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GENERAL INTRODUCTION

AIMS AND OUTLINE OF THE THESIS
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General Introduction

Retinal degenerative disorders or inherited retinal diseases (IRD) are a group of 

heterogeneous diseases that are characterized by inherited, progressive photoreceptor 

dysfunction, photoreceptor cell loss and eventual atrophy of retinal tissue. They are a 

significant cause of bilateral blindness worldwide. First described in 1857 by Donders1, 

a Dutch ophthalmologist, they were initially identified by correlating clinical findings 

with family pedigrees and inheritance. More recently, electrophysiological studies and 

newer retinal imaging techniques have helped identify functional impact and its cellular 

causes for visual disability. Advances in molecular genetics and the recent possibility of 

gene and cell-based therapies have opened up new vistas in the management of these 

disorders. 

Retinitis Pigmentosa (RP) is the most common type of inherited retinal degenerative 

disease. It is a progressive inherited retinal dystrophy characterized by night 

blindness, bone spicule-like pigmentary changes in the midperiphery of the retina, 

progressive loss of peripheral vision, and decreased or undetectable responses on an 

electroretinogram.2,3 When the disease is associated with systemic abnormalities like 

deafness, polydactyly, renal disease, it is referred to as syndromic RP. Syndromic RP 

includes a large array of diseases like Usher syndrome, Bardet Bidel syndrome, Joubert’s 

syndrome amongst others. The prevalence of non-syndromic RP has been reported to 

vary from a conservative estimate of 1 in 3500 in the United States4 to as high as 1 in 

930 in southern India.5 

Stargardt disease or fundus flavimaculatus is the most common juvenile macular 

dystrophy and a common cause of central vision loss in adults under age of 50, with 

an estimated prevalence of 1:8,000 to 1:10,000.6,7 Leber Congenital Amaurosis (LCA) is 

an infantile, autosomal recessive variant of retinitis pigmentosa that was first described 

by Leber in 1869. The first successful gene therapy trials in ophthalmology have been 

conducted in patients with LCA, and the Food and Drug Administration (FDA) has 

recently approved a phase-3 drug for LCA with RPE65.8,9

New imaging techniques and functional tests that are used to examine and study 

patients with retinal dystrophies have evolved. These include spectral-domain optical 

coherence tomography (SD-OCT),10 fundus autofluorescence (FAF),11 micro-perimetry 
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(MP),12 and adaptive optics (AO).13 Although these imaging techniques and functional 

tests have been used in several studies, their clinical relevance and opportunities for 

use in clinical research have not yet been elucidated in much detail. Clinical research 

on these new imaging techniques and functional tests contribute to identify their 

clinical value in these domains. This clinical value is known when the new imaging 

techniques contribute to improved diagnosis, prognosis, and prediction of therapy 

effect or monitoring of the disease.

Management of inherited retinal diseases has conventionally been limited to genetic 

counselling and low-vision rehabilitation. Through recent scientific advancements, 

genotyping is now at the forefront of disease management. Although there is no 

effective intervention for this group of diseases, several clinical trials are underway 

to either slow down or arrest the progression of the disease by gene therapy, or cell-

based therapies.14-18

Aims and Outline of the Thesis
There is a paucity of clinical and genetic data from India in the field of inherited retinal 

diseases. Given the population and the higher prevalence of these conditions in 

India,5 there is a need to understand the burden of these diseases in the population. 

This becomes especially imperative in the wake of extensive research into this field 

around the world and rapidly developing clinical trials. With progress in technology, 

newer imaging techniques are becoming available and these are especially useful in 

designing clinical trials and critical end points of treatment. 

The current thesis therefore aims to explore how new imaging techniques contribute 

to the evaluation of patients with IRDs. Part of this work was done at the genetic eye 

clinic at Narayana Nethralaya, a large tertiary referral hospital and at the Centre for Eye 

Genetics and Research, both in Bangalore, India. 

Some of the patients underwent genetic testing, and we present the genetic data 

from these patients and their families. These data were not limited to the assessment 

of existing polymorphisms but also let to the discovery of new polymorphisms. 

Note that these findings are not limited to patients from India, but contribute to the 

understanding of inherited retinal diseases in general.
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The thesis is outlined below in 12 chapters.

CHAPTER TWO is a short literature review on imaging and genetics of retinal dystrophies 

and a more elaborate review of the relevant literature from India.

CHAPTER THREE gives an overview and describes the application of Adaptive Optics in 

retinal imaging.

CHAPTER FOUR describes the outer retinal tubules on the Adaptive Optics in patients 

with Bietti’s crystalline dystrophy. Currently, the knowledge of these tubules is mostly 

from studies involving SD-OCT. These tubules appear as hyporeflective ovoid spaces 

with hyperreflective borders in the outer nuclear layers on the OCT. They were initially 

described in AMD and have been proposed as a rearrangement of the photoreceptor 

layer in response to injury.19 This is the first study to demonstrate and describe these 

tubules in detail with adaptive optics in Bietti’s crystalline dystrophy. 

CHAPTER FIVE describes the relation of macular structure and function in patients 

with retinitis pigmentosa. The ultrastructure on the spectral domain optical coherence 

tomography was related to function as measured by microperimetry (MAIA, Macular 

integrity assessment). It led to the identification of OCT changes that cause a reduction 

in function.

CHAPTER SIX describes a cross-sectional study of the oxygen saturation profiles 

of patients with RP and macular dystrophy using the Oxymap T1 retinal oximeter. 

Disturbed ocular blood flow, increased arterio-venous transit time and reduced blood 

flow velocities are prominent features of RP and macular dystrophies. This study found 

a decrease in vascular diameters, an increase in arteriolar and venous saturation 

and arterio-venous saturation difference in the RP group.20, 21 The study also showed 

alteration in oxygen saturation profiles in all quadrants in the RP group but mainly in 

the infero-temporal quadrant in the macular group. Studies like these are important in 

understanding the pathobiology of these diseases. 

CHAPTER SEVEN is a study of the clinical and genetic analysis of patients with Stargardt 

disease from India and describes new mutations in the ABCA4 gene. The study identified 

five mutations in the ABCA4 gene, two of which are novel. This is the first study on 

genetic analysis of patients with Stargardt disease from India and adds to the spectrum 

of disease-causing mutations. 
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CHAPTER EIGHT describes the results of exome sequencing in a family clinically 

presenting with visual failure and seizures. Neuronal ceroid lipofuscinosis or Batten 

disease is a childhood onset neurodegenerative disease, that often presents to the 

ophthalmologist first.22 We identified two novel MFSD8 mutations in the family. The 

chapter discusses the importance of exome sequencing in consanguineous families 

with neuronal ceroid lipofuscinosis. 

CHAPTER NINE is a clinical and genetic study of two families identified with 

Choroideremia. SD-OCT showed loss of outer retina, preservation of the inner retina 

and choroidal thinning in the affected males and retinal pigment epithelial changes 

in the female carriers. Two known mutations were identified in the CHM gene. This is 

the first study to describe the genetic analysis of patients with Choroideremia from 

India. 

CHAPTER TEN addresses the challenges that patients and caregivers face in the 

management of retinal dystrophies. India faces several difficulties including lack of 

genetic counsellors and inadequate access to molecular genetic testing. Associations 

like the ‘Organization for Rare Diseases India’ are making efforts to bridge these gaps. 
23

CHAPTER ELEVEN reviews all the current and newer methods used to assess 

progression of RP. With many clinical trials and therapeutic interventions on the anvil, 

being able to monitor the progression and identify critical end points for these trials 

becomes crucial. 

CHAPTER TWELVE is a general discussion of inherited retinal dystrophies and the 

current status of various therapeutic approaches. The challenges associated with 

identifying the timing of intervention, need for multiple modalities of imaging to 

identify suitable end points and the contribution of this thesis to the knowledge base 

of IRDs is discussed. 

CHAPTER THIRTEEN summarizes the various studies and its significance in clinical 

practice. It emphasises a clinical approach in inherited retinal diseases especially with 

relevance to India. 
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Genomic medicine has progressed rapidly after the successful completion of the 

Human Genome Project,1 Hapmap Project2 and Genome Wide Association Study.3 It 

has had a major impact in ophthalmology, especially for the identification of genes 

involved in the pathogenesis of retinal dystrophies. Retinal dystrophies are a group of 

inherited, retinal degenerative diseases that cause progressive loss of photoreceptors 

and/or retinal pigment epithelium resulting in partial or complete loss of vision. 

Retinitis pigmentosa is the commonest retinal dystrophy, which is characterized by 

night blindness and progressive loss of peripheral visual fields. The prevalence of RP 

ranges from 1 in 3500 in the US4 to 1 in 1000 in China5 and 1 in 750-930 patients in 

India.6,7 The disease is very heterogeneous in nature, with varied age of presentation 

and clinical manifestation. Clinically, prominent bony spicules, arteriolar attenuation 

and waxy pallor of the optic nerve head characterize the disease (Figure 1). 

FIGURE 1. 

Fundus picture of the right and left eyes of a 48-year old patient with RP showing arteriolar attenuation and bony 

spicules.

Progression of the disease is monitored by measuring the ring of autofluorescence on 

fundus autofluorescence (FAF) (Figure 2), measuring the inner segment/outer segment 

layer on the spectral domain optical coherence tomography (SD-OCT) (Figure 3) and 

visual fields. 
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FIGURE 2. 

Fundus autofluorescence at the macula of the same patient as in Figure 1. Note the ring of hyperautofluorescence 

(white arrows) surrounding an area of hypo and normal autofluorescence.

FIGURE 3. 

SD-OCT of the macula as the same patient as in figure 1. Note the preserved central area of retained IS/OS segments 

(white arrows).
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RP mostly occurs as an isolated disease (nonsyndromic) or in association with other 

systemic abnormalities (syndromic). Several syndromic variants of RP exist, all of which 

are transmitted in an autosomal recessive pattern. The common ones include Usher’s 

syndrome and Bardet Biedl syndrome. Non-syndromic RP may be transmitted in all three 

Mendelian forms: autosomal dominant (AD), autosomal recessive (AR) and X-linked 

recessive (XL); however nearly half the cases are isolated or sporadic in nature.8-10 

To date, mutations in over 84 genes have been identified causing non-syndromic RP.11 

Each of these genes encodes a protein that plays an important role in processes like the 

phototransduction or visual cycle occurring within the neuroretina and/or RPE or the 

connecting cilia. Therefore, a mutation in a gene within a specific pathway can cause 

the whole pathway to become impaired or even disrupted entirely. The first mutation 

identified for RP was the rhodopsin gene on chromosome 3, which now has over 100 

known variants. The rhodopsin gene still accounts for only about 10% of the RP variants, 

and over half of the gene mutations are yet unknown.12

Although no definitive treatment exists for the retinal degeneration seen in typical RP 

or most of its syndromic variants, there has been tremendous progress in this direction 

in the last decade. Treatment modalities hither-to have mostly included high dose 

vitamin A supplement and anti-oxidants.13 Topical and systemic acetazolamide therapy 

has been tried for cystoid macular edema, although their role remains unclear.14

A highlight in the visual rehabilitation of end stage RP in recent years has been the 

development of retinal prosthetic implant, the Argus II.15 Clinical trials with retinal 

prostheses have shown some improvement in visual recovery. Several clinical trials 

are underway that have tried placing the electrodes in the epiretinal, subretinal, 

suprachoroidal space or in the optic nerve head.16,17

Leber Congenital Amaurosis (LCA) is an infantile, autosomal recessive variant of retinitis 

pigmentosa that was first described by Leber in 1869. Characteristic features include 

severe vision loss from infancy, nystagmus, and sluggish pupillary response. The fundus 

usually has a normal appearance, although findings such as salt and pepper pigment 

mottling, macular coloboma-like appearance, and retinal flecks have been reported. 

High hyperopia is also a common finding in LCA patients.18-20

Till date, mutations in 25 genes currently associated with LCA. The most common 

mutations include CEP290 (15%), GUCY2D (12%), CRB1 (10%) and RPE65 (6%). 21 Patients 

with LCA are among the first group of individuals with hereditary retinal disease who 
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have therapeutically benefited from improved molecular understanding of their 

disease. Gene therapy for LCA was first studied in canines through the replacement 

of the RPE65 gene through a subretinal injection of an adeno-associated viral gene 

vector. Phase 1 studies showed potential benefit of gene replacement in RPE65–

mediated LCA and a subjective improvement in visual perception, and a statistically 

significant improvement in the dark-adapted ERG response. A phase 3 study showed 

significant improvement in the standardized multi-luminance mobility testing with 

Voretigene neparvovec gene replacement in patients with RPE65 mediated retinal 

dystrophy.22,23 In December 2017, the USFDA approved the gene therapy ‘Luxturna’ 

((voretigene neparvovec-rzyl), developed by by Spark Therapeutics, to treat children 

and adults with biallelic REP65 mutation-associated retinal dystrophy.

Stargardt disease or fundus flavimaculatus is the most common juvenile macular 

dystrophy and a common cause of central vision loss in adults under age of 50, with an 

estimated prevalence of 1:8,000 to 1:10,000.24 The vast majority of cases are autosomal 

recessive. Affected individuals may present with decreased central vision in the first 

two decades of life. Fundus findings are variable and include mottling or atrophy 

of the retinal pigment epithelium, bull’s eye maculopathy, beaten-bronze macular 

appearance, and yellow-white pisciform flecks in the perifoveal or peripheral retina 

(Figure 4). Vision may progressively deteriorate to the level of 20/50 to 20/200 and may 

show no correlation with fundus appearance.25
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FIGURE 4. 

Fundus details of a patient with Stargardt. Fig A shows the fundus picture of the right eye. Note the central macular 

atrophy(black arrow). Fig B shows the FAF of the same eye. Note the central area of hypoautofluorescence with a 

surrounding ring of hyperautofluorescence (white arrow). Fig C shows the spectral domain OCT of the same eye. Note 

the foveal thinning (blue arrows) and the central loss of photoreceptors and the external limiting membrane (red 

arrows)

The terms Stargardt disease and fundus flavimaculatus have sometimes been used 

interchangeably, although more specific correlation with their individual phenotypes 

has been suggested. Stargardt disease preferentially refers to the early onset disease 

associated with vision loss, beaten-metal macular appearance, and few surrounding 

perimacular flecks. Fundus flavimaculatus describes adult-onset disease with a better 

presenting visual acuity and diffuse peripheral flecks. Molecular studies have confirmed 

the genetic similarities of these 2 phenotypes on chromosomes 1p13 and 6p21.24
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Pathogenesis of Stargardt disease is linked to an abnormal accumulation of lipofuscin 

in the RPE in the early stages, followed by slowing of the rod and cone retinoid cycles 

later in the disease. Genes identified for Stargardt disease include ABCA4 (chromosome 

1p13-21) for the ABCR retinal ATP transporter protein; CNGB3 (chromosome 8q21-

22) for a cyclic nucleotide gated channel on cone plasma membranes; PRPH2 

(chromosome 6p21) for the human peripherin/RDS protein involved in photoreceptor 

disc morphogenesis; STGD4 (chromosome 4p15); and the rare autosomal dominant 

mutation ELOVL4 (chromosome 6q14).26,27

Although definitive therapy is yet unavailable for Stargardt disease, significant 

progress through genetic, functional, cellular and translational studies has allowed 

major advances in therapeutic applications of these diseases.28,29

Choroideremia is a X-linked disorder that leads to progressive degeneration of the 

photoreceptors, retinal pigment epithelium and choriocapillaris. Symptoms include 

night blindness and progressive constriction of visual fields; most affected males are 

legally blind by their midlife. The causative gene has been mapped at Xq21.1-q21.3; 

mutations in this gene leads to the loss of loss of function of a protein necessary for 

retinal cell health, Rab Escort Protein 1 (REP1). The disease has characteristic fundus 

features that includes progressive atrophy of the retina and choroid.30

Choroideremia has several attributes that make it an ideal target for gene augmentation 

therapy.31 Gene therapy was successfully administered in patients with CHM in a 

multicenter clinical trial, with consistent improvement in rod and cone function.32

Genetic testing allows rapid, cost-effective testing for several known mutations 

through a small DNA sample placed on a biochip. These could be targeted gene 

sequencing, whole exome sequencing or whole genome sequencing. Advantages 

of DNA analysis include the identification of new genes, protein products, and their 

roles in the retinal visual pathways. This also helps confirm diagnoses, use genotype-

phenotype correlations to identify disease features, provide prognostic information, 

and allow future treatment options. The role of genetic testing has therefore 

progressed from an elective means of confirming a diagnosis to a critical element in 

the management of these complex dystrophies.
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Status of Genetic Eye Research in India

Eye genetics is a nascent field and an emerging specialty in Ophthalmology in India. 

Retinitis pigmentosa and Retinoblastoma are the common eye genetic disorders seen 

in any major eye hospital in India. 

The prevalence of RP in India has been much higher than that noted in the Western 

population. Sen et al. estimated the prevalence of RP as 1 in 930 in the urban population 

and 1 in 372 in the rural general population of Southern India, aged 40 years and above.6 

Nangia et al. estimated the prevalence of RP as 1 in 750 in the adult population of rural 

Central India.7

This higher prevalence could be attributed to an increased prevalence of consanguineous 

marriages in the country, especially the southern part of India.33 Data from the National 

Family Health Survey (NFHS II) in India showed that 34.7% of marriages in south 

India are consanguineous; 26.2% of women married close blood relatives and 8.5% 

women married distant blood relatives.34 A higher proportion of autosomal recessive 

inheritance has been described from India.35,36 

One of the earliest reports on RP from India was in 1995 from 78 families; 9% were 

autosomal dominant, 36% autosomal recessive, 3% X-linked recessive, 44% were 

isolated cases and 8% were of undetermined genetic type.36 Consanguinity was a 

prominent feature of the families. A segregation analysis of four hundred families 

from 16 different states in India found that majority (75%) of families were autosomal 

recessive.37 Homozygosity mapping was used to identify mutations in 34 families that 

revealed mutations in RPE65, RP1, TULP1, RLBP1, and ABCA4 genes.38

There are currently no prevalence studies of Stargardt disease in India. The prevalence 

of LCA is about 2 to 3 per 100,000 live births,39 its prevalence appears to be higher in 

consanguineous population like south India.33 Considering the success of gene therapy, 

there is a lot of interest in diagnosis of RPE65 LCA. Ramprasad et al. reported a splice-

site mutation in LCA5 in 2 sisters from a consanguineous family.40 Sundaresan et al. in 

2008 identified 177 unique LCA causing mutations in 41 subjects, and concluded that 

the mutations commonly seen in North America are rare in the Indian population, and 

suggested that novel mutations may be responsible.41 Verma et al. screened 30 subjects 

with LCA for causative genes; 11 cases (36.6%) revealed pathogenic variations with the 



18                  I N H E R I T E D  R E T I N A L  D I S E A S E S :  N E W  I M A G I N G  A N D  M O L E C U L A R  G E N E T I C S

involvement of RPE 65(16.6%), GUCY2D(10%), RPGRIP (3.3%), RPGRIP1 (3.3%), AIPL1 

(3.3%) and CRX & IQCB1 (3.3%).42 Srilekha et al. identified the following mutations in 

eleven consanguineous familes with LCA; AIPL1– 3 families, RPE65- 2 families, GUCY2D, 

CRB1, RDH12, IQCB1 and SPATA7 in one family each, respectively.43 It is of interest to 

note that all the mutations reported above are from the southern part of India. 

Considering the burden of retinal dystrophies in India, there is a need for major 

research into this area. Mutations amongst the Indian population may be different 

than the rest of the world as has been shown to some extent. Moreover, the high 

rate of consanguinity may reveal more rare mutations. It is imperative that studies are 

done to understand these diseases in India better and identify the specific genes and 

mutations involved. Gene therapy needs to be specific for India to address the specific 

genes and mutations. 
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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.
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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 of time 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. 

Ocular 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. 



C H A P T E R  3           27

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 eye’s 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 nonstable; recognition and correction 

have 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

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

Beam SplitterControl System CCD Camera

Wave Sensor
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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

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

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

Appl icat ions
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

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 40x40. 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)
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FIGURE 2. 

Raw image before analysis from the rtx 1 (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 rtx 1. The encircled area shows 

the mean and Standard Deviation (SD) 

of cone density and cone spacing in the 

central 40X40

FIGURE 4. 

Voronoi tessellation of photoreceptors (cones) in a normal subject on the rtx 1. The colour scale shows the packing 

density in the central 40 X 40. 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 tessellation of cones in a 40 X 40 square of a normal subject. The color scale shows the Voronoi legend.

In a study by Chui et al. cone densities ranged from approximately 40,000 cones/mm2 

at 10 to 10,000 cones/mm2 at 70 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 M et al. using the rtx1 AO observed that with the exception of the central 

fovea (<160 μ), 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.8 Song et al. reported that cone-packing density in 

the living human retina decreased as a function of age.20
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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

Inher i ted Ret inal  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 disease progression and response to therapy. Tests of visual 
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FIGURE 6. 

Voronoi tessellation of photoreceptors (cones) in a patient with rod-cone dystrophy on the rtx 1. The colour scale 

shows the packing density in the superior 100μ × 100μ (0.340 X 0.340). In this patient, the mean cone count was 2683 

± 4006/mm2

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 

a treatment effect of an experimental therapy; studying surviving photoreceptors using 

the 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). 

AO has been used in the fo l lowing ins tances in 
the s tudy of  photoreceptors

1.	 To study photoreceptor density and structure in patients with inherited retinal  

degenerations:

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
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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 

demonstrated by histopathological studies.32 The rod mosaic best focus has been 

seen to be located 10µ shallower than cones at retinal eccentricities > 8°. 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

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 
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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. 

Vascular Analys is  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 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 NPDR eyes than 

age matched controls.34
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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 Z 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 Their results showed a mean foveal avascular zone (FAZ) area of 0.302 ± 

0.100 sqmm and mean equivalent diameter of 612±106 μm.40

Clin ical  L imi tat ions and Future 
Prospects  of  Adapt ive Opt ics

As adaptive optics imaging finds more clinical applications, normative databases need 

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

PURPOSE: To study the outer retinal tubules using Spectral domain optical coherence 

tomography and Adaptive optics and in patients with Bietti’s crystalline Dystrophy. 

METHODS: Ten eyes of five subjects from five independent families with Bietti’s 

crystalline Dystrophy (BCD) were characterized with best-corrected visual acuity (BCVA), 

full-field electroretinography, and fundus autofluorescence (FAF). High-resolution 

images were obtained with the spectral domain optical coherence tomography (SD-

OCT) and adaptive optics (AO). 

RESULTS: SD-OCT showed prominent outer retinal layer loss and outer retinal 

tubulations at the margin of outer retinal loss. AO images displayed prominent 

macrotubules and microtubules with characteristic features in eight out of the ten eyes. 

Crystals were present in all ten eyes. There was a reduction in the cone count in all eyes 

in the area outside the outer retinal tubules (ORT). 

CONCLUSIONS: This study describes the morphology of the outer retinal tubules 

when imaged enface on the adaptive optics in patients with BCD. These findings 

provide insight into the macular structure of these patients. This may have prognostic 

implications and refine the study on the pathogenesis of BCD. 
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Introduction
Bietti crystalline dystrophy (OMIM 210370)(BCD) is a rare autosomal recessive disease 

characterized by the presence of yellow-white crystalline retinal deposits, corneal 

deposits, progressive atrophy of the retinal pigment epithelium (RPE), and loss of 

choriocapillaris.1 Patients present with progressive night blindness; most of them 

are legally blind by the fifth to sixth decade of life.1 CYP4V2, the gene responsible 

for BCD, codes for a member of the cytochrome p-450 family that plays a role in the 

metabolism of fatty acids. 2-6 

Outer retinal tubulations (ORT) were first described by Zweifel et al.in patients with 

age-related macular degeneration (AMD).7  These appeared as hypo reflective ovoid 

spaces with hyper reflective borders in the outer nuclear layer on the optical coherence 

tomography. They have been described in other degenerative retinal diseases like 

Choroideremia and BCD.8,9

New imaging techniques and functional tests have evolved that are used to study 

patients with retinal dystrophies. These include spectral-domain optical coherence 

tomography (SD-OCT), fundus autofluorescence (FAF), microperimetry, and adaptive 

optics (AO) imaging.

AO imaging is a new technology that allows direct visualization of individual rod 

and cone photoreceptor cells and retinal pigment epithelial (RPE) cells.10 Gocho et al. 

reported an abnormal cone mosaic in the posterior pole of patients with BCD.11 There 

is no detailed description of the ORTs on the AO. 

Thus, the purpose of this study was to characterize in detail the outer retinal 

tubulations seen in BCD using the AO technology. To accomplish this, we studied five 

patients with BCD using high resolution SD-OCT and AO imaging. 

Pat ients  and Methods
Five patients from five independent families clinically diagnosed with BCD were 

enrolled into the study; both eyes were included in the study. All 5 patients were 

isolated cases from non-consanguineous families. All of them were Asian Indian. The 

study was approved by the institutional ethics committee of Narayana Nethralaya 
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and followed the tenets of declaration of Helsinki. Informed consent for the study and 

publication was obtained from each patient. Every patient underwent a complete 

ophthalmic examination including assessment of their best-corrected visual acuity 

(BCVA) with the Snellen’s chart, intraocular pressure measurements with the Goldmann 

applanation tonometer and a detailed fundus evaluation. All patients underwent 

full-field electroretinography (Veris systems) according to the ISCEV standards.12 Both 

scotopic and photopic responses were recorded. The axial length was measured in all 

patients using the Lens star system. They underwent further evaluation with Spectral 

domain optical coherence tomography and Adaptive optics imaging. 

SD-OCT Imaging
Imaging was performed using Heidelberg HRA2-OCT (Heidelberg retina angiograph 

optical coherence tomography, Heidelberg Engineering, Heidelberg, Germany). Each 

patient underwent a 100 ART (automatic real time) imaging in the vertical and horizontal 

meridians in addition to the star-scan and volume scan in the central 200. Each image 

was analyzed for the presence of bright reflective dots and ORTs. Central foveal thickness 

(CFT) was measured at the centre of the fovea. Using the enhanced depth-imaging mode, 

sub foveal choroidal thickness (SCT) was measured from the inner border of the sclera to 

the outer border of the RPE vertically using the calipers of the Heidelberg reader at the 

same point.13

Adapt ive Opt ics Imaging
Imaging was performed using the flood-illuminated AO retinal camera (rtx1, Imagine 

Eyes, Orsay, France). This system has been used in earlier investigations to image 

individual cone photoreceptors and other retinal structures.14-16 The field of imaging 

was 4°×4°. 

AO imaging sessions were conducted after dilating the pupils with 0.5% tropicamide 

and 10% phenylephrine hydrochloride. 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 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 (a series 
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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 with a resolution of 1500×1500 

pixels.17

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 on the size of the sampling 

window to choose the region of interest (ROI). The sampling window we chose was 

100 μm and we placed it at specific coordinates calculated by a pre-fixed 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 the structure and 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° and 0°) superior (0° and 3°) nasal (3° and 

0°), and inferior (0° and -3°). The cone counting software AO detect created on MATLAB 

by Imagine Eyes was used to process the images and calculate the cone density. Axial 

length was taken into consideration for calculating cone density and it was measured 

by non-contact biometry (IOL Master; Carl Zeiss Meditec, Jena, Germany). Both eyes 

of each patient were imaged. 

