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Abstract 

Inherited retinal diseases (IRD) are the leading cause of blindness in 

the working age population in England and Wales. The advances in ocular 

genetics, retinal imaging and molecular biology, have conspired to create the 

ideal landscape for establishing treatments for IRD, with the first approved 

gene therapy available now and the commencement of multiple therapy trials. 

It is of paramount significance to have robust natural history data, identify 

methods and criteria for patient stratification, and structural and functional 

outcomes for each genotype. The aim of this research was therefore to 

rigorously investigate the natural history with protocol-driven analysis of 

structural and functional data from molecularly confirmed subjects with IRD.  

Cohorts with IRD associated with eight genotypes were investigated in 

detail: CNGA3, CNGB3, GNAT2, PDE6C, ATF6, ABCA4, GUCY2D and 

CLN3. Different tools and approaches were employed for each genotype, 

guided by the gaps in the literature and the prospect of clinical trials. Metrics 

anticipated to be most sensitive to change were evaluated cross-sectionally, 

and where possible longitudinally; both (i) structural measures, including 

optical coherence tomography (OCT), fundus autofluorescence (FAF) 

imaging, and Adaptive Optics Scanning Light Ophthalmoscopy; and (ii) 

functional assessments, including visual acuity, contrast sensitivity, colour 

vision, static perimetry and microperimetry. Indices to quantify and investigate 

interocular symmetry, repeatability and reproducibility were also constructed. 

Associations between progression, age, baseline characteristics, and 

genotype were interrogated.   
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Impact Statement 

This study will aid selection of candidates for novel interventions and 

will form the basis for interpretation of treatment outcomes. Clinical care to 

affected individuals will also be enhanced by provision of disease-specific 

prognostic information. Methods used are also applicable to other inherited 

retinal conditions. 

We investigated the largest cohort studies in five achromatopsia 

(ACHM) causing genotypes. In CNGA3-ACHM and CNGB3-ACHM, we 

identified irregular and variably disrupted photoreceptor mosaics, with 

significantly lower peak foveal cone density than unaffected individuals, with 

vast intra- and inter-familial variability, and primarily symmetrical disease. 

Subjects should be considered on an individual basis for stratification in clinical 

trials, with both eyes having comparable therapeutic potential and the fellow 

eye able to serve as a valid control. PDE6C-ACHM and ATF6-ACHM are 

severe ACHM phenotypes, with few residual foveal cones for intervention. In 

GNAT2-ACHM, the cone mosaic is well preserved, potentially allowing for a 

wide therapeutic window for cone-guided novel interventions 

 We present the first prospective FAF study in a large cohort of children 

with molecularly confirmed Stargardt disease. The area of decreased signal 

quantification is highly reliable and may thereby serve as a robust structural 

endpoint for trials. Due to the observed high rate of progression, children 

should be considered for prioritization in clinical trials. Genetic background, 

ERG group and intrafamilial presentation are of value in informing counselling 

of patients about prognosis. 
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 We provided valuable information about the clinical phenotype and 

natural history of GUCY2D-LCA, established a well-characterised cohort of 

molecularly confirmed potential trial participants, and reported potential 

genotype-phenotype correlations. It has in addition, highlighted the relative 

structural and functional stability over a broad age range, thereby indicating a 

wide therapeutic window to be exploited by planned and anticipated 

interventional trials. 

 We described cases of juvenile CLN3 disease in detail, highlighting 

delayed/mistaken diagnosis, diagnostic challenges, providing diagnostic 

insights, novel observations, and also highlighting the latest clinical research 

and on-going/planned clinical trials. Early diagnosis is important both to 

provide timely clinical management and support, and to facilitate access to 

novel therapeutic interventions at the early disease stages. 
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1.1 Inherited Retinal Diseases  

 

Inherited retinal disease (IRD) is the leading cause of legal blindness in 

England and Wales among the working-age population and the second 

commonest in childhood 3. IRD is a group of clinically heterogeneous 

conditions, which can result in diagnostic challenge, often thereby 

necessitating detailed multimodal retinal imaging, as well as 

electrophysiological and psychophysical evaluation. They are subject to a 

broad range of research avenues and interventions which have been recently 

reviewed 4. In general, IRDs can be categorized as syndromic and non-

syndromic, with syndromic forms of IRDs having extraocular manifestations.  

Here, IRDs are presented on the basis of natural history (stationary or 

progressive) and the primarily affected retinal cell-type, as well as whether 

they cause generalize or localized macular dysfunction. Within the next 

paragraph in will briefly describe the essentials of their clinical presentation, 

genetic background and imaging. Adaptive Optics imaging references are 

presented in greater detail in the chapter “Adaptive Optics Imaging in 

Inherited Retinal Diseases”. 

 

1.1.1 Macular Dystrophies  

 

Macular dystrophies consist of a heterogeneous group of disorders that are 

characterised by bilateral symmetrical central visual loss. Advances in genetic 

testing over the last decade have led to improved knowledge of the underlying 

molecular basis. The developments in high-resolution multi-modal retinal 
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imaging have also transformed our ability to make accurate and more timely 

diagnoses, more sensitive quantitative assessment of disease progression, 

and allowed the design of optimised clinical trial endpoints for novel 

therapeutic interventions. Herein the range of innovations in retinal imaging, 

genotype-phenotype and structure-function associations, animal models of 

disease, and the multiple treatment strategies that are currently in clinical trial 

or planned in the near future, which are anticipated to lead to significant 

changes in the management of patients with macular dystrophies are 

presented. 

 

 Macular dystrophies (MD) are a group of inherited retinal disorders 

(IRD) that cause significant visual loss, most often as a result of progressive 

macular atrophy. They are characterised by bilateral, relatively symmetrical 

macular abnormalities that significantly impair central visual function.5 Whilst 

the fundus findings may be predominantly located at the central retina, in the 

vast majority of MD there is psychophysical, electrophysiological, or 

histopathological evidence of more widespread generalised retinal 

involvement. Over the last decade, there have been multiple advances that 

now provide us a better understanding of the genetic mechanism(s) and 

associated pathophysiology underlying each subtype of macular dystrophy. 

This has thereby facilitated the development of therapeutic strategies to 

slow/halt progressive visual loss, or potentially restore a degree of visual 

function.6 

 This review provides an update on monogenic MD and discusses the 

commonest subtypes, including Stargardt disease (STGD), Best disease (BD), 
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X-linked retinoschisis (XLRS), autosomal dominant drusen (ADD), Sorsby 

fundus dystrophy (SFD), and pattern dystrophy (PD). For each subtype, 

detailed clinical features, retinal imaging, molecular genetics, and on-going or 

planned clinical trials including gene therapy, cellular therapy and 

pharmacological treatments, are discussed. In the appendix 1 we summarize 

the genetics and the novel interventions in trial for the presented diseases. 

Developmental macular disorders are not included in this review but have 

been described in detail previously.7 

 

1.1.1.1 Stargardt disease (STGD) 

STGD is the most common macular dystrophy, affecting 1:8,000 to 1:10,000 

people worldwide.8 It is characterised by the widespread deposition of 

lipofuscin (bisretinoids) in the retinal pigment epithelium (RPE), which gives 

rise to the classical fundus appearance of retinal flecks. The spectrum of 

disease is highly variable, in terms of the age of onset, clinical features, rate 

of progression, and extent of retinal involvement - ranging from isolated 

macular disease (Figure 1.1.1.1 A-B) to generalised cone and rod system 

involvement.1, 9-13 

Clinical features 

The classical presenting phenotype of STGD is of retinal flecks, predominantly 

located around the macula, with variable mid-peripheral distribution, most 

clearly visualised with fundus autofluorescence (FAF) imaging. Over time, 

macular atrophy develops, causing increasing visual impairment with disease 

progression. Patients typically present with reduced central visual function, 
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with highly variable visual acuity (VA) depending on the degree of foveal 

involvement.12 Colour vision abnormalities, photophobia and slow dark 

adaptation are also common clinical presentations. The severity of visual 

impairment is also dependent on the age of disease onset i.e. early-onset 

STGD is associated with more severely compromised vision and poorer 

outcomes.11, 13, 14 Onset is most commonly in childhood, with the next peak 

being early adulthood, and least frequently in later adulthood (late-onset / 

foveal-sparing STGD).9-12, 15 There is slow progressive loss of retinal structure 

and function over time, however there is marked variability both within and 

between families, suggesting that other important factors influence phenotype, 

including genetic modifiers and the environment.10-12  

 The electrophysiological phenotype is variable and has been 

categorised into 3 groups based on the full-field ERG (ffERG); with all patients 

having abnormal pattern ERG (pERG) indicative of macular dysfunction.16 

Group 1 is characterised by normal full-field ERG (ffERG) - in keeping with 

isolated macular dysfunction; patients in Group 2 have abnormal cone ERGs 

and normal rod ERGs - indicative of generalised cone system dysfunction; and 

in Group 3, patients have both abnormal cone and rod ERGs - indicating 

generalised cone and rod system dysfunction. These ERG groups have been 

shown to have prognostic value in STGD; with group 1 being associated with 

a more favourable prognosis (and an 80% likelihood of not developing 

generalised retinal dysfunction over a 10 year period) than Groups 2 and 3; 

with Group 3 associated with the worst prognosis, with inexorable progression 

resulting in worse VA and additional peripheral visual loss.17, 18 In addition to 

ERG, function has been shown to be impaired with scotopic microperimetry.19 
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Retinal imaging 

A characteristic pattern of areas of increased and decreased signal on FAF 

imaging is seen in STGD. Fundus fluorescein angiography (FFA) 

demonstrates a dark choroidal phase due to masking from lipofuscin 

deposition in the RPE; but has been superseded by FAF and optical 

coherence tomography (OCT). Autofluorescence imaging may serve as a 

monitoring tool and decreased autofluorescence area measurements can be 

used as a structural outcome for interventional clinical trials that aim to slow 

disease progression.20 Ultra-wide field FAF (UWF-FAF) has now allowed for 

the classification of the posterior pole and peripheral fundus FAF findings in 

STGD.21-24 OCT is an invaluable modality in all macular diseases, which in 

STGD identifies and sensitively quantifies the degree and extent of outer 

retinal loss (photoreceptor layers) and RPE atrophy (Figure 1.1.1.1 C-D). 

Moreover, it can identify childhood-onset STGD before symptoms are noted, 

by demonstrating hyperreflectivity at the base of the foveal outer nuclear 

layer.9 It also demonstrates excellent visualization of the anatomical level of 

the retinal flecks that may correlate with visual function. 12, 13, 25-29 Flecks are 

not present in the fovea, suggesting an alternative mechanism for central cone 

death; cones recycle vitamin A via Muller cells, and in in early stages yellow 

(intraretinal) dots are observed. The earliest signs of atrophy appear to spare 

the foveola, and are juxtafoveal, even in childhood-onset cases (where this 

very early stage has been seen).9 

 The application of multi-modal imaging, using FAF, OCT and OCT-

angiography (OCTA), has advanced our understanding of pathogenesis and 

elucidated the outer retinal cellular sequential loss in STGD; with profound 
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implications for therapeutic targets, treatment strategies, and both clinical trial 

design and endpoints.30, 31 For example, by employing en face OCT and 

OCTA, and detailed assessment of progression using both FAF and OCT in 

large well characterised cohorts, it has been shown that photoreceptor loss is 

likely to precede RPE degeneration; both of which contribute to choriocapillaris 

loss.9, 10, 32 Cellular imaging in vivo using adaptive optics (AO), has identified 

increased photoreceptor spacing and reduced cone densities;33, 34 and 

moreover, shown that cones can be accurately visualised, counted, and 

tracked over time (Figure 1.1.1.1 E-F).35 

  



46 
 

loss.9, 10, 32 Cellular imaging in vivo using adaptive optics (AO), has identified 

Figure 1.1.1.1: Stargardt Disease (ABCA4) M Multimodal imaging of a 16-year-old female with 

molecularly confirmed Stargardt disease.  

(A-B) Fundus autofluorescence images showing a central area of decreased signal at the macula. (C-

D) Corresponding horizontal trans-foveal OCT scans showing central loss of the ellipsoid zone. (A-B, 

C-D) Findings are symmetrical between eyes. (E-F) Adaptive optics scanning light ophthalmoscopy of 

the right eye. Confocal detection in (A) and split-detection in (B) over the foveal lesion in exact co-

registration. The white box of 55×55μm denotes regions of interest in the exact same locations in the 

two images. Cones are more reliably identified using split-detection (B) due to the poor waveguiding of 

the outer segments in confocal imaging (A). 
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Genetics 

 

While ABCA4-associated STGD (STGD1, OMIM #248200), is an autosomal 

recessive condition, there are two autosomal dominant MD that have 

phenotypic features that can overlap with some of the presentations of STGD1 

(including a bull's-eye maculopathy). The first is due to disease-causing 

variants in ELOVL4 (STGD3, OMIM #600110), and the second is more 

common and due to variants in PROM1 (STGD4, OMIM #603786). 

 ABCA4 is part of the ATP-binding cassette (ABC) family that are 

involved in the active transport of various substrates across cellular 

membranes. The pathophysiology of STGD is a result of defective ABCA4 

transport of retinoids (as part of the visual cycle), resulting in an abnormal 

accumulation of lipofuscin and related toxic by-products (including A2E) in the 

RPE and photoreceptors, with subsequent cell dysfunction and death 

overtime.36 The abca4-/- knockout mouse model has been critical in elucidating 

this sequence of events and has also served as a model to test therapeutic 

approaches (below).37 

 The degree of ABCA4 inactivation relates to the ABCA4 disease 

spectrum, with STGD associated with milder sequence variants and thereby 

often milder inactivation of ABCA4 and a milder phenotype, compared to 

severe variants, resulting in complete absence of ABCA4 function, and 

thereby more severe disease, such as cone-rod dystrophy. The vast allelic 

heterogeneity (more than 1000 disease-causing ABCA4 variants) makes 

genotype-phenotype correlations challenging.38 However, there is increasing 
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evidence that onset relates to the severity of the underlying ABCA4 variants, 

with childhood-onset STGD being associated with more deleterious variants 

(including nonsense variants) compared to adult-onset or the later onset 

foveal-sparing STGD (more frequently missense variants).  

 

Management and Avenues of Intervention 

 

Patients are offered low vision aids/assistive technologies to help optimise 

their vision, provided adequate social support, and advised on healthy 

living/diet including not to take vitamin A supplements and to reduce UV 

exposure to potentially slow progression.  

 Pharmacotherapy directly or indirectly targeting the visual cycle has 

been developed, including the complement-mediated response to 

accumulated by-products of the visual cycle.39 Drugs such as soraprazan, 

emixustat, ALK-001, STG-001, fenretinide and A1120, are visual cycle 

modulators that impede formation of A2E and lipofuscin, by either slowing the 

rate of Vitamin A dimerization (ALK-001), or by competitive inhibitory 

mechanisms on the retinal binding protein-4 (STG-001, fenretinide and 

A1120), or by modulating the activity of RPE65 (emixustat). Many of these 

drugs are in Phase I/II or III trials (emixustat: NCT03772665 

and NCT03033108, ALK-001: NCT02402660). Avacincaptad pegol, a 

complement C5 inhibitor, is also being investigated in a Phase II trial 

(NCT03364153), as is antioxidant supplementation (saffron) (NCT01278277). 

  



49 
 

 Pre-clinical studies in gene replacement that showed phenotypic 

improvement in abca4-/- mice have encouraged the development of human 

gene therapy clinical trials;40 41 with trials employing a lentiviral vector on-going 

(NCT01736592, NCT01367444).42 Adeno-associated virus (AAV) has many 

advantages over lentiviral vectors but has limited cargo capacity; several 

strategies are being explored to try and accommodate the large ABCA4 gene 

and thereby commence AAV-based gene therapy trials. 40, 42 

 In advanced disease, cell replacement strategies offer potential benefit. 

The only Phase I/II clinical trial (NCT01469832) of human embryonic stem cell 

(hESC) derived RPE cells in STGD has been completed.43 44 Findings from 

the UK site of this trial identified subretinal hyperpigmentation consistent with 

the survival of viable transplanted hESC-derived RPE cells. Borderline 

improvements in VA were noted in 4 of 12 patients; however, microperimetry 

did not demonstrate evidence of functional benefit at 12 months. Further trials 

are anticipated, including evaluation of combined RPE and photoreceptor 

transplants, which are either derived from hESCs or induced pluripotent stem 

cells (iPSC). 

