD: vascular density; PD: perfusion 
density; FAZ: foveal avascular zone; *p-value which is statistically significant

9.4. DISCUSSION
The current study aimed at measuring longitudinal changes in the functional (BCVA) 

and anatomical markers following 3 monthly intravitreal anti-VEGF injections in 

patients with moderate to severe NPDR, and DME based on OCTA. Early responses to 

anti-VEGF injections reflected a significant visual function recovery as noted by a mean 

gain of 0.7 log MAR (3 letters) within the group, as well as the reduction of the central 

CMT, VD and PD by the end of 3rd month. Most of the individuals can be considered 

to have responded to the anti-VEGF in terms of resolution of macular oedema, and the 

average reduction of CMT observed was ~120 μm at the end of 3rd month (Table 1).7 

A similar reduction in the CMT has been observed in past studies as well.8, 9 Although, 

individual variability did exist in the extent of response amongst the individuals, given 

the small numbers we were unable to perform any sub-group analysis to explore the 

potential predictors of good and poor response. Past studies also indicated significant 

variability in the resolution of macular oedema to anti-VEGF therapy, and up to 50% of 

the treated individuals have been noted to show significant reduction, and at times, the 

remainder of them respond poorly to the anti-VEGF therapy.10

110 EARLY VISUAL FUNCTIONAL OUTCOMES AND MORPHOLOGICAL RESPONSES TO ANTI-VASCULAR GROWTH FACTOR THER-
APY IN DIABETIC MACULAR EDEMA USING OPTICAL COHERENCE TOMOGRAPHY ANGIOGRAPHY



The analyses also highlighted that the reduction in the CMT was independently 

associated and predicted the improvement in the BCVA (Table 3). Indeed, oedema 

reduction and subsequent neural activation could promote synergistically the recovery 

in the microvascular dysfunction too. Previous studies indicated persistent macular 

oedema to be a negative prognostic factor in achieving desired visual acuity both in 

the short- and long-term.9, 11

Additionally, the study also demonstrates a significant reduction in the FAZ area, the VD 

and PD measures over 3 months from baseline (Table 1).

We found that the FAZ area correlated with the reduction in the CMT, however, the 

model did not attribute any significant contribution of it in the apparent improvement 

in BCVA (Table 3). With the advent of the OCTA and automated analyses, FAZ estimation 

has been noted to be reliable, even in comparison to the gold standard fluorescein 

angiography.12 Other studies have reported a strong negative correlation between FAZ 

size and visual acuity and a larger FAZ size to be associated with poor BCVA.13 Reduction 

in FAZ following anti-VEGF therapies has been reflective of improved outcomes, and 

in fact non-reduction to be a predictor of recurrence of oedema.9,14 Anti-VEGF agents 

modulate vasculogenesis in the FAZ and supports the optimization of optical path in 

the cone dense mosaic of the macula, resulting in improved retinal sensitivity.15–17 

OCTA, unlike the dye-based angiography methods, allows one to quantify the retinal 

and choroidal vasculature non-invasively, based on the principle of measuring the 

scattered signals by the moving erythrocytes within the vessels. The VD is one such 

feature of interest and demonstrably differentiates between the healthy eyes and eyes 

with diabetic retinopathy. Eyes with DR particularly are noted to have a lower VD in the 

superficial retinal layer as compared to their healthy matches.18,19 Also, most studies 

indicated the VD to be lower in eyes with macular oedema than those without and 

baseline VD to be a predictor of good treatment response.8, 14, 20–22 In the study reported 

by Atta Allah et al., it is particularly of interest to note that the VD differences between 

the eyes with and without macular oedema was not significantly different, suggesting 

a differential axis of regulation and possibly non-VEGF mediated mechanisms at play. 

In specific view of the VD measurements following anti-VEGF therapy, current 

reportage of studies indicates a bi-directional response.23 While most of the studies 

have shown either a neutral or a positive change in VD14, 20, 24–26 following anti-VEGF 

injections, a few have also reported a reduction in VD following anti-VEGF.27 At the same 

time Tomita et al., reported a lower VD to be a predictor of recurrence of oedema. The 

111CHAPTER 9



precise nature of the changes in VD as well as its relation to characterizing macular 

perfusion specifically following anti-VEGF therapy remains unclear and considerable 

variability continues to exist, although few long-term follow-up studies have noted a 

stable or no change in VD following anti-VEGF. 28 In our study, a significant reduction in 

VD and PD was seen, which is indicative of progression of ischemia. At the same time, 

we noted a simultaneous reduction in FAZ size which is paradoxical, as it is indicative 

of improvement in macular perfusion. Nonetheless, a reduction in FAZ size can also 

occur because of a decrease in manual displacement of retinal capillaries secondary to 

improvement in macular oedema. This reduction in macular fluid or the central CMT was 

evidently seen in our series. Hence, we postulate that the primary reason for a reduction 

in FAZ size seen in our study is due to a concurrent decrease in capillary displacement 

secondary to resolution of intraretinal oedema, rather than an improvement in macular 

perfusion. The FAZ circularity too remained unaltered during the 3-month period, 

indicating no change in the configuration of the FAZ capillary margins. This outcome 

also corroborates the mechanical displacement theory of changes seen in FAZ size 

rather than an ischemic cause. Nonetheless, studies continue to report differential 

responses of the retinal microvasculature measurements in the wake of DME, even with 

the OCTA. Although comparability amongst the studies are noted to be presently very 

low, more harmonization in the future could aid better and meaningful comparisons. 

It appears that the macular vessel density in DME has a multifactorial origin, role of the 

pericyte and its modelling of the autoregulatory function of retinal capillaries could be a 

supplementary axis of dysfunction in addition to the VEGF mediated vascular changes. 

While the loss of retinal pericytes has been well-established in the breakdown of inner 

BRB, precise mechanisms are not very clear yet.29 Also, that the neurovascular coupling 

in the retinal perfusion linked to active relaxation of the capillaries is understood to be 

regulated in part by the coupling of the endothelial cell-pericyte interaction.30 It needs 

to be seen if pericyte dysfunction represents a residual effect following anti-VEGF 

therapy. 

Different studies have chosen different scan protocols. Ho et al. showed that there 

was clinical utility for both the higher scan resolution obtainable with a smaller (3 × 

3 mm) scan, as well as the larger field of view obtained with larger (6 × 6 mm) OCTA 

scan protocols in assessing patients with diabetic retinopathy. The more diffuse details 

of capillary non-perfusion and presence of microaneurysms were better delineated 

with the 6 × 6 mm scans, though FAZ measurements were more reliable with 3 × 3 

mm.31 Excellent results were found for FAZ area interrater reliability for superficial 

112 EARLY VISUAL FUNCTIONAL OUTCOMES AND MORPHOLOGICAL RESPONSES TO ANTI-VASCULAR GROWTH FACTOR THER-
APY IN DIABETIC MACULAR EDEMA USING OPTICAL COHERENCE TOMOGRAPHY ANGIOGRAPHY



vascular layers in smaller angiocubes (i.e. 3  × 3 mm and 6 × 6 mm). However less 

but still satisfactory reliability was disclosed for 12 ×12-mm angiocube at the same 

plexuses.32 We chose the 6 × 6 mm scan protocol as a balance between 3 mm and 12 

mm angiocubes, and it delineated the capillary non-perfusion details better. 