The resulting images were stitched together using the i2k-retina software from 

DualAlign’s® i2k Retina™. When i2k failed to find the position of an image, the GIMP 

software was used to stitch the image manually (GNU Image Manipulation Program, 

The GIMP Development Team; Image J, National Institute of Health, Bethesda, MD). 

The diameters of outer retinal tubules (ORT) were measured using an image-

processing program (Image J, National Institutes of Health, Bethesda, MD, USA). The 

size of each pixel was typically 0.8 μm when calculated at the retinal plane, and the 

values were adjusted for variations in the axial length of the eye.16,17

Stat is t ical  Analys is
The statistical software package IBM SPSS Statistics 20 was used for analysis. All 

variables investigated exhibited a typical normal distribution. Mean ± SD’s are 

presented in the text. We used the 5% level of significance throughout our analysis. 
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Resul ts
There were 3 males and 2 females with mean age of 41.4 years (range 20-60 years). The 

BCVA on the Snellen’s chart ranged from 1/60 to 6/6 (Table 1). Fundus examination in all 

patients showed intra-retinal, discrete, yellowish white crystals that were concentrated 

over the macula mainly. Crystals were not visible in the area of RPE atrophy (Figure 1). 

The older patients (patient 1 and 2) showed extensive atrophy of the choriocapillaris 

with fewer crystals over the macula while the younger patients (patients 3, 4 and 5) 

showed more extensive crystals and prominent intra-retinal pigmentation (Figure 1). 

Retinal vascular attenuation was more prominent in the older patients. Full field ERG 

was extinguished in three patients, and subnormal in two (Table 1). Four out of the 

five patients underwent evaluation of the systemic lipid profile; none of them had an 

abnormal lipid profile. 

Pt Age Sex BCVA Ref
Error

IOP
(mm Hg)

Axial length
(mm)

ERG Phot-
opic ERG scotopic

Eye RE LE RE LE RE LE RE LE BE BE

1 53 M 6/18, N12 6/24, N18 0 0 13 12 23 22.94 Extinguished Extinguished

2 60 M 6/18, N12 6/36, N36
0.00/-0.75 

DC1000
+1.0/-0.25 

DC 900
14 14 23.02 23.13 Extinguished Extinguished

3 32 M
6/24, 

N8
6/6, 
N6

-5.0/-0.5 DC 
400

-4.00
DSph

14 14 25.32 25.12 Subnormal Subnormal

4 42 F
1/60, 
<N36

6/9, N12 0
-4.00
DSph

15 17 23.22 23.06 Extinguished Extinguished

5 20 F
1/60, 
<N36

3/60, 
<N36

0 0 12 15 24 24 Subnormal Subnormal

TABLE 1. 

General characteristics of the patients



48                  I N H E R I T E D  R E T I N A L  D I S E A S E S :  N E W  I M A G I N G  A N D  M O L E C U L A R  G E N E T I C S

FIGURE 1. 

Fundus pictures of patients. A shows the fundus picture of the left eye of patient 2 (60 years old) with prominent 

atrophy of the retinochoroidal layers, especially over the posterior pole (yellow arrow). Few crystals can be noted 

outside this area of atrophy (orange arrow). B shows the fundus picture of the left eye of a younger patient 5 

(20 years old) who displays prominent crystals over the posterior pole (orange arrow) with no visible areas of 

choroidal atrophy. C. Fundus autofluorescence (FAF) shows the prominent area of hypoautofluorescence. Note 

the hyperautofluorescent edge of the lesion (yellow arrow). D. The near-infra red (NIR) image of the same patient 

displays the retinal crystals prominently (that are not visible on the FAF) (orange arrow)
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SD-OCT imaging
FAF showed areas of hypo-autofluorescence (corresponding to RPE atrophy and loss 

of lipofuscin) with a hyper-autofluorescent edge representing the lipofuscin-laden 

cells that may atrophy imminently (Figure 1). The crystalline deposits were seen more 

prominently on the near-infrared (NIR) images (Figure 1). None of our patients had 

corneal crystals. 

SD-OCT in all five patients showed a complete disorganization of the outer retinal layers; 

the inner retinal architecture was relatively preserved. ORTs were noted in eight eyes in 

the outer nuclear layer at the junction of the normal and atrophic retina (Figure 2).

The average CFT was 148 (±73) μm. There was considerable foveal thinning in 3 out of 

the 10 eyes. Marked attenuation of the choroidal layer was noted on the enhanced depth 

imaging (EDI) scans with an average SCT of 95.9 (±25.9) μm. Patient 5 demonstrated 

cystoid cavities and ORTs in the peripheral macula (Figure 2). 

FIGURE 2. 

SD-OCT features of the patients. The pictures on the left panel throughout show the infrared images. A. SD-OCT of 

the left eye of patient 2 displaying prominent ORTs (yellow arrows). Note that there is a significant disorganization 

of the outer retina in the regions of the ORTs. Beyond this region, the IS/OS layer is preserved (orange arrow) with a 

prominent scroll of the ELM at the junction (blue arrow). The inner retinal architecture is relatively preserved. Note 

the severe choroidal thinning throughout (white arrows). B shows the SD-OCT of patient 1. Note the crystals located 

on the RPE/Bruch’s membrane complex (green arrows). C. SD-OCT of patient 5 showing cystoid macular spaces. The 

ORTs are visible in the periphery of the section (yellow arrow). 
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AO Imaging
Cone count was decreased in all eyes. The average foveal cone count for this group 

was 7990 cones per mm2 ranging from 1822 to 18023 cones per mm2 area. The average 

foveal cone count in normal Asian eyes from our institute was 24,000 cones per 

mm2.18 The detailed list of cone count including fovea and para fovea are presented 

in Table 2. 

The tubules were imaged enface on the AO. These appeared as elongated serpentine 

tubules with multiple branching (Figure 3). The tubules varied in size with the smaller 

ones (referred to as microtubules) showing more extensive and irregular branching 

with complex networks compared to the macrotubules. These could be clearly 

distinguished from the overlying blood vessels on the AO. The tubules seem to 

interconnect and span the entire width of the image taken. The larger tubules seem 

to branch sparsely compared to the microtubules. 

Each macrotubule appeared as alternating dark and light bands spanning the width 

of each (Figure 3). The wall of the tubule itself appeared relatively thick with a very 

narrow lumen. Prominent dark patches were visible along the wall of the tubule in its 

entire course. The alternating bands could not be appreciated in the microtubules. 

The average size of the microtubules was 47 (±19) μm and the macrotubules was 412 

(±331) μm. 

The crystals appeared as multiple, isolated hyper-reflective spots distributed irregularly. 

There was no specific relationship of the crystals to the tubules, although the crystals 

appeared larger when they were in close proximity to the tubules. The cone count was 

visibly reduced in the areas of the tubule formation, with very irregular cone mosaic 

throughout the distribution of the tubules. 

In two eyes of patient 5 with extensive crystals, we were not able to identify any 

tubules on the AO. There were significant cystoid cavities in this patient on the SD-

OCT (Figure 2). 
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FIGURE 3. 

Demonstrates the overlay and the AO image of the ORTs. A. Overlay of the AO montage on the fundus picture of 

patient 1. B. Montage of the central foveal and four parafoveal 4x40 images obtained on the AO. Note the serpentine 

macro tubules (yellow arrows) that span the entire width of the image and the smaller microtubules (orange arrows) 

that are more complexly arranged. The blood vessels are denoted by the green arrows. The crystals are denoted by the 

blue arrows. C. Further magnified view which denotes the macrotubules. Note the branching (red arrow). The tubule 

is marked by dark bands (white arrows) alternating with light bands throughout its length. Along the wall of the 

tubule are the dark patches corresponding to areas of RPE atrophy (orange arrows). The crystals themselves appeared 

larger when present in relation to the tubules (blue arrows) than otherwise. The cone mosaic is greatly reduced 

especially close to the tubules. D. Note the prominent crystals in the left eye of patient 5. 
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Patient CFT
(μm) SCT (μm) Smallest ORT dia 

(μm) on AO
Largest ORT dia 

(μm) on AO

Eye RE LE RE LE RE LE RE LE

1 64 43 50 63 33 27 267 295

2 195 262 114 84 47 35 961 930

3 123 171 94 80 84 61 193 213

4 64 171 96 119 32 53 185 253

5 220 222 127 132 - - - -

Mean ±SD
133.2
±72.5

173.8
±82.5

96.2
±29.2

95.6
±28.7

49
±30.4

44
±15.7

401.5
±374

422.7
±339

TABLE 2. 

Details of macula on the SD-OCT and AO

Discuss ion
This study describes the morphology of ORTs on AO imaging. The diagnosis of BCD 

was made clinically. Genotyping would have been of additional diagnostic value, but 

we lacked resources to conduct genotyping. Gocho et al. described the crystals on 

AO imaging in BCD.11 Striking in our study was the elongated tubules seen on AO, in 

contrast to the cross section noted on the SD-OCT. 

Zweifel et al. proposed that degenerating photoreceptors along with the RPE and 

glial elements came to be arranged in a tubular fashion, which they called ORTs.7 

They believed that these represented the final pathway in many retinal degenerative 

diseases. Photoreceptor or RPE injury lead to the loss of interdigitations and outward 

folding of photoreceptors at the junction of intact and disrupted ellipsoid portion 

of the photoreceptor inner segment initially and formation of a long, ovoid tubular 

complex eventually.7 Jung et al. described that an ORT is a rearrangement of the 

photoreceptor layer in response to injury, in which surviving photoreceptors form 

new lateral connections with neighboring cells.20 

Histologically, ORTs were first described as interconnecting tubes containing 

degenerate photoreceptors and enveloping Müller cells in AMD.21 Recently Schaal et 

al. studied the histology of ORTs in AMD.22 They showed that the ORTs were always 

present in the outer nuclear layer and largely consisted of cones lacking outer 

segments and cones lacking inner segments. They defined four phases of cone 

degeneration histologically – nascent, mature, degenerate and end stage ORTs. Unlike 
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the hyperreflective border of the ORT seen on the SD-OCT, histologically, the external 

limiting membrane (ELM) border that included both the inner and the outer segments 

in the nascent phase and only the inner segments in the other three phases defined 

them.22 The underlying RPE was either dysmorphic or absent. Also, a free edge of the 

ELM to scroll seemed necessary for its formation. They described that all ORTs did not 

branch and therefore did not consider branching a defining part of an ORT. With time, 

they found shrinkage of the inner segments and involution of the ORT. The absence of 

branching as a consistent finding in their study probably refers to the macrotubules 

that we noted, since these branched rarely unlike the microtubules that branched more 

complexly. 

Trying to extrapolate the histological findings of Schaal et al.in AMD to the findings 

we noted on the adaptive optics imaging seems complicated. The alternating dark and 

light bands seen on the AO possibly correspond to the photoreceptors alternating with 

Muller cells (and other glial cells). It was hard to distinguish the ELM in the tubules. 

The cone mosaic seemed better preserved in the In the vicinity of the microtubules 

compared to that of the macrotubules. 

We were unable to distinguish open from closed ORTs on the AO that have been 

described by Schaal et al.22 Histologically ORTs have been shown to involute over time 

with the inner segments shrinking and the mitochondria migrating through the ELM 

towards the cone perikaryon.22 The conglomeration of multiple microtubules may 

form the macrotubules. Tubule formation may be an attempt of the photoreceptors 

to survive in a microenvironment that is doomed to degenerate, by seeking out other 

photoreceptors and forming long tubules in the process. It is a surprising finding 

that such well-organized tubules would be part of a degenerative process, of which 

disorganization is the hallmark. 

The crystals were more clearly visible on the IR images in comparison to the FAF images. 

This has been described earlier.23 Gocho et al. identified clusters of hyper-reflective 

signals and circular spots in the AO images that corresponded to the crystals in three 

patients with BCD.11 They hypothesized that the circular spots were residual cone 

photoreceptors located over the crystals. We mostly identified dark spots along the wall 

of the tubules, which possibly correlated with areas of RPE atrophy. 

SD-OCT demonstrates the cross section of the tubules while the same tubules are 

imaged enface on the AO, appearing as long serpentine tubules. One of the inherent 

difficulties of imaging on the rtx1 is in patients with cystoid macular changes.10 This 
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may explain the apparent absence of ORTs in patient 5. Although ORTs were noted in 

the peripheral macula on the SD-OCT in this patient, this was outside the ROI that we 

imaged on the AO. 

Our study had limitations. Although we attempted to correlate corresponding ORTs on 

the SD-OCT and AO, we were not able to obtain a good co-registration. Development 

of a dedicated computer algorithm may help in an accurate co-registration of the 

ORTs between the SD-OCT and AO, enabling us to understand the morphology better. 

This study is an attempt to describe the morphology of the outer retinal tubules on 

the AO. This ability to directly visualize the living retina provides an implicit advantage 

in diagnosing, predicting progression and monitoring retinal disease. Longitudinal 

studies may help observe the progression of these ORTs and correlate better 

histologically, providing deeper insights into the formation of these structures and 

therefore pathogenesis of BCD and other retinal degenerative diseases. 
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Patient 10 Temporal 20 Temporal 30 Temporal 10 Superior 20 Superior 30 Superior

RE LE RE LE RE LE RE LE RE LE RE LE

1 20189 22525 17320 2577 17627 20613 20599 20875 8554 2267 19472 15769

2 16980 8016 1944 5568 7058 6580 7876 4196 15786 0 3971 10014

3 0 5842 491 11181 295 11987 295 705 1065 10073 3775 12692

4 6023 1223 12849 8928 16363 15744 7830 5707 4774 19584 7795 17568

5 8944 808 894 11628 4472 14609 4969 3332 3379 1111 2485 5250

Mean 
±SD

10427.2
± 8193

7682.8
± 8842

6699.6
± 7833

7976.4
± 3855

9163
± 7559

13906.6
±5152

8313.8
± 7530

6963
± 7986

6711.6
± 5755

6607
± 8263

7499.6
± 6980

9710.7
± 5814

TABLE 3. 

Details of the cone count on the AO imaging in the four quadrants (cone count in cones/mm2) 

Patient 10 Nasal 20 Nasal 30 Nasal 10 Inferior 20 Inferior 30 Inferior

RE LE RE LE RE LE RE LE RE LE RE LE

1 8096 11748 16910 16387 17730 11337 18344 20195 7261 19479 15680 13089

2 2762 2670 21103 8745 17730 5896 16673 3529 8769 688 7805 7861

3 607 6547 16311 5264 12479 8091 2632 15210 6969 201 11325 4029

4 2510 3872 6131 18169 2571 13251 8131 3872 11326 10230 11230 15979

5 6162 2827 3469 8884 6746 4341 14510 202 10567 230 12618 15034

Mean 
±SD

4027.4
± 3029

5532.8
± 3805

12784.8
± 7577

11489.8
± 5515

11451.2 
± 6724

8583.2
± 3702

12058
± 6540

8601.6
± 8612

8978.4
± 1940

6165.6
± 8581

11731.6
± 2837

11198.4
± 5091
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Abstract

PURPOSE: To correlate the structure of the macula, as measured by spectral-domain 

optical coherence tomography (SD-OCT) and function, as measured by microperimetry 

(MAIA) in patients with retinitis pigmentosa (RP) and relatively good visual acuity.  

DESIGN: Prospective, cross-sectional, non-intervention study

SUBJECTS: Patients with RP 

METHODS: Thirty patients with RP and good central visual acuity were identified. 

Each patient underwent SD-OCT of the macula and microperimetry. The images were 

overlaid using the custom-designed software. The retinal sensitivity by microperimetry 

was correlated with corresponding retinal thickness, as measured by the SD-OCT. ELM, 

COST and IS/OS junction were scored as intact, disrupted or absent.

MAIN OUTCOME MEASURES: Comparing the retinal sensitivity on the MAIA with 

various measurements on the SD-OCT.

RESULTS: The retinal sensitivity on the MAIA showed a significant correlation with total 

retinal thickness and outer retinal thickness on the SD-OCT. There was no association 

with either the inner retinal thickness or the choroidal thickness. ORT showed a statistical 

significant correlation with anatomical classification of ELM (r=-0.76, P< 0.001), IS/OS 

(r=-0.800, P<0.001), COST (r= -0.733, P< 0,001).

CONCLUSION: This study determined that there was a high correlation of the structure 

and function of the central macula in patients with RP. These studies are important to 

establish surrogate markers that can be used as end points for various tests in future 

therapeutic clinical trials.
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Introduction
Retinitis pigmentosa (RP) is the most common type of inherited retinal degenerative 

disease characterized by loss of photoreceptors, night blindness, bone spicule-like 

pigmentary changes in the midperiphery and decreased or undetectable responses 

on an electroretinogram.1,2 RP is a spectrum of diseases characterized by progressive 

peripheral visual field constriction that can eventually involve the macula with loss of 

central visual acuity. There is no effective intervention although several clinical trials are 

underway to either slow down or arrest the progression of the disease.3-7 Progression in 

RP has traditionally been monitored in the past by assessing visual fields and full-field 

electroretinography. Although Goldmann visual field testing was the gold standard, 

more recently static perimetry using the Humphrey Field Analyzer (HFA) (programs 30-2 

and 10-2) have been used for this purpose. With the advent of SD-OCT, it has become 

standard practice to monitor the progression in the structure of the retina, more 

specifically, the outer retina. 

Microperimetry, or fundus-related perimetry is a technique that involves visual field 

testing while observing the retina simultaneously. This allows observation of the point 

on the retina that is being stimulated. This is an especially useful method to assess visual 

fields in patients with unstable or eccentric fixation caused by macular pathologies.8 

Literature suggests that retinal sensitivity, and not visual acuity, is related to quality 

of life and has shown to be sensitive to change of function in a trial in RP patients in 

contrast to HFA 10-2.9-11

SD-OCT can show cross-sectional images of the retina with an axial resolution of up to 

5μm.12 This resolution enhances visualization of the various retinal layers, particularly at 

the level of the external limiting membrane (ELM) and photoreceptor inner segment/

outer segment (IS/OS) junction.13 Several studies have highlighted the importance of the 

IS/OS layer integrity in studying the progression of RP.13-15 Studies have also shown the 

gradual reduction in the IS/OS layer assessed by the fundus autofluorescence (FAF) ring.16

In a study in 2011, Lupo et al.17 studied the relation between SD-OCT and microperimetry 

in RP. Eva et al. investigated the ultrastructural details on the SD-OCT and compared them 

to the function of the macula, as measured by the microperimetry in these patients.18 

The purpose of the current study was to perform a structure-function correlation of the 

retinal sensitivity on the MAIA to thickness of retinal layers and structural changes in the 

IS/OS, cone-outer segment tips (COST) layer, and ELM on the SD-OCT.
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Mater ia ls  and Methods 
The study was a prospective case series, approved by the ethics committee of Narayana 

Nethralaya, Bangalore, India. All the patients consented for the study, and for publication 

of their data and procedures adhered to the tenets of Declaration of Helsinki. Thirty-four 

eyes of 34 patients diagnosed with non-syndromic RP based on clinical examination, 

visual field measurements and electrophysiology were enrolled into the study. The 

visual acuity in each eye was measured using the Snellen’s visual acuity chart. The eye 

with the better central visual acuity was selected; if both were the same, the right eye 

was selected. Patients with vision less than 6/36 on the Snellen chart, macular lesions 

or macular edema on fundus examination or SD-OCT were excluded to ensure a stable 

fixation during microperimetry and to exclude lower microperimetry values due to 

macular edema. Thirty eyes were used for statistical analysis. 

All patients underwent microperimetry on the MAIA (CenterVue, Padova, Italy) using 

a predefined pattern that covered the central 100. The Macular Integrity Assessment 

or MAIA microperimeter uses a scanning laser to perform retinal imaging and an LED 

light as a stimulus. The eye tracking system on the MAIA was used to ascertain a stable 

fixation during the entire study. Points corresponding to the foveal centre and the 

horizontal and vertical lines were used for statistical analysis. Patients who could not 

maintain a steady fixation underwent a repeat testing, and the second test was used for 

analysis if fixation was stable. Fixation was considered stable if the reliability index was 

> 60%. If there was no fixation in the fovea, patients were excluded.

SD-OCT was performed with the Spectralis (Heidelberg Engineering, Heidelberg, 

Germany). The simultaneous confocal scanning laser ophthalmoscope (cSLO) on the 

Spectralis allowed precise localization of the anatomical landmarks. The eye tracking 

system ensured a stable fixation during the entire test. Multiple single scans were 

averaged at the same location to obtain an increased signal-to-noise ratio. A 100-ART 

vertical and horizontal scan centred on the fovea was obtained on the SD-OCT for each 

patient within an area of central 300. Enhanced-depth imaging scans were obtained to 

assess the choroidal thickness.

An overlay was prepared using a customized software. The MAIA images were overlaid on 

the cSLO images of the OCT and matched using blood vessels as a co-registration marker. 

Structural details on the SD-OCT corresponding to the retinal sensitivity at the central 

(foveal), 10, 30 and 50 horizontal and vertical lines on the MAIA were compared (Figure 1).
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The inner and outer retinal thickness, and the choroidal thickness on the SD-OCT 

were assessed at each point corresponding to the central, and six horizontal and 

vertical points within the central 100 on the MAIA. Two observers (RB, AK) made the 

measurements independent of each other. The mean values were calculated and used 

in the analyses. In case there was a difference of 20 um or more between the two 

observers, the patient was excluded (n=4). On the SD-OCT the ELM, COST layer, IS/OS 

were assessed and classified as intact, interrupted or absent according to the methods 

used by others.18 

The outer retinal thickness (ORT) was measured between the outer border of the 

retinal pigment epithelium (RPE) and the inner border of the outer plexiform layer 

(OPL), to include the inner segments, outer segments and the outer nuclear layer; the 

inner retinal thickness (IRT) was measured between the vitreoretinal interface and 

the inner border of the OPL.19 Submacular choroidal thickness (CT) was measured 

manually from the inner border of the sclera to the outer border of the RPE vertically 

using the calipers of the Heidelberg reader software.20

FIGURE 1. 

The MAIA of the right eye of a subject overlaid on the cSLO image of the SD-OCT (100 ART horizontal scan) with co-

registration of the blood vessels using a customized software. The point measured corresponds to the 50 temporal 

location on the MAIA (white arrow) and the corresponding measurement on the OCT (yellow arrow). 

Stat is t ical  Analys is
For statistical analysis Snellen visual acuity was converted to LogMAR units. To 

determine the relation between retinal sensitivity on the microperimetry and 

the retinal thickness at corresponding locations on the SD-OCT, the IRT, ORT, the 

choroidal thickness, ELM, IS/OS and COST abnormalities at different eccentricities 

were measured. A linear Mixed Models (LMM) analysis was performed with subject 

ID as grouping factor, retinal sensitivity as independent variable and SD-OCT values, 
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eccentricity and site (foveal, inferior, superior, nasal, and temporal) as covariates, as well 

as their interaction terms. All data were analysed using the statistical software package 

SPSS version 22.0 (IBM Corp, NY, USA).

Resul ts
Thirty eyes of 30 patients were studied, 23 males and 7 females. Mean age was 32 ± 

12 years (range 12 – 63) and mean LogMAR visual acuity was 0.19 ± 0.17. There was no 

statistical difference between males and females either in age or LogMAR visual acuity. 

On the MAIA, the average reliability index was 94.23% (range 67-100%). The average 

duration to perform the test was 6’52” (range 4’12”-18’51”). The average macular integrity 

was 90.35 (range 44.3-100). The average threshold was 17.58 dB (range 2.8-30.1 dB). The 

mean fixation stabilities were 77.63% (P1) and 89.80% (P2). The fixation plot showed 

that the average bivariate contour ellipse area at 63% was 2.410 2 and at 95% was 14.550 

2. There was a negative correlation between LogMAR values and sensitivity at the fovea 

(r=-0.52, P= 0.004); the lower the visual acuity, the worse was the retinal sensitivity. 

On the SD-OCT, the mean total foveal thickness was 211μm (range 97-281μm), the 

average inner retinal thickness being 122μm (range 62-201μm) and outer retinal 

thickness being 93μm (range 27-119μm). The mean choroidal thickness in the subfoveal 

area was 232μm (range 83-439μm). 

Figure 2 shows the relation between retinal sensitivity and ORT; for all different sites 

and eccentricities, we found a significant correlation. Figure 3 shows the mean ORT 

for different sites and eccentricities. LMM analyses revealed a significant association 

between retinal sensitivity and ORT. This association was different for different sites and 

eccentricities, that is, showing significant interaction terms.

ELM, COST and IS/OS junction were scored as either intact, disrupted or absent. An 

analysis of retinal sensitivity by location yielded us a total of 390 locations. We found 

that ELM was intact in 206, disrupted in 74, and absent in 110 locations. 

Similar analysis for IS/OS gave 182, 74 and 134 respectively, and analysis of COST gave 

88, 68 and 234 respectively. All three layers were intact in 86, disrupted in 1, and absent 

in 90 locations. ORT showed a statistically significant correlation with the anatomical 

classification of ELM (r= -0.76, P< 0.001), IS/OS (r= -0.800, P < 0.001), and COST (r= 

-0.733, P< 0.001). 
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Sensitivity values at different locations and eccentricities were grouped according to 

the above anatomical integrity classification, and we found highest mean sensitivities 

in the intact group, lower for the disrupted group, and lowest for the absent group for 

all three layers (Table 1). 

Bivariate correlation showed that MAIA correlated significantly with sex (P< 0.001), 

spherical equivalent (P< 0.001), Total retinal thickness (TRT) (P< 0.001), ORT (P< 0.001), 

ELM (P< 0.001), IS/OS (P< 0.027), COST (P< 0.001), location (P= 0.032), and eccentricity 

(P < 0.001). 

Using the above data, we performed a multivariate regression (Table 2), keeping the 

retinal sensitivity as the dependent variable, and age, sex, spherical equivalent, ORT, 

IRT, TRT and anatomy of the ELM, IS/OS and COST, and location and eccentricity of 

measurement as independent variables. We found that sex, ORT, and the anatomical 

integrity of the ELM, and IS/OS had an important role in the retinal sensitivity.

FIGURE 2. 

Scatter plot showing the relation between MAIA values of ORT for the different sites (f-fovea, i-inferior, n-nasal, 

s-superior, t- temporal) shown in different rows and eccentricities (columns). The correlation coefficients included 

are all significant (P<0.005).
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FIGURE 3. 