 

1.1.1.2 Best disease (BD) 

 

Best disease is the second most common macular dystrophy, affecting 

approximately 1 in 10,000.8 BD is an autosomal dominant condition associated 

with disease-causing variants in BEST1.45 BEST1 sequence variants also 

account for at least 4 other phenotypes, including adult vitelliform macular 
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dystrophy,46 autosomal dominant vitreochoroidopathy (ADVIRC),47 autosomal 

recessive bestrophinopathy (ARB),48 and retinitis pigmentosa.49  

 

Clinical features 

The onset of BD is generally in early childhood up to late teenage years.50 It is 

important to note that BD is often associated with hypermetropia which needs 

correction in childhood to reduce the likelihood of amblyopia; with ARB 

typically associated with a greater degree of hypermetropia and a high risk of 

angle-closure glaucoma, thereby often necessitating prophylactic intervention 

Figure 1.1.1.2: Best disease (BEST1) 

Fundus autofluorescence imaging of four patients with Best disease at different stages. (A) Stage 1: 

normal pre-vitelliform presentation. (B) Stage 2: vitelliform lesion, classical appearance of a single, 

symmetrical egg-yolk-like lesion at the fovea. (C) Stage 3: pseudohypopyon, material gravitates 

inferiorly within the vitelliform lesion. (D) Stage 4: vitelliruptive stage, the material “scrambles”. (B and 

D) Images are from the same patient over 4.4 years of follow-up. (E) Stage 5: Macular atrophy. 
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to prevent acute angle-closure. The classical appearance of BD is the single, 

bilateral symmetrical egg-yolk-like (vitelliform) lesion at the fovea (Stage 2, 

Figure 1.1.1.2B). Stage 1 is characterised by a normal fundus or minimal RPE 

changes (pre-vitelliform) (Figure 1.1.1.2A). Over time, this lesion can start to 

undergo resorption, progressing to a 'pseudohypopyon' appearance, with the 

subretinal yellow material gravitating inferiorly within the lesion (Stage 3, 

Figure 1.1.1.2C). Stage 1 and 2 are associated with normal VA, and patients 

can be identified co-incidentally or during a family survey; with VA reduction 

starting from stage 3 onwards.  Further progression can result in a 'vitelliruptive 

stage', due to further breakdown of subretinal material (Stage 4, Figure 

1.1.1.2D). End-stage disease (Stage 5) is characterised by either atrophy 

(Figure 1.1.1.2E),51 sub-RPE fibrosis, or choroidal neovascularisation (CNV). 

Even though fundus features can be classified into different stages, there is 

rarely predictable progression from one to the other; with the prognosis often 

being relatively good in many patients, despite marked intrafamilial variability.8 

Uniocular cases of BD have been also described.52  

Diagnosis can be most reliably confirmed with molecular genetic 

testing. The electro-oculogram (EOG) can also be helpful, demonstrating a 

light peak to dark trough ratio of less than 1.5. Patients with BD have normal 

full-field ERGs, unlike in ARB. However, rarely, the EOG may be normal in 

both BD and ARB, further highlighting the importance of genetic testing.53  
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Retinal imaging 

OCT best identifies the subretinal vitelliform lesion, which is associated with a 

high signal on FAF imaging (Figure 1.1.1.2).54 Subretinal fluid (SRF) which 

waxes and wanes over time is also common. The increased signal on FAF can 

help to distinguish inherited causes of vitelliform lesion compared to non-

inherited acquired disorders. The fibrosis that can occur in advanced BD has 

been described as resembling a “circus tent” due to its exaggerated height and 

unusual height to base ratio.55 OCTA has suggested this fibrosis to have a 

neovascular origin.56 Fibrotic lesions appear hypoautofluorescent on FAF. 

OCTA is particularly useful in identifying CNV in vitelliform disorders including 

BD, where FFA can be very challenging to interpret.  

 

Genetics 

Disease-causing missense variants in BEST1 (OMIM #607854) most 

commonly underlie BD. Most of the variants identified occur in the first half of 

the gene. Haploinsufficiency of those variants is tolerated, and not associated 

with BD phenotype. Specific variants are reported to cause less severe 

phenotype than others (eg Ala243Val).57  

 BEST1 encodes bestrophin-1, a protein localized to the basolateral 

membrane of RPE cells. One of the critical functions of bestrophin-1, a 

calcium-sensitive chloride channel, is to regulate the ionic environment in the 

RPE and/or subretinal space. Dysregulation of this function, in part due to an 

alteration in the adhesiveness of the interphotoreceptor matrix to the RPE, 

results in the vitelliform deposition seen in BD.58-61 Variants in other genes can 
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also result in a similar vitelliform phenotype as seen in BD, including PRPH2, 

IMPG1,62, 63 and IMPG2.62 

 In ARB, compound heterozygous null variants in BEST1 are observed. 

Unlike dominant disease, ARB is characterised by multifocal vitelliform 

deposits, often associated with SRF and/or cystoid macular oedema (CMO).  

 

Progression and management 

Prognosis can often be relatively good in BD, albeit associated with marked 

intra- and inter-familial variability. However, progressive resorption of 

subretinal material can be associated with slow central visual deterioration, 

unless BD is complicated by CNV, which can result in acute marked visual 

loss. Acute visual loss/metamorphopsia, retinal haemorrhage, and intraretinal 

fluid should raise suspicion of CNV and investigation; SRF is unhelpful, given 

it is often observed in BD not complicated by CNV (thereby SRF is also not a 

useful indicator of CNV treatment response). Intravitreal bevacizumab has 

been found to be very effective, with improvement in structural and functional 

measurements, in direct contrast to observation alone.64 Unlike other causes 

of CNV, those associated with inherited retinal disease, often require limited 

injections, usually one or two are sufficient.  

 

Avenues of Intervention 

Canine models of ARB have been successfully rescued with AAV-mediated 

gene replacement. 65 66  Research avenues for BEST1 -dominant disease are 

at present limited. 
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1.1.1.3 X-linked retinoschisis (XLRS) 

 

XLRS is the most common form of juvenile-onset retinal degeneration in 

males. Female carriers are almost always unaffected, with only a single case 

report of a symptomatic girl. 67 

 

Clinical features 

XLRS typically presents in the first to second decade in a variety of ways, 

including with poor visual acuity, strabismus, anisometropia, and 'unexplained 

visual loss'. Prognosis is variable, but can be relatively good in childhood if not 

complicated by retinal detachment (RD), or vitreous haemorrhage (VH) - which 

are both associated with a poor prognosis in childhood or adulthood.8, 68 Older 

adults may experience slow VA loss due to the development of macular 

atrophy.  “Spoke-wheel” folds of the macula (macular schisis) are the hallmark 

feature of XLRS (Figure 1.1.1.3 A-D). Approximately 50% of males also have 

peripheral retinal changes including, schisis, metallic sheen, pigmentary 

disturbance, white spiculations, vitreous veils, and neovascularisation. 

Patients with peripheral retinoschisis have an increased risk of VH and RD.69 

Bullous XLRS can be congenital or develop soon after birth, with strabismus 

being the most common presenting feature. Such cases can be complicated 

later in life by retinal detachment, which may be tractional or a Coats-like 

exudative detachment.70 
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The ERG in XLRS typically shows a reduced b:a-wave ratio during dark-

adapted bright flash recording, also known as an “electronegative ERG”.  

There appears to be a strong correlation between anatomical (OCT) and 

functional (ERG) measures between eyes in XLRS; often both can be 

relatively stable over time, in keeping with a relatively stationary natural history 

in many patients.71 

 

Retinal imaging 

Macular schisis can be easily missed on clinical examination, making 

multimodal imaging invaluable. OCT can readily identify splitting of the inner 

and outer retinal layers (Figure 1.1.1.3 E-F), and FAF imaging shows a spoke-

wheel appearance of concentric areas of high- and low- signal intensity. Rarely 

macular OCT can be normal/near normal, and peripheral changes are then 

the only clue to clinical diagnosis. Vascular abnormalities such as vascular 

sheathing and neovascularization have been described in XLRS, and ultra-

wide field imaging with FFA and OCTA may thereby be helpful.72 AO imaging 

has identified increased and irregular cone spacing within the foveal schisis, 

however, the presence of preserved wave-guiding cones at the fovea and 

macular regions may indicate a good potential for successful rescue with 

intervention.30, 73 
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Figure 1.1.1.3: X-linked retinoschisis (RS1) 

Multimodal imaging of a 25 year old patient with X-linked retinoschisis. (A-B) Fundus 

autofluorescence imaging, with a central decreased signal over the macula and a rim 

of increased signal, absent signal in a “spoke wheel” pattern over the central fovea in 

both eyes, shown in greater magnification in (E) for the right eye.  (C-D) Colour fundus 

photographs with the same pattern as (A-B). (F) Greater magnification of the foveal 

centre of the right eye. (G-H) Trans-foveal OCT scans showing extent of schisis 

cavities in the outer retina.  



57 
 

Genetics 

Disease-causing variants in RS1 (OMIM #312700) underlie XLRS, with the 

encoded cell-surface protein, Retinoschisin-1, expressed in photoreceptors 

and bipolar cells, having a role in retinal cell adhesion. RS1 variants disrupt 

the subunit assembly of the protein and lead to alteration of normal retinal cell 

adhesion, thus resulting in splitting of the neural layers of the retina. Molecular 

screening of RS1 is needed to identify carrier females given their lack of retinal 

phenotype, which is unusual in XL-retinal disorders. 

 

Progression and management 

Carbonic anhydrase inhibitors (CAIs) have been shown to be useful in 

managing schisis in XLRS. The first study that reported the use of CAIs in 

XLRS treated 8 patients with topical CAI (2% dorzolamide) and observed a 

reduction in foveal thickness in 7 of the 8 patients, with 5 also having VA 

improvement ≥ 7 letters. 74  Similar results were seen in 66% of patients in a 

cohort of 36 treated with either topical or oral CAIs.75 There has also been a 

disconnect reported between VA improvement and lack of structural change.76 

It has been proposed that CAIs may alter the fluid-transport mechanism across 

the RPE resulting in a reduction of fluid contained within the macular schisis.77  

 

Avenues of Intervention 

Intravitreal RS1 gene replacement in knockout mice has resulted in functional 

ERG improvement.78, 79 This has led to two Phase I/II XLRS gene therapy trials 

(NCT02416622 and NCT02317887) delivering gene replacement 
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intravitreally. The former trial has ceased due to marked ocular inflammation 

associated with intravitreal delivery, whilst the latter has added additional 

agents to the standard oral steroids used in subretinal gene supplementation 

trials to address the uveitis adverse events. 

 

 

1.1.1.4 Pattern dystrophy (PD) 

Pattern dystrophy describes a group of disorders characterised by variable 

distributions of pigment deposition at the level of the RPE (Figure 1.1.1.4-I A-

B).  

 

Clinical features 

Patients with PD often present in the 4th to 5th decade, either following routine 

optometry review or having noticed mild limitation in central vision. PD is 

usually associated with a good prognosis, unless rarely complicated by CNV 

(highly responsive to anti-VEGF agents). Several different fundus 

appearances have been described based on the variable patterns of 

deposition, including butterfly-shaped pigment dystrophy and reticular 

dystrophy. ERGs in PD are generally normal or only mildly subnormal. 

 

Retinal imaging 

The deposits in PD are typically hyperautofluorescent on FAF (Figure 1.1.1.4-

I C-D), and may result in a characteristic speckled pattern.80 As these changes 
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are at the level of RPE, subretinal hyper-reflective material is seen on OCT 

(Figure 1.1.1.4-I E-F).  
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Figure 1.1.1.4: Pattern dystrophy 

(PRPH2) and Sorsby fundus 

dystrophy (TIMP3) 

I. Pattern dystrophy:  (A-B) Colour 

fundus photographs with bull’s-eye 

maculopathy-like retinal pigment epithelial 

(RPE) changes and fine mottled 

symmetrical depigmentation of the 

macula. (C-D) Fundus autofluorescence 

(FAF) imaging displays a florid speckled 

appearance with areas of increased and 

decreased macular autofluorescence. The 

white arrow-heads denote the location of 

the OCT line scans shown in (E) and (F). 

(E-F) Extensive disruption of the ellipsoid 

zone and retinal pigment epithelium 

hypertrophy in both eyes.  

II. Sorsby fundus dystrophy: (A-B) 

Colour fundus photographs with fine 

symmetrical drusen -like deposits at the 

posterior pole. (C) FAF imaging of the left 

eye displays patchy ill-defined increased 

autofluorescence. (D) Infra-red image over 

the same location as (C) readily depicting 

the drusen-like deposits. (E) FAF image 

after 6.5 years of follow-up showing a 

superior area of choroidal 

neovascularization (CNV). (F) Fundus 

fluorescein angiography showing an 

inactive CNV. 
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Genetics  

PD is an autosomal dominant condition most often due to variants in PRPH2 

(OMIM #169150). Other genes such as BEST1,81 and CTNNA182 have also 

been associated with PD phenotypes. PRPH2 encodes peripherin-2, a 

multimeric structural protein that establishes and maintains the morphology of 

photoreceptor outer segment (OS) discs.83 Abnormal peripherin-2 found in 

patients with PD results in an ultra-structural alteration of OS discs with an 

abnormal whorl-like arrangement histopathologically.84  

 

Progression and management 

Given PD typically has a later age of onset, it can be misdiagnosed as AMD. 

Retinal imaging including FAF, OCT and OCTA are helpful to distinguish 

between PD and AMD in order to ensure the appropriate management is 

followed. PD has increased parafoveal superficial and deep vessel densities 

on OCTA, hyperreflective material in the subretinal space on OCT, and 

hyperautofluorescence on FAF imaging.85, 86 

 

Avenues of Intervention 

Successful integration and material transfer of donor- or stem cell-derived 

cone photoreceptors in Prph2rd2/rd2 murine models of the disease is 

promising.87  
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1.1.1.5 Sorsby fundus dystrophy (SFD) 

Sorsby fundus dystrophy is a rare autosomal dominant drusen-associated 

macular dystrophy often leading to bilateral central visual loss in the fifth 

decade of life. 

 Clinical features 

Early signs of SFD are the macular yellowish-grey drusen-like deposits at the 

level of Bruch membrane which preferentially accumulate along the temporal 

arcades (Figure 1.1.1.4-II A-D). Patients may be asymptomatic at this stage, 

however difficulty with dark adaptation can be an early symptom. The deposits 

progress over time to include the central macula. Visual loss can be secondary 

to slow atrophic degeneration at the macula, which can also extend 

peripherally. CNV is a common complication, often resulting in severe VA loss 

(Figure 1.1.1.4-II C-F).  

 

Retinal imaging 

FAF imaging may identify a broad ill-defined increase in signal in the peripheral 

macula in early disease, with subretinal drusenoid deposits - reticular 

pseudodrusen, that spare the central fovea, clearly depicted on infra-red 

imaging (Figure 1.1.1.4-II). OCT may identify drusen-like deposits and 

delineate Bruch membrane thickening; and is valuable in the diagnosis of 

CNV. OCTA has also been shown to capture early CNV changes without the 

need for FFA.88  
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Genetics 

SFD is associated with missense variants in the tissue inhibitor of 

metalloproteinase-3 (TIMP3) gene (OMIM #188826). These substitutions 

usually create a new cysteine residue, with p.(Ser204Cys) being the 

commonest. TIMP3 is an inhibitor of matrix metalloproteinases, which play an 

important role in the regulation of extracellular matrix (ECM) turnover. Mutant 

TIMP3 accumulates within Bruch membrane, disrupting homeostasis of ECM 

remodelling and interfering with the normal critical functions of Bruch 

membrane, choroid and RPE.89  

 

Progression and management 

Prognosis in SFD is generally poor due to development of atrophy and/or CNV 

(Figure 1.1.1.4-II E-F). Prompt use of anti-VEGF injections may improve 

outcome for SFD complicated by CNV.90-93 

 

Avenues of Intervention 

Early attempts at treating SFD involved oral vitamin A at 50,000 IU/day, with 

a short‐term reversal of night blindness in patients at early stages of disease.94 

Due to the potential toxicity of long term high dose Vitamin A and reports of 

lack of efficacy at lower doses (15,000 IU/day) in advanced disease, Vitamin 

A is not a widely used treatment.95 Currently, no animal or cell culture model 

capable of recapitulating human SFD is available.96 Patient-derived iPSC‐RPE 

models can provide a suitable platform for investigating SFD.97 
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1.1.1.6 Autosomal dominant drusen (ADD) 

ADD is an autosomal dominant condition characterised by drusen-like 

deposits at the macula which may be in a radiating or honeycomb-like 

appearance.  

 

Clinical features 

ADD encompasses both 'Doyne honeycomb retinal dystrophy' and 'Malattia 

Leventinese', with the later associated with a characteristic radial distribution 

of macular drusen (Figure 1.1.1.5 A-B). The drusen in ADD typically abut the 

optic nerve head.98 Visual loss may occur in ADD due to the development of 

a variable degree of central atrophy, or rarely, can be complicated by CNV 

(Figure 1.1.1.5 A/C/E).98 There is marked inter- and intra-familial variability 

observed in terms of retinal appearance, severity and progression.98  

 

Retinal imaging 

In contrast to drusen in AMD, the drusen-like depositis in ADD are 

hyperautofluorescent on FAF (Figure 1.1.1.5 C-D).98, 99 On OCT, drusen-like 

deposits are seen as hyper-reflective thickening of the RPE-Bruch membrane 

complex,100 with disrupted photoreceptor integrity (Figure 1.1.1.5 F).101 OCTA 

can be valuable to diagnose CNV in ADD.102  

 

Genetics  

A single missense variant, p.(Arg345Trp), in EFEMP1 (OMIM #601548) is 

responsible for ADD. EGF-containing fibulin-like extracellular matrix protein-1 
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(EFEMP1) is a member of the fibulin family that encodes for fibulin-3 (F3). The 

p.(Arg345Trp) substitution in F3, results in a sub-RPE membranous 

accumulation of debris associated with signs of complement activation and 

RPE atrophy in a mouse model of ADD. 103  
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Figure 1.1.1.5: Autosomal dominant drusen (EFEMP1) 

Multimodal imaging of a 44 year old with autosomal dominant drusen. (A-B) Colour 

fundus photographs with characteristic radial distribution of macular drusen. Note 

the choroidal neovascularization (CNV) in the right eye (A). (C-D) Fundus 

autofluorescence images with the drusen associated with an increased signal. The 

black dashes denote the location of the OCT line scans shown in (E) and (F). (E-F) 

In both eyes hyper-reflective thickening of the RPE-Bruch membrane complex, with 

disrupted photoreceptor integrity. (E) CNV is seen associated with a reduction in 

visual acuity. 
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Progression and management 

Progression is highly variable and some patients maintain useful reading 

vision till later in life. Progression is usually slow and secondary to macular 

atrophy. When rarely complicated by CNV, anti-VEGF agents are highly 

effective. 