With better adoption of OCTA, further studies are required to understand the temporo-

spatial responses in the retinal microvasculature and cone mosaic to anti-VEGF therapy 

and its resultant effect in improving the visual acuity.

It must be noted that this study has some limitations. We did not control for factors 

such as axial length, stage of DR and age, which may affect the quantitative OCTA data. 

While the OCTA method has been noted to be a very reliable and accurate technique 

to delineate the retinal thickness and FAZ, measures related to the vessel and perfusion 

density are yet to be perfected, and depend on the availability of suitable software 

algorithms, the characterization of the effect of oedema and underlying pathology. 

Also, the current measurements were limited to the measuring the superficial capillary 

plexus (SCP) alone, as routine deep capillary plexus (DCP) measurements on OCTA 

are not bereft with poor visualization and low reliability especially in the patients 

with significant oedema. Even though few earlier studies have noted a differential 

predictability of the DCP measures on changes in treatment outcomes, it had to be 

done in retrospect instead of the current method to ascertain OCTA parameters 

prospectively.7 In presence of significant edema, there is a possibility of artifacts 

impacting the accurate measurements of SCP. To overcome this potential limitation, a 

single trained reader manually segmented the OCTA sections. Also, by utilizing only the 

scans with SSI > 6 for analysis, we negated the likelihood of inaccurate measurements. 

Finally, a smaller sample size with short follow-up period is a drawback of the study. 

Studies with larger sample size and longer follow-up duration would provide better 

insight into the role of anti-VEGF agents in modifying macular vascularity in DME on 

OCTA. Furthermore, additional understanding into comparative evaluation of these 

parameters in treatment-naïve and previously treated eyes, which was lacking in our 

study due to small sample size, would be recommended. 

The current study provides the first real-world data regarding the morphometric 

parameters on OCTA in an Indian scenario. The current study would be invaluable to 

assess and compare these OCTA parameters with other ethnic populations to look for 

any variation in treatment response. Moreover, very limited data exists regarding these 

OCTA changes in DME management. Limited studies have mostly utilized PRN regimen 
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and other agents such as aflibercept and bevacizumab.20, 21, 33 Hence by utilizing a fixed 

dose regimen of ranibizumab, we aim to provide valuable real-world evidence to the 

curtailed existing literature. Also, we report a novel finding of reduction in FAZ size with 

a paradoxical simultaneous decrease in VD and CD in response to anti-VEGF therapy in 

DME in the short-term.

Finally, the current study demonstrated, with use of intravitreal anti-VEGF therapy, 

there is significant improvement in visual functions in patients with DME at 3 months. 

A simultaneous reduction in CMT was the most reliable predictor for visual response. 

On OCTA, a reduction in FAZ was noted which can by hypothesized as a concurrent 

reduction in manual displacement of the FAZ due to resolution of diabetic macular 

edema.

9.5. FUTURE DIRECTIONS
Based on the current study results we propose that OCTA (SCP) markers in a routine 

clinical scenario could play a good role in measuring and establishing early progress to 

anti-VEGF therapy. This could help individualize the standard of care in individuals with 

retinopathy and macular oedema. More studies are needed to address the reliability 

and characterization of temporo-spatial changes in the OCTA in the long-term.
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ABSTRACT

PURPOSE

To compare the characteristics of eyes that had manual vs. automated segmentation 

of choroidal neovascular membrane (CNVM) using optical coherence tomography 

angiography (OCTA).

METHODS

All patients with CNVM underwent OCTA using the Zeiss Angioplex Cirrus 5000.  

Slabs of the avascular outer retina, outer retina to choriocapillaris (ORCC) region and 

choriocapillaris were generated. Manual segmentation was done when there were 

significant segmentation artifacts. Presence of activity in CNVM was adjudged by the 

presence of subretinal fluid (SRF) on structural OCT and was compared to activity 

detected on en-face OCTA slabs based on well-defined criteria.

RESULTS

Eighty-one eyes of 81 patients were recruited of which manual segmentation was 

required in 46 (57%). Eyes with automated segmentation had significantly more CNVM 

in the ORCC (75%) whereas those with manual segmentation had deeper CNVM (sub-

RPE=22%, intra-PED=22%) (P<0.001). Twenty eyes (25%) were found to have active 

CNVM on both the structural OCT and OCTA while an additional 19 eyes were presumed 

to have active CNVM on OCTA alone. There was only modest concordance between 

disease activity detected using structural OCT and OCTA (κ=0.47, 95% CI=0.30 to 0.64).

CONCLUSION

Manual segmentation of OCTA is required in more than 50% eyes with CNVM and this 

progressively increases with increasing depth of CNVM location from the ORCC to 

below the RPE. There is moderate concordance between OCTA and structural OCT in 

determining CNVM activity.

Keywords: Optical coherence tomography angiography, age-related macular 

degeneration, choroidal neovascular membrane, manual segmentation, automated 

segmentation, subretinal fluid.
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10.1. INTRODUCTION
Age-related choroidal neovascular membrane (CNVM) is the leading cause of severe 

vision loss in the elderly.1,2 Ancillary testing of CNVM for disease detection as well as 

activity has undergone paradigm shifts over the past decade, where the non-invasive 

structural optical coherence tomography (OCT) has almost entirely replaced the more 

invasive fluorescein angiography (FFA).2,3 Recent evidence shows that there is a high level 

of concordance in detecting disease activity between OCT and FFA at baseline, though 

this concordance drops off once treatment is initiated with anti-VEGF agents.4 More 

recently, optical coherence tomography angiography (OCTA) that enables visualization 

of the different vascular layers of the retina and choroid has been extensively used to 

detect the presence of CNVM as well as to determine disease activity.5–8 Both qualitative 

and qualitative metrics have been developed in the assessment of OCTA images to 

sharpen its resemblance to disease severity and activity.9–11 Additionally, OCTA has also 

enabled us to detect subclinical cases of CNVM where a neovascular complex exists 

without clinical signs of disease activity.12 However, the role of OCTA in management of 

CNVM is still evolving. 

There are many different commercially available OCTA machines based on spectral 

domain and swept source (SS) OCT technology.6 Each of these uses a different 

proprietary algorithm to produce automated en-face OCTA slabs of the superficial 

and deep capillary plexus in the inner retina, avascular outer retina, outer retina to 

choriocapillaris (ORCC) region and choriocapillaris. Most studies published on use 

of OCTA in CNVM utilize the automated image analysis algorithms provided by the 

manufacturer to determine disease characteristics.6,13 However, improper segmentation 

commonly introduces artifacts that lead to incomplete visualization of the CNVM in 

en-face images, especially in active cases.14,15 Incomplete or inaccurate segmentation 

has wider implications in management of AMD. There is an increased likelihood of 

missing small early networks due to this error. Although exudation on SD-OCT in 

the absence of membrane on OCTA would be usually treated, but there is a distinct 

possibility of missing a small non-exudative membrane on OCTA due to segmentation 

errors. In such a scenario, the patient would be diagnosed as dry AMD and followed-

up at a longer interval vis-à-vis a closer follow-up if a non-exudative membrane were 

detected on OCTA. Additionally, the configuration and dimensions of the network are 

very dependent on the section been evaluated. Automated segmentation slabs may 

not truly reflect the widest area of network and/or its true configuration. This can be 
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overcome by manually readjusting the contours of the slabs to target vascular layers of 

special interest and generate custom en-face images. 