Mean ORT for the different sites. Different lines represent different eccentricities. Similar graphs were drawn for the 

IRT and EDI (f-fovea, i-inferior, n-nasal, s-superior, t- temporal)

100

90

80

70

60

50

40
F 	                  I 		      N 		          S         	           T

Site

Me
an

 OR
T

1
3
5



66                  I N H E R I T E D  R E T I N A L  D I S E A S E S :  N E W  I M A G I N G  A N D  M O L E C U L A R  G E N E T I C S

Location Eccentricitya IS/OS COST ELM

RE In Dis Ab p valueb In Dis Ab p valueb In Dis Ab p valueb

Foveal 0 24.43 17.63 23.00 <0.001 25.93 17.86 21.00 0.004 24.39 20.20 7.50 <0.001

Inferior 1 24.48 17.17 3.63 <0.001 26.23 20.56 12.75 <0.001 24.14 14.33 5.50 <0.001

3 25.78 14.00 18.00 0.58 27.67 25.00 18.00 0.176 25.00 18.11 16.09 0.100

5 24.50 21.00 7.96 <0.001 26.67 18.00 9.46 0.016 21.29 11.00 7.95 0.010

Superior 1 25.78 12.60 12.50 <0.001 27.55 23.22 16.90 0.002 25.73 15.67 10.50 <0.001

3 28.00 18.43 10.07 <0.001 29.67 28.50 13.87 0.004 25.75 17.13 7.60 <0.001

5 26.80 14.00 7.53 <0.001 27.00 26.00 9.77 0.007 23.67 10.00 6.35 <0.001

Nasal 1 26.48 12.00 8.50 <0.001 27.60 23.30 17.70 0.025 25.52 16.33 12.50 0.003

3 26.50 6.20 14.43 <0.001 28.50 25.80 16.26 0.018 26.17 10.86 12.40 <0.001

5 23.88 12.00 10.42 0.003 27.67 21.00 11.63 0.011 20.69 11.00 8.62 0.004

Temporal 1 25.71 17.13 19.00 0.021 27.64 24.57 18.33 0.010 25.00 22.20 11.67 0.015

3 26.46 20.14 14.00 0.002 30.60 27.00 16.32 <0.010 26.12 19.29 7.67 <0.001

5 26.29 15.33 7.65 <0.001 29.67 20.33 10.67 0.004 25.38 15.33 6.94 <0.001

TABLE 1. 

Summary of the mean retinal sensitivities using MAIA at different locations and eccentricities grouped by the 

anatomical status of the outer retinal layers on SD-OCT

ABBREVIATIONS
COST, cost outer segment tips; ELM, external limiting membrane; IS/OS, inner segment/outer segment junction. 
a eccentricity measured in degrees from fovea. b comparison of means-One-way AnovaIn-intact, Dis-disrupted, 
Ab-absent
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TABLE 2. 

Multivariate linear regression model for dependent variable : retinal sensitivity in db measured with the MAIA (Model 

R2 = 0.607)

Parameter beta Standardised beta p value

Intercept 25.15 <0.001

Age (years) -0.05 -0.059 0.112

Sex (male, female) -4.64 -0.192 <0.001

Sph Eq (in diopters) -0.162 -0.042 0.251

TRT (in μm) -0.050 -0.266 0.542

ORT (in μm) 0.175 0.467 0.043

IRT (in μm) 0.070 0.372 0.393

ELMa -2.909 -0.248 <0.001

ISOS -1.942 -0.170 0.006

COSTa -0.490 -0.040 0.442

EDIa -0.004 -0.033 0.385

Locationb -0.052 -0.006 0.856

Eccentricityc -0.663 -0.062 0.252

ABBREVIATIONS
COST, cone outer segment tips; EDI, enhanced depth imaging of the choroid; ELM, external limiting membrane; ; IRT: 
Inner retinal thickness ; ; ISOS: Inner segment outer segment junction; ORT: Outer retinal thickness ; Sph Eq: Spherical 
equivalent; TRT: Total retinal thickness;; 
a intact-1, disrupted-2, absent-3
b fovea-1, temporal-2, nasal-3, superior-4, inferior-5
c 10 -1, 30 -2, 50 -3

Discuss ion
Lupo et al.17 studied the relationship between retinal thickness and retinal function in 

RP. They, however, only compared the central retinal thickness with the retinal sensitivity 

on the microperimetry and did not look at the structural details. A study by Eva et al. 

assessed the correlation of visual function measured by both static and kinetic fundus-

related perimetry with structural changes in the inner and outer retina evaluated with 

SD-OCT and with molecular changes in the RPE visualized with FAF.18 Mitamura et al.21 

found a significant correlation between the length of the IS/OS line and the retinal 

sensitivity using the MP-1 microperimeter. 
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Studies to establish the structure-function correlation in retinal degenerative diseases 

are essential as more and more treatment modalities become available. We developed 

a custom-made software to assess the structure-function correlation between fundus-

related microperimetry and SD-OCT. We found that the retinal sensitivity correlated 

with the outer retinal structure and an intact ELM and IS/OS junction but not with the 

inner retinal thickness, choroidal thickness or the COST layer.

Microperimeters allow for registration of fundus photos with the other imaging 

modalities and make it possible to compare retinal morphology with visual function.22 

Retinal sensitivity assessed using microperimetry has been advocated as a potential 

outcome measure of macular function for clinical trials involving patients with RP.23 

Cideciyan et al.23 have established repeatability of microperimetry in patients with RP. 

In their cohort of patients with ABCA4-associated retinopathy, that included RP, they 

showed that repeated microperimeter tests showed reasonable concordance and the 

test-retest variance was not significant. Changes on the SD-OCT have been used in 

several studies to study the disease progression,13-16 and by the same measure may be 

useful in monitoring response to therapy. 

RP is heterogeneous group of diseases, mutations in more than 50 genes are known to 

cause non-syndromic RP and more than 3100 mutations have been identified in these 

genes.24,25 The gene products involve multiple metabolic pathways localized to mostly 

rods, or rods and cones, or the retinal pigment epithelium.2 These include proteins of 

rod visual transduction, photoreceptor differentiation, proteins of the cytoskeleton, 

protein transportation and retinol metabolism among others.2 Mutations in any of the 

biochemical cycles that alter the phototransduction cascade, including renewal and 

shedding of the photoreceptor outer segments, visual transduction, and/or retinol 

metabolism may cause retinitis pigmentosa.26

Our study showed that the retinal sensitivity in the macula correlated well with the 

outer retinal thickness mainly, which included the inner and outer segments of the 

photoreceptors. It is not surprising that many important biochemical processes occur 

in the outer retinal layers, and structural preservation of these layers corresponds to a 

functional preservation.

Issa et al.27 showed that in one patient with Usher’s syndrome, there was a significant 

relationship between outer retinal thickness and retinal sensitivity. They demonstrated 

that good functional preservation was associated with outer retinal thickness more 

than 50μm in spite of extensive disruption of the inner retina.
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The study by Lenassi et al.18 found a high correlation between retinal sensitivity and 

outer retinal thickness, than overall retinal thickness in patients with RP. We found that 

the retinal sensitivity correlates well with both outer and total retinal thickness and not 

inner retinal thickness or the choroidal thickness. Changes in the choroid are probably 

secondary to changes that occur in the retinal layers, and therefore choroidal thickness 

may vary in patients with RP. 

In addition to the IS/OS line, the integrity of the ELM and COST layers have been 

described as potential indicators of retinal function; a relation between intact ELM/

COST layer and good visual acuity has been described in degenerative eye diseases like 

age-related macular degeneration, macular hole and epiretinal membrane.28-31

We found that the presence of intact ELM and an intact IS/OS correlated significantly 

with the retinal sensitivity. Oishi et al.29 found a strong correlation between ELM status 

and visual acuity that was higher than that with the IS/OS in a cohort of patients with 

age-related macular degeneration (AMD). The status of the ELM was the most important 

factor for visual acuity. In RP, it is possible that in addition to the IS/OS, the ELM is a marker 

of photoreceptor integrity. Progressive degeneration of photoreceptors may lead to loss 

of inner retinal structures, and loss of ELM may indicate a severe degree of damage. 

In a similar study, Itoh et al.28,30 found a significant correlation between the presence of 

an intact COST line and visual recovery in patients who underwent surgery for macular 

hole. In an earlier study, Srinivasan et al.32 had shown that the cone outer segment 

lengths were greatest in the foveola and decreased with increasing eccentricity. We did 

not find a significant association between the COST layer and the retinal sensitivity. 

Functional mapping of the macula is essential in retinal degenerative diseases. It allows 

us a window of opportunity to treat before permanent structural damage occurs. It 

also helps select patients with early functional loss in whom there are better chances of 

success with an experimental therapy and help efficient monitoring of the effectiveness 

of any therapy in RP. Although visual acuity is considered to be the standard primary 

end point in clinical trials of retinal diseases, it is important that other end points be 

considered in diseases like RP. This study is one such attempt to identify surrogate 

end points, which may be useful to monitor future therapies. Sugawara et al9 have 

established that macular sensitivity determined by microperimetry may be a good 

predictor of quality of life in RP patients with relatively good vision. Quality of life needs 

to be an important consideration when future clinical studies and pharmaceutical 

regulations are considered. 
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Studies like this help us understand better the structural changes that occur in RP. It 

would be interesting to study the natural course of the disease and assess the rate of 

functional loss vis-à-vis the morphological changes in the structure. This may be an 

important consideration for pharmaceutical interventions. Our study is an attempt 

to establish the markers that help identify early structural damage before functional 

loss is noted. This may further help us understand how soon we need to intervene in 

the course of the disease for it to prevent irretrievable visual loss. Identifying these 

markers is important in formulating the inclusion and exclusion criteria for clinical 

trials in RP. 

It is hard to predict whether functional changes precede structural changes in 

RP. A co-registration of the MAIA and SD-OCT shows the early functional changes 

associated with micro-structural alterations. Issa et al.27suggested that micro-

structural alterations precede functional loss, and high-resolution retinal imaging can 

detect this. If structural changes do precede functional loss, and it is possible to detect 

these changes on a high-definition imaging device, this would be of vital importance 

in patients with RP, as it would mean that therapy can be offered to these patients 

before they notice a functional visual loss. Adaptive optics may be one such imaging 

device that may pick up ultrafine structural changes.33 A structure function correlation 

between adaptive optics and microperimetry may be useful to detect the earliest 

structural changes in RP and other such degenerative retinal disorders. 

Our study has limitations. The sample size was small, and it was a cross-sectional study. 

We did not have the results of genetic studies of these patients. 

There is a continuous need to detect degenerative diseases like RP in its earliest stage, 

when therapy may be most useful and before irreversible damage has occurred. 

Studies like ours try to identify surrogate end points to monitor response to clinical 

trials before true functional loss has occurred. 

Summary
WHAT WAS KNOWN BEFORE:

•	 Structure-function correlation in RP. The central retinal thickness on the SD-OCT 

correlates with the retinal sensitivity on the microperimeter.

•	 Correlation with outer retinal thickness. Outer retinal thickness correlates with 

the retinal sensitivity on the OCT.
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WHAT THIS STUDY ADDS:

•	 In RP, an intact ELM and an intact IS/OS correlated significantly with the visual 

acuity and retinal sensitivity.

•	 An intact COST layer does not correlate with the retinal sensitivity.
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Abstract

PURPOSE: To study the oxygen saturation profiles in RP and macular dystrophies and 

compare them with age-matched health controls. 

METHODS: In a cross sectional prospective study, 62 subjects with RP, 23 with macular 

dystrophies and 78 controls were enrolled and retinal oximetry was performed with 

the Oxymap T1 retinal oximeter. The images were analyzed for oxygen saturation and 

diameter of retinal vessels

RESULTS: All parameters showed a significant difference between the three groups. 

Patients with RP showed significantly lower diameters (98.4μm and 136.9μm arteriolar 

and venous) (P< 0.001), higher saturations (102.3% and 59.1%) (P< 0.001; 00.06) and 

higher arterio-venous saturation difference (AVSD) (43%) (P<0.001) compared with the 

other two groups. Macular dystrophies showed higher global arteriolar values (96.7%) 

and AVSD (41.6%) but comparable venous values (54.9%) to the control group (90.6%, 

57.4% and 33.3%).  

CONCLUSIONS: Oximetry is sensitive in quantifying hemodynamic changes in retinal 

dystrophies. It is still unclear whether these hemodynamic changes are a cause or a 

result of the disease process. 
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Introduction

Retinitis pigmentosa (RP) encompasses a large group of hereditary diseases of the 

posterior segment of the eye characterized by degeneration, atrophy and finally loss 

of photoreceptors and retinal pigment epithelium (RPE), leading to progressive visual 

loss.1 The prevalence of RP is estimated to be 1 in 4000 individuals, with a total of 

about two million affected persons worldwide.2,3 The prevalence has been reported to 

be higher in the Indian population.4 

Hereditary macular disorders are characterized by defects of the cone photoreceptors 

or RPE underlying the macula, and include Stargardt disease, cone dystrophy, cone-rod 

dystrophy and other maculopathies.5 Many genes affecting the photoreceptors have 

been implicated in the pathogenesis of these diseases.1,5 Although the exact mechanism 

of cell death in RP is not known, oxidative stress is known to play a major role.6 

Disturbed ocular blood flow has been described as another potential causative factor 

in RP.1 This is an interesting hypothesis as reduced ocular blood flow can either occur 

as a primary event and cause ischemia and tissue loss, or occur as a physiological 

secondary response to reduced tissue and demand. Konieczka et al. have suggested 

that reduction in ocular blood flow in RP patients could be a primary event.1 

An early ocular hemodynamic finding in patients with RP is increased arterio-venous 

(A-V) transit time and reduced blood flow velocity which have been observed before 

any clinically detectable ocular pathology.7 Doppler imaging has demonstrated that 

peak systolic flow velocities are decreased in both ophthalmic arteries and posterior 

ciliary arteries.8 Interestingly this decrease in blood flow velocity was not confined to 

the ocular circulation. Systemic findings like reduced flow in the cutaneous capillaries 

of the finger and longer recovery time after cold provocation has been observed in 

RP patients.8 

There is evidence that in RP patients, ocular blood flow is reduced beyond what is 

attributable to reduction secondary to retinal atrophy. Konieczka et al.1 hypothesize 

that the primary ocular blood flow is reduced in RP patients due to Peripheral vascular 

dysregulation syndrome (PVD). Celline et al.8 have further demonstrated a disturbance 

in peripheral blood flow in addition to that in the eye in RP patients. Reduced blood 

flow in the retina and an increase in the AV transit time have been observed before 

the appearance of any ophthalmoscopic signs.7 In summary, the observation of 
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an association with PVD syndrome and peripheral vascular abnormalities and the 

increased AV transit time occurring early in the disease argue strongly in favour of 

vascular disturbances being a primary event.

Apart from blood flow velocity and vascular diameters, it is possible to measure the 

saturation of oxygen in the hemoglobin contained in the ocular vessels. A photo-

spectrometric device measures oxygen saturation in a non-invasive manner.9 An 

increase in venous saturations and a resultant decrease in AVSD in eyes with RP have 

been reported.10,11

A large majority of genes associated with cone dystrophies are yet to be discovered; 

this hints towards the existence of unknown cone-specific or cone-sensitive processes.5 

No established evidence exists to implicate ocular blood flow abnormalities in the 

pathogenesis of cone dystrophies. It would therefore be interesting to study the ocular 

blood flow and oxygen saturations in cone dystrophies. 

We aimed to study and compare the oxygen saturation profiles and vascular diameters 

in RP and macular dystrophies and compare them with age- matched controls. 

Mater ia ls  and Methods
A total of 114 consecutive patients presenting to the retina department at Narayana 

Nethralaya, Bangalore, diagnosed with RP and cone dystrophy or Stargardt disease 

were enrolled in the study. The diagnosis of these conditions was made based on the 

presentation, clinical features and electrophysiological examination. A detailed history 

was taken for every patient; those with cardiovascular disease, diabetes, hypertension, 

or history of migraine or using any ocular or systemic medications were excluded. The 

study followed the tenets of Helsinki. The ethics committee and institutional review 

board of Narayana Nethralaya approved the study. All patients gave a written consent 

for the study. 

All patients underwent a complete ophthalmic examination. These included 

measurement of the best-corrected visual acuity, anterior segment examination, 

measurement of the intraocular pressures and a fundus examination. All of them 

underwent fundus photography, spectral domain optical coherence tomography (SD-

OCT) and full- field ERG. Patients younger than 18 years of age, smokers, with a previous 

history of trauma, nystagmus and poor media clarity were excluded from the study. 
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This article summarizes the oximetry findings; the SD-OCT and ERG findings were 

used only for confirmation of the diagnosis. They have not been included, as it would 

confound the reader with too much information. 

Image Acquis i t ion
Following dilation with 1% tropicamide and 10% phenylephrine, all patients 

underwent dual wavelength photospectrometric Oximetry (Oxymap T1 retinal 

oximeter, Oxymap, Reykjavik, Iceland).

The initial images were obtained after the patients were allowed to rest for 5 minutes to 

eliminate exercise-induced fluctuations in readings. Resting blood pressure and pulse 

oximetry (HE; Silicon Labs, Chennai, India) readings were measured in all patients. 

None of the subjects had consumed caffeine within 2 hours of the examination. The 

aiming light was set at the lowest setting, flash intensity was 50W, small aperture and 

large pupil settings were applied to the Topcon TRC 50DX Fundus camera (Topcon, 

Tokyo, Japan) 

One experienced photographer obtained standardized images for all the subjects. 

We obtained 2 images per eye of 50˚ field that were disc centred in all subjects. 

(Figure 1) We ensured that all the images analyzed were in sharp focus. To achieve 

this, we chose the best quality image between the 2 eyes in bilateral cases, which 

not only ensured quality, but also ensured that we take only one reading per patient 

eliminating duplication of data. In unilateral cases or cases with only one available 

image, the best quality image was taken. If no image appeared satisfactory, or the 

eye had measurable vessels in only one quadrant, that patient was excluded from the 

study (n=29). A circle was drawn concentric to the optic disc, leaving 50 pixels form 

the disc margin. A second concentric circle was drawn twice the diameter of the first 

one. Vessel segments were analyzed between these two concentric circles to ensure 

that retinal eccentricity was uniform. Retinal eccentricity and cell density may have 

an impact on measured retinal saturations. Images were analyzed by choosing the 

thickest arteriole and venule representative of that quadrant. 

Stat is t ical  Analys is
Statistical analysis was done using IBM SPSS v22.0 (IBM SPSS Statistics; IBM Corporation, 

Chicago, IL, USA). All parameters were tested for normality using the Shapiro-Wilk Test. 
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Parametric data was analyzed using the One-way ANOVA with the Turkey test for post-

hoc analysis. Non-parametric data was compared using the Kruskal-Wallis test and the 

Mann-Whitney U test for the post-hoc analysis. 

Resul ts
There were a total of 23 eyes with macular dystrophies, 62 eyes with retinitis pigmentosa 

and 78 controls. 

Non-measurable Vessels
Analyzable vessels were present in all quadrants in the macular and control group. 

The RP group had 14 eyes without measurable arterioles in both the superonasal and 

inferonasal quadrants, 15 eyes without infero-nasal arterioles only, 5 eyes without 

supero-nasal arterioles only, 1 eye without supero-nasal venule and 3 eyes without 

infero-nasal venules. In all quadrants where the venules were not measurable, the 

corresponding arterioles were definitely not measurable, although the reverse was not 

true. In 32 eyes, the arterioles were not measurable but the venules were measurable. In 

all, 34 eyes/62 (54.8%) had non-measurable vessels in the nasal hemifield. 

In our study, we found that the nasal vessels attenuated earlier compared with the 

temporal ones. In those eyes without measurable temporal vessels, the nasal ones were 

also not measurable, This accounted for the 7 out of the 29 eyes that we had to exclude 

because both the temporal and nasal vessels were not measurable. 

Demographics
The average age in the macular dystrophy group was 20.8 ± 11.5, RP group was 30.4 

± 16.7 and the control group was 32.4 ± 9.4. Age matched non-smoking controls 

were chosen according to the RP, as the numbers were larger in that group. The age 

distribution in the macular group was significantly different from the other two groups. 

No significant differences were found in the sex distribution. None of the patients had 

any significant refractive error beyond ± 0.5 diopter. The IOP for both the RP group 

(mean 14.5, range 10-18) and the macular dystrophy group (mean 14.4, range 9-18) 

was within normal ranges. The results have been summarized in Table 1.
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TABLE 1. 

Demographics

Parameter,
n=163

Macular ,
n-23

RP,
n=62

Controls,
n=78 Significance

Age
20.8 ± 11.5 
(15.8-25.8)

30.4 ± 16.6
(26.2-34.7)

32.4 ± 9.4
(30.3-34.5)

<0.001*

Sex
(Male, Female)

16.7 38.24 36.42 0.066†

Kruskal-Wallis test to compare the age distribution of three groups. Mann-Whitney U post hoc test Macular versus RP, P 
1⁄4 0.005; Macular versus Controls, P < 0.001.
† v2 test to compare difference in sex.

Global Saturat ions and Diameters
The global saturations and diameters have been summarized in Table 2. All parameters 

showed a significant difference between the three groups. RP group showed 

significantly higher saturations, lower diameters, higher AVSD and lower A-V ratios 

compared to both the groups. Macular dystrophies showed higher global arteriolar 

values and AVSD but comparable venous values to the control group. Macular and 

RP groups also showed statistically significant differences in the global arteriolar and 

venous saturations and diameters. 

Quadrant  Saturat ions and Diameters
The RP group had the highest saturations and lowest diameters in all the quadrants. 

The values have been summarized in Table 3.

Quadrant  Comparison
The groups showed significant differences for arteriolar and venous saturation and 

diameter (p <0.001; <0.001) for all the quadrants. Only the nasal venous saturations 

did not show a statistical difference. 

Post hoc test with Mann-Whitney U mainly showed that the RP group significantly 

differed from controls in all the parameters except the nasal venous saturations. 

Macular dystrophies differed from the controls mainly in the infero-temporal arteriolar 

saturations (p<0.001), the global arteriolar saturation (p=0.005) and the global 

AVSD (p<0.001). Macular dystrophies and RP group differed mainly in the superior 

hemifield values for arteriolar values, but the venous values showed differences in 

both hemifields. 
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TABLE 2. 

Summarizing the Global Saturations and Diameters

CI), n = 23 CI), n = 29 CI), n = 78

Arteriolar 
saturation, %

96.7
(92.3–101.9)

102.0
(98.5–105.6)

90.6
(89.2–91.9)

<0.001†

Arteriolar 
diameter, μm

116.5
(110.1–122.7)

116.5
(110.1–122.7)

122.4
(120.1–124.6)

<0.002‡

Venous 
saturation, %

54.9
(51.9–58.0)

59.1
(56.4–61.8)

57.4 
(56.0–58.8)

0.056

Venous 
diameter, μm

158.4 
(149.8–167.1)

148.9 
(141.0–156.8)

160.4 
(157.4–163.4)

0.02§

AV difference, %
41.6 

(37.9–45.3)
43.0 

(39.8–46.2)
33.3 

(32.1–34.4)
<0.001#

AV ratio¶
0.74 

(0.70–0.78)
0.72 

(0.68–0.76)
0.76 (0.74–0.78) 0.09

* Kruskal-Wallis test used to obtain significance for nonparametric data
Mann-Whitney U post hoc analysis:
† RP versus Controls P < 0.001; Macular versus Controls P = 0.005. 
‡ RP versus Controls P = 0.001.
§ RP versus Controls P = 0.004.
♯ RP versus Controls P < 0.001; Macular versus Controls P < 0.001.
¶ AV ratio implies the ratio of the diameters.
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TABLE 3. 

Summarizing the Quadrantwise Arteriolar Saturations and Diameters for the Three Groups

Quadrant Parameter, n Macular, 
n =23

RP, 
n=62

Controls, 
n= 78 Significance*

ST Arteriolar saturation,% 89.3 103.9 88.3 <0.001

Arteriolar diameter, μm 127.3 99.9 132.9 <0.001

Venous saturation, % 53.3 60.8 56.3 <0.001

Venous diameter, μm 170.7 151.8 170.8 <0.001

AVSD, % 36.1 43 32.1 <0.001

SN Arteriolar saturation,%, 43 99.4 106.2 94.5 <0.001

Arteriolar diameter, μm, 
43

107.9 93.7 110.3 <0.001

Venous saturation, %, 61 57.7 61.0 60.6 0.306

Venous diameter, μm, 61 141.9 120.9 144.7 <0.001

AVSD, %, 43 42.0 44.9 33.8 <0.001

IN Arteriolar saturation,%, 33 99.9 102.5 93.3 <0.001

Arteriolar diameter, μm, 
33

102.7 97.7 111.0 0.001

Venous saturation, %, 59 57.6 61.1 60.7 0.166

Venous diameter, μm, 59 139.0 114.2 144.4 <0.001

AVSD, %, 33 42.3 42.2 32.5 <0.001

IT Arteriolar saturation,% 97.8 102.2 86.5 <0.001

Arteriolar diameter, μm 127.2 106.9 134.7 <0.001

Venous saturation, % 51.1 56.9 51.9 <0.001

Venous diameter, μm 181.4 159.5 181.0 <0.001

AVSD, % 46.6 45.2 34.6 <0.001

Number of quadrants analyzed for each parameter are given in the header row. Where the number differs from the number 
in the header, it has been indicated in the parameter box in italics. ST, supero-temporal, SN, supero-nasal, IN, infero-nasal, IT, 
infero-temporal.
* Kruskal-Wallis test used to obtain significance for nonparametric data.
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FIGURE 1. 

Oximetry images with the pseudo-color maps for RP (a), macular dystrophy (b) and normal (c). Note the arteriolar 

attenuation and loss of analyzable vessels when threshold is set to 8 pixels. 

Discuss ion
This study represents the largest description of oxygen saturation profiles in eyes with 

RP, and the first description in macular dystrophies and its comparison with RP.

A decrease in vascular diameters, an increase in arteriolar (104.1%) and venous 

saturations (60.0%) and AVSD (44.1%) in the RP group in comparison to macular and 

control groups were observed in the study. Türksever at al.11 and Eysteinsson et al.10 

equivocally confirm the decrease in vascular diameter. Türksever at al.11 have reported 

an increase in arteriolar saturation with a mean of 99.3% whereas Eysteinsson et al.10 

and Ueda-Consolve et al.12 have found no change in RP with a mean of 91.7%. Venous 

saturation was increased in all three studies (58.0%-66.8%). Our study was equivocal 

in the venous saturation increase, but found an opposite trend in the AVSD. Türksever 

at al.11 have mentioned that the AVSD correlated positively with the central macular 

thickness and have hence attributed its decrease to the progression of retinal atrophy. 

Eysteinsson et al.10 on the other hand have stated that both AVSD and retinal blood 

flow decrease in RP, and coupled with the decrease in choroidal blood flow results in 

decreased oxygen delivery from the retinal circulation. Both the groups indicate that the 

effects are secondary to the degeneration rather than primary. The alterations observed 

in the saturations and diameters could be a primary and resulting in the dystrophy or 

could be secondary to the disease process. We may hypothesize that findings that occur 

early in the disease are more likely primary and the ones that are seen in advanced 

disease may most likely be an effect of the disease process. 

Macular dystrophies differed from both RP and control groups in the global arteriolar 

saturations, with the arteriolar saturations being highest in the RP group. Venous 

saturations differed from the RP group but not from controls.
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Several theories have been postulated to explain the arteriolar attenuation seen in 

RP. One such hypothesis is that the photoreceptor atrophy and death causes less 

oxygen utilization, which results in higher oxygen partial pressures in the inner retina. 

This would then result in a reflex constriction and reduction in ocular blood flow, 

thus indicating that the vascular changes are secondary to localized disease process. 