Avenues of Intervention 

Similar to SFD, no animal or cell culture model capable of recapitulating 

human ADD is available, with patient-derived iPSC‐RPE models also being 

explored for investigating ADD.97 Efemp1 knockout mice do not develop sub-

RPE deposits following exposure to environmental stressors (high fat diet 

diet/laser or high fat diet/cigarette smoke), which may suggest that deletion of 

Efemp1 may have a protective role in ADD.104 

1.1.1.7 Conclusions 

Our understanding of MD has significantly evolved over the last decade, 

resulting in improved diagnosis (both more accurate and at earlier stages of 

disease), better advice on prognosis, and therapeutic opportunities. These 

advancements have been based on the availability of novel high-resolution 

multimodal imaging and better molecular genetic testing. Whilst multiple 

therapeutic avenues are being explored in AR STGD and XL recessive XLRS 

(summarized appendix 1), far less progress has been made in the autosomal 

dominant disorders BD and PD - which together account for a significant 

burden of disease. This is most likely due to the greater challenges associated 

with developing genetic therapies for AD disease, compared to the gene 

replacement approach required in AR/XL disorders. This unmet need is likely 
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to be addressed in the next decade with the rapid evolution of gene silencing 

/ editing technology.  
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1.1.2 Stationary Retinal Dysfunction Syndromes 

 

1.1.2.1 Cone Dysfunction Syndromes 

The cone dysfunction syndromes are stationary cone disorders with 

congenital/early-infantile onset, and give rise to purely cone dysfunction, 

whereas the aforementioned progressive cone dystrophies are of later-onset 

and usually also involve rod photoreceptors. However, there may be genetic 

overlap, with e.g. CNGB3 being associated with both achromatopsia and (far 

less commonly) COD.105, 106 Ten genes (Table 1.1.2.1) have been implicated 

in CDS to date, associated with five distinct phenotypes: achromatopsia 

(complete and incomplete), blue-cone monochromatism, oligocone 

trichromacy, RGS9/R9AP-associated retinopathy ('Bradyopsia'), and 

Bornholm eye disease (all described individually in this chapter). 

 

Clinical Presentation 

Cone dysfunction syndromes are characterised by reduced central vision, 

severe colour vision abnormalities, nystagmus, and photophobia, with 

congenital or early infancy onset.107 Due to these symptoms, important tasks 

of daily living such as facial recognition, reading, and daylight vision, are 

severely impaired, with the consequential debilitating impact on patients’ lives 

being considerable. 107, 108 
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Clinical Investigation 

Retinal imaging and electrophysiological assessment, as well as molecular 

genetic testing, are needed to establish an accurate diagnosis (both in terms 

of distinguishing between the different stationary disorders of cone function, 

but also to work through the differential diagnosis of the CDS which includes 

COD, CORD, EOSRD/LCA, CSNB, Albinism and congenital motor 

nystagmus). An accurate diagnosis underpins informed advice on prognosis, 

genetic counselling, monitoring, and potential participation in clinical trials. 

 

Molecular Pathology 

Ten genes have been implicated; with either an autosomal recessive or X-

linked mode of inheritance, and the majority being involved in the 

phototransduction cascade (Table 1.1.2.1). 

 

Management of CDS 

No specific curative treatment is available for any CDS. Current management 

includes refractive correction, low visual aids, and educational support.107 

Tinted lenses (spectacles or contact lenses) can help with disabling 

photophobia, improving the quality of vision and ocular comfort.109 On-going 

and up-coming gene therapy trials in CDS underline the importance of an 

accurate genetically confirmed diagnosis. The specific management and the 

on-going research avenues for each CDS will be presented individually.
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Table 1.1.2.1 – Summary of the identified disease-causing genes in progressive cone dystrophies (CODs) and cone-rod dystrophies 
(CORDs) Abbreviations: ACHM: achromatopsia; AIED: Aland Island eye disease; BCM: blue cone monochromacy; BED: Bornholm eye disease; CACD: 

central areolar choroidal dystrophy; CSNB: congenital stationary night blindness; LCA: Leber’s congenital amaurosis; MD: macular dystrophy; RP: retinitis 
pigmentosa; STGD: Stargardt’s disease 

Classification & 
Inheritance Pattern 

Gene 
Abbreviation 

Gene Name Gene Locus Potential Function 
Other Associated 

Phenotypes (OMIM) 

P
ro

g
re

s
s

iv
e

 C
o

n
e

 

D
y
s

tr
o

p
h

ie
s
 

Autosomal  
Dominant 

RCD1 Retinal cone dystrophy 1 6q25-q26 Unknown - 

Autosomal  
Recessive 

CACNA2D4 Voltage-dependent calcium channel alpha-2/delta-4 12p13.33 Neurotransmitter release - 

CNGB3 Cyclic nucleotide-gated channel beta-3 8q21.3 Phototransduction ACHM 

PDE6C Cone-specific phosphodiesterase alpha subunit  10q23.33 Phototransduction ACHM 

PDE6H Cone-specific phosphodiesterase gamma subunit 12p12.3 Phototransduction ACHM 

X-linked 

CORDX2 X-linked cone-rod dystrophy 2 Xq27 Unknown - 

OPN1LW Long-wave-sensitive opsin 1 Xq28 Phototransduction BCM, BED 

OPN1MW Medium-wave-sensitive opsin 1 Xq28 Phototransduction BCM, BED 

OPN1SW Short-wave-sensitive opsin 1 7q32.1 Phototransduction - 

P
ro

g
re

s
s

iv
e

 C
o

n
e

-R
o

d
 D

y
s

tr
o

p
h

ie
s
 

Autosomal  
Dominant 

AIPL1 Aryl-hydrocarbon-interacting protein-like 1 17p13.2 Tissue development  LCA, RP 

CRX Cone-rod homeobox-containing gene  19q13.33 Tissue development LCA, MD 

GUCY2D Guanylate cyclase 2D 17p13.1 Photoreceptor recovery CACD, LCA 

HRG4 Human retinal gene 4 17q11.2 Neurotransmitter release - 

PITPNM3 Membrane-associated phosphatidylinositol transfer protein 3 17p13.2-p13.1 Tyrosine kinase signalling - 

PROM1 Prominin 1 4p15.32 Outer segment morphogenesis MD, RP 

PRPH2 Peripherin 2  6p21.1 Outer segment morphogenesis CACD, LCA, MD, RP 

RAX2 Retina and anterior neural fold homeobox 2 19p13.3 Tissue development - 

RIM1 Rab3-interacting molecule 1 6q13 Neurotransmitter release - 

Autosomal  
Recessive 

ADAM9 A disintegrin and metalloproteinase domain 9 8p11.22 Outer segment-RPE junction - 

C8ORF37 Chromosome 8 open reading frame 37 8q22.1 Unknown RP 

CDHR1 Cadherin-related family member 1 10q23.1 Outer segment morphogenesis RP 

KCNV2 Potassium voltage-gated channel subfamily V 2 9p24.2 Unknown - 

POC1B Proteome of the centriole 1B 12q21.33 Intraflagellar transport - 

RAB28 Ras-associated protein 28 4p15.33 Intraflagellar transport - 

RPGRIP1 Retinitis pigmentosa GTPase regulator protein 1 14q11.2 Intracellular trafficking LCA 

SEMA4A Semaphorin 4A 1q22 Tissue development RP 

X-Linked CACNA1F Voltage-dependent calcium channel alpha-1F Xp11.23 Neurotransmitter release AIED, CSNB 

B
o

th
 

E GUCA1A Guanylate cyclase activator 1A 6p21.1 Photoreceptor recovery - 

Autosomal 
Recessive 

ABCA4 ATP-binding cassette subfamily A member 4 1p22.1 Retinoid cycle MD, STGD 

CNGA3 Cyclic nucleotide-gated channel alpha-3 2q11.2 Phototransduction ACHM 

X-Linked RPGR Retinitis pigmentosa GTPase regulator Xp11.4 Intraflagellar transport MD, RP 
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1.1.2.1.1 Achromatopsia 

 

Clinical Assessment 

 

Achromatopsia (ACHM) is the most common CDS. It presents either at birth or early 

infancy, with poor visual acuity (20/120 - 20/200), pendular nystagmus, photophobia, 

and colour vision loss along all three axes.107, 110, 111 ACHM has an incidence of 

1:30,000.112 Disease-causing variants in CNGB3 and CNGA3 together account for the 

vast majority of ACHM,113 with CNGB3 accounting for 40-50% of cases in the 

European population.114, 115 The prevalence of each GNAT2, ATF6, PDE6H and 

PDE6C -associated ACHM is approximately 2% of patients.113, 116, 117 It is a functionally 

stationary disorder, and is believed to be associated with a slow degeneration of the 

non-functional cone photoreceptors in a minority of patients.118 Absent cone 

electroretinogram (ERG) responses are the hallmark of disease; with normal rod 

function or less commonly mildly abnormal rod responses.105, 106, 119, 120 Rarely, ACHM 

can be incomplete, with better preserved vision (20/80 - 20/120) and a mild degree of 

colour discrimination, due to residual cone function.111 

 

Retinal Imaging 

Four distinct FAF phenotypes have been reported: i. normal appearance (Figure 

1.1.2.1.1.1A), ii. central increased signal (Figure 1.1.2.1.1.1B), iii. reduced signal 

centrally (Figure 1.1.2.1.1.1C),121 and iv. central area of decreased signal, with a 

surrounding ring of hyperautofluorescence (Figure 1.1.2.1.1.1D).122 
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OCT imaging can be used to grade ACHM into five grades: I. Continuous ellipsoid 

zone (EZ) (Figure 1.1.2.1.1.1E), II. EZ disruption (Figure 1.1.2.1.1.1F), III. EZ 

absence (Figure 1.1.2.1.1.1G), IV. Presence of a hyporeflective zone (Figure 

1.1.2.1.1.1H), and V. Outer retinal atrophy with RPE loss (Figure 1.1.2.1.1.1I).123 In 

CNGA3 and CNGB3 genotypes, all these grades have been observed (with 

approximately 50% cases being grade I to III); suggesting residual cones in a good 

proportion of patients. The presence of residual cones is critical for targeting by gene 

therapy intervention.124, 125 In contrast for PDE6C-ACHM (Figure 1.1.2.1.1.1I) and 

ATF6-ACHM (Figure 1.1.2.1.1.1G), no patients have been reported with grades I-

II.117, 122, 126, 127 GNAT2-ACHM typically presents with grade I (Figure 1.1.2.1.1.1E).116, 

123, 128-130 OCT findings in a large cohort of ACHM patients (n=50), with a proportional 

incidence-based representation of all genotypes, and substantial follow-up, support 

that the condition in predominantly stable in the vast majority of patients.131 In contrast, 

PDE6C-ACHM can be slowly progressive.122  

 Foveal hypoplasia, preservation of inner retinal layers over the fovea, is a 

common OCT finding in ACHM; being present in all subjects with ATF6-ACHM (Figure 

1.1.2.1.1.1G),127, 132, 133 in 60-70% of previously reported patients with CNGA3- and 

CNGB3-ACHM (Figure 1.1.2.1.1.1F),134-138 and is not present in any reported subject 

with GNAT2- and PDE6C-ACHM.122, 139 The differences in foveal hypoplasia 

presentation support the hypothesis of a significant role of ATF6 in macular 

development (the only ACHM gene not involved in phototransduction).127 

 Achromatopsia is the most well studied condition using AOSLO imaging.30 

Early investigations with confocal AOSLO identified ‘dark spaces’ in the cone mosaic, 

increased cone spacing, and decreased cone density.139-142 Marked variability in the 
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cone mosaic has been observed across patients (Figure 1.1.2.1.1.2); with no 

significant difference between the two most common genotypes, CNGA3 and CNGB3,  
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Figure 1.1.2.1.1.1:  

Fundus autofluorescence (FAF) 

and optical coherence 

tomography (OCT) imaging in 

achromatopsia 

Fundus autofluorescence (FAF) 

phenotypes in achromatopsia:  

(A) normal FAF appearance,  

(B) central increase in FAF,  

(C) reduced FAF signal centrally, and 

(D) a central area of decreased signal, 

with a surrounding ring of 

hyperautofluorescence.  

 

OCT grading in achromatopsia:  

(E) Grade I: continuous ellipsoid zone 

(EZ),  

(F) Grade II: EZ disruption,  

(G) Grade III: EZ absence,  

(H) Grade IV: presence of a 

hyporeflective zone, and  

(I) Grade V: outer retinal atrophy with 

RPE loss. 

Patient (F) and (G) have foveal 

hypoplasia, with retention of inner 

retinal layers at the fovea. The age 

and genotype of each patient is noted 

on each image. 
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and the rarer GNAT2 genotype associated with the least disrupted photoreceptor 

mosaic. 123, 141 130, 139 Split-detection AOSLO has allowed the identification of cone 

inner segment structure in these dark spaces,124, 125, 143-145; with transformational 

implications on our understanding of ACHM and participant selection for on-going 

CNGA3- and CNGB3-ACHM gene therapy trials. In a large cohort of CNGB3-ACHM 

(n=52), significantly decreased peak foveal cone densities and increased spacing has 

been reported.124 Similar findings were also reported for CNGA3-ACHM (n=38), also 

including a high degree of interocular symmetry, and vast intrafamilial variability 

(Figure 1.1.2.1.1.2).125 Reduced reflectivity in the majority of residual cones in CNGA3 

and CNGB3 has also been noted, with relative preservation in GNAT2.139, 141 In ATF6- 

Figure 1.1.2.1.1.2: Adaptive Optics Imaging over the foveal center in CNGA3-ACHM  

Split-detection adaptive optics images of four patients (A-D) with CNGA3-ACHM and marked 

variability in their residual structure (inner segments). The red cross indicates the location of 

the peak foveal density on each image.  
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and PDE6C-associated ACHM, AOSLO studies identified few if any cellular residual 

structure.122, 127 

 

Molecular Genetics 

ACHM is an autosomal recessive disorder with a heterogeneous genetic background. 

Disease-causing variants have been reported in CNGA3 146, 147 (ACHM2, 

OMIM600053), CNGB3 148 (ACHM3, OMIM605080), GNAT2 116, 128 (ACHM4, 

OMIM139340), ATF6 126, PDE6H 149 and PDE6C 107 (OMIM600827); which all encode 

crucial components of the cone-specific phototransduction cascade, with the 

exception of ATF6, which encodes a stress activated endoplasmic reticulum 

transcription factor. 126 CNGA3 and CNGB3 encode the α-subunit and β-subunit of the 

cGMP-gated cationic channel respectively; 148, 150 located in cone outer segments, 

categorizing CNGA3/CNGB3-associated ACHM as a “channelopathy”.151 It has been 

proven in vitro that α -subunits can create functional channels in the absence of β-

subunits, in direct contrast to β-subunits.152 CNGA3 variants have greater allelic 

heterogeneity compared to CNGB3.112, 153 PDE6C and PDE6H encode the α and γ 

catalytic subunits of the cone photoreceptor phosphodiesterase respectively, a key 

regulatory component in cone phototransduction.117, 149 GNAT2 encodes the α-subunit 

of transducin.154 

 

Management  

Current management includes correct diagnosis, in order to offer accurate prognosis 

and genetic counselling, as well as refractive correction, low visual aids, and 

educational support. Deep red tinted lenses can help with disabling photophobia, by 
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reducing rod saturation.109 There is on-going research and therapeutic trials in different 

genotypes. 

 In CNGB3-ACHM gene supplementation in a canine model showed improved 

cone function and daylight vision.155 Currently there are two phase I/II gene therapy 

trials (NCT03001310 and NCT02599922). A canine study explored ciliary neurotrophic 

factor (CNTF) effects on cone photoreceptors had promising efficacy.156 However, in 

humans, no measurably enhanced cone function was observed; which may partly be 

due to a species difference between human and canine CNGB3 cones in response to 

CNTF (NCT01648452).157 

 In CNGA3-ACHM gene supplementation in a knock-out CNGA3 mouse model 

has shown restoration of cone-specific visual processing in the central nervous 

system.158 On further investigations of the same model; greater therapeutic benefit 

(ERG amplitude), was observed in younger mice, suggesting that age of treatment 

and the extent of photoreceptor degeneration may affect outcome.159 In a naturally 

occurring CNGA3 mouse model, gene replacement resulted in restoration of cone 

ERG responses, improvement of visual acuity and contrast sensitivity, and halted cone 

degeneration.160 In a sheep model, similar intervention lead to an improved cone ERG, 

with a sustained effect.161 Currently there are three phase I/II gene therapy trials 

(NCT03758404, NCT02935517, and NCT02610582). 