A comparison between manual and automated segmentation in eyes with active and 

inactive CNVM has been done in the past where Siggel et al. show that accuracy of the 

SS-OCTA in detecting CNVM decreases as we image deeper into the retina.16 However, 

there is not enough literature studying this aspect of OCTA. In this study, we therefore 

compared the characteristics of eyes that had manual vs. automated analysis of CNVM 

using OCTA.

10.2. METHODS
This was a cross-sectional observational study on consecutive consenting patients 

with CNVM who were referred to our center, Rajan eye care hospital Pvt Ltd, Chennai, 

for OCTA between January 2018 and December 2019. The study was approved by the 

institutional ethics committee and was carried out as per the tenets of the declaration of 

Helsinki and good clinical practice guidelines. Written informed consent was obtained 

from all participants before enrollment. 

All patients with CNVM, with or without a history of prior anti-VEGF therapy, and 

willing to participate in the study were recruited. The exclusion criteria were eyes with 

significant sub-retinal hemorrhage and eyes with senile cataracts or poor mydriasis 

precluding reliable OCTA, eyes having type 3 CNVM and aneurysmal type 1 CNVM, 

and eyes with any other ocular comorbidity. Before performing OCTA, all patients 

underwent a comprehensive eye examination including evaluation of the best 

corrected visual acuity (BCVA), intraocular pressure (IOP), dilated slit lamp evaluation of 

the anterior segment and thorough evaluation of the posterior segment. Presence of 

CNVM was confirmed on clinical examination by a fellowship – trained retina surgeon 

and its presence was confirmed by visualization of the CNVM on structural OCT.

10.2.1. OPTICAL COHERENCE TOMOGRAPHY 
ANGIOGRAPHY

Patients then underwent OCTA assessment of the involved eye with CNVM using 

the Cirrus 5000 Zeiss Angioplex (Carl Zeiss Meditec, Dublin, CA, USA). A well-trained 

technician acquired 6 × 6 scans centered on the fovea. Automated en-face retinal 
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angiograms of the superficial and deep retina, avascular outer retina, ORCC and 

choriocapillaris were created using the proprietary algorithms provided by the 

manufacturer. All images were interpreted and graded by an experienced clinician (DB). 

All OCTA images were analyzed for the need of manual vs. automated segmentation 

by two experienced clinicians (DB and SD). A good inter-grader reliability of 0.93 was 

obtained.

In cases where segmentation artifacts made it difficult to visualize the entire CNVM 

complex, manual segmentation was done using tools in the software and custom slabs 

were created to visualize the CNVM in its entirety, as per protocols described by Siggel 

et al.16 

Briefly, we moved the two boundaries of the standard segmentation pattern such that 

the CNVM was completely visualized. The software was then utilized to analyze the 

image. Minimum signal strength of 7/10 was required to register the scan for analysis 

without any motion artifacts. Based on vascular characteristics observed on the en-face 

OCTA, the CNVM was classified as active as per descriptions given by Coscas et al.11 In 

summary, the CNVM was deemed to be active when it was well-defined with numerous 

tiny branching capillaries, with anastomoses, peripheral loops and arcades at the vessel 

termini and/or presence of a hypo-intense halo around the CNVM (Figure 1). 

In addition to the OCTA, patients also underwent structural OCT in the affected eyes 

with CNVM (Cirrus HD OCT, Carl Zeiss Meditec, Dublin, CA, USA). Presence of sub-retinal 

fluid (SRF) with or without intra-retinal fluid and cystoid spaces was considered to be 

active disease and this was used as gold standard for comparison of disease activity 

with OCTA. The same experienced examiner (DB) evaluated both the OCTA and OCT 

images but not simultaneously, such that he was masked for the lesion characteristics 

in one modality when grading disease activity in the other modality. The primary 

outcome measure was comparison between OCTA characteristics of eyes graded using 

the automated algorithm vs. eyes that required a manual segmentation. Concordance 

about the activity of the CNVM between OCTA and OCT was also assessed.
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Figure 1. (a) OCTA and structural OCT from an eye with active CNVM, with the use of 

automated segmentation, where the outer margins are blurred. (b) OCTA and structural 

OCT from an eye with active CNVM, with the use of manual segmentation where the 

peripheral anastomoses (white arrow), which are the hallmark of activity, is well-

appreciated
AngioPlex - ORCC

Slice: 175 Top: OPL+2  Bottom: RPEFit-33 Slice: 175 Top: OPL+53  Bottom: RPEFit+33

AngioPlex - ORCC

(a) (b)

An inactive CNVM was recorded when it had long and large mature linear vessels and 

a dead tree appearance at the vessel termini without peripheral anastomosis, loops, or 

arcades (Figure 2).
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Figure 2. (a) OCTA and structural OCT from an eye with inactive CNVM, with the use 

of automated segmentation, with poorly defined network. (b) OCTA and structural 

OCT from an eye with inactive CNVM, with the use of manual segmentation where the 

characteristic dead-tree appearance of network, which is the hallmark of end-stage 

disease, is well-appreciated

10.2.2. STATISTICAL ANALYSIS

All continuous variables were described as means with standard deviation and 

categorical variables were described as proportions (n, %). Differences between groups 

were analyzed using chi-square statistics and independent T-tests. The kappa statistic 

with 95% confidence interval (CI) was used to assess the concordance in disease activity 

between OCTA and OCT. All statistical analyses were done with SPSS statistical software 

(version 25, IBM Corp, Armonk, NY, USA). A p-value of <0.05 was considered significant.
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10.3. RESULTS
We included 81 eyes of 81 patients with CNVM who satisfied inclusion criteria. 

Automated  segmentation was reliable in 35 eyes (43%) while manual segmentation 

was required in the remaining 46 (57%). Table 1 shows a comparison between 

characteristics of eyes that had manual vs. automated image analysis. Eyes that were 

amenable to automated analysis had the CNVM predominantly in the ORCC whereas 

those that needed manual segmentation had a deeper location of the CNVM, with 

equal numbers in the sub-RPE and intra-PED regions (Table 1). Significantly more eyes 

in the automated OCTA group showed presence of SRF on structural OCT, but there 

was no difference in number of eyes with active disease based on OCTA characteristics. 

Automated segmentation did not depend upon type of CNVM either (Table 1).

Table 1. Descriptive for automated and manual segmentation.

Variable Description Segmentation

Automated Manual p

Number of eyes 35 46

Type of CNVM 
Type 1 CNVM 6 (17%) 12 (26%)

0.34
Type 2 CNVM 29 (83%) 34 (74%)

Location

Avascular 1 (3%) 3 (7%)

<0.001

Choriocapillaris 2 (6%) 5 (11%)

Choroidal CNVM 0 2 (4%)

Deep vascular 
plexus 1 (3%) 3 (7%)

Deep plexus and 
Choriocapillaris 0 1 (2%)

Intra-PED 0 10 (22%)

ORCC 26 (74%) 8 (17%)

RPE-RPE Fit 0 4 (8%)

SUB-RPE 5 (14%) 10 (22%)

SRF Yes 13 (37%) 7 (15%) 0.023

Activity Yes 20 (57%) 19 (41%) 0.16

Halo around CNVM Yes 5 (14%) 7 (15%) 0.74

Peripheral arcades Yes 14 (40%) 9 (20%) 0.073

Terminal Anastomosis Yes 12 (34%) 11 (24%) 0.46
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Out of the 81 eyes recruited, 18 (22%) had type 1 CNVM and the remaining 63 (78%) 

had type 2 CNVM. A comparison between eyes with type 1 and type 2 CNVM showed 

that significantly more eyes in the type 1 group (n=10, 56%) had presence of SRF on 

structural OCT compared to type 2 eyes (n=10, 16%) (P<0.001). Eyes with type 1 disease 

had marginally higher proportion of eyes detected as active on OCTA (n=12, 67%) 

compared to type 2 disease (n=27, 43%) (p=0.075). 