On the contrary, Konieckza et al.1 have stated that there is a high prevalence of PVD 

syndrome in RP patients, which causes alteration early in the disease. Patients with 

PVD syndrome react differently to stimuli such as coldness, physical or emotional 

stress. There is dysregulation of vessels with vasospasm. Hence a system-wide 

vascular spasm that also manifests in the eye could be one explanation, whereas 

tissue loss1, atrophy and thus a decreased demand could be the other hypothesis. The 

above theories may probably explain why as many as 54.8% of eyes in the RP group 

lacked measurable vessels in the nasal hemifield. Expectedly there was no significant 

difference in the vascular diameters between the macular and control groups. 

There exists a capillary free zone around larger vessels that derive oxygen directly 

from them.14 It has been shown that translocated cells of the RPE can deposit a thick 

layer of extracellular matrix around retinal vessels.15 This can effectively block oxygen 

diffusion out of the vessels and explain the high saturation seen in the arterioles, but 

the unknown effect of these cells and the proximity of the measured segments to the 

optic disc throw enough doubt on this theory.

The thickness of the retinal nerve fiber layer (RNFL) is known to be decreased in RP.16,17 

In our own study (Mohan A, Dabir S, Kummelil M, Shetty R, Kumar RS, unpublished 

observations, 2014), we found an inverse correlation between vascular saturation and 

perivascular RNFL thickness in normative Asian-Indian eyes. This could explain our 

observation of increasing arteriolar and venous saturation.

In a normal eye, arteriolar saturations can be expected to increase when there is more 

demand and less oxygen tension in the inner retinal tissue. This phenomenon, though 

will have to be accompanied by a corresponding increase in vascular diameters 

because that is the only established way the inner retina can increase oxygen delivery 

by physiological hyperemia.14 The arteriolar attenuation that we observed in the RP 

group makes this response unlikely. 

An increase in arteriolar saturation can hypothetically cause a corresponding increase 

in venous saturation. The venous saturation can also increase due to less utilization 

secondary to tissue atrophy in RP. This possibly explains the increase in venous 

saturation seen in our patients and is similar to that noted in the other studies. 
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Oxygen utilization by tissue is the product of AVSD and blood flow.14 Blood flow is 

heavily dependent on the vascular diameters. It is known that the A-V transit time is 

increased and vascular diameters are decreased in RP, thus resulting in very low volume 

of blood flow. Hence, for a given amount of oxygen extraction, the AVSD would increase 

if the blood flow decreases. This is accompanied by a decreased choroidal blood flow 

in RP.8 We could possibly imply that even though tissue atrophy and death would cause 

lower oxygen demand, in view of the fall in blood flow, AVSD would have to increase to 

adequately meet the demands of the residual functioning retina. In addition, hypoxic 

tissue would extract more oxygen per unit volume of blood.10 This could possibly 

explain the increased AVSD seen in the RP group in our study. 

An alteration in oxygen saturation profiles was seen in all quadrants in the RP group 

but mainly in the infero-temporal quadrant in the macular group. The lower saturations 

in the infero-temporal venules in normative individuals has been attributed to its 

anatomic location in relationship to the optic disc.18 In macular dystrophies, it stands to 

reason that the macular blood supply is the most affected compared to those with RP, 

thus contributing to the altered oxygen saturation profiles that we noted in the infero-

temporal quadrant. 

Our study is limited by the relatively small sample size we had in the macular dystrophy 

group. Another limitation was that the blood pressure was not measured, but it is 

assumed that there was no difference in blood pressure between those with retinal 

degeneration and age-matched controls, given the relatively young age of the subjects 

included in the study. The current approach of our study excludes vessels narrower than 

8 pixels or 74 micrometer, hence we cannot comment on vessels that were narrower 

than this cutoff and therefore not measurable. A correlation of oxygen saturation profiles 

with RNFL thickness could throw further light on the reasons for our observations. A 

correlation with electro-retinographic findings can in the future help us obtain a better 

correlation between oximetry values and disease severity.

This study represents the largest so far reported on retinal dystrophies and establishes 

the increase in arteriolar, venous saturations and AVSD increase. It is important to 

ascertain whether the hemodynamic observations are primary or secondary. If they are 

secondary, they will only help us establish severity; if primary they have a multitude 

of therapeutic implications. It has also been shown that the central defects progress 

slower with nilvadipine which is a calcium channel blocker.19 Magnesium, omega-3 fatty 

acids and fludrocortisone have all been hypothesized to help in the treatment of RP by 

altering the hemodynamic parameters.1 If the above methods prove to be effective, 
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retinal oximetry can be used as a non-invasive tool to identify potential patients who 

might benefit and subsequently monitor response to treatment. 
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Abstract
Stargardt disease (STGD) is the leading cause of juvenile macular degeneration associated 

with progressive central vision loss, photophobia and color vision abnormalities. In 

this study, we have described the clinical and genetic features of Stargardt patients 

from an Indian cohort. Next-generation sequencing was carried out in five clinically 

confirmed unrelated patients and their family members using a gene panel comprising 

184 specific genes. Sequencing results were analyzed by read mapping and variant 

calling in genes of interest, followed by their verification and interpretation. Genetic 

analysis revealed ABCA4 mutations in all of the five unrelated patients. Among these 

four patients were found with compound heterozygous mutations and other one 

had homozygous mutation. All the affected individuals showed signs and symptoms 

consistent with the disease phenotype. We report two novel ABCA4 mutations in Indian 

patients with STGD disease, which expands the existing spectrum of disease-causing 

variants and the understanding of phenotypic and genotypic correlations. Screening 

for causative mutations in patients with STGD using panel of targeted gene sequencing 

by NGS would be a cost effective tool, might be helpful in confirming the precise 

diagnosis, and contributes towards the genetic counseling of asymptomatic carriers 

and isolated patients. 
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Introduction
Stargardt disease (STGD: OMIM #248200/#600110) is an inherited genetic eye 

disease in which patients develop bilateral macular dystrophy leading to progressive 

loss of central vision in early childhood. It is the most common form of autosomal 

recessive juvenile macular dystrophy with a reported prevalence of 1:10000.1,2 The 

disease is characterized by loss of central vision, fundus flavimaculatus, mottling or 

atrophy of the retinal pigment epithelium (RPE), bull’s eye maculopathy, flecks in 

the macula, beaten-bronze macular appearance and cone-rod dysfunction.3 STGD is 

associated with accumulation of lipofuscin content in RPE cells, failure in removal of 

toxic substances and significant photoreceptor cell death. 4-6 So far, mutations have 

been reported in six candidate genes (ABCA4, ELOVL4, PROM1, PRPH2, and CRB1) 

in various forms of panretinal dystrophies with the possible phenotype of STGD1.7-

12 Mutations in ABCA4 gene are implicated in recessive STGD type I.13,14 ABCA4 is a 

large gene which consists of 50 exons located in chromosome 1p13.15 It is a member 

of the subfamily A of the ATP-binding cassette (ABC) transporters that is expressed 

in the retinal outer segments of cone and rod photoreceptor cells. This gene is 

involved in the transport and clearance of all-trans-retinal aldehyde, a by-product of 

the retinoid cycle of vision, and other essential molecules across the disc membrane 

into the cytoplasm.16-18 Defective ABCA4 leads to an accumulation of retinoids in the 

outer segment or the retinal pigment epithelium and non-homogenous slowing of 

retinoid cycle kinetics, as observed in earlier studies in STGD patients.13 In the animal 

model, ABCA4-knockout mice show deposition of lipofuscin-like substance in the RPE. 

Additionally, increased levels of lipofuscin components such as fluorescent diretinoid, 

A2E, diretinalpyridinium are also observed.19,20 Interestingly, knockout of RDH8 (retinol 

dehydrogenase 8) which conducts all-trans-retinal aldehyde metabolism together 

with ABCA4 showed the retinal degeneration in mice.21 Moreover, aged ABCA4 

knockout albino mice display a mild retinal degeneration.22 It is well known that 

ABCA4 mutations are heterogeneous and cause various forms of retinal dystrophies, 

which includes STGD, retinitis pigmentosa, age-related macular degeneration (AMD) 

and cone-rod dystrophy.12, 23-26 In this study, we describe novel and reported ABCA4 

gene variants and associated phenotypes in Indian patients with STGD. 
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Methods
Study Subjects and Clinical Ascertainment

Five clinically confirmed unrelated patients with Stargardt disease and their available 

family members were enrolled for genetic analysis. Study subjects underwent a 

complete ophthalmic examination including measurement of visual acuity, intraocular 

pressure, slit lamp biomicroscopy, detailed fundus examination, fundus photography, 

fundus autofluorescence (FAF), spectral domain optical coherence tomography (SD-

OCT) and full field electroretinography (ERG). Fifty normal controls without any history 

of eye diseases were included. This study adhered to the tenets of Declaration of Helsinki 

and was approved by the institutional ethical committee (IEC). Informed consent was 

obtained from all subjects for the study and publication of their data.

DNA Extraction

Five ml of peripheral blood samples were obtained from all subjects in EDTA coated 

vacutainers. Total genomic DNA was extracted using the salt precipitation method 

described previously.27 Agarose gel electrophoresis was done to examine the integrity 

of genomic DNA.

Sample Preparation

Fifty nanogram of Qubit quantified DNA was used for library preparation using the 

Illumina Nextera protocol as per the manufacturer’s instructions. This protocol uses 

transposon-based shearing of genomic DNA and allows the DNA to be “tagmented”, i.e., 

fragmented and tagged simultaneously in the same tube. Limited cycle PCR was carried 

out to incorporate adaptors and sample specific barcodes to prepare the sample library. 

The tagged and amplified sample library was checked for quality using BioAnalyzer 

(Agilent, USA) and quantified.

Target Enrichment and Exome Sequencing

Approximately 500 nanogram of library was used for enrichment, involving two 

successive hybridization steps with target specific biotinylated probes. These probes 

were targeted at the exons of 184 genes with previously known pathogenic variations 

associated with multiple eye disorders. Bound DNA was pulled down using streptavidin 

beads. The target library was amplified using limited cycles of PCR. 6-10 pM of the 

enriched library was loaded for sequencing on to a MiSeq sequencer (Illumina, USA) 
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using a standard v2 kit. 

Data Analysis

ALIGNMENT: The trimmed fastq files were generated using MiSeq Reporter from 

Illumina. The reads were aligned against the whole genome hg19 build using Strand 

NGS v1.6 (Strand Life Sciences) after trimming at least 1 bp at the 3’ end and any others 

with quality below 10. Reads, which had length less than 25 bp after trimming, were 

not considered for alignment. A maximum of 5 matches of alignment score at least 

90% were computed. The reads were realigned using the local realignment tool in 

Strand NGS. Reads that failed vendor QC, reads with average quality less than 20, 

reads with ambiguous characters, and translocated and single-mate flip reads were 

all filtered out.

VARIANT CALLING: The Strand NGS variant caller was used to detect variants at 

locations in the target regions covered by a minimum of 10 reads with at least 

2 variants reads. Variants with a decibel score of at least 50 were reported. Results 

were further compared with the dbSNP138 to identify novel variations. The potential 

deleterious effect of variants were determined by using various insilico prediction 

algorithms (PolyPhen, SIFT, Mutation Taster. PhyloP, LRT GERP++RS). 

VARIANT INTERPRETATION: Variants were then imported into Strandomics v1.0 

(Strand Life Sciences) for annotation, prioritization, and reporting based on ACMG 

guidelines. Six known genes (ABCA4, CNGB3, CRB1, ELOVL4, PROM1, PRPH2) for STGD 

were included for interpretation.

Validation of ABCA4 mutations

The potential ABCA4 variations were revalidated in all the affected individuals and 

in the available unaffected family members as well as 50 unrelated normal controls 

using polymerase chain reaction (PCR) and Sanger sequencing. ABCA4 coding exons 

(5, 17, 19, 35, 42, 46, and 47) and their flanking splice junctions were PCR amplified 

using the primers reported previously.28 PCR amplicons were sequenced on a 3730xl 

DNA Sequencing Analyzer (Life Technologies). Sequencing results were analyzed 

in FinchTV software (Geospiza, Seattle, WA, USA) and compared with the reference 

databases (NM_000350, ENSEMBL, and ENST00000370225).
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Resul ts
Genetic analysis was performed on a group of five unrelated patients with clinical 

findings of STGD (Figure 1). In this study, we performed NGS analysis in a panel of 184 

genes encompassing multiple eye disorders including Stargardt disease. However the 

data analysis was performed for six known Stargardt related genes (ABCA4, ELOVL4, 

CNGB3, PROM1, PRPH2, and CRB1). This genetic analysis revealed a total of five mutations 

in the ABCA4 gene. One of these was a previously reported homozygous mutation 

(p.Arg2149X) with two asymptomatic heterozygous carriers in a five generation 

consanguineous family. Two novel heterozygous mutations, p. Phe191Valfs42 and 

p.Tyr872X, were identified in two different patients along with previously reported 

heterozygous mutations (p.Gly172Ser, p.Gly1961Glu, resp.), resulting in a compound 

heterozygous state (p.Phe191Valfs42/p.Gly172Ser and p.Tyr872X/p.Gly1961Glu). In 

addition, previously reported compound heterozygous mutations (p.Arg1640Trp/p.

Gly1961Glu) and a previously reported homozygous mutation (p.Thr971Asn) were 

found in two isolated cases. There are no pathogenic mutations that were identified 

in other candidate genes associated with STGD. The clinical features of the patients are 

described in Table 1. We also found nonpathogenic reported polymorphisms (SNPs) in 

the Stargardt related genes (ABCA4, ELOVL4, CNGB3, PROM1, PRPH2, and CRB1), which 

are listed in Table 2.
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FIGURE 1. 

(a): In Family SG-01 patient II:1 had a (p.Arg1640Trp) and (p.Gly1961Glu) compound heterozygous mutation. (b): In 

Family SG-02, the patient_II:1 had novel (p.Phe191Valfs42) and reported p.Gly172Ser mutation. (c): In Family SG-

03, the affected individual had a homozygous mutation (p.Thr971Asn) mutation. (d): Patient (II:1) from family SG-

04_II:1 had a novel stop codon (p.Tyr872X) and (p.Gly1961Glu) mutation.(e): Patient (V:1) from a five-generation 

Indian family (SG-05) had a reported homozygous mutation (p.Arg2149X) in ABCA4. The asterisk denotes the 

individuals were included for the genetic analysis. Arrows indicate the proband in each family.
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TABLE 1. 

Clinical features of STGD patients with ABCA4 mutations

Family Id Age/Sex
BCVA Refraction

Fundus FAF SD-OCT Full-field 
ERGRE LE RE  LE

SG-01_II:1 27/M
6/60, 

N8
6/36, 

N8
-2.5 DS -2. 75 DS

Macular atrophy, 
No flecks

Hypo AF 
surrounded 
by ring of 
hyper AF

IS/OS 
loss

Normal

SG-02_II:1 31/M
6/60, 
N34

4/60, 
N36

0 0
Macular atrophy, 

macular flecks

Hypo AF 
surrounded 

by hyper 
and hypo 
AF flecks

IS/OS 
loss

Normal

SG-03_II:1 22/M
6/60, 
N18

6/45, 
N18

-1.25 DS/ 
-1.00 DC 

900

-1.50 DS/ 
-0.50 DC 200

Macular atrophy, 
extensive flecks

Hypo AF 
surrounded 

by hyper 
and hypo 
AF flecks

IS/OS 
loss

Rod-cone 
dysfunction

SG-04_II:1 26/M
6/38, 
N12

6/38, 
N12

-1.00 DS/-
0.5 DC 700

-1.50 DS
Macular atrophy, 

No flecks
Hypo AF 

surrounded
IS/OS 
loss

Normal

SG-05_V:1 16/F
6/60, 
N12

6/38, 
N12

+0.5 DS/-
0.75 DC 50

+0.5 DS/-
0.75 DC 1700

Macular atrophy, 
temporal pallor of 

optic disc

Hypo AF 
surrounded 
by hyper AF 

flecks

IS/OS 
loss

Cone-rod 
dysfunction

BCVA: best corrected visual acuity, RE: right eye, LE:left eye, BE: both eyes, IOP: intraocular pressure, PR: photoreceptors, 
AF: autofluorescent, SD-OCT: Spectral domain optical coherence tomography, FAF: fundus autofluorescence, ERG: 
electroretinography. IS/OS: inner segment/outer segment layer, NA: Not available
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TABLE 2. 

List of nonpathogenic variations identified in patients with STGD by NGS analysis.

Gene Patient ID:
SG-01_II:1

Patient ID: 
SG-02_II:1

Patient ID: 
SG-03_II:1

Patient ID: 
SG-04_II:1

Patient ID: 
SG-05_II:1

Variation 
identified

SNP ID
Variation

 identified
SNP ID

Variation 
identified

SNP ID
Variation 
identified

SNP ID
Variation 
identified

SNP ID

ABCA4

c.5844A>G rs2275029 c.6006-16G>A rs4147863 c.5844A>G rs2275029 c.6006-16G>A rs4147863 c.302+26A>G rs2297634

c.30226A>G rs2297634 c.302+26A>G rs2297634 c.302+26A>G rs2297634 c.1240-14C>T rs4147830 c.-1086A>C rs2151846

c.1240-14C>T rs4147830 c.5682G>C rs1801574 c.5682G>C rs1801574 c.1269C>T rs4147831 c.-900A>T rs3789452

c.6729+21C>T rs1800699 c.6729+21C>T rs1800699 c.6285T>C rs1801555 c.5682G>C rs1801574
c.4774-17_

4774-16delGT
rs199797077

c.6285T>C rs1801555 c.6285T>C rs1801555 c.6006-16G>A rs4147863 c.5715-25A>C rs4147856

c.6006-16G>A rs4147863 c.5715-25A>C rs4147856 c.5715-25A>C rs4147856 c.6729+21C>T rs1800699

c.5603A>T rs1801466 c.5844A>G rs2275029 c.5836-11G>A rs1800739 c.6285T>C rs1801555

c.5836-11G>A rs1800739 c.5836-11G>A rs1800739 c.5814A>G rs4147857 c.5814A>G rs4147857

c.5814A>G rs4147857 c.5814A>G rs4147857 c.-1086A>C rs2151846 c.5844A>G rs2275029

c.5715-25A>C rs4147856 c.2918+942C>T rs3789398 c.-900A>T rs3789452 c.5836-11G>A rs1800739

c.5682G>C rs1801574 c.-1086A>C rs2151846

c.2918+942C>T rs3789398 c.-900A>T rs3789452

c.-1086A>C rs2151846 c.5196+899C>T rs145838948

c.4774-17_
4774-16delGT

rs199797077

CRB1 c.964+475dupT rs77569447 c.-149delA rs369741574 c.-149delA rs369741574 c.964+475dupT rs77569447 c.964+475dupT rs77569447

c.964+475dupT rs77569447 c.964+475dupT rs77569447 c.3934-92G>T rs1135810

c.2470-18A>G rs7534863 c.2470-18A>G rs7534863 c.2470-18A>G rs7534863

c.3934-92G>T rs1135810 c.3934-92G>T rs1135810

CNGB3 c.2264A>G rs3735972 c.494-11delT rs36008065 c.-100T>A rs62622781 c.494-11dupT rs36008065 c.494-11dupT rs36008065

c.-580_-579delCA rs138187783 c.-100T>A rs62622781 c.-596G>T rs10956955 c.-596G>T rs10956955

c.494-11delT rs36008065

c.2214A>G rs3735970

PROM1 c.2347-4dupC rs34269395 c.2254-6C>G rs3815344 c.2347-4dupC rs34269395 c.303+6G>A rs2078622 c.2347-6T>C rs6449209

c.2462+159dupT rs3841512 c.2347-4dupC rs34269395 c.759G>A rs22866455 c.2486+3676G>C rs3796859

c.303+6G>A rs2078622 c.2462+159dupT rs3841512 c.2486+3681T>G rs3796860

c.1956+14G>A rs4698436 c.303+6G>A rs2078622

PRPH2 c.*13C>T rs361524 c.910C>G rs361524 c.*13C>T rs361524 C.*13C>T rs361524

ELOVL4 c.895A>G rs3812153 c.-90G>C rs62407622

c.800T>C rs148594713 c.-90G>C rs62407622 c.895A>G rs3812153 c.-90G>C rs62407622
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A. (SG-01_II:1): A & D show the fundus photos of 
the right and left eye. Note the atrophic macular 
lesions at the macula (black arrows). B & E show 
the corresponding fundus autofluorescence. Note 
the central area of hypo-autofluorescence with a 
surrounding ring of hyper-autofluorescence (white 
arrows). C & F shows the foveal thinning (blue 
arrows) and the loss of photoreceptors and the 
external limiting membrane (red arrows).

A. SG-01_II:1

FIGURE 2. 

Clinical features of Stargardt patients with ABCA4 mutations

C. (SG-03_II:1): A & D show the fundus photo of 
the right and left eye. Note the central atrophic 
macula (black arrows) and the extensive flecks seen 
throughout the posterior pole. B & E - FAF shows the 
corresponding area of central hypo-autofluorescence 
(white arrow) surrounded by an area of hyper-
autofluorescence. Note the hyper and hypo 
autofluorescence of flecks on FAF. C & E SD-OCT shows 
the central foveal thinning (blue arrow) and the loss 
of photoreceptors centrally (red arrows).

C. SG-03_II:1

D.  (SG-04_II:1): A & C show the fundus photos of 
the right and left eye. Note the atrophic lesions at 
the macula (black arrows). B & D shows the foveal 
thinning (blue arrows) and the loss of photoreceptors 
and the external limiting membrane (red arrows)

D. SG-04_II:1

E. (SG-04_V:1): A & D show the fundus photos of the 
right and left eye. Note the central atrophic macula 
(black arrows) and the extensive flecks seen throughout 
the posterior pole. B & E - FAF shows the corresponding 
area of central hypo-autofluorescence (white arrow). 
Note the hyper-autofluorescencent flecks (yellow 
arrows) that are not clear on the fundus pictures. C & E- 
SD-OCT shows the central foveal thinning (blue arrow) 
and the extensive loss of photoreceptors (red arrows). 

E. SG-05_II:1

B. SG-02_II:1
B. (SG-02_II:1): A & D show the fundus photos of the 
right and left eye. Note the atrophic lesions at the 
macula (black arrows) and the flecks (yellow arrows). 
B & E show the corresponding fundus autofluorescence. 
Note the central area of hypo-autofluorescence with 
a surrounding ring of hyper-autofluorescence (white 
arrows). The yellow arrow corresponds to the flecks on 
FAF. C & F shows the foveal thinning (blue arrows) and 
the loss of photoreceptors and the external limiting 
membrane (red arrows).
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A and B show the comparison of sequence chromatograms of two patients (SG-02 II:1, SG-04_II:1) and the normal 
controls. Arrows indicate the positions of nucleotides change

FIGURE 3. 

Sequencing analysis of two patients with novel ABCA4 mutations

B.A.
T    C   A    A    G    T     C     C    G     T   C     C    A    G     A   G    C    A    G     G   T    A    G     G     G    G    G    A   T    G     T   C     A

P                       L                        P                      W                      Y                      F                        L                        L                  Q

Control                                                          Exon-5               Intron
C      C     A      C       T       T       C      C      T       T     G      G      T     A    C       T       T      T      C        T       T     C      T    A     C    A     A

Control                                                              Exon-17

G>A

T    C   A    A    G    T     C     C    G     T   C     C   A   G     A   G    C    A    G     G   T    A    G     G     G    G    G    A   T    G     T   C     A
Q                   V                  R                  P                  E                Q

Patient

SG-02_II:I                      c.570+1G>A    Exon-5               Intron

Patient

SG-04 _II:I                       c.2616C>G          Exon-17
C      C     A      C       T       T       C      C      T        T     G      G       T     A    C       T       T      T      C        T       T     C      T    A     C    A     A

P                       L                        P                        W                     X                       F                        L                        L                  Q
SEEP CODEX

C>G

3.1 Family: SG-01.Patient (II:1) was a 27-year old male from non-consanguineous 

parents with progressive decrease of vision in both eyes (Figure 1(a)). His best-

corrected visual acuity was 6/60, 6/36 in the right eye (RE) and left eye (LE) respectively. 

Anterior segment examination and the intra ocular pressure (IOP) in both eyes were 

normal. Fundus showed an appearance of bull’s eye maculopathy in both eyes. 

There were no visible flecks. Fundus autofluorescence (FAF) showed an area of 

hypoautofluorescence corresponding to the atrophic macula surrounded by a ring of 

hyperautofluorescence (Figure 2(a)). The ring of hyperautofluorescence corresponds 

to the lipofuscin-laden RPE cells while the central hypofluorescent area corresponds 

to an area where there is complete RPE atrophy. Full field electroretinography of both 

eyes was normal suggestive of group 1 STGD. SD-OCT of both eyes showed a central 

area of photoreceptor loss corresponding to the atrophy seen on the fundus and 

FAF (Figure 2(a)). Genetic analysis in patient (II:1) revealed two previously reported 

missense mutations, c.4918C>T (p.Arg1640Trp) and c.5882G>A (p.Gly1961Glu), in 

compound heterozygous state in the ABCA4 gene. These compound heterozygous 

missense mutations were not present in 50 unrelated normal controls. The parents 

(I:1, I:2) were clinically normal and did not consent to genetic analysis 
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3.2 Family: SG-02 Patient (II:1) in the second family was a 31-year old male with 

complaints of blurred vision for distance since the age of 20 years. He was the first 

sibling of non-consanguineous parents (Figure 1(b)). His BCVA was 6/60, N24 in the 

RE and 4/60, N36 in the LE respectively. Fundus examination of both eyes showed 

a central atrophic lesion with flecks restricted to the macula (Figure 2(b)). Anterior 

segment examination and the IOP were normal in both eyes. The central lesion was 

hypoautofluorescent on FAF corresponding to the area of RPE atrophy surrounded 

by hypo- and hyperfluorescent flecks. SD-OCT showed an area of photoreceptor loss 

corresponding to macular atrophy (Figure 2(b)). Full field ERG of both eyes were normal 

suggestive of group 1 STGD. Genetic analysis showed two mutations c.570+1G>A and 

c.514G>A (p.Gly172Ser) in compound heterozygote state. These mutations were not 

observed in 50 unrelated controls. The nucleotide change c.570+1G>A was a novel 

essential splice site mutation predicted to result in a frameshift at Phe 191. As a result, 

there would be a replacement of phenylalanine with valine followed by termination 

after 42 amino acids (p.Phe191Valfs42) (Figure3 (a)). The proband’s parents were 

clinically normal and not tested for this mutation. The proband’s brother (II:2) was 

normal on ophthalmic examination. Genetic screening revealed he was carrying only 

the p.Gly172Ser mutation but missing the essential splice site mutation c.570+1G>A. 

3.3 Family: SG-03 The patient (II:1) in the third family was a 22-year old male who 

presented with difficulties in night vision and blurred vision for distance since the age 

of 10. He was the only child of nonconsanguineous parents (Figure1 (c)). His BCVA was 

6/60, N18 in the RE and 6/45, N18 in the LE respectively. Slit-lamp examination of the 

anterior segment revealed no abnormalities in both eyes with normal IOP. Fundus 

examination of both eyes showed an atrophic macula with retinal flecks (Figure2 (c)). 