 In a Gnat2 (cpfl3) mouse model, gene supplementation was observed to 

improve cone-mediated ERGs and optomotor behaviour; with a lasting effect for at 

least 7 months.162 A naturally occurring nonhuman primate with a homozygous R565Q 

missense variant in PDE6C may serve as a model for gene replacement in this form 

of ACHM; but may also be helpful for cone cell transplantation approaches.163   
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1.1.2.1.2 Blue Cone Monochromatism (BCM) 

 

Clinical Assessment 

BCM is an X-linked condition characterised by an absence of L and M wavelength-

sensitive cone function, with a fundus examination revealing a myopic but otherwise 

normal retina.107, 164 The presenting symptoms can be similar to ACHM, including 

photophobia, nystagmus, and decreased VA.107 The condition is X-linked, and female 

carriers are asymptomatic. 

 

Retinal Imaging 

OCT and FAF imaging can be similar to ACHM, with a variable degree of EZ 

disruption.165 In AOSLO imaging, cone mosaic disruption is highly variable and may 

be partly related to the specific genotype group 166. The L/M interchange haplotypes 

have been associated with significantly greater residual parafoveal cone structure, 

with localised loss of waveguiding cones at the fovea. In contrast, the inactivating 

Cys203Arg missense variant genotype group is associated with greater loss of 

waveguiding L/M cones.30 The cone mosaic appears dark over the foveal centre with 

confocal AOSLO, with a sparse array of large bright spots, which are believed to be 

S-cones, surrounding it.166, 167 Confocal AOSLO has demonstrated a reduced number 

of cones in the parafovea (both reflective S-cones and non-reflective L-cones and M-

cones) to that of about 25% of normal; with evidence of even greater loss of cone cells 

in the locus control region (LCR) deletion genotype group of BCM. Moreover, split-

detection AOSLO images have revealed remnant inner segment structure, both at the 

fovea and the parafovea.167 Importantly however, despite the low cone density 
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associated with BCM, the number is higher than that expected for the S-cone 

submosaic, in keeping with remnant L-/M-cones.168-170 Overall, these AOSLO imaging 

studies have identified significant inter-subject variability.30 Despite female carriers 

being asymptomatic, confocal AOSLO has demonstrated variably reduced cone 

density, increased spacing, and disrupted organisation, with phenotypic variability 

likely relating to random X-chromosome inactivation.171 

 

Molecular Genetics 

BCM is an X-linked condition, with variants within the opsin array resulting in 

inactivation of the array and absent / markedly reduced L-opsin and M-opsin 

expression, underlying BCM. The genetic mechanisms can be broadly divided into 3 

groups: (i) deletions confined to the Locus control region (LCR), (ii) OPN1LW (encodes 

L-cone opsin) and OPN1MW (encodes M-cone opsin)-related variants, where in a 2-

step process, often a single L-/M-hybrid opsin gene is inactivated by a missense 

variant (p.(C203R) being the commonest), and (iii) specific combinations of single 

nucleotide polymorphisms in exon 3 of L-/M- opsins ('L/M interchange haplotypes'), 

which cause aberrant splicing (LIAVA being one of the most common).164 Often the 

most severe phenotype is associated with deletions involving the LCR; although there 

is considerable intra- and inter-genotype group variability.165 

 

Management  

No proven treatment is available. Current management includes optimal correction of 

the often observed refractive error (high myopia) and tinted glasses/spectacles for the 

photoaversion (often with a magenta tint). Exogenously expressed human opsins can 



81 
 

regenerate cone outer segments and rescue M-cone function in Opn1mw-/-mice, thus 

providing a proof-of-concept gene therapy in an animal model of BCM.172, 173  
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1.1.2.1.3 Bornholm Eye Disease (BED) 

 

Clinical Assessment 

BED is an X-linked cone dysfunction syndrome associated with dichromacy and 

myopia, decreased VA, RPE thinning, and visible choroidal vessels in the posterior 

pole.107, 174 Affected males have myopia/astigmatism and impaired visual acuity (often 

20/40 to 20/80) from birth/early infancy, myopic fundi, deuteranopia or protanopia, and 

reduced cone responses on ERG.174-177 

 

Retinal Imaging 

Retinal thinning can be observed on OCT.178 AOSLO imaging shows evidence that 

patients with BED have a significantly disrupted cone mosaic.178 The degree of 

photoreceptor mosaic disruption is highly variable, with cone density ranging from near 

normal to more than 75% reduction; predominantly due to the heterogeneity in the 

underlying genotype (predominantly L/M interchange haplotypes).30, 179 Cone density 

has been found to correlate with both axial length and the degree of myopia.178 Split-

detection AOSLO reveals cone inner segments in observed “black” spaces with 

confocal AOSLO; these cells may be possible targets for gene therapy intervention.180 

 

Molecular Genetics 

In keeping with BCM, BED is also due to variants in the L/M opsin gene array.174, 176, 

177, 181, 182 Rare haplotypes (‘L/M interchange haplotypes’) were identified at 

polymorphic positions in exon 3 of the opsin genes, that result in intermixing between 

L- and M-opsin genes, and is the principal underlying genetic basis of BED.165, 183 
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Some of these interchange haplotypes have been shown to result in aberrant splicing 

of the opsin genes and a variable degree of exon 3 skipping.165, 184 

 

Management  

Current management includes correct diagnosis, increasingly aided by molecular 

genetic testing, and optimal correction of the refractive error.   
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1.1.2.1.4 Oligocone Trichromacy (OT) 

 

Clinical Assessment 

The disease hallmark is the reduced amplitude of cone responses on ERG, with 

normal or near-normal colour discrimination, and normal fundus appearance.107, 185 

The VA is usually mildly reduced (20/30 to 20/40). In contrast to other CDS, there is 

mild/absent nystagmus and mild/absent photophobia.185-187 In some cases the disease 

can be slowly progressive.186, 188 

 

Retinal Imaging 

On OCT imaging the outer segment length appears reduced, with decreased intensity 

of the ellipsoid zone outside the fovea.187 The cone photoreceptor mosaic in OT has 

been investigated with an AO fundus camera, and in keeping with the original disease 

mechanism hypothesis, a decreased number (‘oligocone’) of otherwise normal 

appearing foveal cones (thereby permitting ‘trichromacy’) was observed; with absence 

of visible cone structure beyond the central fovea.187 

 

Molecular Genetics 

The disease follows an autosomal recessive pattern of inheritance, no definite 

disease-causing gene(s) has been identified to date. Reports in the literature link 

similar phenotypes to some of the ACHM causing genes (CNGA3, CNGB3, PDE6C 

and GNAT2),107 as well as CEP290.189 

 

Management  

No proven treatment is available. 
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1.1.2.1.5 RGS9/R9AP-associated retinopathy ('Bradyopsia') 

 

Clinical Assessment 

RGS9/R9AP-associated retinopathy presents from early childhood with delayed dark 

and light adaption,190 which can be a common feature also in OT,187 as well as other 

findings such as a normal fundus appearance, reduced visual acuity, and normal 

colour vision.191-194 RGS9/R9AP-associated retinopathy is clinically indistinguishable 

from OT, but can be discerned using non-standard extended electrophysiological 

assessment or molecular genetic testing. ERG findings include normal initial response 

in dark-adapted flicker ERGs performed with a dim stimulus.191, 195 

 

Retinal Imaging 

OCT and FAF are usually normal.194 Unlike in OT, confocal AOSLO has revealed a 

normal cone photoreceptor mosaic in subjects with RGS9/R9AP-associated 

retinopathy;187, 196 which is in agreement with the ERG findings.191 Cellular 

phenotyping is therefore able to differentiate between these two conditions with 

common clinical features - an intact photoreceptor mosaic in RGS9/R9AP-associated 

retinopathy, and disruption in OT.30 

 

Molecular Genetics  

The disease-causing variants are in the RGS9 or R9AP genes, which encode proteins 

responsible for rapid recovery of the visual cycle after a light stimulus.107 RGS9 

encodes a member of the regulators of the G protein signalling family of GTPase 

activating proteins that function in various signalling pathways by accelerating the 

deactivation of G proteins.197 RGS9 anchors to photoreceptor membranes in retinal 
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cells and deactivates G proteins in the rod and cone phototransduction cascades; 

R9AP encodes for the respective anchoring protein.198 

 

Management  

No proven treatment is available. 
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1.1.2.1.6 Limitations and challenges in COD/CORD and CDS 

Whilst therapeutic options may be on the horizon secondary to identified disease-

causing genes, the outlook for patients without a molecular diagnosis is limited. Next 

generation sequencing (NGS)-based approaches, typically using whole exome 

sequencing (WES), have revolutionised genomic analysis, however not all pathogenic 

mutations can be detected.199 Complex changes, such as inversions, translocations, 

and trinucleotide repeat expansions, are mostly undetected with WES, whilst variants 

in deep intronic or regulatory regions are not sequenced altogether. Whole genome 

sequencing offers a comprehensive alternative for undiagnosed patients, but may be 

rejected in favour of targeted genome re-sequencing due to cost and efficiency. Aside 

from its technical constraints, genetic testing also poses psychosocial ramifications for 

patients, especially in the predictive context.1 In addition to the inherent limitations of 

the genetic testing, is the rarity of the different genotypes; which poses a challenge for 

the ongoing and up-coming gene directed and molecule directed pharmacological 

trials. A large number of trials will likely be necessary to address each individual 

genotype; which is a challenge both in terms of patient identification/stratification, 

pointing to the need for international multisite collaborations, as well as in terms of 

economic feasibility and commercial interest from the industry. Moreover, the great 

phenotypic variability of inherited retinal diseases creates the need for natural history 

studies to better characterise each individual genotype and identify relevant end-points 

for future interventions.  

 

1.1.2.1.7 Concluding Remarks & Future Prospects 

Advances in molecular genetic techniques, particularly NGS, have greatly simplified 

molecular diagnosis. It is hoped that the majority of patients will be able to have a 
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precise molecular diagnosis in the near future. Similarly, advances in retinal imaging 

and retinal function testing have improved our understanding of inherited retinal 

diseases, including the relationship between genotype-phenotype and structure-

function, which is key to identifying relevant end-points in clinical trials of novel 

therapies. The remaining challenge is to develop novel therapies that will slow 

degeneration or improve function, and it is encouraging that gene-based, stem cell, 

and pharmacological approaches are increasingly in clinical trial. 
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1.1.2.2 Rod Dysfunction Syndromes 

 

Rod Dysfunction syndromes are a genetically diverse group of non-progressive 

primary dysfunctions of the rod system, most commonly causing congenital stationary 

night blindness (CSNB) - with (Fundus Albipunctatus and Oguchi Disease) or without 

abnormal fundi (complete and incomplete CSNB).200  

 

Complete and Incomplete Congenital Stationary Night Blindness 

(cCSNB/iCSNB) 

In contrast to Fundus Albipunctatus and Oguchi disease, which are described below, 

cCSNB/iCSNB have no distinctive fundus appearance with normal or myopic fundi.201 

Electrophysiological finings are the key to differentiate cCSNB and iCSNB; complete 

dysfunction of on-pathway and incomplete dysfunction of both on- and off- 

pathways.202 cCSNB/iCSNB have a heterogeneous genetic background including AD, 

AR and X-linked, with variable VA and night blindness.200 Aland Eye Disease is a form 

of X-linked incomplete CSNB, due to variants in CACNA1F, with common features of 

nystagmus, foveal hypoplasia visible on OCT, and subnormal VA.203, 204 OCT in 3 

patients with GRM6 variants (AR CSNB) identified selective thinning of the inner retinal 

layers suggesting either reduced bipolar or ganglion cell numbers or altered synaptic 

structure in the inner retina.205 

  



90 
 

Fundus Albipunctatus (FA) 

FA is an AR disease characterised by multiple white subretinal spots,206 throughout 

the retina (Figure 1.1.2.2A). FA has been attributed to variants in RDH5, RLBP1 and 

RPE65.207 RDH5 retinopathy (also RPE65 and RLBP1, albeit to a lesser extent) leads 

to reduced AF signal possibly because of absence of retinoid-derived fluorophores.206 

The white dots in younger subjects appear as foci of increased signal on FAF imaging 

(Figure 1.1.2.2A). On OCT imaging the associated deposits extend from Bruch's 

membrane to the external limiting membrane, with a focal loss of photoreceptor outer 

segments.206 Development of macular atrophy/cone dysfunction can be observed in a 

later stage of the disease. 208-210 

 

Oguchi Disease  

Oguchi (SAG, GRK1) disease is a rare form of AR CSNB having the distinguishing 

feature of the Mizuo-Nakamura phenomenon: diffuse green-golden fundus 

discolouration (Figure 1.1.2.2B) which returns to normal after prolonged dark adaption 

200, 211 Foveal retinal thickness can be normal on OCT (Figure 1.1.2.2B).205 AOSLO 

identified that rods, but not cones, change intensity after dark adaptation, suggesting 

that the fundus changes are the result of changes within the rods as opposed to 

changes at a different retinal locus.205 Development of peripheral atrophy is observed 

in a later stage of the disease.212 
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Figure 1.1.2.2: Retinal Imaging of Rod Dysfunction Syndromes 

(A) Fundus Albipunctatus (RDH5); above - colour fundus photograph (CFP) with 

multiple white subretinal spots, throughout the retina; below - fundus autofluorescence 

with a diffuse reduction in signal and the white dots appearing as foci of increased 

signal.  (B) Oguchi Disease (GRK1); above - CFP with diffuse green-golden fundus 

discolouration, and below trans-foveal optical coherence tomography with normal 

foveal thickness.  
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1.1.3 Progressive Retinal Dystrophies 

 

1.1.3.1 Cone and Cone-Rod Dystrophies 

 

Progressive cone and cone-rod dystrophies (COD and CORD respectively) are a 

clinically and genetically heterogeneous group of inherited retinal diseases 

characterised by cone photoreceptor degeneration, which may be followed by 

subsequent rod photoreceptor loss.1 These disorders typically present with 

progressive loss of central vision, colour vision disturbance, and photophobia. 

Considerable progress has been made in elucidating the molecular genetics and 

genotype-phenotype correlations associated with these dystrophies. Recent advances 

in molecular genetics, particularly next generation sequencing, have greatly improved 

molecular diagnosis, as the underlying causative genes and disease-causing variants 

can be identified in a large proportion of COD/CORD patients. Many of these genes 

encode proteins involved in photoreceptor structure or phototransduction. 

 

Clinical Presentation 

COD often presents in the first or second decades, with loss of central vision, 

photophobia, and colour vision disturbance. Nystagmus is often absent, since cone 

function is usually initially normal in early childhood. CORD is distinguishable from 

COD by the presence of early nyctalopia, which occurs due to concomitant rod 

degeneration. However, the majority of COD patients develop rod dysfunction or loss 

as the disease progresses.107 In most cases, CODs and CORDs affect colour 

discrimination in all three colour axes due to parallel cone degeneration of the three 

opsin subtypes. CORD have, in general, an earlier symptomatic onset than COD, as 
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well as a more severe disease course, with earlier deterioration of visual acuity to legal 

blindness, with however, a large degree of individual variability and overlap.213 

COD/CORD may less frequently present in later life, when the differential diagnosis 

includes autoimmune retinopathy with or without an underlying malignancy. 

 

Clinical Investigation 

Psychophysical Assessment 

Reduced visual acuity is the earliest manifestation of COD/CORD, generally occurring 

in the first or second decade of life and not significantly improved by spectacle wear.214 

In general, CODs and CORDs lead to marked visual loss at an earlier age than retinitis 

pigmentosa (RP), a rod-cone dystrophy, and are thus arguably more severe 

conditions.214 The presence of an isolated central scotoma on visual field testing is 

typical. A significant proportion of CORD patients retain peripheral vision at the time 

of disease onset, and develop peripheral scotoma with disease progression.213  

 

Electroretinography (ERG) 

A delayed 30-Hz flicker ERG implicit time, which selectively assesses cone response, 

is usually the earliest ERG finding in COD/CORD.214 This is followed by deterioration 

of the 30-Hz flicker ERG amplitude, and reduced a- and b-wave amplitudes of the 

single flash photopic ERG; features in keeping with cone system dysfunction. Scotopic 

function is preserved in early disease, but is usually affected in late disease; indicating 

rod system involvement with disease progression. CORD patients show a faster rate 

of cone function decline than COD patients.215 In one genotype of CORD, KCNV2-

associated retinopathy, the ERG findings are characteristic and diagnostic; there is an 

abnormal cone ERG with ‘supernormal’ rod responses.216 Despite its nomenclature, 
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this disorder is not associated with greater than normal rod function assessed 

psychophysically.217 

 

Retinal Imaging 

Fundoscopy in CODs classically reveals a bull’s-eye maculopathy, but may more often 

identify bilateral and relatively symmetrical RPE disturbance/atrophy, with progression 

over time.218 Peripheral RPE atrophy and bone-spicule pigmentation is observed in 

advanced stages of CORD, whereas the retinal periphery is typically normal in CODs 

due to rod sparing. Other reported findings include white flecks at the level of the 

RPE,219  and a tapetal-like sheen in XL-CORD.220  

 

Fundus autofluorescence (FAF) and optical coherence tomography (OCT) imaging 

have greatly improved the characterisation of IRDs. Reduced autofluorescence in FAF 

correlates with symptom duration and functional impairment in patients with 

COD/CORD.221, 222 On OCT, interdigitation zone disruption is an early finding in CODs 

and CORDs, which is a band representing the interaction between apical processes 

of the RPE and the photoreceptor outer segments. Progressive disruption, loss and 

altered reflectivity of the ellipsoid zone (EZ) is another notable finding, which 

corresponds to the ellipsoid portion of the photoreceptor inner segment.30, 223-225 In 

advanced disease, outer retinal atrophy can be observed, including the RPE. 