Of the total of 81 eyes, 20 eyes (25%) were found to have active CNVM on the structural 

OCT on account of SRF whereas 39 eyes (47%) were found to harbor active CNVM on 

OCTA. On cross tabulating disease activity detected on OCT and OCTA (Table 2), we 

found that almost all eyes with activity on OCT showed active CNVM on OCTA. However, 

there was only modest concordance between disease activity detected using OCT and 

OCTA (Kappa=0.47, 95% CI=0.30 to 0.64) with half the eyes showing active CNVM on 

OCTA demonstrating no signs of disease activity on structural OCT. On OCTA, the hypo-

reflective halo around the CNVM was the least common finding in active lesions, both 

in the automated (25%) and manual (32%) segmentation groups. 

Table 2. Activity on OCTA vs. activity on structural OCT.

Activity on OCTA
Total

Yes No

Activity on 
structural 
OCT

Yes 19 (49%) 1 (2%) 20 (25%)

No 20 (51%) 41 (98%) 61 (75%)

Total 39 (100%) 42 (100%) 81 (100%)

10.4. DISCUSSION
We found that a majority of eyes with CNVM that could be successfully analyzed using 

automated segmentation had the CNVM complex in the ORCC whereas more than half 

the eyes that required manual segmentation had a deeper CNVM complex, i.e. either 

sub-RPE or intra-PED or in the choriocapillaris. Additionally, we noted that only half the 

eyes deemed to have active CNVM on OCTA demonstrated signs of disease activity on 

structural OCT. Branching pattern with peripheral loops, anastomosis and arcades were 

the main findings that lead us to label a CNVM as active while halo around the CNVM 

was the least helpful finding seen in only a third of the eyes. A significantly greater 

number of eyes with type 1 CNVM had SRF compared to type 2 eyes.
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Ever since the advent of OCTA for evaluation of retinal and choroidal vascular diseases 

nearly a decade ago, it has been applied to study the characteristics of CNVM.2,17,18 

Coscas et al. described the qualitative features of CNVM in terms of the branching 

pattern to determine disease activity.11 We used the same features to determine activity 

in our study. However, most studies have used the automated segmentation available 

with the OCTA machines to create the vascular slabs, though this may not always be 

feasible due to segmentation artifacts that make OCTA interpretation difficult and 

inaccurate.14,15 We found that automated segmentation provided by the machine was 

reliable in less than half the cases in our series. In an excellent study published recently, 

Siggel et al. studied 102 eyes to determine the sensitivity and specificity of automated 

versus manually segmented OCTA images to detect presence of CNVM.16 They showed 

that automated slabs at the ORCC had the highest ability to detect CNVM compared to 

the gold standard FFA, while slabs at the choriocapillaris level had the lowest. However, 

sensitivity of detection could be increased substantially using manual segmentation 

to produce custom slabs. They also found a significantly higher concordance between 

FFA and OCTA in detecting CNVM when manual segmentation was used as opposed to 

only moderate concordance when automated segmentation was used. Unfortunately, 

they did not comment on CNVM activity. Yet, our data coupled with theirs clearly shows 

that deeper CNVM complexes below the RPE require manual segmentation much more 

often than complexes in the ORCC. 

Manual segmentation requires a lot of effort and time, has a steep learning curve 

and hence may be difficult to perform in high volume retina clinics where time is at a 

premium. Lauermann et al. have shown that segmentation artifacts occur most often 

in CNVM eyes.15 However, when structural OCT shows a sub-RPE CNVM complex, 

interpreting the OCTA images from automated segmentation should be done with 

caution and should be relied upon only when the entire CNVM complex is visualized 

without any segmentation or motion artifacts. Retina specialists should be aware 

that manual segmentation would be needed on nearly half the occasions and hence 

additional time should be budgeted for this. Since OCTA utilizes differences in the 

phase and intensity information contained within sequential B-scans performed at 

the same position, it is possible that the RPE, especially in diseased states, interferes 

with signal phase and intensity transmission, making automated segmentation 

unreliable. 
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We were surprised to find that only half the eyes that were labeled as active CNVM on 

OCTA actually showed signs of disease activity on the structural OCT. A recent post-hoc 

analysis from the HARBOR study showed that the concordance between FFA and OCT 

in detecting disease activity was 99% in treatment naïve eyes with CNVM while this 

dropped to 36% at 2 years following treatment with anti-VEGF agents.4 Considering 

our dataset, where there were many eyes with inactive disease, possibly due to varying 

levels of anti-VEGF exposure, we believe that structural OCT was unable to pick up 

disease activity whereas OCTA demonstrated this better. If this were indeed true, then 

eyes where treatment was withheld due to no activity on OCT but activity on OCTA, 

would develop signs of activity on OCT subsequently and require retreatment. This is 

what is seen in real-world clinical practice, where lack of a reliable structural indicator of 

CNVM activity on OCT has led us to adopt the treat and extent treatment regimen. With 

OCTA giving us a potentially better indication of disease activity, it may be prudent 

to adopt it for determining treatment protocols for individual patients, though our 

study is not adequately powered to make robust recommendations. On similar lines, 

a recently published by Corvi et al. found that OCTA appears to be superior to other 

imaging modalities (FFA, ICGA and OCTA) for identification of CNVM in eyes with 

macular atrophy.19 However, OCTA is still evolving and more data is required before we 

use it ahead of structural OCT to determine disease activity.

This study has a couple of limitations, namely the lack of accurate history of anti-VEGF 

treatment and lack of FFA to compare disease activity. Additionally, the smaller number 

of eyes with type 1 disease, which is seen more often in clinical practice, makes it 

difficult to make generalized recommendations, although we feel that the trends may 

be applicable to most cases. On the other hand, the advantages of this study are the 

masking of the grader to outputs from other modalities at the time of grading, use 

of standardized and well-established definitions of CNVM activity on OCTA and use of 

an experienced grader capable of performing manual segmentation accurately when 

indicated. 