FAF showed a central area of hypoautofluorescence corresponding to the atrophic 

macula and areas of multiple hyperautofluorescence corresponding to the flecks. SD-

OCT of both eyes showed foveal thinning with extensive loss of photoreceptors (Figure2 

(c)). The full field ERG of both eyes showed rod-cone dysfunction suggestive of group 

3 STGD. Genetic analysis of patient (II:1) showed a previously reported homozygous 

mutation c.2912C>A (p.Thr971Asn) in ABCA4 gene that was not present in 50 unrelated 

healthy controls analyzed. His parents were normal on ophthalmic examination. We 

were unable to examine the segregation of this mutation in the parents.

3.4 Family: SG-04 The patient (II:1) in the fourth family was a 26-year old male with loss 

of central vision. He was the only child of nonconsanguineous parents (Figure 1 (d)). His 

BCVA was 6/38, N12 in both eyes. Fundus of both eyes showed atrophic macular lesions 
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(Figure 2(d)). Anterior segment examination and the IOP in both eyes were normal. 

There were no flecks, FAF showed central hypoautofluorescence corresponding to the 

central macular lesion. SD-OCT showed central loss of photoreceptors corresponding 

to the macular atrophy (Figure 2(d)). Full field ERG of both eyes was normal suggestive of 

group 1 disease. Genetic analysis of patient (II:1) revealed a novel mutation c.2616C>G 

(p.Tyr872X) and a previously reported mutation c.5882G>A (p.Gly1961Glu) occurring 

in a compound heterozygous state in the ABCA4 gene (Figure 3(b)). His unaffected 

mother (I:1) harbored only one heterozygous variant (p.Gly1961Glu) in ABCA4. His 

father (I:2) was clinically normal and was not included for genetic testing. These 

compound heterozygous mutations were not present in the 50 normal controls.

3.5 Family: SG-05 We identified a 12-year old girl (V:1) from a five-generation Indian 

family with the characteristic features of STGD. (Figure 1(e)). She presented with 

inability to see the letters on the classroom board since the age of 8 years. She was the 

first child of a consanguineous marriage. Her BCVA was 6/60, N12 and 6/38, N12 in the 

RE and LE respectively on the Snellen’s chart. Slit lamp examination showed normal 

anterior segment and IOP in both eyes. Fundus examination of both eyes showed 

mild temporal pallor of the optic nerves with an atrophic macula (Figure 2(e)). FAF of 

both eyes showed an area of hypoautofluorescence corresponding to the atrophic 

macula with multiple hyperautofluorescent areas corresponding to flecks. SD-OCT of 

both eyes showed foveal thinning with extensive photoreceptor loss. Full field ERG in 

both eyes showed a cone-rod dysfunction suggestive of group 2 STGD (Figure 2(e)). 

The parents and sibling were clinically normal. Genetic analysis of the patient (V:1) 

showed a previously reported homozygous change c.6445C>T (p.Arg2149X) in the 

ABCA4 gene. Her unaffected parents (IV:1, IV:2) were both heterozygous for the same 

mutation (p.Arg2149X) showing an asymptomatic carrier status. This mutation was 

not present in 50 unrelated controls.

Discuss ion
Mutational screening for Stargardt patients has not been described in detail in Indian 

patients earlier. An appreciation of the genetic basis is important for understanding the 

biology of the disease. In this study, we report five mutations in the ABCA4 gene, two 

of which have not been previously reported, and we determine the clinical phenotype 

associated with these genotypes in five unrelated patients with STGD. Mutations in 

ABCA4 gene are the most common causes of STGD in inherited as well as sporadic 

cases. Several pathogenic mutations in ABCA4 have been reported in various ethnic 
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backgrounds of STGD and documented in the HGMD (http://www.biobase-international.

com/product/hgmd) and dbSNP databases (http://www.ncbi.nlm.nih.gov/SNP/). Apart 

from STGD, ABCA4 mutations have also been reported in other ocular disorders including 

cone-rod dystrophy,29 and autosomal recessive retinitis pigmentosa.25 

The patient (SG-01_II:1) carries two pathogenic missense mutations p.Gly1961Glu and 

p.Arg1640Trp, both well-known disease-causing mutations in STGD. p.Gly1961Glu has 

been reported most frequently in Caucasian and Spanish patients with STGD,30,31 in 11 

probands who exhibited compound heterozygosity with other missense variations in 

ABCA4.17 p.Arg1640Trp was identified in a compound heterozygous Stargardt patient 

who harbored this variant along with p.Gly863Ala and p.Trp1408Arg. In vitro functional 

analysis showed a synergistic effect of the variants (p.Arg1640Trp and p.Trp1408Arg) in 

causing a severe reduction in ABCA4 protein expression.32 The p.Gly1961Glu variation 

has been associated with a milder STGD phenotype; this is consistent with our findings 

that the patient had a normal full-field ERG with no evidence of either cone or rod 

dysfunction. The fundus appearance in this patient was similar to the phenotype 

described previously in individuals carrying the variant p.Arg1640Trp.23 

Another compound heterozygous mutation (p.Phe191Valfs42 /p.Gly172Ser) was 

found in the patient (SG-02_II:1) with typical signs of atrophic macula and paramacular 

flecks in both eyes. The missense amino acid substitution p.Gly172Ser was previously 

identified in STGD probands from South African and Italian cohorts.33,34 The novel 

essential splice site mutation c.570+1G>A (p.Phe191Valfs42) is predicted to cause 

mis-splicing of the gene, resulting in a frameshift and subsequent truncation in the 

protein. A neighboring mutation c.570G>C (p.Gln190His) has previously been reported 

in compound heterozygous state along with p.Gly1961Glu in a patient with STGD.14

We found a homozygous missense mutation (p.Thr971Asn) in a patient (SG-03_II:1) 

with a severe phenotype of STGD (atrophic macula, extensive flecks and rod-cone 

dysfunction on ERG). We could not check for p.Thr971Asn in the parents, who were 

possibly asymptomatic carriers. This missense change (p.Thr971Asn) has been 

previously observed in a STGD patient but not in any of the 96 healthy control individuals 

investigated in that study.35 The mutation alters a residue within the Walker A ATP 

binding motif (residues 963-970), adjacent to the NBD1 domain, which is located in a 

highly conserved region. It has been reported that the NBD1 domain is responsible for 

basal ATPase activity.36 Moreover, it has been shown that the variant p.Thr971Asn leads 

to reduced ATP-binding capacity and abolishes retinal-stimulated ATP hydrolysis.37 
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Patient (SG-04_II:1) had a compound heterozygous change (p.Tyr872X, p.Gly1961Glu) 

and his unaffected mother harbored only one heterozygous variant (p.Gly1961Glu) 

in the ABCA4 gene. It is well known that p.Gly1961Glu is found in compound 

heterozygous state along with another pathogenic variant in STGD.17 The truncating 

mutation p.Tyr872X has not been previously reported. It is found in the topological 

domain of the ABCA4 chain and leads to premature truncation after 872 amino acids, 

which is likely to be non functional and would be degraded or not be translated. 

Interestingly, nearby nonsense mutations in ABCA4, for example, p.Ser878X, has been 

identified in a Chinese patient with STGD.38 

Another homozygous mutation (p.Arg2149X) was identified in the young girl 

(SG-05_V:1) from a consanguineous family with a severe phenotype of STGD. 

Interestingly, a compound heterozygous combination of p.Arg2149X and another 

variant IVS45+1G>C has been found in patients who displayed an extensive atrophic 

appearance of the RPE and abnormal responses from rods and cones.39 This mutation 

(p.Arg2149X) leads to a predicted truncated protein in ABC transporter 2 domain 

in ABCA4 and has been previously described in STGD patients from Japanese and 

Caucasian origins.40,41 There are very few reports describing the variants in CNGB3, 

PROM1, PRPH2,ELOVL4 and CRB1 were associated with rare cause of Stargardt or 

Stargardt-like disease phenotypes. 8, 10-12 Our results suggest that ABCA4 pathogenic 

mutations might be a major cause in Indian patients with STGD, it has been reported 

in other ethnic groups as well. 31, 33, 34, 40, 42, 43 In this study we found the most frequent 

ABCA4 mutation p.G1961E in two unrelated STGD patients, it has been reported 

in patients from African American and European ancestry with the frequencies of 

2% and 11% respectively. 44, 45 Recently, the different stages of an ‘optical gap’ have 

been described on the SD-OCT in patients with p.G1961E mutations.46 Stage 1 was 

characterized by mild disruption of the ellipsoid zone over the fovea, while stage 2 

showed a progressive loss resulting in an apparent ‘optical gap’ on the OCT. Stage 3 

showing a collapse of this zone associated with RPE atrophy. In our study cohort, the 

patients SG-01_II:1 and SG-04_II:1 who carried a p.G1961E did not demonstrate any 

optical gap phenotype on the SD-OCT (Figures 2(a) and 2(d)), and exhibited complete 

loss of photoreceptors and RPE atrophy in the foveal region. 

Through our study, we showed the utilization of next generation sequencing in 

the precise molecular diagnosis of STGD and helping in clinical situation. However, 

a single candidate gene could not be selected for genetic analysis, since STGD is 

associated with variable clinical features can be caused by six other known genes. The 
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gold standard for identifying nucleotide changes is direct sequencing, but screening 

of genes like ABCA4 (large and consists of 50 exons) or other STGD related a gene is 

expensive and time-consuming. The panel of targeted gene sequencing by NGS might 

be a cost efficient tool, which enables the rapid sequencing of a large gene like ABCA4 

and multiple genes simultaneously in large cohorts of patients with STGD. This could 

be a conventional method for rapid determination of genotype-phenotype in STGD 

or Stargardt-like diseases and this method can routinely implemented in future gene 

therapy approaches in retinal dystrophies. Though we have suggested that performing 

clinical exome would give us an advantage of validating the clinical diagnosis, in our 

study cohort we identified nonambiguous STGD phenotype and had ABCA4 gene 

mutation out of half a dozen other genes. However, this may not be the case when 

others use the same methodology in their clinics, where there could be clinical and 

genetic heterogeneity and in such circumstances clinical exome could come in handy 

for the clinician47 in further management of the cases for focused genetic counseling 

and also in helping parents to make appropriate reproductive choices. 

In summary, we report here for the first time, two novel ABCA4 mutations from two 

unrelated STGD patients of Indian origin. Our genetic study on STGD patients has allowed 

better understanding of the significance of the mutational landscape in the ABCA4 

gene and may help in the genetic counseling of patients and asymptomatic carriers. The 

identified genetic variations and associated clinical phenotypes were consistent with 

other studies. We further confirm that screening of ABCA4 mutations in patients with 

STGD is essential for clinical management and future therapeutic approaches.
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Abstract

The neuronal ceroid-lipofuscinoses (NCL) is a group of neurodegenerative disorders 

characterized by epilepsy, visual failure, progressive mental and motor deterioration, 

myoclonus, dementia and reduced life expectancy. Classically, NCL-affected 

individuals have been classified into six categories, which have been mainly defined 

regarding the clinical onset of symptoms. However, some patients cannot be easily 

included in a specific group because of significant variation in the age of onset and 

disease progression. Molecular genetics has emerged in recent years as a useful 

tool for enhancing NCL subtype classification. Fourteen NCL genetic forms (CLN1 to 

CLN14) have been described to date. The variant late-infantile form of the disease has 

been linked to CLN5, CLN6, CLN7 (MFSD8) and CLN8 mutations. Despite advances 

in the diagnosis of neurodegenerative disorders mutations in these genes may 

cause similar phenotypes, which rends difficult accurate candidate gene selection 

for direct sequencing. Three siblings who were affected by variant late-infantile 

NCL are reported in the present study. We used whole-exome sequencing, direct 

sequencing and in silico approaches to identify the molecular basis of the disease. 

We identified the novel c.1219T.C (p.Trp407Arg) and c.1361T.C (p.Met454Thr) MFSD8 

pathogenic mutations. Our results highlighted next generation sequencing as a novel 

and powerful methodological approach for the rapid determination of the molecular 

diagnosis of NCL. They also provide information regarding the phenotypic and 

molecular spectrum of CLN7 disease. 
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Introduction

The neuronal ceroid-lipofuscinoses (NCL), also known as Batten Disease, is a group 

of neurodegenerative disorders which is characterised by the accumulation of 

autofluorescent storage positive material in the cytoplasm of neurons.1,2 This feature 

can also be found in other tissues, such as the skin and skeletal muscle.3 NCL is one 

of the most frequently inherited childhood onset neurodegenerative pathologies 

since its prevalence ranges from 1:100.000 to 1:1.000.000.2 From a clinical point of 

view, NCL patients suffer from epilepsy, visual failure, progressive mental and motor 

deterioration, myoclonus, dementia and reduced life expectancy.1 Classically, NCL-

affected individuals have been classified into six categories (congenital, infantile, late 

infantile, variant late infantile, juvenile and adult) which have been mainly defined 

regarding the clinical onset of symptoms.4 However, some patients cannot be easily 

included in a specific group because of significant variation in the age of onset and 

disease progression. Molecular genetics has emerged in recent years as a useful tool 

for enhancing NCL subtype classification. Fourteen NCL genetic forms (CLN1 to CLN14) 

have been described to date.2,5 More than 360 NCL aetiological mutations have been 

reported, most of which have been included in the NCL Mutation Database (http://

www.ucl.ac.uk/ncl/mutation).6

To date, the variant late infantile form of the disease has been linked to CLN5, CLN6, 

CLN7 and CLN8 mutations.2,7 The MFSD8 (CLN7) gene, which is located on chromosome 

4q28.1–q28.2, encodes for the MFSD8 (major facilitator superfamily domain-containing 

protein 8) protein.8 This factor belongs to the major facilitator superfamily (MFS) family 

of membrane transport proteins which are involved in transporting small solutes 

through cell membranes. It has been suggested that MFSD8 acts as a lysosomal 

transporter in eukaryotic cells. Although this protein is ubiquitously expressed, high 

transcript concentrations have been identified in specific brain locations, such as the 

cerebellar cortex and the hippocampus.9

More than 30 pathogenic sequence variants have been described so far inMFSD8, most 

being homozygous missense mutations (www.ucl.ac.uk/ncl/mutation).2 It has been 

proposed that this kind of mutations does not affect protein subcellular location but 

might produce disturbances regarding their functional properties6 (and references 

therein). Almost all MFSD8 mutations are isolated and some founder effects have been 

described.10 Despite advances in the diagnosis of neurodegenerative disorders, CLN7 
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disease remains clinically difficult to distinguish from other forms of late-infantile 

lipofuscinosis. Molecular testing thus constitutes an indispensable technique for 

establishing an accurate diagnosis and facilitating genetic counselling.

Three siblings who were affected by variant late-infantile NCL are reported in the present 

study. Whole-exome sequencing led to identify the novel c.1219T.C (p.Trp407Arg) and 

c.1361T.C (p.Met454Thr)MFSD8 pathogenic mutations and to define the clinical and 

molecular diagnosis precisely. These results highlighted next generation sequencing 

as a powerful methodological approach for the rapid determination of the molecular 

basis of NCL. They also provide information regarding the phenotypic and molecular 

spectrum of CLN7 disease.

Material and Methods
Patients
The patients (P1-IV:1, P2-IV:2 and P3-IV:4) and a non-affected son (C3-IV:3) were 

siblings who were attending Retina clinic at Narayana Nethralaya, (Bangalore, 

Karnataka, India), along with their parents (C1-III:6 and C2-III:7) (Figure 1A). This study 

was approved by the Universidad del Rosario’s and Narayana Nethralaya eye hospital’s 

Ethics Committees and was conducted in line with the Declaration of Helsinki. The 

parents gave their written informed consent and signed on behalf of their children. 

The patients’ parents were reported to be consanguineous. All three patients (P1, P2 

and P3) failed a school vision test at the age of 5–6 years and were referred for an eye 

check-up. All three children subsequently developed seizures and regression of motor 

milestones noted in the older two siblings.

P1 is a 14-year-old male child seen at the age of 5 years with rapid decrease in 

vision in both eyes. Vision at presentation was 6/90 (Snellen’s) in both eyes. Fundus 

examination showed severe optic disc pallor and arteriolar attenuation. A full field 

electroretinogram (ERG) showed severe rod-cone dysfunction. He developed seizures 

at the age of 7 years, and was noted to have progressive neurological illness in the 

form of recurrent myoclonic jerks and generalized tonic clonic seizures. There was 

a progressive cognitive decline and visual impairment. Last examination showed 

vision of perception of light (PL) in both eyes. Currently, he is completely bed-

bound with very poor vision and uncontrolled seizures on multiple anticonvulsants. 

Electroneuromyogram done on the upper limbs showed bilateral CPN axonal 

neuropathy. MRI brain was not available for this patient.
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FIGURE 1. 

A) Pedigree of the NCL family. Black symbols refer to affected individuals. Half-black symbols into third and fourth 

generation individuals symbols (III:6, III:7, IV:3) represents the MFSD8 c.1219T.C and c.1361T.C mutations at 

heterozygous state.B) Brain magnetic resonance imaging (T2-FLAIR image, axial section) of patient (P3) showing 

mild cerebral atrophy.doi:10.1371/journal.pone.0109576.g001
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P2 is a 12-year-old male who was referred since he failed a school vision examination at 

the age of 6 years. He had useful vision at birth. Examination showed a visual acuity of 

2/60 in both eyes. Fundus showed bilateral pale optic discs, severe arteriolar attenuation 

with diffuse pigment mottling throughout the fundus and few bony spicules. Spectral-

domain optical coherence tomography (SD-OCT) showed diffuse loss of photoreceptors. 

Full field ERG showed severe attenuation of the rod and cone responses. He developed 

seizures at the age of 7 years with a regression of motor milestones. When examined 

last (at the age of 12 years), his vision was PL in both eyes. He had slurred speech with 

difficulty in walking and needed assistance. Neurological examination showed ataxia 

with brisk reflexes in both upper and lower limbs. MRI brain showed diffuse cerebral and 

cerebellar atrophy with normal thalamus (Figure 1B). Electroencephalogram revealed a 

normal background and generalised spikes, polyspike and wave activity. 

P3 is an 8-year-old female child who first presented at the age of 5 years with visual 

failure in both eyes. Examination showed visual acuity of counting fingers close to face 

in the right eye (RE) and 6/90 on Snellen’s chart in the left eye (LE). Fundus showed 
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bilateral optic disc pallor with severe arteriolar attenuation and diffuse pigment 

mottling. SD-OCT showed severe loss of photoreceptors and foveal thinning. A full 

field ERG showed severe rod-cone dysfunction. The child developed seizures at the 

age of 6 years. MRI brain showed mild cerebral atrophy, normal cerebellum and 

thalamus. On last examination, vision was PL in both eyes, her seizures were under 

control with medications. The unaffected sibling (C3) and his parents (C1 and C2) had 

normal vision, normal fundus examination and no seizures.

Exome Capture and High-throughput Sequencing
DNA from the parents and three of the children (P2, P3 and C3) was extracted from 

blood lymphocytes, using standard procedures. DNA samples could not be obtained 

from P1. The P2, P3 and C3 samples were subjected to whole-exome sequencing. This 

involved 3.5 micrograms of each sample being made up to 100 ul with TE and sonicated 

to fragment DNA into sizes ranging from 100 bp to 200 bp (Covaris). Such fragmented 

DNA was cleaned up using Agencourt AMPure XP beads (Beckman Coulter). Size 

distribution was checked by running an aliquot of the sample on an Agilent High 

Sensitivity Bioanalyzer chip. Genomic DNA libraries were then constructed using 

Ion TargetSeq Exome Enrichment for the Ion Proton System (Part # MAN0006730, 

revision 5.0). End-repair and adapter ligation were done according to established 

protocol (Ion plus fragment library kit # 4471252). The samples were cleaned using 

Ampure XP beads. The samples were size-selected on gel at 200 bp and eluted using 

MinElute columns. Adaptor-ligated fragments were enriched by PCR amplification. 

The prepared libraries were pooled in equal amounts (167 ng each) and concentrated 

using a vacuum concentrator to give ~500 ng. The library fragments were captured 

in solution using ~2 million TargetSeq capture probes, producing biotinylated oligos 

ranging in size from ~50 bases to ~120 bases (470C for 66 hours). Hybridisation 

specificity was ensured by using blocker DNA sequences (Human Cot-1 DNAR Fluor 

QC and Ion TargetSeq Blockers). Bound DNA was isolated using M 270 streptavidin-

coated DynabeadsR paramagnetic beads and then amplified and purified. An aliquot 

of the captured library was run on an Agilent High Sensitivity Bioanalyzer Chip. Real 

time PCR validation involved using pre- and post-capture libraries for observing 

capture efficiency. The purified, exome-enriched library was then used to prepare 

a template on particles for preparing enriched, template-positive Ion PI ion sphere 

particles (ISPs) for sequencing on an Ion PI chip to obtain the necessary data coverage.
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Reference Genome and RefSeq Database
The human reference genome GRCh37/hg19 was used for mapping exome-sequencing 

(Exome-Seq). The sequence database downloaded from the Ion Torrent reference 

website (http://updates.iontorrent.com/reference/hg19.zip) was used as our gene model 

and for determining amino acid substitutions.

Exome-Seq Processing - Read Mapping, Variant Calling and 
Effect Determination
Raw data (which is available upon request) was obtained from the Ion Proton sequencer 

and Ion Suite was used for checking data quality and filtering. The high quality filtered 

data was aligned with the human reference genome and variants were named using Ion 

Reporter v1.6 (Ion Suite). Variations (vcf file) were then transferred to a local Linux machine. 

The filtered variations were annotated, based on their function (e.g. synonymous, non-

synonymous) and their potential effect by using Ingenuity software plugin within the Ion 

Reporter. The results were further compared with the dbSNP database NCBI version db 

137. This result helped to identify novel variations and identify their effect. Finally, the 

annotated variations were further reviewed manually. Genotypic Technology (Bangalore, 

Karnataka, India) did the exome sequencing and primary data analysis. The complete 

filtered data has been included as Tables S1, S2 and S3.

MFSD8 Direct Sequencing and in Silico Analysis
The MFSD8 exon 12 encoding sequence (ENST00000296468) was amplified by PCR in all 

available DNA samples from the family members using exon-flanking oligonucleotides. 

Amplicons were purified using shrimp alkaline phosphatase and exonuclease I, and 

sequenced with internal primers using Sanger sequencing method (primer sequences 

and PCR conditions are available on request). ClustalW software was used for aligning the 

human MFSD8 wild type sequence (Uniprot ID: Q8NHS3) with those from the following 

vertebrate species:Pan troglodytes (H2QQ56), Mus musculus (Q8BH31), Bos taurus 

(E1BPY5), Xenopus laevis (Q6GPQ3) andDanio rerio (Q0VA82). SIFT (http://sift.bii.a-star. 

edu.sg/) and PolyPhen2 (http://genetics.bwh.harvard.edu/pph2/) software was used for 

ascertaining potential deleterious effects caused by the p.Trp407Arg and p.Met454Thr  

mutations. Briefly, PolyPhen2 and SIFT prediction values resulted from algorithms 

which included protein characteristics such as comparative analysis of sequences from 

different species and exchanged amino acids’ physicochemical characteristics. SIFT 

values lower than 0.06 were considered potentially pathogenic. PolyPhen2 results were 
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assessed as being probably damaging (more confident prediction), possibly damaging 

(less confident prediction) or benign (non-pathogenic). The Amino Acid Mutation 

Stability Prediction Server MUpro (version 1.0, http://mupro.proteomics.ics.uci.edu/) 

was used to study potential MFSD8 stability mpairment due to the p.Trp407Arg and 

p.Met454Thr mutations.11

Results

Whole-Exome Sequencing
Whole-exome sequencing produced ~3.4GB data for 3 samples for each individual 

as single-end, having 113 bp mean read length and about 76% (50 Mb in length) 

of the targeted bases were covered at ~44 average read depth which sufficiently 

passed our thresholds for calling SNPs and short insertions or deletions (indels). Bases 

having quality scores above 20 (99% accuracy regarding a base call) represented over 

80%–82% of total sequence data. NGS data filtering revealed that P2 and P4 shared 

2 homozygous missense variants located on theMFSD8 coding region:c.1219T.C(p.

Trp407Arg)andc.1361T.C (p.Met454Thr). NGS showed that C3 was a heterozygous 

carrier for the p.Trp407Arg and p.Met454Thr mutations. These variants were not 

present in SNP public databases (e.g. dbSNP database NCBI version db 137).

Direct Sequencing and in Silico Analysis of the MFSD8 
p.Trp407Arg and p.Met454Thr Mutations
Direct sequencing confirmed the aforementioned NGS results and revealed that P2 

and P4 had inherited mutant alleles from their parents. Multiple protein alignment 

revealed a strict conservation, during vertebrate species’ evolution, of both tryptophan 

and methionine residues at 407 and 454 positions. SIFT was 0.00 and Polyphen2 1.00 

(‘‘probably damaging’’) for both mutations. Analysis of amino acid mutation stability 

for p.Trp407Arg and p.Met454Thr mutations identified in this study using MUpro 

software suggested a decrease in the stability of MFSD8 protein structure.
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FIGURE 2. 

Chromatograms showingMFSD8c.1219T.C (A) and c.1361T.C (B) mutations. 

WT: wild type sequence. C1: control 1 (III:6).C2:control 2 (III:7). P2: patient 2 (IV:2). C3: control 3 (IV:3). P3: patient 

(IV:4). Asterisks show the accurate position of relevant mutations.

doi:10.1371/journal.pone.0109576.g002
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FIGURE 3. 

Comparative sequence analysis of MFSD8 orthologues. Residues at position 407 (W) and 454 (M) are indicated in 

bold and highlighted with grey shading. doi:10.1371/journal.pone.0109576.g003

407 454
H.sapiens      CSIEQAWCLYTPVIHLAQFLTSAVLIGLGYPVCNLMSYTLYSKILGPKPQGVYMGWLTA
P.troglodytes  CSIEQAWCLYTPVIHLAQFLTSVVLIGLGYPVCNLMSYTLYSKILGPKPQGVYMGWLTA
M.musculus     CSIEQAWCLYTPVIHLAQFLTAAVLIGLGYPACSVMSYTLYSKVLGPKPQGIYMGWLTT
B.taurus       CPVEQAWCLYTPMIHLAQFLISAVLIGIGYPSCNVMSYTLYSKILGPNPQGVYMGWLTA
X.laevis       CPVIQTWCLYTPVIHLAQYLTSDILIGVGYPICNVMSYTLYSKIIGPKPQGLYMGWLTA
D.rerio        CPSEQTWCLFTPVIHLAQYITSDILIGVGYPTCNVMSYTLYSKILGPKPQGVYMGWLTA

Discussion

A rapid clinical diagnosis of NCL may be particularly challenging since clinical signs 

may be unspecific, similar to many other neurodegenerative disorders. Electron 

microscopy, showing ultrastructural lipofuscinic pigments, has been used for 

diagnosing NCL.CLN genotyping has led to establishing molecular diagnosis, which 

may be related to specific clinical subtypes. However, mutations in distinctCLN 

genes may cause similar phenotypes, thereby hampering candidate gene selection 

for direct sequencing. The patients in the present study were affected by a recessive 

neurodegenerative disease, mainly characterised by progressive visual dysfunction, 

epilepsy and gradual regression of milestones.