 

Adaptive Optics (AO) retinal imaging offers the opportunity to explore the phenotypic 

diversity in CODs and CORDs, by investigating the photoreceptor mosaic at the 

cellular level.30, 226 Structure-function correlation between cone densities and 

multifocal ERG (mfERG) amplitude has been observed in COD/CORDs.227-230 Cone 
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spacing measurements also correlated significantly with mfERG amplitude, retinal 

sensitivity, and visual acuity.227-230 The use of split-detection AO imaging allows the 

visualization of cone inner segments; whereas the outer segments have altered wave-

guiding properties and are poorly visualised with confocal AO imaging.143   

 

Molecular Pathology 

Disease-causing sequence variants in at least 32 genes are reported to cause CODs 

and CORDs (Table 1.1.2.1). There are currently six genes that predominantly cause 

COD and twenty-two genes that predominantly cause CORD. However, there is 

considerable overlap, with several genes associated with both COD and CORD. The 

proteins encoded by these genes perform a diverse range of functions in 

photoreceptors, including phototransduction, outer segment morphogenesis (CDHR1, 

PROM1, PRPH2),231-233 neurotransmitter release (RIMS1, UNC119),234, 235 and 

intraflagellar transport (RAB28, RPGR).236, 237 A disease-causing gene can be 

identified in approximately 60% of COD/CORD patients, whilst the remaining 40% of 

cases are unsolved. The majority of molecularly-defined diseases are recessively 

inherited (75-80%), and only approximately 15-20% and 2-5% are autosomal 

dominant and X-linked cases respectively.1 Figure 1.1.3.1 presents the frequencies 

of the involved modes of inheritance and genes. 

 

Management of CODs and CORDs 

At present, there are no proven treatments for CODs and CORDs that halt progression 

or restore vision. Symptomatic alleviation, including refractive correction, use of tinted 

spectacles/contact lenses for photophobia, and low vision aids make up the core of 

the current management. An accurate diagnosis using molecular genetics is an 
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important step to facilitate genetic counselling, advice on prognosis and participation 

in anticipated clinical trials.4 Patients with specific forms of COD/CORD can be advised 

to adopt strategies, based on a knowledge of gene function or investigation of animal 

models, to try to slow degeneration; with some of these strategies described for 

individual genotypes below, as well as the ongoing research and relevant clinical trials. 

The most frequently implicated genes in the different inheritance modes will be 

described in detail.  

Figure 1.1.3.1: Frequency of disease-causing genetic variants leading to 

progressive cone dystrophies (CODs) and cone-rod dystrophies (CORDs) 

Estimates of the frequency of disease-causing variants in genes resulting in CODs and CORDs using 

studies with clearly indicated cohort sizes.1 (A) Prevalence of the mode of inheritance for CODs and 

CORDs. (B) Autosomal recessive inheritance of CODs and CORDs. Mutations in 18 genes are currently 

associated with AR-COD/CORD, of which ABCA4 is by far the most common. (C) Autosomal dominant 

inheritance of CODs and CORDs. Mutations in ten genes are currently associated with AD-COD/CORD, 

over 75% of which are accounted for by GUCY2D, PRPH2, CRX and GUCA1A. (D) X-linked inheritance 

of CODs and CORDs. Mutations in four genes are currently associated with XL-COD/CORD, of which 

RPGR is the most common. 
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1.1.3.1.1 Autosomal Recessive ABCA4-associated COD/CORD  

 

Clinical Assessment 

ABCA4 is the commonest cause of autosomal recessive COD/CORD. Symptomatic 

onset usually occurs in childhood or early adulthood with a central scotoma and 

progressive macular atrophy (Figure 1.1.3.1.1).238, 239 Patients with rod involvement 

at presentation have a worse prognosis.240 Macular atrophy and yellow–white flecks 

at the level of the retinal pigment epithelium (RPE) at the posterior pole are found in 

the majority of patients.239 (Figure 1.1.3.1.1) Progression can be rapid in early 

childhood and may raise the possibility of CLN3-associated syndromic disease (Batten 

disease). 

 

Retinal Imaging 

Fundoscopy may initially reveal a normal fundus or mild retinal abnormalities (such as 

loss of foveal reflex), whereas peripheral degenerative changes occur later in the 

disease.241 Diagnosis can therefore be delayed unless FAF or OCT imaging is 

undertaken.238 FAF findings include a bull’s eye maculopathy-like appearance with 

yellow-white retinal flecks and increasing macular atrophy over time (Figure 

1.1.3.1.1).240, 242 OCT reveals loss of outer retinal architecture at the central macula.243 

Longitudinal increase in abnormal AF regions correlates with both visual function 

decline and abnormal cone spacing on AO scanning light ophthalmoscopy 

(AOSLO).244 However, cone mosaic abnormalities are known to precede abnormal 

psychophysical testing and FAF.33 Spectral Domain OCT (SD-OCT) reveals loss of 

normal architecture that begins at the central macula with relative preservation of the 

peripheral macula in the first instance and reduced central autofluorescence 
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surrounded by an increased signal (Figure 1.1.3.1.1A) or a bull's-eye maculopathy-

like appearance on FAF. OCT can be used for quantifying the rate of ellipsoid zone 

(EZ) loss and investigating disease natural history.10, 245 

  

Figure 1.1.3.1.1:  ABCA4-associated Cone-Rod Dystrophy 

Fundus autofluorescence (FAF) images from both eyes of an eleven year old child at baseline (A) 

and after 4.1 years follow-up (B). The child had generalised retinal dysfunction on ERG, with a 

greater reduction in cone than rod responses, at baseline; and flecks of increased signal on FAF 

(A). (B) At follow up, the central area of hypoautofluorescence has expanded, as well as the 

number of flecks have increased, with more foci of both increased or decreased signal. Visual 

acuity deteriorated from 0.85 LogMAR at baseline to 1.1 LogMAR. The FAF images are all to the 

same scale  
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Molecular Genetics 

Variants in the ABCA4 gene account for approximately 60 to 65% of autosomal 

recessive (AR)-COD/CORD cases.1 Over 1000 disease-causing variants in ABCA4 

have been identified to date, with the resulting phenotype varying between COD, 

CORD and Stargardt disease (STGD).1, 246 ABCA4 is a fifty-exon gene that encodes 

a retina-specific ATP-dependent cassette transporter located in the curved rim of outer 

segment (OS) disc membranes.247 This protein has an essential role in the removal of 

N-retinylidene-phosphatidylethanolamine (PE) from the luminal to cytoplasmic aspect 

of OS disc membranes, which are produced from the reaction of PE with excess 

chromophores.248 If not exported and dissociated, N-retinylidene-PE can accumulate 

in the OS to form the toxic fluorophore N-retinylidene-N-retinylethanolamine (A2E), a 

component of lipofuscin, which ultimately causes RPE and photoreceptor dysfunction 

and death. In general, bi-allelic null variants in ABCA4 are more commonly associated 

with CORD,249, 250 However, functional outcome is dependent on both the disease-

causing variants and other genetic/environmental modifiers. 251, 252 

 

Management  

Vitamin A should be avoided in ABCA4-associated retinopathy as it may enhance A2E 

production and, therefore, disease progression.253 Light avoidance using UV-A/-B 

blocking spectacles may also confer benefit by inhibiting A2E production,254 which 

produces DNA-damaging epoxides.255 A study applying a black contact lens for over 

12 months showed that light deprivation might be beneficial 

in patients with ABCA4 disease, given the reduced progression of decreased 

autofluorescence in the occluded eye. 256 
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 Pre-clinical studies in gene replacement that showed phenotypic improvement 

in abca4-/- mice have encouraged the development of human gene therapy clinical 

trials;40 41 with trials of gene replacement therapy underway (ClinicalTrials.gov 

identifier: NCT01736592, NCT01367444).42 Pharmacotherapy has been developed to 

reduce excessive accumulation of lipofuscin, which leads to the degeneration of 

photoreceptors and RPE.39 Drugs such as soraprazan, emixustat, ALK-001, 

fenretinide and A1120, are visual cycle modulators that impede formation of A2E and 

lipofuscin by either slowing the rate of Vitamin A dimerization (ALK-001), or by 

competitive inhibitory mechanisms on the retinal binding protein-4 (fenretinide and 

A1120), or by modulating the activity of RPE65 (soraprazan, emixustat), many of them 

are in Phase I/II or III trials (emixustat: NCT03772665 and NCT03033108,  ALK-001: 

NCT02402660). Avacincaptad pegol a complement C5 inhibitor is also on phase II 

clinical trial (NCT03364153). Finally, human embryonic stem cell-derived RPE cells 

(hESC) have been shown to survive after transplantation with limited possible 

biological activity of the transplanted cells (NCT02941991, NCT02445612, 

NCT01625559, NCT01345006, NCT01920867, NCT03011541, NCT02749734).43, 44  
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1.1.3.1.2 Autosomal Dominant GUCY2D-associated COD/CORD 

 

Clinical Assessment 

Together GUCA1A, PRPH2 and GUCY2D account for approximately 65 to 70% of 

autosomal dominant COD/CORD cases.1 Variants in GUCY2D account for 

approximately 30% of all cases.1 AD GUCY2D variants can cause both COD and 

CORD.257, 258 Age of disease onset varies, presenting with reduced visual acuity, 

nystagmus, photophobia, and decreased colour vision.257, 259, 260 ERG studies 

characteristically show reduced cone single-flash and flicker amplitudes. Negative 

scotopic electroretinogram can be observed early in the disease and greater rod 

dysfunction may occur over time. 260-262 

 

Retinal Imaging 

Fundoscopy findings are varied, ranging from mild RPE changes to extensive macular 

atrophy, observed in older individuals.259, 260 FAF imaging usually shows central 

hypoautofluorescence and a surrounding ring of hyperautofluorescence (Figure 

1.1.3.1.2 A-B).260 A variable degree of EZ disruption over the fovea can be observed, 

as well as macular thinning (Figure 1.1.3.1.2 C-D).263 

 

Molecular Genetics 

GUCY2D variants are a common causes of AD COD and CORD.1 Different GUCY2D 

variants can cause autosomal recessive LCA/EOSRD.264 GUCY2D encodes the 

photoreceptor enzyme guanylate cyclase 2D (GC-E; RetGC), a component of the 

phototransduction cascade, that synthesizes the intracellular messenger of 

photoreceptor excitation cGMP, and is regulated by intracellular Ca2+-sensor proteins 
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named guanylate cyclase-activating proteins (GCAPs).265 So far there are 144 

identified disease-causing variants in GUCY2D, with the majority reported to cause 

LCA, and only 13 reported to cause COD/CORD. The COD/CORD variants are all 

located in exon 13 (with p.(R838H) being the most common) affecting the GC-E 

dimerization domain.266 On the contrary, the variants reported to cause LCA do not 

have a localization hot spot, but are scattered along the full length of the gene.266 

COD/CORD causing variants are functional, but cause a shift in the Ca2+ sensitive 

curve.265, 266 

Figure 1.1.3.1.2:  GUCY2D-associated Cone-Rod Dystrophy 

(A-B) Fundus autofluorescence imaging demonstrates central hypoautofluorescence and a surrounding 

ring of hyperautofluorescence marked with yellow arrow-heads in both eyes. (C-D) Corresponding optical 

coherence tomography images; the borders of the ellipsoid zone disruption at the fovea are marked with 

white arrow heads.  
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Treatment 

No specific intervention is yet available. Somatic gene editing using adeno-associated 

virus (AAV) -delivered CRISPR/Cas9 has been used to edit/disrupt the GUCY2D early 

coding sequence in mouse and macaque photoreceptors in vivo, thereby knocking out 

retGC1 expression, and demonstrating promising results, altering both retinal function 

and structure.267  



104 
 

1.1.3.1.3 Autosomal Dominant GUCA1A-associated COD 

 

Clinical Assessment 

GUCA1A variants account for approximately 15% of AD COD/CORD.1 Patients 

usually present in the second and third decade of life with reduced central vision, 

photophobia, and generalised dyschromatopsia. ERG studies characteristically show 

reduced cone single-flash and flicker amplitudes with a normal implicit time, which an 

unusual finding in generalised retinal disease.1 Rod function typically remains normal, 

although dysfunction may occur later in the disease in COD or be reduced at 

presentation in CORD. Cones are the primary photoreceptor system affected, due to 

greater GCAP1 expression in cones compared with rods.268 GUCA1A and GUCY2D 

variants have a similar pattern of generalized cone system dysfunction with a tendency 

for lesser involvement of the rod system and a less severe phenotype for GUCA1A 

variants.261 

 

Retinal Imaging 

Fundoscopy findings are variable, ranging from mild RPE disturbance to extensive 

macular atrophy. FAF is useful in investigating macular abnormalities, although both 

areas of hypoautofluorescence and hyperautofluorescence have correlated with 

retinal atrophy; an increased signal at the fovea may be seen in early disease.218, 269, 

270 A variable degree of ellipsoid zone disruption can be observed on OCT; ranging 

from mild disruption to extensive loss (Figure 1.1.3.1.3).271 Intrafamilial variability in 

patients harbouring a single 428delTinsACAC insertion/deletion variant, has been 

identified in the photoreceptor mosaic using adaptive optics imaging.272  

 



105 
 

Molecular Genetics 

GUCA1A is a four-exon gene encoding GCAP1, which is required for RetGC activation 

and cGMP regeneration.273 GCAP1 is regulated in a Ca2+-dependent manner and 

contains three Ca2+-binding EF-hand motifs. Gain-in-function variants in GUCA1A; 

p.(Tyr99Cys),274 p.(Glu155Gly)275 and p.(Asp100Gly),276, 277 result in structural 

alteration of those motifs. These result in persistent stimulation of RetGC, excess 

cGMP levels in the dark, and photoreceptor apoptosis secondary to Ca2+ 

dysregulation.278, 279 The phenotypic variability in patients harbouring identical 

GUCA1A mutations is noteworthy. Michaelides et al. demonstrated the p.(Tyr99Cys) 

missense variant resulting in three different dominantly-inherited phenotypes in a 

single non-consanguineous pedigree: COD (Figure 1.1.3.1.3A), CORD, and isolated 

macular dystrophy(Figure 1.1.3.1.3B). 269 Similarly, another study identified a 

Figure 1.1.3.1.3:  GUCA1A-associated COD/CORD  

Fundus autofluorescence (FAF) imaging and optical coherence tomography (OCT) in unrelated 

subjects (A) and (B) harbouring the p.(Tyr99Cys) (Y99C) variant in GUCA1A. The left column shows 

FAF of (A), and the right column FAF of patient (B). White arrowheads point to the transfoveal OCT line 

scans that correspond to the location denoted by red dashes on the FAF. Patient (A) has mildly 

increased signal over the fovea and subtle changes of the ellipsoid zone on OCT. In contrast patient 

(B) has a markedly decreased signal at the fovea and extensive ellipsoid zone loss on the 

corresponding OCT. The p.(Tyr99Cys) missense variant is associated with marked phenotypic 

variability: COD (A), CORD, and isolated macular dystrophy (B). The 

FAF and OCT scans are to the same scale; a scale bar of 200μm is shown. 
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p.(Arg120Leu) substitution as the cause of clinically heterogeneous macular 

dystrophy.270 

 

Management 

In GUCA1A-associated retinopathy, sleeping with the lights on is advocated by some 

clinicians for preventing accumulation of cGMP, which otherwise occurs at night and 

causes photoreceptor damage.279 A murine model of disease with the gain of function 

p.(Tyr99Cys) variant in GUCA1A, has shown significantly increased photoreceptor 

survival following RNA interference-based gene silencing.280 
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1.1.3.1.4 Autosomal Dominant PRPH2-associated CORD  

 

Clinical Assessment 

PRPH2 variants account for approximately 20% of autosomal dominant COD/CORD.1 

Patients usually present in the second to third decade with reduced central vision, 

photophobia, and nyctalopia. Certain genotype-phenotype correlations have been 

observed, including p.(Arg172Trp)-PRPH2 retinopathy being associated with faster 

loss of visual acuity than with the p.(Arg172Gln) variant.281 The missense variant 

p.(Gly167Asp) is also associated with phenotypic variability; causing both autosomal 

dominant rod-cone dystrophy282, and butterfly-shaped pigment dystrophy.283 Central 

Areolar Choroidal Dystrophy can be caused by variants in PRPH2, and is 

characterised by a late onset central cone dystrophy.284  

 

Retinal Imaging 

The fundus appearance varies considerably, ranging from a bull’s-eye maculopathy 

(Figure 1.1.3.1.4A-II) to macular atrophy (Figure 1.1.3.1.4B-I). However, FAF, 

including the p.(Arg172Trp) variant, demonstrates a characteristic speckled macular 

appearance in most patients (Figure 1.1.3.1.4A-II).285 AOSLO imaging in 

p.(Arg172Trp)-associated CORD revealed increased cone spacing throughout the 

macula with corresponding loss of outer retinal structures on OCT.286 However, 

intrafamilial analysis of p.(Arg172Gln)-associated disease has shown marked 

variability(Figure 1.1.3.1.4 A-B).287  
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Molecular Genetics 

PRPH2 is a five-exon gene encoding peripherin-2, a cell surface glycoprotein in the 

outer segment with an essential role in disc morphogenesis.288 Interactions of  

 

Figure 1.1.3.1.4: PRPH2-associated cone-rod dystrophy (CORD) 

Fundus photographs (I) and fundus autofluorescence (FAF) imaging (II) in unrelated patients with 

CORD. Subjects (A) and (B) harbor the p.(Arg172Trp) (R172W) variant in PRPH2.  