In conclusion, OCTA requires manual segmentation to generate custom slabs 

and visualize the vasculature of interest whenever artifacts arise from automated 

segmentation. Need for manual segmentation progressively increases from CNVM in 

the ORCC to below the RPE and choriocapillaris. There is only a moderate concordance 

between OCTA and structural OCT in determining CNVM activity at present. 
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CHAPTER 11

ISOLATED RACEMOSE ANGIOMA
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On dilated fundus examination, a 14-year-old girl’s right eye revealed markedly 

dilated and tortuous vessels arising from the disc suggestive of racemose angioma 

(Figure a). Best corrected visual acuity was 6/6 in both eyes. OCT showed hyporeflective 

intraretinal vascular lumens with shadow effect nasal to the fovea (Figure b). OCT 

angiography showed dilated and tortuous vessels visible in the superficial retinal layers 

with increased intrinsic intraretinal vascular overlay (Figure c). Magnetic resonance 

imaging of the brain did not reveal any other arteriovenous malformation, ruling out 

Wyburn Mason Syndrome. Patient remained asymptomatic with benign and stable 

ocular findings at follow-up.
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CHAPTER 12

GENERAL DISCUSSION 





Retinal conditions can cause serious vision loss. Early detection and treatment may 

prevent vision loss or improve the treatment effect. This has been proved in glaucoma1–3 

and diabetic retinopathy.4,5 Also in exudative age related macular degeneration (AMD) 

when one eye is treated, the occurrence of exudative AMD in the fellow eye can be 

discovered at an early stage and treatment outcomes may be better.6

Diagnosis with retinal imaging can only be made when structural changes have 

occurred, most often when vision loss has already occurred. Fundus photography 

and fluorescein angiography have traditionally been used for imaging but can 

hardly ever detect subtle structural changes to improve treatment outcome. Current 

imaging techniques like optical coherence tomography (OCT) have already led to 

the identification of subtle abnormalities as compared to fundus photography or 

fluorescein angiography and have shown a trend towards higher resolution in the past 

years. 

However, current retinal imaging techniques are still limited in their ability to detect 

abnormalities of the retinal photoreceptors cells, capillaries and nerve fiber bundles. 

Newer imaging modalities that are able to detect retinal microstructures similar to in 

vivo histology, monitor changes and evaluate treatment outcome represent the basis 

for designing new management protocols for various preclinical stages of pathology. 

The emergent need for such sensitive, accurate, diagnostic and monitoring tools is 

due to newer treatments available like gene therapy, stem cell therapy, nano-targeted 

drug delivery devices and micro-pulsed lasers.7

Microstructures cannot be imaged with traditional fundus cameras even though 

they have high resolution, due to the inherent limitations of the human eye to 

lateral resolution. These limitations consist of diffraction caused by small pupils 

and the internal aberrations of the eye. These ocular aberrations can be divided 

into two groups, lower-order aberrations and higher-order aberrations. The lower-

order aberrations are the normal refraction defects such as myopia, hyperopia, 

and astigmatism, which can be corrected. If there are irregularities in the refractive 

components of the eye, such as the tear film, the cornea, the lens or vitreous humor, 

these can cause higher-order aberrations. Higher-order aberrations are dominated 

by 3rd-order coma-like aberrations (vertical coma, horizontal coma, oblique trefoil, 

horizontal trefoil).7,8
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In order to bring the lateral resolution of ophthalmoscopes to the microscopic scale, it 

is necessary to compensate for both lower- and higher-order aberrations.7 

Adaptive optics in retinal imaging can be used with flood illumination or combined 

with both, the SLO and the OCT, to produce high-quality images whose lateral 

resolution permits cone discrimination and also allows the study of blood vessels and 

cells.9,10 We used the rtx1, a flood illuminated AO camera.

By compensating for the aberrations caused by irregularities of the optics of the eye, 

lateral (transverse) resolution to the order of 2 microns can be achieved, thereby 

allowing for the visualization of individual cone photoreceptors.11

This thesis discusses the principles of AO, normative database of cone count and 

spacing in emmetropes and myopes of Indian origin, understanding of the structure 

and function correlation in the cone mosaic, and its variations in pathology.

We discussed the principles and different applications of AO.12 It includes a review of 

the work done by different groups to assess the cone mosaic in normal and disease. It 

also describes the cone spacing in the myopes varying with respect to the axial length. 

Photoreceptor reflectivity in AO represents an optical biomarker of photoreceptor 

integrity. Variations in photoreceptor reflectivity have been observed in different 

disease states. AO imaging done in different retinal dystrophies has revealed varying 

degrees of retained cone structure. Studying the structure and function of retained 

cones can set a baseline to assess those patients who may benefit from treatment like 

gene therapy or stem therapy and to anticipate the degree of functional improvement 

that can be expected based on the patient’s baseline cone count.13 Hence, it can help 

prioritize those patients who can undergo trial of therapy (i.e. those with certain 

number of retained cones) over patients who may not benefit from therapy (those 

with absent cones).

It also describes the need for development of normative databases for different 

populations as a reference for disease states. There has been no literature published 

thus far describing the Indian population and our work is a step towards the 

development of normative database of individual variations in emmetropic subjects. 

With this in mind, we describe the parafoveal cone arrangement, their variations with 

eccentricity and interocular symmetry in emmetropic Indian eyes.14 The rtx1 retinal 

camera was used for imaging the retina and the software, AO detect, was used for cone 

counting. AO detect is developed by Imagine Eyes and allows the user to obtain both 

local and mean density within a user defined region of interest (ROI). The positions of 
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photoreceptors are computed by automatically detecting the central coordinates of 

small circular spots where the brightness is higher than the surrounding background 

level. First, the averaged image, without contrast adjustment, is altered so that the 

local maxima of the resulting image is detected. The spatial distributions of these 

points are analyzed using Voronoi diagrams where the detected points serve as 

generators. The local density is obtained by computing the inverse of the Voronoi cell 

area surrounding each cone. This gives the minimum and maximum density within 

the ROI. The mean density is easily obtained by dividing the number of detected cones 

by the area of the ROI.

In our study, we found the average cone-packing densities at 1, 2, and 3 degrees from 

the fovea. At 1 degree, the counts were erroneous owing to the dense packing of the 

cones and hence the software was unable to count the cones that were < 2 micron, 

or the spacing was < 2 micron, leading to a gross under sampling of the cone density. 

Hence, they were not utilized for statistical analysis. The counts at 2 degrees, 25,350/

mm2 (stdev 5,300/mm2, range 8,400–34,800/mm2) differed significantly from those at 

3 degrees, 20,750/mm2 (standard deviation 6,018/mm2, range 9,000–33,670/mm2). 

The numerical variations between the published western literature and our study could 

be because of various factors such as eyes with different axial lengths, the location of 

the foveal reference point, the difference in the sampling window size and the non-

standardized approach used to calculate cone distribution among the various studies.

At 1.0 mm eccentricity, there were significant differences in the cone-packing density 

between the orthogonal meridians (P<0.001; nasal, temporal, superior, inferior). We 

found the highest density to be in the temporal meridian followed by superior, nasal, 

and inferior at both the eccentricities of 2 and 3 degrees. Our pattern describes the 

horizontal packing of cones to be denser than the vertical meridian, as noted by the 

various histological studies.

As cone density decreased with increasing distance from fovea, the spacing tended to 

accordingly increase. We found the average spacing to increase from a mean of 7.08 mm 

at 2 degrees to 7.86 mm at 3 degrees. Axial length played a significant role in the count. 

As the axial length increased, the cone count significantly decreased in emmetropes.