Such features, as well as a family history of consanguinity, were clinically evocative of a 

recessive late infantile onset form of ceroid lipofuscinosis. However, a single candidate 

gene could not be selected for direct sequencing, since CLN2, CLN5, CLN6, CLN7 and 

CLN8 patients may share clinical features to those presented by our patients. This 

would have meant that definitive molecular diagnosis by direct sequencing would 

have been time-consuming and expensive. Our group, and others, have previously 

shown that whole-exome sequencing is a cost-effective approach to establishing a 

molecular diagnosis of Mendelian recessive diseases, particularly when mutations 

in distinct genes are related to overlapping phenotypes.12,13 Therefore, for rapid 

determination of the molecular aetiology we performed whole-exome sequencing 

for two of the affected children (P2 and P4) and their unaffected brother (C3) (Figure 

1). Since the family tree revealed consanguinity, it was estimated that the most likely 

genetic hypothesis was related to a homozygous non-synonymous pathogenic 

mutation in the patients. NGS data analysis revealed that P2 and P3 shared a total 
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of 2 novel MFSD8 homozygous coding variants (c.1219T.C, p.Trp407Arg and c.1361T.C, 

p.Met454Thr) (Figure 2). Direct sequencing confirmed that the patients’ relatives (C1, C2 

and C3) carried both variants at heterozygous state.In silico analysis of the p.Trp407Arg 

and p.Met454Thr mutation revealed that the W and M residues (in 407 and 454 

positions) had been strictly conserved during vertebrate species evolution, thereby 

underlining its critical functional role (Figure 3). Furthermore, these mutations implied 

drastic modification in terms of physicochemical properties. For instance, the W is a 

hydrophobic aromatic amino acid while R is a positively-charged residue. Accordingly, 

SIFT and Polyphen bioinformatics tools predicted a deleterious effect for both 

substitutions as they determined complete intolerance for the arginine and threonine 

residue at positions 407 and 454, respectively. Furthermore the MuPro bioinformatics 

tool predicted MFSD8 protein instability due to the p.Trp407Arg and p.Met454Thr 

mutations. These findings, as well as the lack of theses variants in public SNP databases, 

led to functionally linking them to the patients’ phenotype. The p.Trp407Arg mutation 

was located in a highly conserved region of amino acids between the MFSD8 protein’s 

9th and 10th transmembrane domains, while the p.Met454Thr mutation is located on 

the 11th transmembrane domain. This might have been related to correct polypeptide 

folding and protein’s normal function. It is important to note that these two novel 

variations were located in the same disease allele because the unaffected patients’ 

parents and C3 were carriers of both mutations at heterozygous state.

Taken together, our results demonstrate that whole-exome sequencing is a powerful 

diagnostic tool for enabling the rapid determination of variant late-infantile neuronal 

ceroid lipofuscinosis molecular aetiology. We estimate that this method might be 

commonly used to determine the molecular basis of NCL. We also provide clinical 

information regarding this type of patient, which might be useful for future genotype-

phenotype correlations. We hope that these findings will contribute to genetic 

counselling especially for consanguineous families with NCL. Finally, functional tests 

are necessary to establish the accurate pathogenic effect of mutations described in the 

present study.
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Abstract

PURPOSE: This study aims to describe the phenotype and genotype of two Indian 

families affected with X-linked Choroideremia (CHM).  

MATERIALS AND METHODS: In these two families, the affected individuals and 

unaffected family members underwent a comprehensive ophthalmic examination 

including an optical coherence tomography (OCT) and electroretinogram. Blood 

samples were collected from the families for genetic analysis. NGS was done using 

panel of 184 genes, which covered previously associated genes with retinal dystrophies. 

Sequencing data was analyzed for the CHM, RPGR and RP2 genes that have been 

implicated in Choroideremia and X-linked RP (XLRP) respectively. The identified variants 

were confirmed by Sanger sequencing in available individuals and unrelated controls. 

RESULTS: In two unrelated male patients, NGS analysis revealed a previously reported 

3’- splice site change c.820-1G>C in the CHM gene in the first family and hemizygous 

mutation c.653G>C (p.Ser218X) in the second family. The asymptomatic family members 

were carriers for these mutations. Spectral domain-OCT showed loss of outer retina, 

preservation of the inner retina and choroidal thinning in the affected males and retinal 

pigment epithelial changes in the asymptomatic carriers. The identified mutations were 

not present in 100 controls of Indian origin. There were no potential mutations found in 

XLRP -associated (RPGR and RP2) genes.  

CONCLUSIONS: This report describes the genotype and phenotype findings in 

patients with CHM from India. The identified genetic mutation leads to lack of Rab 

escort protein-1 (REP-1) or affects the production of a REP-1 protein that is likely to 

cause retinal abnormalities in patients.



128                  I N H E R I T E D  R E T I N A L  D I S E A S E S :  N E W  I M A G I N G  A N D  M O L E C U L A R  G E N E T I C S

Introduction

Choroideremia (CHM) (OMIM 303100) is a rare X-chromosome linked chorioretinal 

dystrophy characterized by progressive loss of vision due to degeneration of the 

choroid, retinal pigment epithelium, and photoreceptor cells in retina.1,2 Being an 

X-linked recessive condition, Choroideremia mainly affects males; carrier females 

are mostly asymptomatic, although those with skewed X-inactivation may become 

symtomatic later in life. Associated with night blindness and reduced peripheral fields, 

the disease progresses relentlessly till most affected males are legally blind by midlife. 

Asymptomatic carrier females show irregular pigmentation throughout the fundus.3 

The global prevalence of the disease is estimated at 1 in 50,000-100,000.4 The highest 

incidence of CHM is reported in northern Finland.5 CHM (#300390), encoding the 

protein Rab escort protein-1 (REP-1) is the gene associated with Choroideremia. The 

causative gene has been mapped at Xq21.1-q21.3, which consists of 15 exons and 

encodes the 653 aminoacids of intracellular protein known as REP-1. This is involved 

(Rab GTPases) in the regulation of intracellular vesicle transport and post-translational 

modification in lipid prenylation (Rab geranylgeranyltransferase), in addition to 

vesicle trafficking in various vesicular compartments of the cell.6,7 The REP-1 protein 

is actively expressed in ocular and non-ocular tissues such as retina, choroid, RPE 

and lymphocytes.8 Mutations in CHM gene results in Choroideremia phenotype. The 

spectrum of CHM mutations include deletions, translocations and point mutations 

(including nonsense, frame shift and splice site) as well as deep intronic mutations.9-11 

In mice, the CHM knowck out (KO) is embryonically lethal, but conditional knockout 

mice of REP-1 showed age related changes in RPE12,13 Recombinant adeno-associated 

virus (rAAV) mediated transduction of human REP-1- restore the enzyme activity REP-

1 in vitro in cells from affected patients (CHM), suggesting that gene therapy approach 

by AAV vectors may be an appealing treatment strategy.14,15 In the present study, we 

report for the first time CHM gene mutations and associated clinical features in two 

Indian patients with CHM

Materials and Methods
Patient Details and Clinical Eevaluations
This study was approved by the Institutional Ethical Committee and conducted 

according to the Declaration of Helsinki Principles. All study participants including 
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two patients, two available family members and 108 normal controls provided a written 

consent to participate in the study. None of the participants had any systemic ilness. 

There were no hearing or cognitive abnormalities. The proband and family members 

in two families identified with CHM underwent a complete ophthalmic examination 

including measurement of visual acuity, intraocular pressure, slit lamp biomicroscopy, 

detailed fundus examination, fundus photography, fundus autofluorescence (FAF), 

spectral-domain optical coherence tomography (SD-OCT). Four out of the five participants 

underwent full field ERG according to ISCEV standards.16 (VERIS systems, USA) 

Genetic Analysis
A detailed family history was obtained from all participants. DNA was isolated from 

5 ml of peripheral blood by the salt precipitation method.17 Targeted next-generation 

sequencing (NGS) was carried out using a method described previously that included 

sample preparation, target enrichment and exome sequencing data analysis, variant 

calling.18 For the variant interpretation, CHM (for Choroidermia) and RPGR and RP2 

genes (for X-linked RP [XLRP]) were included for the annotation, prioritization, and 

reporting following the ACMG guidelines. To revalidate the potential CHM variations 

in patients and in the available family members, 108 unrelated normal controls were 

analysed using polymerase chain reaction (PCR) primers reported elsewhere.19 The PCR 

products were sequenced (3500 DX, Lifetech Inc., USA) by Sanger sequencing method. 

The sequence electropherogram was visualized using the Finch TV software (Geospiza, 

USA) and the presence of the variation in genes was evaluated by comparing the 

patient’s sequence with reference sequence (NM_000390.2).

Results
The genetic analysis revealed two previously reported known mutations in the CHM 

gene (p.Ser218X) (c.820-1G>C at intron 6) in two unrelated patients with CHM. There 

were no potential mutations found in XLRP-associated, RPGR and RP2 genes.

Family 1: Choroideremia-01
In this family, a 32-year old male patient (IV:7) presented with night blindness and 

defective vision since childhood (Figure 1). His vision in both eye was 6/6, N6 on 

Snellen’s charting (RE= -4.00 DS, LE=-3.5 DS). The intraocular pressure and anterior 

segment examinations in both eyes were normal. The lens was clear. The optic discs 

were pink with a C/D ratio was 0.1 in both eyes. Bilateral fundus findings included the 

following: prominent areas of atrophy of both the choroid and RPE in the peripapillary 
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region, patchy pigment clumping and prominence of large choroidal vessles in the 

midperiphery, arteriolar attenuation and scalloped margins of choroidal loss with 

relative sparing of the central retina. FAF of both macula showed a widespread loss 

of the normal autofluorescence. SD-OCT of both eye showed significant distortion 

of the outer retinal layers with multiple retinal tubulations (Figure 2A). There was 

no cystoid changes in the macula. Full field ERGs showed a complete extinction 

of both the rods and cone responses. His 61-year old mother was asymptomatic 

(III:5), she had undergone cataract surgery a year before this, and did not have any 

significant refractive error before the cataract surgery. Her vision in both eyes was 

6/6, N6. Anterior segment examination showed bilateral pseudophakia with a normal 

intraocular pressure. Fundus examination in both eyes showed widespread RPE 

alterations with normal retinal and choroidal vessels. FAF both eyes showed patchy 

hyper and hypoautofluorescence throughout the fundus. SD-OCT of both eyes 

showed significant undulations in the RPE with preservation of all retinal layers. (Figure 

2B) Full-field ERG of both eyes was normal. The 36-year old sister of the proband was 

asymptomatic (IV:5), her vision was 6/6, N6 in both eyes. Intraocular pressures and 

anterior segments and fundus of both eyes were normal. Both eyes showed a normal 

autofluorescence and normal layers on the SD-OCT. In the proband (IV:7) the NGS 

analysis revealed a reported 3’-splice site (c.820-1G>C) at intron 6 of CHM gene on the 

X-chromosome. Patient’s mother (III:5) was a heterozygous carrier for the mutation 

which was absent in the patient’s sister (IV:5). This variation leads to altered splice site 

that results in skipping of exon 7. It codes for amino acids 274 (Val-274) to 314 (Gly-

314), however, the codon for Gly314 was shared between exon 7 and exon 8, and thus 

will lead to a frame shift in the open reading frame. Ophthalmic examination of the 

proband’s father (III:6) was normal. Historically, the mother’s brother and three of her 

uncles were legally blind (not examined), likely due to advanced CHM.  

Family-2: Choroideremia-02

A 39-year old male patient (III:3) presented with night blindness since the age of 5 

years, other family members had no visual complaints, and there was no history of 

consanguinity among the parents (Figure 1). Ophthalmic examination showed a visual 

acuity of 6/9, N6 in both eyes (RE= -4.00 DS/-1.75 DC 800, LE= -4.5 DS/-1.0 DC 1100). 

Intraocular pressures and anterior segment were normal in both eyes. The lens was 

clear in both eyes. Fundus evaluation showed normal discs with a C/D ratio of 0.5. 

Bilateral fundus findings included the following: areas of prominent loss of choroid 

and RPE nasal to the disc and arteriolar attenuation with prominent choroidal vessels 
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in the midperiphery. Macula showed patchy pigment clumping, scalloped areas of 

choroidal loss and a very small island of normal retina. FAF showed very small areas 

of hyperautofluorescence at the macula, corresponding to the remaining visual field. 

SD-OCT showed advanced loss of photoreceptors with choroidal thinning with retinal 

tubules in the outer nuclear layer at the junction of the normal and atrophic retina. There 

were a few cystoid changes at the macula in the LE, there were no cystoid changes in 

the RE. Visual fields showed a small island of remaining visual field on the Humphrey’s 

10-2. (Figure 3A) Full field ERG showed an extinguished rod response with minimal cone 

response. Genetic analysis of the patient (III:3) revealed a C to G (c.653C>G) denovo 

hemizygous nucleotide change found in the CHM gene. It was a known nonsense 

mutation resulting in a premature stop codon (p.Ser218X) found at exon 5 in the 

canonical transcript (NM_0003 90.2). The truncated protein would lack a major portion 

of 436 amino acids at the C-terminal region of the REP-1. The patient’s 13-year old 

daughter (IV:1) was asymptomatic, had a heterozygous change (c.653C>G, p.Ser218X)) 

in the CHM. Her uncorrected vision of 6/6, N6 both eyes, intraocular pressure and 

anterior segment examination was normal in both eyes. Fundus of both eyes showed 

normal discs, normal retinal and choroidal blood vessels with areas of retinal pigment 

alterations throughout the retina. FAF both eyes showed patchy hyperautofluorescence 

throughout the fundus. SD-OCT of both eyes showed RPE undulations corresponding 

to the areas of pigmentation (Figure 3B). Full-field ERG in both eyes was normal. Neither 

the mother nor the sister was available for ophthalmic or genetic evaluation. 
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FIGURE 1. 

(a and b) Pedigrees of two unrelated families (choroideremia -01, Choroideremia -02) with choroideremia. The 

asterisk denotes the individuals had an unknown cause of blindness. Arrow indicates the proband in each family. 

The’ +’ symbol denotes the individuals did not consent for the genetic analysis. 
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FIGURE 2. 

Clinical features from choroideremia-01 family. (a) The fundus pictures of both eyes in patient IV: 7 from family 

choroideremia-01 (top), lower pictures show the infrared images and spectral-domain optical coherence tomography 

of both eyes. Note the preservation of inner retinal layers, disruption of outer retinal layers, retinal tubulation 

(white arrows) & choroidal thinning. (b) Fundus pictures, fundus autofluorescence and the spectral-domain optical 

coherence tomography of the asymptomatic mother (III:5). Top -Fundus pictures of the right and left eyes. Bottom 

right - fundus autofluorescence of the right and left eyes showed the patchy autofluorescence. Lower left - Infrared 

and spectral-domain optical coherence tomography images of the eyes showing the retinal pigment epithelial 

irregularities (white arrows) 
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FIGURE 3. 

Clinical features from choroideremia -02 family. (a) Clinical details of patient (III:3). Top left- FP (Optos). Middle-

fundus autofluorescence showed a small area of normal AF (white arrows). Lower-spectral-domain optical 

coherence tomography showed the loss of outer retinal layers, choroidal thinning and preservation of the inner 

retinal architecture. The LE shows a few cystoid spaces in the macula. Top right: Humphrey visual fields (10-2) 

showing the remaining extremely small visual fields. (b) Clinical details of the daughter (IV:1). Top- FP, showing 

the extensive retinal pigment epithelial pigmentation throughout the fundus (white arrows). Lower left – fundus 

autofluorescence showing the patchy AF. Lower right - infrared and spectral-domain optical coherence tomography 

pictures showing the retinal pigment epithelial irregularity (yellow arrows).
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Discussion
This is the first report to describe the genotype and phenotype findings in patients with 

Choroideremia from India. Variety of CHM mutations known to cause X-linked inherited 

or sporadic CHM have been summarized in databases (https://grenada.lumc.nl/LOVD2/

Usher_montpellier/home.php?select_db=CHM, http://www.retina-international.org/

sci-news/databases/mutation-database/chm-mutation/). CHM (REP-1) is ubiquitously 

expressed, has a vital role in prenylation of Rab proteins, which are essential for vesicle 

trafficking in endocytic and exocytic pathways. In CHM patients, loss of function of REP-1 

due to CHM mutations may cause progressive degeneration of choroid, photoreceptors 

and RPE.20,21 The clinical features associated with CHM include night blindness, visual 

field constriction, reduced visual activity and progressive chorioretinal degeneration. 

Some of these clinical features may overlap with XLRP, one of the more severe forms 

of RP.22  Symtoms of night blindness and constriction of peripheral visual fields are 

common in both diseases. High myopia and waxy pallor of discs is more commonly 

seen in RP. Fundus in CHM is characterized by chorioretinal scalloped atrophy initiated 

from the mid-periphery without affecting the macula till the late stages. In contrast, 

due to a greater degree of RPE migration seen in RP, bony spicules are commonly 

seen throughout the fundus. In early stages of XLRP, the choroid is relatively normal 

in comparison to CHM where there is extensive chorioretinal degeneration. Carriers of 

both diseases exhibit characteristic pigmentary alterations in the fundus. Some carriers 

of XLRP may show golden tapetal-like fundus reflex. 

We therefore carried out a genetic analysis using the combination of targeted NGS 

(panel of gene test) and validation with Sanger sequencing on CHM, RPGR and RP2 

genes, the latter two associated with XLRP. High resolution imaging of the choroid is 

useful to assess the severity and determine the progression of the disease. In both our 

patients, we noted that photoreceptor degeneration was less severe over the areas 

of relatively preserved RPE.23 The latter observation was further confirmed by OCT 

findings that retinal lamination and thickness remained remarkably normal in areas 

in which the RPE was preserved in contrast to generalized RPE and choriocapillaris 

atrophy.23 It has been shown that RPE changes precede retinal degeneration.23,24 FAF 

of both patients (IV:7, III:3) showed a very small island of autofluorescence in the 

macula, corresponding to the area of functioning RPE. FAF of both the carriers showed 

speckled autofluorescence throughout the fundus. This corresponds to the mosaic 

pattern of retinal dysfunction known to occur in carriers of CHM,25 which occurs due to 
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Lyonization, the process of random inactivation of X-chromosomes in retinal cells, as 

in every somatic diploid cell.26 In patients with CHM an abnormal thickening has been 

noted around the parafoveal region on the OCT early in the second decade of life. 

Observing a significant alteration in the laminar organization of the retina in patients 

with CHM, Jacobson et al. hypothesized that these corresponded with remodeling of 

the retina in CHM.21 The earliest abnormality noted was retinal thickening, explained 

by photoreceptor damage and stress activating Muller cells, the main glial cells 

in the retina, noted as retinal thickening on the OCT. In advanced stages, there is 

photoreceptor dysfunction and death and loss of normal retinal lamination.21 SD-

OCT in both male patients (IV:7, III:3) showed the presence of multiple outer retinal 

tubulations (ORT), significant choroidal thinning and relative preservation of the 

inner retinal layers. There was a central preservation of the photoreceptor layer and 

external limiting membrane, possibly corresponding to the remaining visual fields. 

The choroidal thickness underlying areas of preserved photoreceptors appeared 

normal, with a sharp reduction in the thickness at the transition zone between normal 

and atrophic photoreceptors. The tubules were seen prominently at the junction 

where inner segment/outer segment (IS/OS) loss was noted. There was cystoid spaces 

at the macula distinguishable from the choroidal tubules only in the left eye of the 

patient (CHM-02_III:3) in the second family. Zweifel et al. first described the ‘ORT’ on 

the SD-OCT.27 They hypothesized that these were formed by the rearrangement of the 

photoreceptor layer in response to retinal injury in many conditions including CHM.27 

These have been known to develop from the gradual invagination of outer retinal 

structures at the junction of intact and atrophic retina.28  The unaffected individuals 

(III:5,IV:1) were asymptomatic carriers, showed irregularities in RPE and more prominent 

outside the macula. The IS/OS junction although undulated, was intact throughout 

the macula. The RPE showed focal disruption corresponding to the undulations. FAF of 

the second carrier showed speckled autofluorescence, corresponding to the irregular 

RPE. In the first family, the patient (IV:7) had a 3’-splice site (c.820-1G>C) variation at 

intron 6 of CHM gene associated with ORT. Interestingly, this variation was found in 

heterozygous state in a female with the family history of CHM, showed detectable 

level of sub-retinal hemorrhage in the fundus examinations.29 Previously, skipping of 

exon 7 at mRNA level (3’-splice site variation) in CHM gene was found in Italian patients 

with CHM.30 This variation (c.820-1G>C) found in 3’-splice acceptor site of intron 6 of 

CHM can produce altered or shorted REP-1 protein due to alternate splice event that is 

the likely cause of retinal abnormalities in the patient. Furthermore, a novel variation 

(c.819+2T>A), at the donor splicing site of intron 6 of the CHM was found in families 
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with CHM associated with various clinical manifestations indicating the intra familial 

variable expressivity.31 In the first family (CHM-01), the proband’s mother (III:5) was 

asymptomatic and showed significant RPE alterations in the fundus examination which 

is consistent with previous findings.31 

In the second family (CHM-02), proband (III:3) showed clinical features of advanced CHM 

such as hyperautofluorescence at the macula, loss of photoreceptors with choroidal 

thinning with retinal tubules associated with nonsense mutation (p.Ser218X). This 

mutation leads to premature stop codon at C-terminal region that forms a part of the 

GDI domain (Rab GDP dissociation inhibitors),32 that has functional and regulatory role 

on post -translational modification (prenylation) and vesicular membrane trafficking.33 

There was a known mutation (p.Tyr2l7fs*230) at the adjacent position of Ser 2I7 that has 

been implicated in CHM.11 Previously, mutation in C-terminal region of REP-1 protein 

(p. Ser218Lysfs*13) was reported in CHM patients from Chinese and Italian origins.10,30,34 

Since the clinical features of CHM overlaps with XLRP, we suggest that the panel of 

targeted gene sequencing by NGS may be a convenient tool for genetic testing.18 

Advances in genetherapy and cell based therapy for CHM holds promise with progress 

in science.35,36 

Conclusion
This is the first report to describe the genotype and phenotype findings in two patients 

with CHM from India. Furthermore, these mutations might play a role in pathogenesis 

consistent with previously reported genotype/phenotype correlations in patients with 

CHM.. In addition, NGS panel of gene sequencing is an efficient method, that is useful in 

accurate molecular diagnosis of asymptomatic carriers and helps in genetic counseling.
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Generally considered as ‘rare’ or ‘orphan’ diseases, retinal dystrophies are highly prevalent 

in India, in part because of the high rate of consanguinity. For example, the prevalence 

of retinitis pigmentosa in the US is estimated to be 1 in 3500,1 compared to an estimate 

of 1 in 372-930 in southern India.2 This is similar to the situation in other Asian countries, 

like Pakistan.3 As opposed to Western countries, the clinical science of eye genetics and 

the practice of genetic counseling are still developing specialties in India. Physicians/

genetic counselors who are specialized or trained to deal with these conditions are 

scarce. Molecular genetic testing is either inaccessible or unaffordable to the majority 

of patients. Consanguinity and arranged marriages are an accepted norm, especially in 

southern India. In addition, opportunities for rehabilitation of severely visually impaired 

person are limited. Consequently, managing patients with retinal dystrophies presents 

specific clinical and psycho-social challenges in India.

Challenges
Health Economics
Although the millennium has witnessed some remarkable progress in public health in 

India, the percentage of India’s national budget allocated to the health sector remains 

one of the lowest in the world.4 The country continues to battle major health problems; 

it has one of the largest numbers of infant deaths, maternal deaths and tuberculosis in 

the world. 

The World Health Organization’s 2000 global healthcare profile ranked India’s healthcare 

system 112th out of 190 countries. The majority of the Indian population lives in rural 

areas, with extremely limited access to quality health care. Only 3-5% of Indians are 

covered by health care insurance, leading to a high out-of-pocket expenditure to the 

patients.4

India has a whopping 70 million people affected with rare diseases, including the 

spectrum of inherited cancers, congenital malformations, storage diseases and retinal 

degenerative diseases.5 Considering an average prevalence of retinitis pigmentosa of 

1 in 1000, and given India’s burgeoning population of over 1.3 billion, this equates to 

over a million people with RP alone. While the country struggles for basic healthcare, 

patients with rare diseases do not get the attention they need. 
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Diagnostic Challenges
Accurate diagnosis of an inherited retinal disease (IRD) is a complex process. Many IRDs 

present with similar initial symptoms, and heterogeneity of phenotype and genotype 

is the rule. The patient has to therefore undergo a number of ophthalmic investigations 

including perimetry, optical coherence tomography (OCT) fundus autofluorescence 

photography and electroretinograpy before a tentative clinical diagnosis is reached. 

Furthermore, some of these tests need to be repeated at regular intervals to monitor 

disease progression. Patients with syndromic diseases such as Bardet-Biedl syndrome 

and others require consultation with multiple medical specialists. Considering that 

majority of the Indian population is not covered by health insurance, this leads to a 

significant burden on their finances and time. In a consanguineous population like 

that of southern India, it is imperative that extended family members are examined as 

well, leading to increasing financial burden.

Lack of Trained Personnel
Lack of trained genetic counselors is a huge challenge in India. It is estimated that 

there are 50 medical/clinical geneticists and about 29 genetic counselors in India 

working across 50 centers in the country.6 Very few of these centers offer genetic 

counseling for IRDs. 

There are less than a dozen tertiary referral ophthalmic centers across the country 

that offer comprehensive genetic services with clinicians trained in ophthalmic 

genetics, genetic counselors, molecular genetic testing and specialists in low vision 

rehabilitation. General ophthalmologists lack awareness about IRDs and their 

management; therefore patients are neither managed appropriately nor referred 

to specialized genetic centers. In most situations, the responsibility of breaking the 

news, discussing the genetic reports (when available), and offering counseling rests 

mostly with the primary physician. Many a times, these patients are examined in the 

setting of busy outpatient clinics, and allocating the necessary time for these patients 

is a major challenge to the physician. 

Lack of Infrastructure
Genetic testing is a critical tool in the diagnosis of an IRD; it is useful in determining 

the inheritance pattern, clarifying diagnosis, attempting to clarify its prognosis and 

optimizing clinical care. Affordability and accessibility to these tests are difficult to 

the majority of patients in India. Even when available, many families opt out of these 

investigations in the absence of an immediate treatment prospect. 
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Low-vision rehabilitation, which offers a ray of hope to patients with IRDs and failing 

vision, is still in its infancy in most eye hospitals across India. Very few ophthalmic 

hospitals specialized low vision rehabilitation departments and the necessary 

equipment to offer to patients. Patient support groups, which form an integral part of 

rehabilitation in other countries, are almost nonexistent for patients and families with 

IRDs in India. Consequently, access to information about practical difficulties faced by 

the patients, treatment options, and psychosocial support structure is insufficient.

Consanguinity
Consanguineous marriages continue to be a common tradition in the southern part of 

the country. Parental consanguinity was reported in 24.7% of rural subjects and 32.9% 

of urban subjects in the Andhra Pradesh Eye Disease Study.7 Parents often find it hard to 

accept the higher risk that consanguinity poses in the transmission of retinal dystrophies. 

One of the curious dilemmas that parents of children with retinal dystrophies face 

occurs when these children attain the age of marriage. In a society where arranged 

marriages are still very common, parents find it easier to find a partner for their affected 

child within their own families, thus continuing to propagate consanguinity. 