Subject (A): Fundus photograph (A-I) with bull’s-eye maculopathy-like retinal pigment epithelial (RPE) 

changes. FAF imaging (A-II) displays a florid speckled appearance with areas of increased and 

decreased macular AF. Subject (B): Fundus photograph (B-I) showing marked macular atrophy, 

peripheral areas of RPE atrophy and pigmentation (Choroideremia-like appearance). Corresponding 

FAF image shown in (B-II). The patient has severe CORD with an acuity of counting fingers bilaterally 

and constricted peripheral visual fields. 
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peripherin-2 with ROM1 and glutamic acid-rich domains of CNG channels support its 

function in disc stabilisation and maintenance of rim curvature.232 CORD-associated 

variants in PRPH2 can be attributed to the region encoding the second intradiscal loop 

between its four transmembrane components. This contains cysteine residues 

essential for intra-protein folding and inter-protein interactions.289 Identified missense 

variants in this region include p.(Asn244His),290 p.(Val200Glu)291, and 

p.(Arg172Trp).285 Families harbouring the p.(Asn244His) or p.(Val200Glu) variant 

present with early central RPE atrophy that advances peripherally with disease 

progression, with little intrafamilial variability.290, 291 In contrast, clinical phenotypes 

associated with p.(Arg172Trp) can vary substantially, ranging from non-penetrance to 

severe CORD (Figure 1.1.3.1.4B),285 RP, macular dystrophy (Figure 1.1.3.1.4A), and 

central areolar choroidal dystrophy.281, 285, 292, 293  

 

Management 

At present, whilst there are no specific proven treatments, several avenues of 

intervention show promise. The Prph2rd2/rd2 murine model has shown significantly 

increased photoreceptor survival following gene replacement therapy.294 Promising 

transplantation success of stem cell- and donor-derived cones, with both integration 

and material transfer, has also been reported in the aforementioned murine 

degenerative model.87 A pharmacological approach, with inhibition of the overactive 

poly-ADP-ribose polymerase (PARP) with the PARP inhibitor PJ34, has demonstrated 

a decrease in the levels of poly-ADP-ribosylation and photoreceptor cell death, in this 

same model.295 
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1.1.3.1.5 X-Linked RPGR-associated COD/CORD 

 

Clinical Assessment 

RPGR constitutes the most prevalent monogenic cause of X-linked COD/CORD 

(approximately 70%).1 RPGR-associated CORD is characterised by central visual 

loss, mild photophobia, and myopia, and presents in the second to fourth decade in 

affected males.296 A longitudinal study reported significantly higher levels of legal 

blindness among RPGR-associated COD/CORD compared to RPGR-associated RP 

by the age of 40 years, in which high myopia was predictive of faster visual decline.297 

 

Retinal Imaging 

FAF imaging often reveals parafoveal rings of increased signal (Figure 1.1.3.1.5). 

Unlike RP, these increase in size with disease progression and are inversely related 

to ERG amplitude.298, 299 OCT shows marked disruption of the ellipsoid zone (Figure 

1.1.3.1.5), progressing over time. 

 

Molecular Genetics 

RPGR is a nineteen-exon gene that gives rise to two alternatively spliced retinal 

isoforms, encoded by exons 1-19 and 1-15 (+ part of intron 15) respectively.300 The 

latter isoform, also known as exon open reading frame 15 (ORF15), is the most highly 

expressed retinal variant and a mutational hotspot, accounting for most X-linked COD 

and CORD cases.218, 301 The function of the C-terminal ORF15 sequence requires 

further elucidation, but is implicated in intraflagellar protein transport in view of its 

localisation at the photoreceptor connecting cilium.237 Most disease-causing variants 

in RPGR result in RP,302 but those leading to COD/CORD are preferentially located at 
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the 3’ end of the ORF15 region.303 However, identical intrafamilial sequence variants 

in RPGR may lead to distinctly different phenotypes.304  

 

Management 

 Canine models of disease have shown significantly increased photoreceptor 

survival following gene-based therapies.305 Human treatment trials of gene 

replacement therapy are already underway for RPGR-associated RP (NCT03252847, 

NCT03116113, and NCT03316560). 

  

Figure 1.1.3.1.5: Retinal Imaging 

of X-Linked RPGR-associated 

COD/CORD 

Fundus autofluorescence (FAF) 

imaging with corresponding 

horizontal optical coherence 

tomography (OCT).Parafoveal ring 

of increased signal visible with 

FAF.  



112 
 

1.1.3.1.6 Cone Dystrophy with Supernormal Rod ERG (CDSR)  

 

CDSR is an autosomal recessive disorder, due to KCNV2 mutations, characterised by 

a decrease in visual acuity, photophobia and possible nyctalopia, with normal fundus 

early in the disease, and RPE changes or atrophy in older adults. There are specific 

pathognomonic full field ERG findings 306-308.  

The fundus reveals normal periphery and a range of macular abnormalities, 

which may vary from discrete accentuation of the foveal reflex to a more pronounced 

macular RPE atrophy.225, 308 The fundus reveals normal periphery and a range of 

macular abnormalities, which may vary from discrete accentuation of the foveal reflex 

to a more pronounced macular RPE atrophy. Fundus autofluorescence (FAF) reveals 

a wide range of findings including ring-like or bull’s eye changes, central atrophy or 

increased foveal AF has been reported (Figure 1.1.3.1.6). Parafoveal rings of 

hyperfluorescence is a common finding in younger patients, which may involve a 

broader area or multiple foci forming a concentric pattern in the second decade of life, 

and ultimately evolves to concentric areas of decreased signal on FAF retinal 

pigmented epithelium (RPE) atrophy.308 

Optical coherence tomography (OCT) shows changes that vary from mild 

discontinuous reflectivity to a more extensive loss of the ellipsoid zone (Figure 

1.1.3.1.6) . An optical gap may be present and peripheral outer retinal architecture is 

frequently well preserved. Sergouniotis and colleagues pointed that foveal structural 

changes were evident even in early stages of the disease, but suggested a window 

before the presentation of atrohic changes.225
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Figure 1.1.3.1.6: Retinal Imaging of KCNV2 retinopathy 

(A-D) Fundus autofluorescence (FAF) imaging with corresponding horizontal trans-foveal optical 

coherence tomography (OCT) scan in four patients with disease causing KCNV2 variants (A, B, C and 

D; 49, 25, 28 and 71 years of age respectively). A wide range of FAF patterns is observed in the disease: 

increased foveal signal (A), bull’s eye maculopathy (B), rings of increase signal with central atrophy (C 

and D). Corresponding OCT images show: small discontinuities and attenuation of the foveal ellipsoid 

zone (A), an optical foveal gap (B), and more extensive loss of the ellipsoid zone and retinal pigment 

epithelium atrophy (C-D).  
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1.1.3.2 Leber Congenital Amaurosis (LCA) / Early Onset Severe Retinal Dystrophy 

(EOSRD) 

 

LCA/EOSRD are both genetically and phenotypically heterogeneous, and 

characterised clinically by severe congenital/early infancy visual loss, nystagmus, 

amaurotic pupils and markedly reduced/absent full-field electroretinograms.309 The 

identified genes account for approximately 70%–80%. GUCY2D, CEP290, CRB1, 

RDH12 and RPE65 are the most common and their imaging findings are presented 

below, together with TULP1, AIPL1 and NMNAT1 due to distinctive findings are also 

presented. 

 

GUCY2D - LCA/EOSRD 

Patients with GUCY2D - LCA/EOSRD (OMIM 600179) often have relatively normal 

fundi, in contrast to most other LCA/EOSRD genotypes.310 There can be relatively 

preserved outer retinal structure on OCT in many patients (even lifelong, Figure 

1.1.3.2.1A), although foveal cone outer segment abnormalities and foveal cone loss 

has been observed.310, 311 FAF findings are variable; normal, central foveal 

hyperautofluorescence, and/or a perimacular ring of increased AF have been reported 

(Figure 1.1.3.2.1A).310 A phase 1/2 gene therapy trial is on-going. 
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CEP290 - LCA/EOSRD 

OCT studies of CEP290 - LCA/EOSRD (OMIM 610142) have shown that despite 

profound cone dysfunction, the foveal architecture is structurally preserved until the 

fourth decade of life in some patients; although with abnormal inner and outer 

segments in contrast to the early loss of rod photoreceptors.311, 312 FAF imaging 

reveals a perifoveal hyperautofluorescent ring in most patients (Figure 1.1.3.2.1B), 

and areas of decreased signal in older patients (pigmentary retinopathy).312 Phase 1/2 

and Phase 3 gene therapy trials are on-going.  

 

CRB1 - LCA/EOSRD 

CRB1-associated disease (OMIM 604210) has nummular pigmentation, maculopathy, 

relative preservation of para-arteriolar RPE, intraretinal cystoid spaces, with retinal 

thickening and loss of lamination on OCT (Figure 1.1.3.2.1C).313 Not all findings are 

present in all patients. Altered retinal lamination with increased RNFL thickness; is a 

rather unique finding for CRB1 compared to other LCA/EOSRD genotypes.314 CRB1 

variants can be associated with a range of phenotypes and corresponding retinal 

imaging findings; including retinitis pigmentosa,315 Coats-like vasculopathy, and 

maculopathy.316 

 

RDH12 - LCA/EOSRD 

RDH12-associated disease (OMIM 608830), which gives rise to an EOSRD phenotype 

is characterised by early-dense intraretinal pigment migration and maculopathy.317 

OCT reveals severe loss of structure often from 10 years of age.318 Macular atrophy 
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is a universal finding on FAF (centrally decreased signal), and with disease 

progression, the area of atrophy extends peripherally in a variegated watercolour-like 

pattern (Figure 1.1.3.2.1D), which usually corresponds to the retinal vasculature.318 

Recently the phenotypic spectrum of RDH12 has been extended to include later onset 

and milder phenotypes.319  

 

RPE65 - LCA/EOSRD 

RPE65-deficiency (OMIM 180069) is associated with reduced or absent AF on FAF 

imaging, suggesting low or absent levels of lipofuscin in the RPE (Figure 

1.1.3.2.1E).320 OCT studies have demonstrated relatively normal retinal thickness in 

some patients; with more commonly a central macular area of relatively preserved 

retina with a surrounding ring of thinning or more widespread retinal loss (Figure 

1.1.3.2.1E).321 There is an FDA- and EMA-approved gene therapy for RPE65-EOSRD. 

 

TULP1, AIPL1 and NMNAT1 - LCA 

TULP1 (OMIM 602280), AIPL1 (OMIM 604323) and NMNAT1 (OMIM 608700) -

associated disease are characterised by early maculopathy. NMNAT1 maculopathy 

typically is severe, early onset and extensive (Figure 1.1.3.2.1F), with pigment 

clumping (including nummular pigmentation), both visible on FAF and OCT.322 Similar 

to RDH12, the phenotypic spectrum of NMNAT1 has been extended to later onset and 

a milder phenotype.323 In AIPL1-LCA no patient is identified in the literature with 

residual outer retinal structure beyond the age 4.311, 324 A gene therapy study is on-

going for AIPL1-LCA.  
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Figure 1.1.3.2.1: Retinal Imaging of Leber Congenital Amaurosis/Early-Onset 

Severe Retinal Dystrophy (LCA/EOSRD) 

(A-E) Fundus autofluorescence (FAF) imaging with corresponding horizontal trans-

foveal optical coherence tomography (OCT). (A) GUCY2D - LCA/EOSRD; relatively 

preserved outer retinal structure on OCT and normal appearing FAF. (B) CEP290 - 

LCA/EOSRD; preserved foveal architecture on OCT, despite profound functional loss, 

and FAF imaging with a perifoveal hyperautofluorescent ring. (C) CRB1 - 

LCA/EOSRD; nummular pigmentation, maculopathy, relative preservation of para-
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arteriolar RPE on FAF, and intraretinal cystoid spaces on OCT. (D) RDH12 - 

LCA/EOSRD; FAF shows a centrally decreased signal with atrophy extending 

peripherally in a variegated watercolour-like fashion. OCT shows severe loss of 

structure and macular atrophy. (E) RPE65 - EOSRD; reduced signal on FAF imaging 

and OCT showing preserved structure at the central macula. (F) NMNAT1 - LCA; near 

infrared imaging and corresponding OCT scan, of a patient with severe and extensive 

maculopathy. 
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1.1.3.3 Rod-Cone Dystrophies 

 

Rod-cone dystrophies are a variable group of inherited retinal conditions, both in terms 

of phenotype and genotype,325 with a prevalence of 1/3000 - 1/4000 in the general 

population.326 Herein we present the imaging findings of retinitis pigmentosa, 

enhanced S-Cone syndrome and Bietti crystalline corneoretinal dystrophy. 

 

1.1.3.3.1 Retinitis Pigmentosa (RP) 

RP is characterised by nyctalopia and gradual constriction of the visual field, with 

eventual loss of central vision, progressing to legal blindness.304, 327. RP can be 

inherited as an autosomal dominant, autosomal recessive (AR) or X linked trait. Due 

to the large number of genes involved (>100 genes) and the lack of distinct/specific 

genotype-phenotype correlations, an overview of retinal imaging will be presented for 

RP and not each specific genotype. 

 Areas of atrophied RPE/photoreceptor cell loss have decreased AF because of 

the lack of lipofuscin, and are observed to a greater extent in the mid-periphery (Figure 

1.1.3.3A). Wide-field FAF can better evaluate the full extent of peripheral atrophy in 

RP. Increased AF is often observed in the form of a concentric ring around the 

macula,299 and represents areas of dysfunction/degenerating photoreceptors.328 The 

hyperautofluorescent ring demarcates the area of central viable retina from the 

surrounding atrophic retina, and thereby is observed to constrict over time (in contrast 

to CORD, where it is seen to expand).299 The ring size and width follows an exponential 

decline, with faster loss of area earlier in the disease. 299, 329 X-linked forms of the 
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disease are usually more severe, with early involvement of the fovea and more rapid 

decline of vision (Figure 1.1.3.3B).330 

 On OCT imaging the disruption of the photoreceptor layer (EZ) starts from the 

periphery (rod rich region) and gradually the functioning retina constricts to the fovea 

(Figure 1.1.3.3A), till it disappears, leading to blindness (Figure 1.1.3.3B). Both the 

width of the residual EZ, as well as the area of EZ on en face analysis, are established 

sensitive measure of RP progression.331, 332 Several studies employing AOSLO have 

reported a decrease in cone density and/or increased cone spacing in patients with 

RP.333  

 Sector RP is an uncommon restricted form of RP in which only one or two retinal 

quadrants display clinical pathological signs (Figure 1.1.3.3C), and as such is 

associated with a good prognosis.334  A phase 1/2 gene therapy trials is on-going for 

PDE6B, MERTK, RPGR, and RLBP1. 