This leads us to understand the relation of axial length and refractive error with respect 

to the cone spacing.15 It is well-established that the cones do not get distributed evenly 

as the expansion occurs non-uniformly. The retinal vasculature is said to restrict the 
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cone migration along the entire surface. In our current study, we found cone density 

was significantly less in myopes and also showed a similar difference in the count as 

the eccentricity increased from 2 degree off the fovea to 3 degree (18,560 ± 5,455 

–16,404 ± 4,494/mm2 respectively). When we used refractive error as the variable, the 

relation with cone density was less strong as compared to axial length as a variable. We 

grouped the myopes as low-, moderate- and high-based on their spherical equivalent 

(mild being 1D–3D, moderate = 3D–6D and high >6D) and evaluated the cone density 

at different eccentricities from the fovea to understand local anisotropia in correlation 

to increase in axial length. The cone count and spacing between the mild and moderate 

group was not found to be significantly different but statistically significant variation 

was found between the mild and the moderate group with the high myopes. This adds 

to the theory that the expansion is non-uniform.

Studying the cone mosaic shows different reflectance patterns with wide temporal 

and spatial variations. Multiple AO systems have described this variation in the cone 

reflectivity to be secondary to differences in the phase of phototransduction, length 

of the outer segment, disc shedding, wavelength of the light, and so forth. By just 

studying the cone mosaic, we are unable to assess the functional aspect of a visible 

cone and correlate whether a visible cone is a functional cone.

We further assessed the functional aspects of the cone mosaic and correlated the cone-

packing with the retinal sensitivity utilizing microperimetry (MAIA) in emmetropes 

at different eccentricities.16 It was interesting to understand whether areas with 

dense cone-packing are associated with higher-retinal sensitivities. Establishing the 

variations in normal structure-function relations in emmetropes is essential before we 

understand pathology. This will be useful in establishing the functional correlates of 

photoreceptor mosaic structure in patients with macular disease who develop central 

scotomas due to various diseases like age-related macular degeneration. They can 

then be coached to utilize a certain peripheral part of retina to fixate with, depending 

on the cone density and retinal sensitivity at that area. Children, after squint surgeries, 

may be trained to develop fixation by utilizing the structure function knowledge of 

the retinal areas.

There has been a lot of literature on the use of microperimetry alone to find the 

preferential retinal locus in patients with central macular disease and they have found 

it to be differing with respect to the task assigned to the patient. Hence it may be 

possible to rehabilitate these patients once we understand the areas in which relative 
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structural photoreceptor loss has led to relative functional loss. Our study shows that 

when the mean cone-packing density decreased with increasing eccentricity, the 

corresponding retinal sensitivity also decreased (P < 0.05).

After understanding the normative data, we started utilizing the role of AO in 

pathology. We then studied a case of melanoma-associated retinopathy.17,18 After a 

thorough evaluation and routine tools diagnosed the patient, adaptive optics was 

then done to assess the cone mosaic. The cone count decreased when compared 

with age-matched normative data. AO may be useful in confirming the diagnosis of 

this rare disease, monitoring disease progression and evaluating response to therapy. 

This may help in monitoring the patient’s response to immunotherapy by quantifying 

the cone density and hence revolutionize the way these patients are managed in the 

future.

Every imaging modality is designed to record a specific type of signal, and failing to 

understand the implications of this can lead to erroneous interpretations. A careless 

or unprincipled interpretation of an AO image can lead to erroneous conclusions. 

Such conclusions will not only compromise our collective understanding of a disease, 

but they will diminish the perceived value of AO technology.19 A proper analysis and 

interpretation begins with a strong understanding of the imaging system and how it 

interacts with the retina. A deep understanding of the imaging modality can lead to 

innovative adaptations of it.

The results presented in this thesis aims to show the promise of AO for clinical 

applications. By all indications, AO has become increasingly important in 

ophthalmology. AO aids in evaluating new treatments to cure, prevent, or slow the 

progression of eye disease. AO offers two advantages: Firstly, the microscopic imaging 

can be done non-invasively in humans. Secondly, imaging the same cells in the same 

human eye longitudinally reduces noise caused by differences in treatment response 

between individual patients, possibly making clinical trials more efficient and 

conclusive. Moreover, the massive growth in our understanding of the genetics of eye 

disease suggests that it is just a matter of time before cohorts of subjects with well-

known risk factors for eye disease will be studied and followed with AO imaging prior 

to developing any clinical symptoms. In addition, natural history studies of disease 

progression that include AO images will demonstrate the sensitivity and validity of 

this imaging technology. Finally, as newer treatments emerge, the importance of early 

diagnosis will increase.
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Optical coherence tomography (OCT) angiography (OCTA) can produce images of 

blood flow that have unprecedented resolution of all the vascular layers of the retina 

in a rapid, non-invasive fashion. Fluorescein angiography (FA), an alternate method 

of imaging flow, has been used in clinical practice for over 50 years. Unfortunately, FA 

cannot image several important layers of blood vessels in the eye; essentially only the 

superficial vascular plexus can be seen. Still, FA was used to create the field of medical 

retina. OCT angiography (OCTA) offers the possibility of also imaging the radial 

peripapillary capillary network and the intermediate and deep capillary plexuses. This 

capability opens a wealth of possibilities for disease description and quantification, 

research into pathogenesis of disease, and development and evaluation of new 

treatments. OCTA comes at the heels of development of higher speed structural 

OCT imaging, which itself is under rapid development. Curiously, much of the recent 

drive to develop instrumentation platforms is to improve OCTA. Concurrently, the 

scanning strategies and software being developed for OCTA are improving quickly. 

While the rate of change is breath-taking and exciting, the challenge lies in trying to 

understand what OCTA is and what it can accomplish. Understanding OCTA requires a 

comprehensive knowledge of many facets of imaging, starting with how the imaging 

works, what the potential deficiencies as well as strengths are.19 

In my thesis, we studied the use of OCTA in different clinical scenarios. We studied 

vascular changes in central retinal arterial occlusion documented on fundus fluorescein 

angiography to see if it was comparable with OCTA. We reported a patient in whom 

OCTA was done before and after anterior chamber paracentesis. It showed a prompt 

re-perfusion in the superficial layers despite the 7-day-old event. The repeatability 

constraints of invasive fundus fluorescein angiography can be overcome by the non-

invasive OCTA. 

Next, we wanted to understand whether cataract surgery has a truly pro-inflammatory 

influence on retinal circulation. Hence, we studied changes in the superficial retinal 

capillary microvasculature before and after cataract surgery using the OCTA in an 

Indian population. We found that there was a significant increment in retinal capillary 

perfusion and vascular density in the superficial capillary plexus. This relation persisted 

even after adjusting for the proportionally increased signal strength due to cataract 

removal. The clinical application may be to perform OCTA before cataract surgery, 

especially in eyes with diabetic retinopathy and other diseases prone to developing 

macular edema postoperatively. These are patients who need topical steroids and 

anti-inflammatory drops for a longer postoperative period.
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Diabetic macular oedema (DME) is the most common vision threatening complication 

of DR and is estimated to be affecting ~9% of all patients with any form of DR in India.20 

In recent years, the use of intravitreal anti-VEGF injections has become the standard of 

care in managing diabetic macular oedema, preventing vascular leaks, and improving 

visual acuity. While fluorescein angiography is the established gold standard for 

assessing retinal vasculature, it is limited by its invasiveness, use of contrast, and limited 

ability to obtain quantifiable measurements of avascular area and vessel density.21 

To understand the recovery in retinal microvasculature and treatment responses to 

anti-VEGF agents, we performed serial OCTA measurements before and after monthly 

intravitreal anti-VEGF injections (Ranibizumab-Lucentis®). Changes in OCTA were 

reflective of functional recovery of DME with the use of multiple intravitreal anti-VEGF 

injections at the end of 3 months. Resolution of microvascular damage correlates with 

functional recovery and reduction in CMT was the most reliable predictor of response. 