Published reports of IRDs in India show that over 75% of patients with RP are 

transmitted in an autosomal recessive fashion.8 In a study of 400 cases of RP, 

Chakrabarti et al. showed that 75% of cases were autosomal recessive, 10% autosomal 

dominant and 1% X-linked. The inheritance pattern was not clear in 14%. They 

attributed the high frequency of recessive cases to inbreeding and consanguinity. 

Addressing These Challenges
Given the multiple stakeholders who are involved: patients, physicians, genetic 

counselors, diagnostic laboratories, rehabilitation units and the government, 

managing retinal dystrophies becomes a very complex process. 

Considering that there are no current practice guidelines and standards to impart 

competent genetic counseling services, training genetic counselors is the most urgent 

important step in addressing these challenges in India. More centers that can train genetic 

counselors across the nation need to be identified, and counselors need to be part of 

the clinical case management. Physicians need to be made aware of the complexities of 

the disease spectrum. Instead of the current practice in which the physician manages 

most aspects of the disease, a team approach needs to be cultivated. Counseling is best 

done when patient/parents communicate directly with the team, involving all treating 
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physicians, genetic counselors and social workers. Although sporadic at present, tele-

ophthalmology may be an effective way of providing genetic counseling to patients 

in remote parts of the country. 

Indians in South Asia represent a sixth of the world’s population and are a 

racially, geographically, and genetically diverse people. With endogamous and 

consanguineous marriages being common, the frequency of founder mutations and 

burden of heritable genetic disorders is high.9 Molecular genetic testing therefore 

needs be tailored to be accessible to a large number of patients and at the same time 

allow identification of new founder mutations. Although creating diagnostic panels 

reduce the cost of genetic testing initlally, whole exome sequencing may eventually 

be superior to gene panels, as the cost of genetic testing reduces globally. Also, genetic 

studies from neighboring countries like Pakistan where consanguinity is equally high 

may help design screening platforms in India.10

Nearly 70% of the Indian population lives in rural areas. Indian society is ‘collectivistic’ 

in that it promotes co-operation and interdependence among family members.11 

The joint family system that still exists in rural India is far more involved in the caring 

of its members, and share the burden of visual disability amongst its members. To 

a visually disabled person, family support becomes the backbone of everyday 

existence. Given this support that joint family systems confer to patients, it is 

interesting that patients from rural areas accept bad news with more equanimity than 

those with an urban background. This also makes it difficult to dissuade parents from 

arranging consanguineous marriages. Appropriate genetic and social counseling 

with community education is necessary to alert patients about the ill- effects of 

consanguineous unions. 

Establishing effective state-of-the art low vision rehabilitation services along with 

genetic clinics that manage patients with IRDs is imperative in providing customized 

solutions to the individual patient. Appropriate visual rehabilitation allows patients 

to be better integrated into the normal society. But these visual aids need be custom-

designed in most patients, and therefore need dedicated and trained optometrists/

staff to address this. 

Creating patient support groups goes a long way in enabling patients manage their 

day-to-day life, and evolve psychosocial support structures and integrating patients 

into society. While support groups for each disease, and sometimes, specific mutations 
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are common in many countries, this is an evolving concept in India. Individuals within 

the patient community need to be identified and encouraged to form and lead support 

groups. 

Centers of excellence that address the needs of patients with IRDs need to be developed 

and will become pivotal to the diagnosis and management of these individuals. The 

Organization for Rare Diseases India (ORDI) has been formed to address the unmet 

needs in this area.12 ORDI is an umbrella patient support organization that aims to 

help early diagnosis, provide genetic counseling and inform families about treatment 

options and clinical trials, collect epidemiological data and catalyze research in genetic 

diseases. There is a burning need for a center dedicated to IRDs alone, which may be 

formed with collaboration with a similar center in the Western countries.

Conclusions
The number of people with IRDs is significantly higher in India than many developed 

countries. Patients face many challenges in obtaining appropriate diagnosis, 

management, and support facilities. There is a lack of awareness and public policies 

that pertain to this group of patients. With increasing awareness among patients and 

the progress in treatment of these conditions around the world, it is imperative that 

centers of excellence for genetic eye diseases are established, personnel trained, and 

low visual rehabilitation services expanded. Efforts should also be made to create 

support groups and work towards creation of public policies that benefit patients 

with IRDs. The spectrum of mutations and genes commonly involved in IRDs in the 

Indian population need to be established. This can advance our understanding of the 

disease mechanisms, thus paving way for research into treatment options and early 

participation in clinical trials.
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Abstract

AIM: Retinitis pigmentosa is a slowly progressive genetic disease with several 

treatments under investigation either to treat the disease or halt its progression. 

The methodologies to assess progression include conventional methods like kinetic 

perimetry, automated Humphrey perimetry, electroretinography and new methods like 

fundus autofluorescence, optical coherence tomography, microperimetry and adaptive 

optics. The aim of this study is to review data from literature to assess the methods used 

to assess progression of the disease.  

METHODS: Publications up to March 2018 that assessed progression of RP using two 

or more methods were studied. These included randomized clinical trials conducted for 

the medical treatment of RP and publications that studied the progression of RP.

RESULTS: lNinety studies were included. The relevant outcome measures included visual 

field assessment (VF), optical coherence tomography (OCT), fundus autofluorescence 

(FAF), full field electroretinogram (ERG), multifocal electoretinogram (mfERG), 

microperimetry (MP) and adaptive optics (AO). Each study had included multiple 

outcome measures to assess the progression; all were able to assess progression and 

correlated with other methods. Apart from the visual fields measurement, several 

studies that correlate changes on the FAF/OCT/MP with ERG and visual fields are 

available. Newer data continue to emerge from AO and OCT angiography (OCTA) to 

assess structural changes in detail.  

CONCLUSIONS: Several old and new methods to assess progression in RP are now 

available. Although several methods to assess progression correlate, the correlation 

is not perfect. This suggests that multiple modalities need to be used simultaneously 

to assess progression and understand mechanism of progression and its influence on 

daily activities in these patients.  
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Introduction
Retinitis Pigmentosa (RP) is a group of disorders, characterized by progressive 

degeneration of rod and cone photoreceptors. It is a leading cause of visual disability, 

with a prevalence of 1 in 4000 in the US, and 1 in 1000 in countries like India and 

China.1-3 Apart from a recently approved drug for RPE65 mutation, there is no 

effective treatment that can be offered to a patient, although several clinical trials are 

underway.4,5 Given the explosion of clinical trials and possible therapies on the horizon, 

it is necessary to identify appropriate end points to monitor response to these trials. 

Progression in RP has traditionally been monitored in the past by assessing visual fields 

and full-field electroretinography. This paper is an attempt to summarize the various 

methods that have been used traditionally and recently, to understand the progression 

of RP. 

RP and Visual Fields 
Monitoring changes in the visual fields has been the gold standard of assessing the 

progression of RP over time. For a very long time, this was done using Goldmann’s 

kinetic perimetry. 

Kinetic perimetry is the oldest technique of measurement known. Goldmann 

kinetic perimetry involves projection of light into a white bowl with a standardized 

background light intensity and a stimulus moved from the nonseeing into the 

seeing area. At the end of the test, the points noted are connected by lines to form 

the smooth boundaries of the visual field, the isopters. Areas of decreased sensitivity 

(scotoma) are mapped by moving a target from the seeing to non-seeing areas in 

different directions. The final output is a series of isopters.6

Automated perimetry maps the visual field with the aid of a computer. These are 

static perimeters that present patients with non-moving stimuli of varying sizes 

and intensities on a uniform background. The illumination, measured in apostilbs or 

decibels is an indication of stimulus intensity. Static perimeters measure the patient’s 

response in the central and peripheral visual fields, varying from 10°, 24°, 30° and 

60°. The most frequently used standard automated perimeters are Humphrey and 

Octopus. 
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Both types of perimeters have been used in patients with Retinitis Pigmentosa. Gonin 

suggested that visual field changes began as a partial or complete ring scotoma in the 

midperiphery that gradually progressed, leaving only a markedly constricted central field.7

Grover et al. in 1997 attempted to quantify the rate of visual field loss in patients with RP 

and correlate it with different phenotypes on using Goldmann perimetry.8 They found 

that the average half-life (time over which half of the remaining field area would be lost) 

of the visual field area was 7.3 years for target Ve4 and 6.8 years for target 114e , which 

were not statistically different (P = 0.16). Autosomal recessive cases had a higher rate 

of visual field loss compared to either isolated or autosomal dominant cases.9 Berson 

et al. followed up patients with RP over a 3-year period and reported that patients, on 

an average lost 4.6% of the remaining visual field area per year and lost 2.4% of the 

remaining visual field diameter per year.10

Considering that changes in the central 10 deg is most important for patients with 

moderate to severe visual field loss, Hirakawa et al. further showed significant 

deterioration in the central 10-deg visual fields in patients with RP using an automated 

static perimeter.11 They also demonstrated that the univariate linear regression of the 

mean deviation (MD) on the Humphrey perimeter was a useful parameter to monitor 

progression, and which assesses the sensitivity distribution in the macular area in eyes 

affected by RP. 

Swanson et al. assessed the effect of the stimulus on static visual fields in patients with 

RP.12 They concluded that in regions of visual fields that were already damaged by RP, 

increase in stimulus size from III to V produced significant improvements in perimetric 

sensitivity. They found that size III may be more useful than size V for detecting 

abnormalities in visual fields, while size V may be more useful to detect progression. 

RP and Electroretinography
Objective measurement of electroretinography (ERG) has been used as a tool to assess 

the function of the retina in RP. These include full field ERG to assess the overall retinal 

function and pattern electroretinogram, multifocal electroretinogram (mfERG) and the 

multifocal visual evoked potential (mfVEP) to assess the central function. 

In one of the earliest studies on ERG in RP, Berson et al. in 1985 studied 94 patients with 

RP over 3 consecutive years. On an average, patients lost 16% to 18.5% of remaining 

electroretinographic amplitude per year and 4.6% of remaining visual field area per year.10
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Granse et al. in 2004 attempted to study the residual visual function in 14 patients with 

advanced RP using different electrophysiological studies- full field ERG, mfERG and 

mfVEP.13 They found that the full field ERGs was reduced in all patients and concluded 

that mfERG and mfVEP may be useful for evaluating the residual retinal function. 

Nagy et al. did a long-term follow up of patients with RP using mfERG.14 They studied 

23 patients with RP over a 10-year period using psychophysical studies and mfERG. 

They concluded that mfERG complemented psychophysical methods like visual fields 

and could be an objective outcome measure following treatment. 

Falsini et al. evaluated long-term changes of central cone- mediated function in 43 

patients with RP over an average of 9.3 years by recording focal electroretinograms 

(fERG).15 Mean yearly decay rate of central fERG was 5.6%. They concluded that the 

decline of central cone function was significantly slower than global cone function 

decline in RP.

RP and OCT
With progress in technology arrived optical coherence tomography (OCT), an objective 

way to measure retinal structure. OCT is a non-contact, non-invasive technique that 

provides very high resolution cross sectional images of the retina. While the axial 

resolution of time-domain OCTs was 8-10 microns, newer spectral domain OCTs 

(SD-OCT) can achieve 5-8 micron axial resolution. Studies with time domain OCT 

showed good quantitative agreement between the extent of local field loss and the 

thickness of the outer nuclear layer.16 As SD-OCTs came into vogue, it became possible 

to measure the thickness of the outer segment (OS) since the inner segment/outer 

segment (IS/OS) line is a very clearly demarcated. 

Witkin et al. studied photoreceptor integrity in patients with RP using ultra high 

resolution OCT.17 They measured the central foveal thickness (CFT) and defined ‘foveal 

photoreceptor outer segment/pigment epithelium thickness (FOSPET)’. FOSPET 

was defined as the distance between the inner border of the highly reflective line 

representing the photoreceptor inner/outer segment junction and the outer border 

of the RPE, measured at the thinnest point of the fovea. They found that FOSPET was 

statistically thinner in patients with RP compared with normal subjects, and a thinner 

FOSPET correlated with decreased visual acuity. 

Rangaswamy et al. found that the thickness of the outer segment on SD-OCT decreased 

with local field loss and became undetectable in locations where visual field sensitivity 
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loss was worse than -10 dB.18 A study of the transition zone from regions of normal to 

abnormal vision reported that the earliest sign of damage in RP was a thinning of the 

OS layer, followed by a decrease in ONL thickness, and then a disappearance of the OS 

layer.19

Fischer et al. identified that the distance between the foveal center and the loss of IS/

OS signal correlated with distance to the edge of the visual field as measured with 

Goldmann perimetry.20 Hood et al. attempted to derive the boundaries of visual fields 

from the OCT scans of patients, in whom the central visual fields were relatively well 

preserved.21 They confirmed that the IS/OS line on the SD-OCT disappeared when 

the visual field sensitivity was less than -8 dB. They concluded that the IS/OS contour 

showed promise as a structural measure of progression of the disease and could be 

used as a marker following treatment. 

Birch et al. attempted using the inner segment ellipsoid zone (EZ; ie, inner/outer 

segment border) to study the progression of a cohort with x-linked RP.22 They found 

that the mean rate of decline in EZ width (7%) translates into a mean rate of change of 

13% for the equivalent area of functioning retina. This rate of change is consistent with 

that reported for visual fields and full-field electroretinograms. They concluded that the 

validity of EZ width as an outcome measure in prospective clinical trials in RP.

Mitamura et al. further suggested that the external limiting membrane (ELM), IS/OS 

and cone outer segment tips (COST) are all shortened with progression of RP.23 The line 

length is longest in the ELM, followed by the IS/OS, and COST, suggesting that retinal 

layer becomes disorganized first at the COST, followed by the IS/OS and finally the ELM. 

This finding was consistent with the previous report that the earliest histopathological 

change in RP is a shortening of the photoreceptor outer segments.

In a further study to their previous one,21 Ramachandran emphasized the importance 

of measuring the ellipsoid zone width to assess progression on horizontal and vertical 

scans in patients with RP except those with advanced RP.24 However they emphasized 

the limitation of the study in treatment trials that aim to recover vision, as we do not 

know the extent to which recovery of the EZ band tracks recovery of visual sensitivity.

In addition to the EZ zone, studies showed that the thickness of the outer segment 

as demonstrated on the OCT was a very important correlate with traditional 

measures of visual function in RP, such as multifocal ERG, full field ERG and visual field 

sensitivity.21,22,25,26
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Wen et al. studied the response to oral administration of QLT091001, a synthetic 

9-cis-retinoid, in patients with RP and LCA.26 They found that among responders, the 

average OS thickness measures in the central 20 degrees were significantly associated 

with global visual field change measured by GVF, which includes not only central field, 

but also field in the periphery. They concluded that SD-OCT thickness in the central 

retina may be useful for predicting the visual field response in the peripheral retina to 

QLT091001. 

In addition to the outer retinal thickness, OCT measurements of the retinal nerve 

fiber layer (RNFL) were made, but these measurements have not been shown to be 

consistent. 

RP and FAF
Scanning laser ophthalmoscope allowed the measurement of fundus autofluorescence 

(FAF), a quick and noninvasive imaging tool that serves as a surrogate to retinal 

pigment epithelial function in RP. Robson et al. showed a high correlation between 

pattern ERG, an established technique to assess central function in RP with FAF, 

concluding that FAF is a valuable parameter in monitoring patients with RP.27 In a 

subsequent longitudinal study, Robson et al. demonstrated a progressive constriction 

of the FAF ring accompanied by worsening macular function in patients with RP.28 

Lima et al. compared OCT findings with those of FAF in patients with RP and found 

that disruption of the IS/OS junction and a decrease in the outer retinal thickness was 

seen within the central hypofluorescent ring.29 Wakabayashi et al. found normal FAF 

surrounded by a ring of increased FAF at the macular area in these patients.30 The area 

of normal FAF corresponded with preserved IS/OS junction on the SD-OCT while there 

was a loss of IS/OS and ELM outside the FAF. The ring of increased FAF demarcated the 

border between the central retina with preservation of the IS/OS junction and ELM, 

and the adjacent eccentric retina with loss of these bands.

RP and Microperimetry
Further progress in technology brought the microperimeter (or the fundus-related 

perimeter), where perimetry is performed with simultaneous viewing of the fundus. 

This allows observation of the point on the retina that is being stimulated, making 

it possible to compare retinal morphology to function. Acton et al. compared the 

difference in the visual field defects measured between the Humphrey visual fields and 

MP-1 microperimeter.31 They observed that there was a difference in the background 
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luminance levels and the dynamic range between the two devices. The HFA detected 

fewer and shallower defects in patients with RP. They hypothesized that in photoreceptor 

diseases like RP, increment threshold measurements depend on adaptation levels, 

unlike diseases like glaucoma that primarily involve the inner retina and postreceptoral 

sites, and in which increment thresholds are independent of adaptation levels. Also, the 

narrower range of the MP-1 may limit the ability to follow patients whose sensitivities 

lie beyond the dynamic range of the microperimeter. They concluded that although 

the examinations on the MP-1 were longer due to the increased adaptation time to 

the dimmer background and increased test duration, the fundus tracking, ability to 

quantify the fixation stability and co-registration with the fundus image make the MP-1 

a useful device in patients with RP. 

Aizwa et al. studied the correlation between FAF and MP in patients with RP over a 

2-year period.32 They found that the diameter and area of the FAF ring and the length of 

the IS/OS line decreased significantly during the follow up period. The decrease in the 

FAF ring diameter was significantly correlated with decrease in retinal sensitivity on the 

MP-1. They concluded that a progressive constriction of the autofluorescent ring might 

reflect morphological changes of the photoreceptors and worsening of visual function 

in RP, thus making it an important parameter in monitoring these patients. 

Lenassi et al. also found a high correlation between retinal sensitivity on the MP-1 

and the outer retinal thickness on the SD-OCT. The FAF ring correlated with areas of 

impaired integrity of the photoreceptor layer on the SD-OCT.33 Battu et al. attempted 

to compare the retinal sensitivity on the MAIA (Macular Integrity Assessment), another 

form of microperimetry with structural changes on the SD-OCT.34 Their results showed 

that the retinal sensitivity on the MAIA correlated with the total retinal and outer retinal 

thickness on the SD-OCT. 

Igarashi et al. investigated the test-retest rreproducibility of visual fields measured with 

the MP-3 microperimeter. They measured the visual fields twice both with MP-3 and 

HVF, using the 10–2 test grid pattern in both perimeters. They found that the mean 

sensitivity measured in the HFA 10–2 was significantly higher than that measured in 

the MP-3.35 

RP and Adaptive Optics
Adaptive Optics (AO) is a relatively new tool that provides excellent lateral resolution, 

thus enabling visualization of the photoreceptors, blood vessels and details of the 
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optic nerve head.36,37 Duncan et al. showed that adaptive optics scanning laser 

ophthalmoscopy (AOSLO) images could be used to study macular cones with high 

resolution in patients with degenerative diseases of the retina.38 Makiyama et al. 

showed that the cone density was decreased and the regular arrangement of the 

cone mosaic was altered even in the presence of good visual acuity in patients with 

RP.39 Tojo et al. correlated the macular changes noted on AO with those on OCT and 

FAF.40 The cone densities were reduced at the macula, especially at the parafoveal ring 

of on high-density FAF and at the border of IS/OS line on the OCT. Menghini et al. 

found a significant correlation between outer nuclear layer (ONL) thickness and cone 

density in patients with RP.41 The ONL contains rod and cone photoreceptor nuclei and 

studying these can be a marker for photoreceptor survival in RP.

In a study of eleven patients with RP, Sun et al. correlated the changes on OCT and AO 

to assess the cone photoreceptor structure.42 They concluded that foveal cone density 

was reduced by 38% before changes were noted on the OCT or visual function changes 

were noted; and therefore AOSLO imaging was an early measure of RP changes in RP. 

OCT angiography (OCTA) and retinal oximetry are recent modalities that are still being 

investigated.43,44 They may provide further markers to assess progression in RP. These 

are particularly promising given that vascular attenuation is an early and definite 

clinical finding in RP. OCTA is a new, noninvasive way to assess changes in blood flow 

at the macula. Microvascular changes in both the superficial and deep vessels of the 

parafoveal plexus have been noted.43,45 

There are several clinical trials in progress/ on the horizon to treat patients with 

inherited retinal dystrophies. Although several tests like the visual fields, ERG, OCT 

and AO provide evidence of progression and serve as surrogate markers for this, 

it is important to understand that a multimodal assessment is necessary to define 

important parameters of retinal structure and function in patients with advanced 

vision loss. In spite of these, tests to define clinical end points in a therapeutic trial 

remains a major challenge, considering the advanced disease these patients have. 

Recently, novel endpoints like multi-luminance mobility test that track functional 

vision changes or spatially resolved functional assessment of rods and cones are 

being tested out in therapeutic trials.46,47 

In conclusion, many current investigations for RP help identify progression of the 

disease. However an accurate co-registration of multiple modalities increases the 

power of structure–function correlation. With further progress in technology and 
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the implementation of multiple therapeutic clinical trials, it is possible that we identify 

techniques/technologies to identify end points that are easy to assess. The search for an 

ideal imaging biomarker that can identify and measure progression of RP over a short 

time continues. Until then, a multimodal assessment that evaluates both structural 

and functional changes will be the best way to study mechanisms of progression and 

effects of new treatments. 
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Introduction

Disease Description
Retinal cells are interconnected neuronal cells that are responsible for initial processing 

of visual information. Relentless, slow progressive degeneration of one or more layers 

of the retina causes a set of blinding disorders- Inherited retinal dystrophies (IRD). 

Most of these diseases occur due to a single mutation, and form the spectrum of non-

syndromic IRDs. These mutations may be either in the photoreceptors or the retinal 

pigment epithelium. Based on the mutation, severity, age of clinical presentation, 

mode of inheritance (autosomal dominant, recessive or x-linked), clinical phenotype, 

rate of progression, these diseases are classified into various categories. One of the 

IRDs, Retinitis Pigmentosa (RP) is the most prevalent and a major cause of disability and 

blindness worldwide.1

Genetic causes
The wide heterogeneity of the disease is evident by the large number of genetic 

mutations associated with IRDs. The Retinal Information Network (Retnet, https://sph.

uth.edu/retnet/) has noted over 300 genes associated with IRDs as on January 2018.2 

Each of these genes encodes a protein that plays a vital role in the visual processes 

that occur either in the neuroretina and / or RPE. Mutations in these genes causes 

abnormalities in amino acids and subsequent protein formation, leading to a cascade 

of reactions that eventually ends in tissue injury, apoptosis, and tissue remodeling.1

Identification of these genes underlying IRDs is of immense interest to clinicians 

and scientists. Methods to identify the underlying genetic mutations have advanced 

significantly over the years.3 While targeted panel sequencing tests look for specific 

genes involved, exome sequencing tests all coding regions (i.e., exons) within the 

human genome. A gene filter containing all the IRD-related genes is further used to 

limit the risk of incidental findings, not pertinent to the IRD. There is an advantage to 

exome sequencing: - if the causative gene is not identified in any of the known genes, 

other potential genes can be explored, thus identifying novel disease-causing genes. 

Whole genome sequencing is increasingly being utilized, although determining the 

functional role of many of these newer genes will be a challenge.
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Treatment
Treatment of IRDs has entered an era from being incurable to having emerging 

therapeutic options. Many pharmacological agents have been tried in the treatment 

of IRDs including neurotrophic factors, antioxidants and anti-apoptotic agents, 

although their efficacy has not yet been proven.4 Current therapies for various IRDs 

include ongoing or completed clinical trials of gene therapy, cell therapy and retinal 

prostheses. 

Gene Therapy
The US Food and Drug Administration (FDA) approval of voretigene neparvovec-rzyl 

(Luxturna) for RPE-65 associated retinal degeneration in December 2017 is a milestone 

in the treatment of IRDs, heralding a new era in the management of these diseases.5 

This is the first approved ocular gene therapy biologic product. Gene therapy is the 

strategy to correct genetic defects using a viral or non-viral vector that replaces or 

silences the causative gene. Although a very promising modality for the treatment of 

IRDs, gene therapy has limitations.6 Gene therapy is gene specific, and a new treatment 

for each gene has to go through all the steps of drug development including animal 

studies, clinical trials and regulatory processes, and is therefore inevitably very 

expensive. Gene therapy requires viable cells and it is unclear at this point whether 

the therapy can prevent further progression of the disease. Till further developments 

occur, the method of delivery is invasive and carries the associated complications of 

the procedure. 

Stem Cell Therapy
Stem cell science is advancing, and although early, offers unprecedented opportunities 

for cell replacement strategies.7 Stem cells are characterized by three general 

properties: their capacity for unlimited self-renewal, their unspecialized status, 

and their ability to differentiate into multiple cell types. Although most of the early 

research was conducted using embryonic stem cells (ESC), induced pluripotent cells 

(iPSC) is making headway in current research. Obtained from peripheral blood or a skin 

biopsy, iPSC offers an easy approach compared to ESC. Derivation and differentiation 

of human iPSC into RPE, photoreceptors and retinal organoids invitro provides 

exciting opportunities for cell-replacement therapy and screening small molecules for 

therapeutic potential. To achieve an effective transition from research and early-phase 

clinical trials to generalized treatment using human iPSCs, there are several processes 

that need to be optimized. These include optimizing differentiation efficiency and 
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reproducibility across cell lines, overcoming immune-mediated difficulties in response 

to allogenic transplants and challenges associated with generation of current good 

manufacturing practices (GMPs).8

Retinal Prosthesis
Retinal prosthesis was the first approved therapy for IRDs. The Argus-II was the first 

US-FDA approved retinal implant while the subretinal implant was approved for use in 

Europe. Continued improvement in visual acuity has been seen with increasing number 

and density of electrodes in both the implants.9,10 

Timing of Interventions
While research into various treatment options continues, one of the major hurdles 

facing scientists and clinicians is the appropriate time of intervention in these patients.11 

An ideal time frame would be once the disease pathogenesis and progression has been 

established, and before significant vision loss occurs. This raises several questions. Is it 

possible to quantify photoreceptor/and or RPE loss through various imaging modalities? 

And to what extent do these modalities overlap or show a different spectrum of the 

disease stage? For example, pretreatment evaluations of the RPE-65 gene therapy trials 

showed that despite the observed retained photoreceptors studied using OCT and dark-

adapted sensitivity, vision loss was severe.12 This shows that there may a discrepancy 

between structure and function. It is therefore important to identify and treat a disease 

before visual potential is lost. There are over a 100 clinical trials listed on clinicaltrials.

gov addressing treatment of RP and over 20 in Stargardt disease currently.13 All of these 

have to assess the correct stage to intervene based on current imaging and functional 

assessment modalities.

Timing Based on Imaging and Functional Assessment
Currently, photoreceptor measurement on the OCT and estimation of the RPE 

integrity through the fundus autofluorescence are the commonest tools available 

in an ophthalmic clinic to assess integrity of the photoreceptor/RPE layer in IRDs. 

Corresponding functional measurements can be made through microperimetry that 

can assess function in the same small local area in a more refined way as compared to 

traditional perimetry.