 

1.1.3.3.2 Enhanced S-Cone Syndrome (ESCS) 

ESCS (NR2E3, OMIM 268100) is a rare slowly progressive AR form of retinal 

degeneration, typically characterised by nummular pigment clumping at the level of 

the RPE, often most plentiful around the temporal vascular arcades (Figure 

1.1.3.3D).335 OCT studies may show a disturbed perimacular region (thought to be 

filled with S-cone photoreceptors instead of rods), with thick and bulging retina and 

abnormal laminar architecture (Figure 1.1.3.3D).336 Other imaging findings include: 

torpedo-like changes, deep atrophic lesions with a small hyperpigmented rim, helicoid 

subretinal fibrosis, circumferential fibrotic scars in the posterior pole with a spared 
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centre, large fibrotic scars around the optic nerve head, and yellow-white dots in areas 

of relatively normal-appearing retina.337, 338 

 

1.1.3.3.3 Bietti Crystalline Corneoretinal Dystrophy (BCD) 

BCD (CYP4V2, OMIM 608614) is an AR disease, with similar clinical symptoms to RP, 

associated with progressive RPE-choriocapillaris complex atrophy and retinal crystals 

(Figure 1.1.3.3E), which can disappear with disease progression, resulting in greater 

RPE disruption 339, 340. FAF shows sharply demarcated areas of RPE loss that coincide 

with abrupt edges of outer retinal atrophy on OCT; with the crystals generally situated 

on or in, the RPE/Bruch's complex.339 
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Figure 1.1.3.3: Retinal Imaging of Rod-Cone Dystrophies  

(A) Autosomal dominant Retinitis Pigmentosa (RP) (RHO; Rhodopsin); patches of 

RPE atrophy in the mid-periphery with decreased signal on FAF and a central ring of 

increased signal. On OCT, there is loss of the parafoveal photoreceptors. (B) X-linked 

RP (RP2); foveal involvement with atrophy of the foveal RPE, visible on FAF, and 

corresponding loss of both inner and outer retina on OCT. (C) Autosomal dominant 

RP (RHO; Rhodopsin); sector pattern of retinal involvement with the inferior quadrant 

being affected, and a clear demarcation line of increased signal on FAF.(D) Enhanced 

S-cone syndrome (NR2E3); nummular pigment clumping at the level of the RPE, most 

plentiful around the temporal vascular arcades on FAF and thickened ellipsoid zone 

on OCT. (E) Bietti Crystalline Dystrophy (CYP4V2), on the left, a colour fundus 

photograph showing retinal crystals, and on the right, FAF shows areas with increased 

and decreased signal in a speckled pattern.  
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1.1.3.4 Chorioretinal Dystrophies 

 

Choroideremia (CHM) 

CHM (CHM, OMIM 300390) is a rare X-linked condition characterised by degeneration 

of the choriocapillaris, RPE and retina (Figure 1.1.3.4.1A), with males presenting in 

early adulthood or late childhood with nyctalopia and constricted peripheral vision.341 

The skewed X-inactivation can lead to symptomatic female carriers (Figure 

1.1.3.4.1B), sharing similar imaging characteristics to affected males. FAF of the 

disease allows direct visualization of the choroidal vessels due to loss of the 

photoreceptor layers and the RPE, with a residual asymmetric central area of 

functioning retina.  

 Common OCT findings include IZ attenuation, with or without intact EZ, outer 

retinal tubulations, interlaminar bridges and RPE thinning.342-344 AOSLO has been 

employed extensively, demonstrating patchy cone loss in symptomatic carriers and a 

normal photoreceptor mosaic in asymptomatic carriers 342. Disrupted parafoveal 

mosaics, with increased cone spacing have been seen in affected males, with more 

regular spacing near the borders of atrophy.342 The largest multimodal study to date 

including the use of AOSLO 343, describes a relatively intact central retina with a normal 

or reduced cone density at 0.5 mm eccentricity; and an abrupt loss of cones at the 

border of RPE atrophy, as well as hyper-reflective clumps of cones in younger patients 

(<30 years) and bubble-like lesions within the choroid. 344. No RPE cells were visible 

in areas of cone loss, with IZ drop-out preceding EZ disruption 343. Investigators 

thereby proposed that CHM is primarily an RPE disorder followed by photoreceptor 

degeneration; similar conclusions have been made based on recent OCTA studies. A 

phase 2/3 gene therapy trial is on-going. 
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Gyrate Atrophy (GA) 

GA (OAT, OMIM 613349) is a rare in-born error of metabolism with retinal 

manifestations of progressive chorioretinal loss, beginning as small areas of peripheral 

RPE and choroidal atrophy, which coalesce to larger well demarcated atrophic area, 

visible on FAF as area of decreased AF(Figure 1.1.3.4.1C).345 On OCT macular 

oedema can be seen, as well as retinal tubulations in advanced disease.345, 346 

 

 

Figure 1.1.3.4.1: Retinal Imaging of Chorioretinal Dystrophies 

(A-C) Fundus autofluorescence (FAF) imaging with corresponding horizontal trans-foveal optical 

coherence tomography (OCT). (A) Choroideremia (CHM) in a 35 year old male with large areas of 

atrophy on FAF, not yet involving foveal center on OCT. (B) Choroideremia (CHM) in a severely affected 

75 year old female carrier with large areas of atrophy on FAF and involving the foveal center on OCT, 

with a small area of spared ellipsoid zone. (C) Gyrate Atrophy (OAT);  large well-demarcated coalesced 

areas of atrophy visible on FAF as decreased AF, and OCT with macular oedema and retinal 

tubulations. 
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In the figure below the presented IRDs are summarised (Figure 1.1.3.4.2). The same 

classification will be used in the chapter “Adaptive Optics Imaging in Inherited 

Retinal Diseases”. 

  

Inherited Retinal Diseases

Macular Dystrophies

Stargardt Disease (STGD)

Best Disease (Vitelliform Macular Dystrophy -
BVMD)

X-Linked Retinoschisis (XLRS)

Central areolar Choroidal Dystrophy (CACD)

Stationary Retinal Dysfunction Syndromes

Cone 
Dysfunction 
Syndromes

Complete and Incomplete 
Achromatopsia

S-cone Monochromatism-Blue 
Cone Monochromacy (BCM)

Oligocone Trichromacy (OT)

Bradyopsia

Bornholm Eye Disease (BED)

Rod 
Dysfunction 
Syndromes

Complete and Incomplete 
Congenital Stationary Night 

Blindness (cCSNB/iCSNB)

Fundus Albipunctatus (FA)

Oguchi Disease

Progressive Retinal Dystrophies

Rod-Cone 
Dystrophies

Leber Congenital Amaurosis 
(LCA) /Severe Early Onset Severe 

Retinal Dystrophy (EOSRD)

Retinitis Pigmentosa (RP)

Usher Syndrome (USH)

Enhanced S-Cone Syndrome 
(ESCS)

Bietti Crystalline Dystrophy 
(BCD)

Chorioretinal 
Dystrophies

Choroideremia (CHM)

Gyrate Atrophy (GA)

Cone and 
Cone-Rod 

Dystrophies

Cone Dystrophies 

Cone Dystrophy with 
Supernormal Rod 

electroretinogram (CDSR)

Cone-rod dystrophies 
(CORD) 

Figure 1.1.3.4.2: Classification of Inherited Retinal Diseases 
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1.2 Adaptive Optics Scanning Light Ophthalmoscope 

 

The incorporation of adaptive optics (AO) to any ophthalmoscopic technique, including 

fundus photography, OCT and scanning laser ophthalmoscopy (SLO) provides in vivo 

microscopic imaging 347-350. AO ophthalmoscopes typically use a wavefront sensor to 

measure the ocular monochromatic aberrations and a deformable mirror to correct for 

the detected aberrations 349-351. Herein we will be focusing on adaptive optics scanning 

laser ophthalmoscope (AOSLO) photoreceptor imaging as this is the modality that has 

been most extensively utilised in patients with IRD. By focusing a scanning light source 

on the photoreceptor layer and rejecting out-of-focus light through the use of a 

confocal aperture, axial sectioning is achieved, thereby increasing image contrast 348, 

352. Photoreceptors with relatively intact outer segments waveguide some incident 

light, and backscatter a very small fraction (less than 0.1%), which is used for imaging 

353. When collecting that light in a confocal detector, the cone 348, 354, 355 and perifoveal 

rod 142, 348, 356 mosaics can be resolved. Several systems have been developed 

including both custom-built and commercially available devices (Figure 1.2.1). 

 

Figure 1.2.1: AOSLO Imaging of Healthy Subjects with Different Systems  

(A) Imaging with the commercially available rtx1 device (Imagine Eyes, France)  
(B) Imaging with the commercially available PSI device (Physical Science Inc., MA, 
USA) 
(C) Imaging with custom-built AOSLO (University College London and Moorfields 
Eye Hospital, London) 
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The non-confocal backscattered light can also be exploited to reveal the 

photoreceptor inner segment mosaic. For example, the split-detection technique does 

so by subtracting images created by capturing the light to the left of the confocal 

aperture with one detector and the light to the right of it with a different one 143. This 

recent development was transformational because cones with compromised outer 

segments (as would be anticipated in the majority of IRDs) can now be reliably 

identified for the first time. This has major implications for patient stratification and 

targeting of intervention 139, 144, 145, 344, 357-360.  

 

Due to light safety restrictions, each individual AOSLO raw frame is captured 

using very low illumination power (~100 uW at the pupil) and thus the resulting images 

are inherently noisy. Therefore, AOSLO image sequences are captured at each retinal 

location of interest, and used to create a higher signal-to-noise ratio (SNR) image by 

averaging a few of these frames after correcting for eye motion and scanning 

distortions 361. These high SNR images are then stitched together to create a larger 

montage. A range of photoreceptor metrics have been employed to date, with cone 

density for a given eccentricity being the most widely used, and usually compared with 

normative data from histology 169 or imaging studies 354, 362, 363. Other metrics include 

(i) cone spacing - average distance between cells in a given location, (ii) Voronoi 

analysis which involves counting the number of neighbouring cells based on the 

distance between them, thereby assessing mosaic geometry 362, (iii) reflectivity 139 and 

(iv) metrics for the preferred orientation of cones and local spatial anisotropy 364. 

AOSLO analysis will be presented in more details in Methods. 
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The combination of OCT and AO (AO-OCT) is an evolving field, aiming for 3D 

reconstruction and offers greater axial resolution compared to AOSLO 365.  

 

AO has been applied to IRDs and many other conditions including albinism 355, 

age-related macular degeneration 366, 367, diabetic retinopathy 368, and autoimmune 

retinopathy 369; and also in basic and applied research, including facilitating insights in 

visual system neurophysiology 370.   
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1.3 Adaptive Optics Imaging in Healthy Eyes 

 

Adaptive optics imaging in healthy eyes can be performed (Figure 1.3.1) to create 

normative databases of cone density distribution which can be compared with 

densities determined using AOSLO imaging in a condition of interest. More commonly 

to date, normative databases from histological studies are the benchmark.  

 

 In healthy subjects the cone mosaic is continuous with cones with good wave-

guiding properties, which appear in confocal imaging (Figure 1.3.1). Split-detection 

can image cone inner segments in perfect spatial registration with the outer segment 

which is imaged with confocal detection. The density of the cones decreases from the 

foveal centre to the periphery, with the most abrupt changes observed within the first 

one degree from the peak foveal density. The cone size increases with increasing 

Figure 1.3.1: AOSLO imaging of a Healthy Subject and Cone Quantification  

(A) Colour fundus photograph (30o) of a healthy subject (MM_0136), with AOSLO montage 

superimposed. The white square encompasses the foveal avascular zone (region of interest, ROI), 

which is magnified in (B). (B) Confocal AOSLO of the ROI, the estimated foveal centre is marked 

with a white cross and the 55μm x 55μm area of sampling for cone counting with a white box at 0.35 

degrees from the foveal centre. Scale bar = 100μm. (C) Magnified view of the sampled area. (D) The 

sampled area with cones marked. (E) The sampled area with Voronoi Domains. (F) The Voronoi 

representation coloured according to the number of neighbouring cells. Green represents six-sided 

bound cones. Scale bar for (C)-(F) = 20μm. 
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eccentricity (Figure 1.3.2). The rod free region extends 2-2.5 degrees across all 

meridians from the foveal centre. 

AOSLO imaging in healthy subjects is also challenging due to different reasons 

compared to IRDs. In contrast to the majority of inherited diseases our ability to reliably count 

cones over the foveal centre due to the very high densities is questionable. Another technical 

aspect is the low resolving capacity of split-detection, which make it unreliable to use for cone 

counting in the rod free zone and almost completely unresolvable in the central fovea.  It is 

preferable to use confocal imaging over the fovea due to higher spatial resolution compared 

to split-detection and the good waveguiding properties of the healthy cones. The use of 

smaller pinholes in confocal imaging can increase the resolving power. Although the smaller 

the size, the less light through the pinhole, and thereby the lower the image quality.  

Figure 1.3.2: Sampling ROI across the temporal meridian at different eccentricities 

in a healthy eye 

Mean Cone Densities (cones/mm
2

): 

1 degree  40.990 
2 degrees 25.619 
5 degrees 13.0588 
10 degrees 6.777 

All AOSLO images were acquired using a custom-built AOSLO housed at University 

College London/Moorfields Eye Hospital, London, UK. Dimensions: 55μm × 55μm, Scale 

bar = 30μm.  
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However, split-detection is the preferable imaging modality outside the rod free 

region, since it allows the discrimination between cones and rods, with certainty based 

on their different appearance of their inner segments (Figure 1.3.2).  

We expect better quality images in the temporal meridian due to the thinner 

nerve fibre layer. In addition, based on the current literature there are differences in 

cone densities across different meridians that should be taken into account 169. In 

histology studies, peak foveal density is highly variable between individuals with an 

average of 199,000 cones/mm2 (Normal Range: 100,000-324,000 cones/mm2)169, 

AOSLO studies in healthy subjects are in agreement with the histology findings 354.  

Based on our experience AOSLO confocal imaging can likely resolve peak 

cone densities approaching 150,000 cones/mm2 in good quality images. We can count 

cones confidently from the parafovea (0.5°+) in normal retina using a combination of 

confocal and split-detection modalities. In Figure 1.3.2 sampling windows of ROI in 

different eccentricities are presented, with the split-detection image allowing cone 

quantification with certainty at 1o degree of the foveal centre.  
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1.4 Adaptive Optics Imaging in Inherited Retinal Diseases 

 

In the section “Inherited Retinal Diseases: Clinical Presentation and Retinal 

Imaging”, IRDs were presented on the basis of natural history (stationary or 

progressive) and the primarily affected retinal cell-type, as well as whether they 

cause generalize or localized macular dysfunction. Here IRDs are presented 

based on the same organisation reviewing the current literature in Adaptive 

Optics imaging for each condition. 

 In vivo retinal imaging has been rapidly evolving over the last decades primarily 

due to advances in optics, electronics and computer technology. The introduction of 

OCT has revolutionised the clinical investigation of retinal diseases 371, 372. One of the 

main limiting factors for in vivo retinal imaging is ocular aberrations, due to the optical 

imperfections of the eye 373. Adaptive optics can be employed in ophthalmology to 

overcome the aforementioned limitation 350. 

The selected conditions below have been prioritised based on the ability of 

published AO ophthalmoscopy studies to demonstrate clinical, research or trial utility. 

There are inherent limitations due to the often small cohorts reported to date. These 

are usually small due to the vast genetic and phenotypic heterogeneity of IRDs, the 

low prevalence of each genotype, and due to the difficulty of establishing multi-centre 

studies given the limited availability of AOSLO. However, similar limitations are often 

faced by other studies utilising other modes of high-resolution imaging. For clarity, we 

have included the number of subjects in each study we describe and whether the 

patients were molecularly confirmed.  

Appendix 2 summarizes the studies used for reviewing the conditions in this 

chapter, including the AO system used and the number of patients included in each 

study. 
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1.4.1 Macular Dystrophies  

 

Stargardt Disease (STGD1) 

 

STGD1 is the most common form of hereditary macular dystrophy 239. Confocal 

AOSLO (cAOSLO) has demonstrated abnormal and decreased cone spacing in 

regions corresponding to areas of reduced and irregular fundus autofluorescence 

(FAF), in predominantly late-onset/foveal sparing molecularly proven patients (11 of 

12 patients)244. Moreover, foveal RPE cells were imaged in areas where the 

photoreceptor mosaic appeared disrupted in confocal reflectance imaging, suggesting 

photoreceptor loss preceding RPE cell loss – although the application of split-detection 

AOSLO would address whether there are in fact cone inner segments present 244. 

Song et al. also reported increased photoreceptor spacing, in genetically proven 

STGD1 (n=2), in otherwise normal appearing areas on OCT and FAF imaging; also 

Figure 1.4.1.1: AOSLO Imaging in STGD subject 

AOSLO imaging of subject MM_0230 with STGD, with confocal detection in (A) and split-detection in (B) over 

the foveal lesion in exact co-registration. With white box of 55×55μm are marked ROIs on the exact some 

locations over the two images. Cones can more reliably be identified using split-detection (B) due to the poor 

waveguiding of the outer segments in confocal imaging (A) 

AOSLO images were acquired using a custom-built AOSLO housed at UCL/MEH, Scale bar = 200μm.  



134 
 

consistent with photoreceptor loss preceding clinically detectable RPE disease 33. 

Interestingly, split-detection AOSLO derived cone density has been shown to correlate 

well with OCT measurements of outer nuclear layer thickness and retinal sensitivity 

(n=14; all molecularly confirmed), demonstrating a valuable structure-function 

association, even though the extend of atrophic changes was not corresponding to 

visual acuity 357. Tanna et al. using cAOSLO and split-detection AOSLO investigated 

the reliability and repeatability of cone measurement in patients with STGD1 (n=12), 

suggesting superior reliability and repeatability with split-detection AOSLO 35 (Figure 

1.4.1.1). 