Based on the study results we propose that OCTA (SCP) markers in a routine clinical 

scenario could play a good role in measuring early response to anti-VEGF therapy. 

This could help individualize the standard of care in individuals with retinopathy and 

macular oedema.

Ever since the advent of OCTA for evaluation of retinal and choroidal vascular diseases 

nearly a decade ago, it has been applied to study the characteristics of choroidal 

neovascular membrane (CNVM), especially secondary to neovascular age-related 

macular degeneration (nAMD). We found that a majority of eyes with nAMD that could 

be successfully analyzed using automated segmentation had the CNVM complex in 

the outer retina-choriocapillaris (ORCC) whereas more than half the eyes that required 

manual segmentation had a deeper CNVM complex, i.e. either sub-retinal pigment 

epithelium or intra-pigment epithelium detachment or in the choriocapillaris. 

Additionally, we noted that only half the eyes deemed to have active CNVM on OCTA 

demonstrated signs of disease activity on structural OCT. Branching patterns with 

peripheral loops, anastomosis and arcades were the main findings that lead us to label 

a CNVM as active while halo around the CNVM was the least helpful finding seen in 

only a third of the eyes. 

This is what is seen in real-world clinical practice, where lack of a reliable structural 

indicator of CNVM activity on OCT has led us to adopt the treat and extent treatment 

regimen. With OCTA giving us a better indication of disease activity, it may be prudent 

to adopt it for determining treatment protocols for individual patients. 
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We described the superficial capillary plexus of an isolated racemose angioma in an 

asymptomatic young girl without any systemic associations. It was an interesting, 

incidental finding and has not been described using OCTA in literature till date.

The last two decades have witnessed major advancements in retinal imaging 

technologies thanks, in no small part, to improved light sources, detectors and high-

speed computers. New research grade systems are continuously improving and some 

have obtained a degree of user friendliness and robustness that have facilitated their 

transition to clinical use. This thesis has added normative data for these imaging 

modalities, making clinical utilization possible. 

Adaptive optics and optical coherence tomography angiography systems are 

becoming commonplace in modern ophthalmic clinics where they often provide 

unprecedented image quality with resolving powers down to the level of single retinal 

cells and capillaries in the living eye. Such richness in detail provides challenges and 

possible paradigm shifts. As enormous impact on improved diagnostics has been 

realized, we continue to work towards the ultimate goal of achieving healthy vision 

throughout life.22

Given the novelty of ultrahigh resolution retinal imaging technologies, the future 

looks promising for much improved diagnostic imaging as the limits of the methods 

are removed and their clinical usage continues to grow.
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CHAPTER 13

SUMMARY





The ability to look inside the living human eye is central to our understanding 

of how the normal eye works and the diseased eye fails. This thesis focuses on 

 technological advances in the spatial resolution of retinal imaging during the last 

decade. These advances have transformed retinal imaging from a macroscopic to 

a microscopic modality in which individual cells can now be resolved. To better 

visualize the cellular microstructure and understand the processes in the living 

retina, high-resolution imaging is the key. In order to study dynamic processes, 

non- invasive imaging provides an exciting alternative to histology. We discuss two 

modalities in this thesis, namely adaptive optics to study the neural network of 

the retina and optical coherence tomography angiography to analyse the vascular 

plexus of the retina.

As adaptive optics imaging finds more clinical applications, normative databases need 

to be developed for different populations as a reference for disease states. It may help 

us understand the pathogenesis of diseases at a subclinical stage, thus paving way for 

the exciting possibility of early treatment for these diseases.

Imaging and analysis of the retinal vasculature can be a surrogate marker for sys-

temic vascular health. Correlations between vascular abnormalities in the retina 

and elsewhere in the body have been demonstrated in a diverse array of conditions 

including diabetes, hypertension and stroke. The earliest change in disease begins 

at the level of the microvasculature, however, imaging retinal capillaries is difficult 

because of their small size, low contrast, and arrangement in multiple planes of 

varying retinal depth. Optical coherence tomography angiography (OCTA) is an 

exciting and new imaging modality that has revolutionized our understanding of 

the retinal and choroidal vasculature in a non-invasive manner in normal as well as 

diseased states.

Chapter 1 is an introduction to the thesis and discusses the anatomy of the eye, 

histology of the retina and principles of the two high-resolution imaging systems, 

adaptive optics and optical coherence tomography angiography.
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Chapter 2 involves a review of literature on AO. Here, we described the basic principle 

of AO and some clinical applications of AO in photoreceptor analysis in retinal 

degenerations and dystrophies and in retinal vascular analysis. AO is an innovative 

new tool in the extensive armamentarium of ophthalmologists to explore the cellular 

details of the retina. It is possible that as more detailing of cellular structures becomes 

possible, we may need to develop better analytical tools.

Chapter 3 describes normative data in cone density in emmetropes. We described  

the distribution of density, spacing and the hexagonal packing arrangement of 

the cone photoreceptors at different retinal eccentricities across the parafovea in 

emmetropic young adults in the Indian population. A statistically significant drop 

in the cone-packing density was observed from 2° from the fovea to 3°. The spacing 

correspondingly increased with increase in distance from the fovea. As the axial length 

increases, the cone density significantly decreases. Interocular variations were noted. 

It is essential to establish normative data in order to detect early onset of pathology at 

a cellular level and intervene early. 

Chapter 4 looks at the variations in the cone mosaic in a population of young myopic 

adults in relation to the axial length and extent of the refractive error. In myopic 

patients with good visual acuity, cone density around the fovea depends on the 

quadrant, distance from the fovea as well as the AL. The strength of the relation of AL 

with cone density depends on the quadrant and distance. The mean cone density was 

significantly lower as the eccentricity increased from 2° to 3° from the fovea. There was 

also a statistically significant difference between the four quadrants. The correlation of 

cone density and spacing with AL showed that there was a significant inverse relation 

of AL with the cone density.

Chapter 5 describes the structure-function correlation by correlating the cone-

packing with the retinal sensitivity utilizing microperimetry (MAIA) in emmetropes at 

different eccentricities. A drop in retinal sensitivity was observed as the eccentricity 

increased. It was also found that as cone-packing density decreased retinal sensitivity 

also decreased in all quadrants. This may be useful in establishing the functional 

correlates of photoreceptor mosaic structure in patients with macular disease who 

develop central scotomas due to various macular diseases like age-related macular 

degeneration. 

Chapter 6 discusses the case of a patient with history of cutaneous melanoma 

in the foot, who developed MAR. Combined imaging and functional tools aided in 
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assessment of early pathological retinal alterations. This chapter describes the role of 

AO in detection and assessment of the extent of pathology in MAR.  

Chapter 7 is a case report describing improvement in perfusion of the superficial 

capillary plexus immediately after anterior chamber paracentesis in acute central 

retinal artery occlusion. This shows the immediate recovery in vascular perfusion 

that occurs with intraocular pressure reduction. OCTA, being a non-invasive vascular 

imaging modality, helped document it before and after procedure.