Although there is a flux of imaging modalities, the current status of these technologies 

to assess viability of cells for new treatments is at best approximate. We do not know 
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how much of the outer nuclear layer/RPE needs to be retained for the results of new 

therapies to be successful. We do not know how soon and how much therapy needs 

to be instituted to ensure that noticeable vision loss does not occur at all. Just like 

therapeutic clinical trials, progress in imaging is evolving. 

Assessment of Outcome in New Therapy Trials
The above-discussed imaging modalities can also be used to assess outcome in new 

IRDs trials. However, in many phase one clinical trials, selected patients have very poor 

functional vision, where a noticeable change may not be possible using traditional 

methods of visual assessment. To this end, to utilize a more patient relevant functional 

outcome other assessments have been used to obtain FDA approval. The trials that 

led to the approval of voretigene neparvovec-rzyl (Luxturna) gene therapy for RPE65-

related retinal dystrophies used standardized multi-luminance mobility testing 

(MLMT) as the outcome measure, a novel end point that tracks functional vision 

changes in patients with IRDs over time.14 Similarly, the outcome measures used in 

the Argus II epiretinal prosthesis included two functional visual outcomes- the square 

localization test, which measured the patient’s ability to localize a white square on 

a black touch-screen monitor and the direction-of-motion test, which measured the 

patient’s ability to detect motion.15 

Contribution of this Thesis to Knowledge Base of IRDs
This thesis addresses some of the newer imaging modalities and emerging genetic 

data in IRDs. 

The first part of the thesis- Chapters 3-6 analyses some of the imaging techniques that 

are currently in use in the management of IRDs. Progress in the management of IRDs 

has gone hand in hand with technological breakthroughs. From the era of fundus 

photography and fundus fluorescein angiography, imaging has progressed through 

optical coherence tomography, fundus autofluorescence, adaptive optics, scanning 

laser ophthalmoscope, microperimetry, macular pigment optical density, oximetry 

and OCT-angiography.   

The response of human photoreceptors to light is extremely dynamic, and imaging 

them in an intact retina is a challenge. Adaptive optics is one such developing 

technology that allows imaging of the cone and possibly, rod photoreceptors.  In this 

thesis we have described the basics of adaptive optics and its advantages over current 

conventional methods of imaging. SD-OCT provides an excellent lateral resolution 
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while Adaptive optics enhances the axial resolution considerably. It therefore allows 

imaging of the photoreceptors esp cones, blood vessels and the optic nerve head. In 

IRDs, AO provides an objective and sensitive measure of photoreceptor survival. This 

allows early identification of their damage, ability to narrow the time frame when 

treatment can be instituted and provide an objective measurement of treatment 

response. In very early ABCA4-associated retinopathy, AO is able to identify changes in 

cone spacing before clinical symptoms develop.16 This is encouraging as it allows early 

application of treatment options as new therapies become readily available to prevent 

vision loss. 

Optical coherence tomography (OCT) has evolved from time domain OCT to spectral-

domain OCT and the newer swept source OCT. These are being combined with Adaptive 

optics and scanning laser ophthalmoscope to attain higher axial and lateral resolution 

to create platforms that is able to image single photoreceptor cells.17

While OCT measures the structural changes, evaluating functional changes is 

equally essential. Microperimetry (MP) measures point-to-point retinal sensitivity. 

MP has progressed from the Nidek MP-1 to MAIA. In our studies we observed that 

the retinal sensitivity in RP showed a significant correlation with the outer retinal 

thickness. However, the overlap between OCT values and microperimetry values 

do not correspond perfectly. This implies that both need to be assessed to give a 

multidimensional picture of IRDs and the outcome of clinical trials. Such an approach 

will give better opportunities to predict the outcome more accurately and understand 

mechanisms of obtaining certain outcomes. Moreover, it is of value to quantify the 

amount of outer retinal thickness that leads to a lower microperimetry value thereby 

showing the amount of outer retinal thickness that needs to be retained to leave its 

functional value unaffected. 

Measurement of the vasculature has been of immense interest in IRDs, both to understand 

the pathogenesis and monitor progression. It has become possible to measure the 

oxygen saturation through retinal oximetry and scanning laser Doppler flowmetry and 

analyse the superficial and deep retinal vessels through OCT-angiography. In this thesis, 

we have shown significant narrowing of both arterioles and venules and a higher arterio-

venous saturation difference in RP on the oximetry.  Arterial vessel density is a hallmark of 

IRDs like RP. The information obtained from oximetry in various IRDs continues to evolve; 

it is possible that oxygen saturation and vascular changes may be one of the earliest 

predictors of cell loss in RP, thus allowing earlier applications of new therapies.  
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Noninvasive measurements of ultra microstructures and microvasculature of the 

retina is a major advance in imaging the human retina.  With artificial intelligence and 

machine learning on the horizon, it is exciting to foresee better understanding of the 

disease pathogenesis and more definitive monitoring of the disease progression and 

response to treatment. 

The second part of the thesis- chapters 7-9 demonstrates some of the spectrum of 

phenotypes and their associated genetic mutations in India. Molecular genetic 

diagnosis and genotyping patients with IRDs help arrive at a specific diagnosis, allows 

prognostication and helps explore the possibilities of treatment. Given the large 

burden of IRDs in India, there are relatively fewer mutational reports from across 

the country. The need to study genotypes in India specifically is emphasized by the 

high prevalence of consanguinity amongst the population, and the more common 

prevalence of autosomal recessive diseases as a result of this. It is possible therefore 

that the mutation spectrum of IRDs in India is different from that reported from the 

rest of the world. It therefore becomes imperative to conduct molecular genetic 

screening on a larger number of patients with IRDs, to enable better understanding of 

the disease in the Indian context. 

Following RP, Stargardt disease is the most common IRD seen in India. However there 

is very little literature on Stargardt disease from India. Chapter seven discusses the 

mutational spectrum seen in this disease, and identifies two new mutations in this 

population. Both the new mutations, a homozygous missense mutation (p.Thr971Asn) 

and a compound heterozygous change (p.Tyr872X) in association with  p.Gly1961Glu  

were noted to be associated with a severe phenotype. 

The Prospective Progression of Atrophy Secondary to Stargardt disease (ProgStar) 

study was a multicentre prospective/retrospective study of patients with mutation-

proven Stargardt disease across the United States and Europe.18 The main aim of the 

study was to characterize the natural history of disease progression using a variety 

of structural and functional measures including FAF, SD-OCT and MP. The studies 

were also designed to assess risk factors for the development and progression of 

atrophic changes in patients with ABCA4 -related Stargardt disease.  The results of 

several aspects of the study have been published. ProgStar 2 concluded that visual 

acuity alone is unlikely to be sensitive outcome measure for treatment trials of 

Stargardt disease, given the slow rate of visual acuity loss; this was further reiterated 

in ProgStar6.19, 20 ProgStar 7 studied a newer outcome measure, retinal sensitivity on 
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the MP while ProgStar 9 studied FAF as outcome measures. 21, 22 Both concluded that 

retinal sensitivity testing on MP and FAF may provide important outcome measures in 

future clinical trials. ProgStar studies have helped significantly in better understanding 

the natural history, genotypes and outcome measures for clinical trials.  

Inspite of characteristic phenotype, molecular heterogeneity can sometimes be 

surprising and lead to more complex considerations into the pathogenesis of the 

disease. Neuronal Ceroid Lipofuscinosis (NCL) is one such disease with a wide variety of 

genetic mutations and fairly homogeneous phenotype. As the cost of genetic testing 

across the world decreases, whole exome/whole genome sequencing becomes the 

standard to identify newer mutations, which will be especially appropriate in genetic 

diseases with a more homogenous phenotype but heterogenous genotype. The role 

of genetic counselling/genetic counsellors cannot be emphasized more in such a case. 

Appropriate genetic counselling at an opportune time can prevent multiple members 

in a family being affected with severe disease. 

There is no single imaging modality that can used to assess disease progression or be 

used in clinical trials for prognostication. In view of the severe visual loss that is already 

present in most patients included in the various clinical trials currently, functional 

assessment of vision and its structural correlation is a challenge. Most of the treatment 

modalities/clinical trials are still in their infancy, and therefore clinicians/researchers 

have to be cautious in including patients for these trials. Most of these treatments, both 

approved and in clinical trials, have a fairly significant risk of complications and the risk 

of further visual loss in a patient with already poor vision due to the primary retinal 

degenerative condition. Structure-function correlation becomes a major challenge due 

to this, and therefore a single imaging modality or a single assessment of functional 

vision is not possible. A combination of multiple imaging modalities and functional 

visual assessments need to be done to obtain useful information. 

India has its own set of challenges in managing these patients. Given the large 

population of India, and the continued threat of communicable diseases, it is easy to 

ignore rare diseases. With several programs across India that cater to cataract-related 

blindness, hither-to untreatable conditions like inherited retinal diseases are beginning 

to gain importance. There is no universal definition for rare diseases like IRDs. Most 

countries define ‘rare’ or ‘orphan’ diseases as those affecting less than a specific number 

of persons in a given population. The World Health Organization has suggested that a 

rare disease be defined as one with a prevalence less than 6.5-10 per 10,000 persons.23 
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The number used in the USA is 7.5, in Europe 5, in Japan 4, in South Korea 4, Australia 

1.1, as the prevalence per 10,000 population.23 Going by this definition, RP with a 

prevalence of 1 in 4000 in the USA is a rare disease.24 Like many developing countries, 

India has no standard definition for a rare disease. However, given the prevalence of 

more than 1 in 1000, the prevalence is much higher in India and not within the range 

of rare disease prevalence as reported in other countries or in the high range of rare 

diseases as reported by the WHO.25, 26 India will have to define a rare disease in the 

context of its own population, prevalence patterns, health care system and resources. 

There is a need to create a registry of patients with retinal dystrophies detailing 

their phenotype and genotype in India. A large number of patients need to undergo 

molecular diagnosis to enable a better understanding of the mutation spectrum in 

India. This would enable research into the treatment options that would become 

available in the near future. As far as gene therapies are concerned that addresses 

one specific mutation, it is of value to use whole genome sequencing and assess the 

prevalence of the mutations specifically for India. It is possible that the mutations 

patterns in India are different compared to other countries e.g. due to consanguinity. 

This will also help identify mutations that need to be addressed/treated to have the 

largest impact. In addition, patients need to be assessed several times over many 

years with multi modal imaging techniques to identify those at risk of functional loss 

and predict the presence of cells that are still viable. 

Appropriate genetic counseling holds the key to successful management of patients 

with IRDs. Currently, there are very few trained genetic counselors. In addition to 

their paucity, these counselors face several challenges in managing patients with 

IRDs in India. Although English and Hindi are the official languages, there are 22 

languages recognized by the Indian constitution; language barriers for counseling are 

significant. Family systems are different with arranged marriages and consanguinity 

is still in vogue. Extended family members sometime demand disclosure of genetic 

test results; cultural and religious beliefs are significantly different. The key is to train a 

larger number of personnel in genetic counseling with a specific focus on IRDs. More 

centers need to start training genetic counselors. This is especially pertinent given the 

prospective therapies on the horizon. Well-trained genetic counselors can bridge the 

gap between the physician/geneticist/visual rehabilitation and become the pivotal 

point for management of these complex diseases. 

Some of the major eye institutions across the country have started addressing these 
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needs by creating separate departments of eye genetics within the larger umbrella. 

These include All India Institute of Medical Sciences, New Delhi; Sankara Nethralaya, 

Chennai; LV Prasad Eye Institute, Hyderabad; Aravind Eye Hospitals, Madurai; Narayana 

Nethralaya, Bangalore and the Centre for Eye Genetics and Research, Bangalore. All 

these departments are well equipped with advanced clinical and molecular diagnostics 

and low-vision rehabilitation departments. The majority of the research/publications in 

eye/retinal genetics are from these centers. These centers have also started their initial 

foray into research towards retinal stem cells and gene therapy.

In summary, this thesis reviews the expanding role of newer imaging systems in the 

management of inherited retinal diseases. It also adds to the existing literature of 

genetic mutations in the Indian population. The thesis has a special relevance to 

patients in India, given the exciting treatment options that are on the horizon and the 

particular genetic characteristics of this population. 

Future Perspect ives

The day of ‘Personalized medicine’ is not far. Cell therapy can be achieved by 

replacement of autologous cells that has been treated with gene-editing technologies 

like CRISPR-Cas (clustered regulatory interspaced short palindromic repeats).27 This will 

then overcome immune response, one of the biggest challenge in patients receiving 

allogenic transplants. However, personalized medicine is bound to be a very expensive 

approach. Luxturna, the RPE-65 gene therapy product currently costs about $450,000 

per injection in the US.28 Creation of banks of HLA-matched iPSC universal donors, akin 

to the current blood banks that store iPSC lines homozygous for a range of HLA types 

is already on the anvil

While the world is on the cusp of major breakthroughs in the treatment of IRDs, it is 

important to take cognizance of the fact that the retina is an extremely complicated 

organ, and research into replacing, re-growing or restoring damaged retina is bound to 

be a very long and tedious process. For eg. the routine use of intraocular lenses today 

in cataract surgeries belies the many years of painstaking research in both the materials 

and processes that it took to achieve the surgical excellence that surgeons can boast 

of today. However given the current extensive research and immense treatment 

potential that seems possible, the future looks very promising for patients with retinal 

degenerative diseases. 
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There has been a major thrust across the world in research into treatment of retinal 

degenerative diseases in recent years. With increase in the number of clinical trials to 

address the unmet need, outcome measures become important, not only to assess the 

efficacy of these treatment trials, but also to identify earlier time points where treatment 

can be instituted. The underlying genetic mutations of each disease are equally 

important before considering therapeutic interventions, especially gene therapy that 

is specific to each mutation. 

This thesis addresses some of the newer imaging modalities that are being used in the 

management of IRDs. The thesis also looks into some of the genetic data from India, 

identifying mutations specific to the continent, and adding to the existing literature.  

CHAPTER ONE provides an introduction to retinal dystrophies and outlines the aims of 

the thesis.

CHAPTER TWO is a detailed review of the current literature on inherited retinal diseases. 

We have discussed the clinical presentation of the common retinal dystrophies that 

include retinitis pigmentosa (RP), Stargardt disease and Leber congenital amaurosis.  

We have also discussed the current status of treatment into these conditions. 

CHAPTER THREE is an overview of one of the newer imaging modalities, Adaptive optics 

(AO). In contrast to the axial resolution provided by optical coherence tomography, 

AO is able to provide excellent lateral resolution and therefore identify cellular details 

including cone count and structure. We have described the structural details noted in 

normal eyes, myopic eyes and those with retinal dystrophies. 

CHAPTER FOUR describes the outer retinal tubules on the AO in patients with Bietti’s 

crystalline dystrophy (BCD). First demonstrated in age-related macular degeneration, 

these tubules appear as hyporeflective ovoid spaces with hyperreflective borders in 

the outer nuclear layers on spectral domain optical coherence tomography (SD-OCT). 

These appear as elongated tubules of varying sizes, as a response to photoreceptor 

injury. This is the first study to demonstrate and describe these tubules in detail using 

AO in a retinal dystrophy.  

CHAPTER FIVE investigated the structure-function correlation in the macula of patients 

with retinitis pigmentosa using a custom-designed software. The ultrastructure on 

the SD-OCT was related to function as measured by microperimetry (MAIA, Macular 

integrity assessment). We studied the retinal sensitivity at the macula using MAIA and 
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the corresponding retinal thickness on SD-OCT, identifying changes that cause a 

reduction in function.

CHAPTER SIX studied the oxygen saturation profiles in patients with RP and macular 

dystrophy using the Oxymap T1 retinal oximeter. Arteriolar attenuation is a hallmark 

of RP. In addition to decrease in vascular diameters, we showed alteration in oxygen 

saturation profiles in all quadrants in the RP group but mainly in the infero-temporal 

quadrant in the macular group. 

CHAPTER SEVEN studied a cohort of Indian patients with Stargardt disease. We 

presented the clinical information and identified five mutations in the ABCA4 gene, 

two of which were novel. This is the first study on genetic analysis of patients with 

Stargardt disease from India.  

CHAPTER EIGHT investigated the results of exome sequencing in a family diagnosed 

with Neuronal ceroid lipofuscinosis or Batten’s disease.  NCL is a childhood onset 

neurodegenerative disease that often presents to the ophthalmologist first. We 

identified two novel MFSD8 mutations in the family. The chapter discusses the 

importance of exome sequencing in consanguineous families with neuronal ceroid 

lipofuscinosis. 

CHAPTER NINE studied two Indian families identified with Choroideremia. We studied 

the clinical presentation and analysed their genetic mutations. SD-OCT showed loss 

of outer retina, preservation of the inner retina and choroidal thinning in the affected 

males and retinal pigment epithelial changes in the female carriers. Two known 

mutations were identified in the CHM gene. This is the first study to describe the 

genetic analysis of patients with Choroideremia from India.

CHAPTER TEN addresses the challenges of managing patients with retinal dystrophies 

in India. India faces several difficulties including lack of genetic counsellors and 

inadequate access to molecular genetic testing. This chapter describes the challenges 

and efforts to address these and the contribution of associations like the ‘Organization 

for Rare Diseases India’ towards addressing these problems.  

CHAPTER ELEVEN is a review of various methods used to assess progression in RP. With 

many clinical trials and therapeutic interventions on the anvil, being able to monitor 

the progression and identify critical end points for these trials becomes crucial. Several 
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relevant outcome measures including visual field assessment, electroretinography, 

OCT, fundus autofluorescence, microperimetry and AO were measured. We concluded 

that multiple modalities are required to arrive at meaningful outcome measures. 

In summary, this thesis expostulates the expanding role of newer imaging systems 

in the management of inherited retinal diseases. It also adds to the existing literature 

of genetic mutations in the Indian population. The thesis has a special relevance to 

patients in India, given the exciting treatment options that are on the horizon. 
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Of all the fields of Medicine, advances in technology have impacted Ophthalmology 

most. The world of retinal diseases is no exception. Vitreoretinal diseases that would 

have been deemed ‘inoperable’ a few years ago are routinely being done; retinal diseases 

that never would have been diagnosed, let alone treatable- are being diagnosed with 

Spectral domain optical coherence tomography (SD-OCT), OCT-Angiography, adaptive 

optics, microperimetry and treated- with the advent of micro incision vitrectomy surgery 

for example advanced diabetic tractional retinal detachments, stage 5 retinopathy of 

prematurity and complex traumas

Genetic diseases of the retina continue to frustrate clinicians (and patients) alike, as 

they are not amenable to conventional medical or surgical treatment. There is a ray of 

hope however tenuous at the present time, with the recent approval of gene therapy 

for RPE-65 related retinal dystrophies, and despite the multiple clinical trials ongoing 

around the world, the world is still a dark place for patients with these diseases. 

As I sat in the outpatient of the retina clinic many years ago, I saw this consanguineous 

couple with a young child, who had progressive visual failure and seizures. Over 

the next few weeks, as we informed the mother of the diagnosis of Batten’s disease 

(Neuronal ceroid Lipofuscinosis) in her child, the mother had a question: This was her 

fourth child; she now had three of her four children affected with this blinding and fatal 

condition. Why hadn’t any doctor told her about this before? Could we have prevented 

this condition in her children? In chapter 8 the basis for this opportunity to diagnose 

Neuronal ceroid Lipofuscinosis based on exome sequencing is described. 

This opened up the world of ‘retinal dystrophies’ and ‘ophthalmic genetics’ to me.  As I 

got more interested, I began to see more and more patients with degenerative diseases 

of the retina. 

My journey into the fascinating world of retinal dystrophies had begun. I knew this was 

an area of research that I wanted to pursue. 

Retinitis pigmentosa is the commonest retinal dystrophy. The prevalence of RP in India 

is more than 1 in 1000, compared to that of 1 in 4000 in the USA. That puts the number 

at close to 1.5 million affected with RP alone in India. This is not even considering other 

retinal dystrophies like Stargardt disease or LCA. Based on the prevalence alone this was 

then a socially relevant problem to study. Moreover, it supports the need to study this 

genetic disease from an Indian perspective and also find specific genetic mutations/

modifier genes fueled also by a high prevalence of consanguinity. 
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Was my study economically relevant? Undoubtedly. While there are several programs 

like the National Program for Control of Blindness, “orphan” diseases like retinal 

dystrophies receive very little attention. For every person who is blind, there are three 

people who are visually impaired. The economic burden of blindness in India for the 

year 1997 was Rs.159 billion (US$ 4.4 billion).  While 23.5 % of the blind in the world live 

in India, there are no definite statistics about blindness/visual impairment due to retinal 

degenerative diseases. 1,2

As I grappled to understand these diseases better, recent technological advances helped 

me get a better understanding of them. Looking at cone photoreceptors through 

Adaptive optics or getting better understanding of the blood flow in RP through 

Oximetry opened up newer insights into the pathogenesis of these diseases as described 

in Chapters 3 to 6. It now is possible to see the photoreceptors in vivo and study its density 

in RP. OCT also gave the opportunity to study the retina in much more detail in vivo in 

a detail almost similar to that achieved by histological examinations. Moreover, we are 

now better informed about the relation between the structural changes in Adaptive 

optics and OCT the function. The latter improved by micro-perimetry as compared to 

traditional perimetry. Microperimetry shows the sensitivity at a local point and at more 

points in the center and the opportunity to assess the sensitivity value in exactly the 

same place after some follow-up time. The sensitivity can therefore be closely related to 

the local changes in OA and OCT in the same spot.

As disease progression occurs in retinal dystrophies, the retinal tissue reacts to the 

injury in several ways; one of them is the formation of outer retinal tubules (ORT) 

described on the SD-OCT. I was curious to see how these tubules appeared on the 

adaptive optics; whether we could image them at all. Doing simple mathematical 

calculations based on the location of the ORTs on the SD-OCT, we identified possible 

locations of the tubules on the Adaptive optics; it was an exciting moment to see long 

tubules on stitched images of Adaptive Optics as is described in Chapter 4. It had not 

yet been described in Bietti’s Crystalline Dystrophy.

As we started conducting molecular genetic tests on the families presenting at our 

hospital, it became increasingly clear that there was limited information in the Indian 

literature regarding retinal dystrophies. While ophthalmic research is at the forefront in 

India, insights into the molecular genetics of retinal dystrophies was lacking. Towards 

this end, we published a series of mutations, both already noted and some new to add 

to the world literature (Chapters 7-9). Managing the staggering number of patients in 
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the genetic clinic brought fore the difficulties associated. (Chapter 10) Although we now 

had clinicians trained in managing patients with IRDs, there were no trained genetic 

counselors. Managing these patients and their families amidst a busy retina clinic was a 

challenge in itself. There were very few laboratories that were doing genetic mutational 

work in IRDs. Talking to multiple labs, discussing with them the importance of starting 

to look at eye/retina related genes, correlating them to the clinical phenotype- all 

taught me invaluable lessons. 

At Narayana Nethralaya, we hosted a two-day international symposium titled ‘SIGN- 

Symposium on Inherited Retinal Disease, Genetics and Newer treatments in 2013. This 

was a combination of presentations in basic genetics and clinical discussions. We were 

fortunate to have world leaders in the field of Ophthalmic Genetics come and address 

the sessions. And I continued to learn!

There is a surge in research into retinal dystrophies in the last decade. This thesis adds 

significantly to the existing literature about retinal dystrophies in India. With the many 

elements of research – be it gene therapy, stem cell research, retinal prostheses, small 

molecules, pharmaceutical therapy- we need more data about the spectrum of retinal 

dystrophies in India and its impact on the affected people. Once more data is gathered 

on the clinical phenotype, the number of affected people, the specific genetic mutations 

in the Indian population- it is then possible to start focusing on the therapies possible. 

Clinical trials in IRDs can then be started in India to look at multiple treatment options. 

Retinal prostheses- both epiretinal and subretinal have been approved for use today.3 

The USFDA approval of Luxturna- voretigene neparvovec-rzyl for RPE-65 disease 

developed by Spark therapeutics, USA is a very exciting landmark in the treatment of 

retinal dystrophies. However, gene therapy poses a very expensive prospect for affected 

patients. Each injection of Luxturna costs over $450,000 per injection currently in the 

United States. Although no patient in India has received either of these treatments yet, 

the development of both retinal prosthesis and gene therapy product is a remarkable 

achievement for science. In addition, both these therapies can behave like platform 

technologies based on which further products can be developed. 

There are several ophthalmic institutions in India doing research in this area - RP Centre 

for Ophthalmic Sciences, New Delhi, LV Prasad Eye Institute, Hyderabad, Sankara 

Nethralaya, Chennai, Aravind Eye Hospitals, Madurai, Narayana Nethralaya, Bangalore. 
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My own research has grown beyond the scope of this thesis. The Centre for Eye Genetics 

and Research in Bangalore (www.cegr.org) has been established with the sole idea of 

managing patients with retinal dystrophies, and provide the time and professional 

care these patients deserve. Services provided at CEGR include comprehensive clinical 

examination to arrive at a correct phenotype, genetic counseling after molecular 

genetic testing, clinical genetic services, personalized low visual rehabilitation services 

and collaboration with other organizations like ORDI (Organization for Rare Diseases 

India). Along with ORDI, CEGR has been organizing ‘Racefor7’, an annual marathon to 

raise awareness about rare diseases of the eye. 

What began as a small idea about exclusive management of these patients turned 

out to be the beginning of ‘Eyestem’ (www.eyestem.com). Eyestem is a retinal stem cell 

company that focuses on research into retinal degenerative diseases. It is incubated at 

CCamp (Centre for Cellular and molecular platforms), within the NCBS (National Centre 

for Biological Sciences) campus, Bangalore, India. Eyestem boasts of a dedicated set of 

scientists and an exceptional advisory team. 

The goal of the company is to be able to replace defective photoreceptors and 

retinal pigment epithelium in patients with retinal degenerative diseases. Towards 

this, we have used induced pluripotent stem cells (iPSC) from peripheral blood and 

differentiated them into Retinal Pigment Epithelium (RPE) and photoreceptors (PR) 

invitro.4 Our first set of animal experiments in dedicated knock out models has begun 

and we have shown successful integration of RPE cells transplanted subretinally.

Autologous stem cell treatment is possible; however the cell lines naturally carry the 

same genetic mutation that is in the eye. The combination of iPSC and remarkable 

genome editing tools like CRSIPR/Cas-9 (Clustered Regularly Interspaced Short 

Palindromic Repeats) make personalized therapy a reality, where a patient’s own cells 

are corrected and used to replace their degenerating retina.5 However this is bound to 

be a challenging and expensive proposition. 

Allogeneic stem cell treatment seems an attractive option to autologous treatment. 

Although the eye is considered immune-privileged, immune responses is one of 

the major hurdles for allogenic therapy. Systemic and local immunosuppression is 

administered in current trials; this research is still in its early stages. HLA matched 

allogeneic stem cell banks that are able to produce clinical grade cells seems a 

definite possibility. 
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At Eyestem, we are aware of challenges ahead. Some of these include overcoming 

immune responses, difficulties associated with integration of our cells within the host 

retina, clinical challenges of identifying critical end points in the disease and subretinal 

administration of the cells and associated regulatory hurdles. However, as science 

stands at the cusp of major breakthroughs in all these areas across the world, we are 

quite hopeful that we should be able to bring our current research to the bedside and 

be able to treat the many affected patients. 

To quote the famous French mathematician François Arago

 “To get to know, to discover, to publish- this is the destiny of a scientist”
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