Chapter 8 discusses the role of OCTA in detecting increase in macular perfusion and 

vascularity indices immediately after cataract surgery independent of improvement in 

signal strength. These increments were slightly lower but still statistically significant 

in the parafoveal and perifoveal regions. It may be prudent to perform OCTA before 

cataract surgery, especially in eyes with diabetic retinopathy and other diseases prone 

to developing macular edema postoperatively.

Chapter 9 demonstrated that the changes in OCTA measurements were reflective of 

use of 3 consecutive intravitreal anti-VEGF injections (Ranibizumab-Lucentis®)  for the 

functional recovery of DME at the end of 3 months. It suggests that the resolution of 

microvascular damage noted on OCTA – FAZ, VD, and PD reliably correlates with the 

functional recovery (improved BCVA), and that reduction in CMT was the most reliable 

predictor of response.

Chapter 10 showed that manual segmentation of OCTA is required in more than 50% 

eyes with CNVM and this progressively increases from CNVM in ORCC to below the 

RPE. There is moderate concordance between OCTA and structural OCT in determining 

CNVM activity, with OCTA perhaps, being better at detecting disease activity. 

Chapter 11 shows the superficial capillary plexus of an isolated racemose angioma in 

an asymptomatic young girl without any systemic associations.

Chapter 12 is the discussion of important findings, issues, and implications for future 

studies based on the above chapters.
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CHAPTER 14

IMPACT





This is a golden age in ophthalmic imaging since ophthalmology is among the most 

technology-driven medical specialities with major advances in imaging techniques, 

both in hardware and software. They have led to reduction in discomfort of invasive 

tests and more detailed ocular examination with high-quality images. This results in 

better understanding of the eye in health and pathology, prognosis and response to 

therapy. Furthermore, the eye being mostly optically transparent, acts as a window to 

the cardiovascular and nervous systems. 

Right through my internship I felt drawn towards the field of ophthalmology and 

decided to major in it. During my residency, I met many patients with end stage 

diabetic retinopathy, advanced age-related macular degeneration and inherited retinal 

disorders. That is when I decided to work on understanding the pathophysiology of 

these diseases and finding ways for early diagnosis and timely interventions to prevent 

irreversible blindness.

While pursuing my fellowship, I was exposed to various imaging technologies, one 

of them being time domain optical coherence tomography (TD-OCT), which at that 

time, revolutionised the management of retinal diseases. The beauty of being able 

to see the individual layers of the in vivo retina was riveting. It changed the way we 

managed active choroidal neovascular membranes and diabetic macular oedema. 

Further, it coincided with the initiation of anti-vascular endothelial growth factor 

therapy. Advances in the technology of OCT led to the era of spectral domain SD-OCT 

and swept source OCT which resulted in new terminology for different layers being 

formulated.

It was 2012 when I attended the ARVO meeting at Fort Lauderdale, and, I first saw the 

adaptive optics (AO) technology and the work being done with it. By compensating for 

the aberrations caused by irregularities of the optics of the eye, resolution to the order 

of 2 µm could be achieved, thereby allowing, for the visualization of individual cone 

photoreceptors. Intrigued by this, we visited the Imagine eye office at Paris, France, and 

some of their users in Rome, Italy. We soon acquired the machine and started working 

with it. As we understood the clinical application and the possibilities of the machine, 

we wrote a review on it (Chapter 1). We then established a normative baseline for 

emmetropes (Chapter 2) and myopes (Chapter 3) in our clinic. As a clinician, our interest 

is always on the functional outcomes. Whether they are patients with maculopathy or 

retinal detachment, our aim is always to improve their vision through intervention. 

Hence establishing a structure-function correlation becomes vital. This was the basis of 

159CHAPTER 14



our study (Chapter 4). We had an interesting patient with minimal clinical features, but 

adaptive optics and electrophysiology clinched the diagnosis of melanoma associated 

retinopathy and helped in assessing the extent of pathology (Chapter 5). This leads to 

the use of adaptive optics in many different diseases, like hydroxychloroquine toxicity, 

serpiginous choroiditis and inherited retinal disorders. A baseline image of the patient 

would be established and then subsequent scans done to show progression, if any, to 

either stop the toxic medicines or in cases of inherited retinal disorders, the patients 

were explained the progressive nature of the disease, the rate of progression and its 

possible implication with regard to lifestyles and rehabilitation.

We went on many international podiums like Asia ARVO, 2013, World Ophthalmic 

Congress, 2014, to organise special interest groups and presented at multiple national 

podiums. Since Narayana Nethralaya, Bangalore, was the first hospital in  India to work 

with a commercially available adaptive optics machine, it became our responsibility to 

discuss results with all our Indian colleagues. There had been no literature published 

thus far from the Indian population and our work helped in the development of a 

normative database in emmetropic subjects. This now allows us to understand early 

pathology at the cellular level and intervene. Newer therapeutic modalities that are 

targeted at the cellular level like micro-pulse laser, stem cells, gene therapy etc. are 

also better monitored in terms of safety and efficacy. These therapies are designed 

to cause early and subtle changes in the photoreceptors as a response rather than 

showing any gross changes in the SD-OCT. 

Optical coherence tomography angiography (OCTA) is a new non-invasive imaging 

technique that employs motion contrast imaging to high-resolution volumetric blood 

flow information generating ocular angiographic images in a matter of seconds. It 

helps understand the vascular pattern of the different layers in the eye. OCTA was used 

to study the architecture of the vascular tree in an isolated racemose angioma (Chapter 

6). In the retina clinic, most patients with macular edema are either with diabetic 

retinopathy (Chapter 7) or post cataract surgery (Chapter 9). We started doing OCTA to 

understand the pathogenesis of why some patients develop it and some do not. 
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We analysed the vascular parameters and the foveal avascular zone in diabetics and 

realised the circularity gets affected initially. These may be the patients who later go 

on to develop macular edema. These subtle changes can be diagnosed early in the 

course of diabetes, followed-up closely, allowing early intervention. The response 

to antivascular endothelial growth factor treatment is variable in diabetic macular 

edema. Understanding the vascular biomarkers is critical to individualize the standard 

of care and predict the response to treatment. 

OCTA scans have now become a standard baseline investigation for all patients with 

choroidal neovascular membranes. But we realized that automated segmentation 

was missing many of the membrane complexes unless it was manually corrected 

(Chapter 8). I am now a part of a group that collects and analyses data for machine 

learning with the help of AI, the machine itself decides when manual or automated 

segmentation is preferable.

This made me realise that the serious limitations of the current OCTA machines is in the 

analysis software. It is time consuming and varies with every OCTA machine. Hence, I 

am now working with my colleagues on analysis tools with quantitative indices that 

help in establishing a baseline in pathology. 

The remarkable advances in ophthalmic imaging have transformed simple 

photographic documentation into powerful investigative methods enabling clinicians 

to make objective measurements and assessments of retinal structures in detail. The 

future would be to have a unified software platform with integrated investigations 

such that for every patient at a given retinal location, the cellular details (AO), 

tomography (SD OCT) and vascular details (OCTA) along with the functional tests of 

the retina (MAIA, electrophysiology) can be documented. This will give a holistic view 

of the retina and help in early detection and treatment of pathology. 
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