Longitudinal imaging studies of the photoreceptor and RPE mosaic in large 

molecularly-proven specific STGD1 cohorts (i.e. childhood-onset, adult-onset, and 

late-onset/foveal sparing) are needed to evaluate cellular disease progression and 

potentially identify the most suitable participants for on-going and multiple planned 

gene therapy and pharmacological interventions 6, 33, 244, 357. AO imaging may be a 

useful method of monitoring in trials, since “classic” parameters of ophthalmological 

examination including best corrected visual acuity (BCVA) are not sufficiently sensitive 

outcome measures for conditions such as STGD1 374. 

 

Best Disease (BD) 

Normal photoreceptor structure and cone densities in areas adjacent to clinically 

visible lesions have been reported, with persistent photoreceptor structure overlying 

Stage 1 and 2 vitelliform BD lesions, in keeping with relatively intact visual acuity 375. 

Using confocal and split-detection AOSLO, variable photoreceptor architecture has 

been observed associated with different stages of BD and location within the lesions; 
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including reduced cone density, due to major discontinuities/gaps in the mosaic, and 

cone inner segment enlargement 360.  

 

X-Linked Retinoschisis (XLRS) 

Duncan et al. 73 have reported increased and irregular cone spacing within the foveal 

schisis characterising XLRS. Interestingly, cone spacing was normal and regular 

elsewhere. The preserved waveguiding cones at the fovea and eccentric macular 

regions may indicate increased likelihood of successful rescue with intervention – and 

could also be helpful in patient selection.  
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1.4.2 Stationary Dysfunction Syndromes 

 

1.4.2.1 Cone Dysfunction Syndromes  

This group of disorders has been reviewed in detail previously 107 (Figure 1.4.1.2). 

 

Achromatopsia (ACHM) 

Achromatopsia is the main condition investigated in this PhD study and is presented 

in detail under the chapter “Adaptive Optics Imaging in Achromatopsia”. 

 

Blue Cone Monochromacy (BCM) 

BCM is associated with a range of opsin array genotypes, affecting both L- and M-

cones 107. The condition is X-linked, and despite female carriers being asymptomatic, 

cAOSLO has demonstrated variably reduced cone density, increased spacing and 

disrupted organisation, with phenotypic variability likely relating to random X-

chromosome inactivation 171.  Affected males have a more severe phenotype, although 

the degree of cone mosaic disruption is also highly variable and may be partly related 

to specific genotype group 166. The L/M interchange haplotypes have been associated 

with significantly greater residual parafoveal cone structure, with localised loss of 

waveguiding cones at the fovea. In contrast, the inactivating Cys203Arg missense 

mutation genotype group is associated with greater loss of waveguiding L/M cones. 

cAOSLO images of the cone mosaic typically show a dark foveal centre, with a sparse 

array of large bright spots, which are believed to be S-cones, immediately surrounding 

it (Figure 1.4.1.2C) 166, 167. It is possible to estimate with reasonable confidence the 

number of L- and M-cones in the parafovea, as they appear as dark gaps within the 

rod mosaic [46]. cAOSLO has demonstrated a reduced number of cones in the 
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parafovea (both reflective S-cones and non-reflective L-cones and M-cones) to that of 

about 25% of normal; with evidence of even greater loss of cone cells in the locus 

control region (LCR) deletion genotype group of BCM. Moreover, split-detection 

AOSLO images have revealed remnant inner segment structure, (Figure 1.4.1.2B) 

both at the fovea and the parafovea 167. Importantly however, despite low cone density 

in BCM, the number is higher than that expected for the S-cone submosaic, in keeping 

with remnant L-/M-cones 168-170. 

Overall these AOSLO imaging studies have identified significant inter-subject 

variability in cone mosaic integrity and illustrate the importance of cellular imaging in 

the identification of remnant cones that have the potential to be rescued in planned 

interventions.  

 

Oligocone Trichromacy (OT) and RGS9/R9AP-associated Retinopathy (‘Bradyopsia’) 

The cone photoreceptor mosaic in three patients with typical OT has been 

investigated, and in keeping with the original disease mechanism hypothesis, a 

decreased number (‘oligocone’) of otherwise normal appearing foveal cones (thereby 

permitting ‘trichromacy’) was observed; with absence of visible structure beyond the 

central fovea 187.  RGS9/R9AP-associated retinopathy is clinically indistinguishable 

from OT but can be discerned using non-standard extended electrophysiological 

assessment or molecular genetic testing. However, unlike in OT, cAOSLO has 

revealed a normal cone photoreceptor mosaic in subjects with RGS9/R9AP-

retinopathy 187, 196; which is in agreement with the ERG findings of normal initial 

response in dark-adapted flicker ERGs performed with a dim stimulus 191. Cellular 

phenotyping is therefore able to readily differentiate between these two conditions with 
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common clinical features - with an intact photoreceptor mosaic in Bradyopsia and 

disruption in OT. 

 

Bornholm Eye Disease (BED) 

Similar to BCM, BED is an X-linked cone dysfunction syndrome that is associated with 

mutations in the L/M gene array 174, 176, 177, 181, 182. Predominantly due to the 

heterogeneity in the underlying genotype (predominantly L/M interchange haplotypes), 

the degree of photoreceptor mosaic disruption in affected males is highly variable, with 

cone density ranging from near normal to more than 75% reduction 179 (Figure 1.4.1.2: 

4C and 4D). However, there is also high variability in the appearance of the cone 

mosaic within brothers who share the same genotype, likely owing to variations in L:M 

cone ratio 178, 179. Cone density has been found to correlate with both axial length and 

the degree of myopia 178, however systematic analysis of the relationship between 

these factors and the specific underlying L/M opsin variant are lacking, due to small 

numbers of subjects within each genotype group to date. Additionally, previous 

investigations employing AOSLO imaging have been cross-sectional, so there is a 

need for longitudinal studies to track larger genetically confirmed cohorts, both for BED 

and BCM, to determine natural history and thereby better establish the potential for 

intervention. 
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Figure 1.4.1.2: AOSLO Imaging of the Cone Dysfunction Syndromes 
Column (A) shows the IR reflectance fundus photographs for each subject (1, 2, 3, 4). 
The green arrow represents the section in which the OCT (Spectralis HRA+OCT, 
Heidelberg Engineering, Heidelberg, Germany) presented in column (B) is taken; the 
black square represents the 450μm x 300μm region of interest imaged with AOSLO 
which is presented in columns (C) and (D). Column (B) shows OCT horizontal scans 
through the fovea and the white arrows mark the corresponding AOSLO area (450 μm 
wide). Column (C) depicts confocal AOSLO (cAOSLO) and column (D) split-detection 
(SD) AOSLO.  
Subjects (1) and (2) have Achromatopsia associated with CNGB3 and CNGA3 genes 
mutations respectively. (1C/2C) Dark spaces are observed, due to loss of cone 
waveguiding properties, which correspond to visible foveal cone inner segments in 
(1D/2D) respectively, with a substantial difference in cone numerosity between the two 
subjects. (3) A molecularly confirmed subject with Blue Cone Monochromacy. (3C) 
Dark foveal centre, with a sparse array of large bright spots, which are believed to be 
S-cones, immediately surrounding it. (3D) Remnant inner segment structure. (4) A 
molecularly confirmed subject with Bornholm Eye Disease (LIAVA haplotype). (4C) All 
cones are resolved in cAOSLO, with a few apparent non-waveguiding cones (dark 
spaces). (4D) SPLIT-DETECTION AOSLO does not resolve foveal inner segments 
due to the better preserved mosaic (smaller cone diameters and tighter packing 
geometry) compared to the other Cone Dysfunction Syndromes.  
All AOSLO images were acquired using a custom-built AOSLO housed at University 
College London/Moorfields Eye Hospital, London. Scale bar = 50μm.  
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1.4.2.2 Rod Dysfunction Syndromes 

 

Congenital Stationary Night Blindness (CSNB) 

Godara et al. reported retinal structure in three patients with GRM6-associated CSNB 

205. They identified a contiguous cone mosaic and normal cone densities with 

cAOSLO, in keeping with previous histopathology. They identified photoreceptor 

mosaic integrity and reported thinning of inner retinal layers on OCT suggesting a 

functional defect in retinal neurotransmission, rather than a structural photoreceptor 

defect 205. 

 

Oguchi Disease 

Oguchi disease is a very rare form of night blindness having the unusual distinguishing 

features of the Mizuo-Nakamura phenomenon: diffuse fundus discolouration and 

return to normal colour after prolonged dark adaption 211. To probe the underlying 

basis of this intriguing phenomenon, the photoreceptor mosaic has been investigated, 

both in light and dark-adapted conditions, in two molecularly confirmed siblings 205.  

Normal photoreceptor densities were identified; however, rod reflectivity (unlike cone) 

was shown to increase over time, changing from scotopic to photopic conditions, 

suggesting that rods are responsible for the unique fundus findings in Oguchi disease 

376. 

 

Fundus Albipunctatus (FA) 

Song et al. using fluorescence AOSLO and cAOSLO have reported decreased foveal 

cone density and increased cone spacing at 10 degrees of eccentricity, despite this 

predominantly being a rod disorder 377. No photoreceptors or RPE cells were 
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visualised within the albipunctate spots. Another study also identified decreased 

perifoveal cone density and mosaic disruption using cAOSLO in RDH5-associated FA 

378. 
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1.4.3 Progressive Retinal Dystrophies 

1.4.3.1 Rod-Cone Dystrophies 

Non-Syndromic Retinitis Pigmentosa (RP) 

In X-linked RPGR-associated retinopathy there is a phenotypic heterogeneity (both 

intrafamilial and interfamilial) among affected males 304. Female carriers’ phenotypes 

can vary widely, ranging from asymptomatic to severely affected (albeit not to the 

extent of affected males) and almost always present with a radial pattern of increased 

retinal reflectivity, the so-called tapetal-like reflex 379. The patchy appearance of rods 

and cones observed both ex vivo and in vivo (mosaicism) is believed to be due to 

random X-chromosome inactivation. 

Several studies have reported a decrease in cone density and/or increased 

cone spacing using cAOSLO in patients with RP; with approximately half of the 

subjects having an established genetic diagnosis 228, 380-384 (Figure 1.4.1.3).  Sun et 

al. 359 examined both RP and Usher syndrome patients (see below) using confocal 

and split-detection AOSLO, and found that foveal cone density was reduced by up to 

38% before visual acuity (VA) was affected, without any visible findings on OCT 

(however, increased cone spacing was not identified in isolated RP cases). This was 

in keeping with a previous study reporting normal VA and retinal sensitivity in patients 

with up to 62% reduction in peak cone density 384. These studies illustrate the 

remarkable redundancy in cone populations, the importance of multimodal imaging, 

and the disconnect between retinal structure and function; with major implications for 

gene therapy, and also stem cell replacement strategies - including the potential need 

to successfully integrate smaller numbers of cones than previously believed.  

A phase II/III trial has been undertaken with intravitreal implants of 

encapsulated human RPE cells engineered to continuously secrete CNTF protein in 

patients with early and late-stage RP 385. Patients were randomly assigned to receive 

a high- or low-dose implant in one eye and sham surgery in the fellow eye. Primary 

endpoints were change in BCVA at 12 months for late-stage RP and change in visual 

field sensitivity at 12 months for early RP.  Neither study showed a therapeutic benefit. 

However, a pilot study utilising AOSLO in 3 patients with CNTF implants over a 24 

month period found that cone density remained stable in eyes with a CNTF implant, 

whereas there was continued cone loss in untreated fellow eyes, suggesting that more 
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sensitive metrics are needed as primary outcome measures in progressive diseases 

such as RP 382. 

Figure 1.4.1.3 Multimodal Imaging of Retinitis Pigmentosa 
(A) IR reflectance fundus photograph of a subject (MM_0205) with X-linked Retinitis 
Pigmentosa associated with RPGR. The white arrow represents the section of the OCT 
presented in (B). (B) Horizontal transfoveal OCT line scan, with the white arrows 
indicating the width of the corresponding AOSLO imaged area in (D). (C) Fundus 
autofluorescence imaging; with the confocal AOSLO (cAOSLO) imaged area (D) 
superimposed over the foveal avascular zone and the white arrow represents the 
section presented in the OCT scan (B). (D) cAOSLO imaging revealing a disrupted 
waveguiding mosaic, not as uniform in appearance as in a healthy subject. (E) 
Magnification of cAOSLO over the estimated foveal centre (marked with a white 
dashed square in (D)), shows irregularly waveguiding cones, which appear dim (some 
are indicated with white arrows); and (F) the corresponding split-detection AOSLO in 
exact spatial registration showing relatively healthy-appearing cone inner segments, 
the white arrows indicate the corresponding inner segments for the irregularly 

waveguiding cones identified with white arrows in (E). 
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Usher Syndrome (USH) 

AOSLO has been previously undertaken in one patient with USH type II, and three 

patients with USH type III 382, 386. In USH-III, a relative preservation of foveal cone 

density was observed; with loss of cone structure in areas of absent retinal sensitivity 

386. Sun et al. 359, using cAOSLO and split-detection AOSLO as complementary 

modalities, identified lower foveal and parafoveal cone densities in USH-II (n=4, 

USH2A) compared with non-syndromic RP (n=9, [2 XL-RP RPGR; 3 AR-RP = 2 

USH2A and 1 EYS; 4 AD-RP = 3 RHO and 1 RP1.]) despite the normal appearance 

of interdigitation (IZ) and ellipsoid zones (EZ) on OCT; which was attributed by the 

authors to the decreased number of normal waveguiding cones (outer segment 

defects), possibly a result of the different molecular pathways affected in each 

condition and the localisation of the affected protein either in the connecting cilium or 

outer segment 359. 

 

 

Leber Congenital Amaurosis (LCA) and Severe Early Onset Severe Retinal Dystrophy 

(EOSRD) 

There is currently no available literature in LCA imaging with AOSLO. It is of great 

interest to be able to identify potential candidates with relatively preserved outer retinal 

structure 324 and develop suitable AO metrics for evaluation of the upcoming and 

ongoing gene therapy clinical trials in LCA. 
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1.4.3.2 Cone and Cone-Rod Dystrophies 

 

Cone-Rod Dystrophy (CORD) 

Using an AO flood-illuminated ophthalmoscope 227 one subject has been imaged 

showing a lack of waveguiding cones within clinically apparent atrophic regions and a 

contiguous cone mosaic elsewhere with enlarged cones and reduced peak cone 

densities. A correlation was observed between cone densities and multifocal ERG 

(mfERG) peak amplitudes. Similar observations, including structure-function 

correlation with mfERG, has been observed in 3 further studies of 9 subjects in total 

228-230. AOSLO cone spacing measurements also correlated significantly with mfERG 

amplitude, retinal sensitivity, and VA 227-230. 

 

Cone Dystrophy with Supernormal Rod Responses (CDSR) 

Vincent et al. assessed macular morphology in CDSR with cAOSLO and reported 

decreased cone densities and a disrupted mosaic, with cones in groups, surrounded 

by patches of absent or non-waveguiding cones 387. It will be of interest to further 

investigate subjects with split-detection AOSLO to probe whether the non-

waveguiding cones are indeed absent or whether inner segments are present. 

 

1.4.3.3 Chorioretinal Dystrophies 

 

Choroideremia (CHM) 

Patchy cone loss in symptomatic carriers and a normal photoreceptor mosaic in 

asymptomatic carriers has been observed 342. Disrupted parafoveal mosaics, with 

increased cone spacing were seen in affected males, with more regular spacing near 
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the borders of atrophy 342. In combination with OCT findings, likely simultaneous 

degeneration of the RPE and photoreceptors was suggested. The largest multimodal 

study to date including the use of cAOSLO 343, describes a relatively intact central 

retina with a normal or reduced cone density at 0.5 mm eccentricity; and an abrupt 

loss of cones at the border of RPE atrophy, as well as hyper-reflective clumps of cones 

in younger patients (<30 years) and bubble-like lesions within the choroid; findings 

also identified by Sun et al. 344. No RPE cells were visible in areas of cone loss, with 

IZ drop-out preceding EZ disruption 343. Investigators thereby proposed that CHM is 

primarily an RPE disorder followed by photoreceptor degeneration, with implications 

for intervention and the on-going debate on cellular pathogenesis of CHM.  

Only by using non-confocal split-detection AOSLO 344 has reliable visualisation 

of cones been possible in the bordering areas of atrophy, with abnormal and 

heterogeneous morphology, density and diameter. The cone mosaic terminates 

sharply before those areas, in direct contrast to previously reported RP transition zone 

imaging; which may relate to the likely primary RPE pathology in CHM. This study also 

concluded that RPE degeneration precedes photoreceptor loss.  

These studies have resulted in AOSLO being incorporated in many ongoing 

CHM gene therapy trials and natural history studies 342-344. 

 

 

 Gyrate Atrophy (GA)  

No current AO imaging has been attempted in GA.  
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1.5 Adaptive Optics imaging in Achromatopsia 

Achromatopsia is the most well studied condition with AOSLO imaging. This is partly 

due to the need for a greater understanding of disease natural history and the 

evaluation of possible trial metrics due to the on-going gene therapy trials for CNGA3 

and CNGB3-associated Achromatopsia. 

Early investigations with cAOSLO identified ‘dark spaces’ in the cone mosaic, 

increased cone spacing and/or decreased cone density 139-142 (Figure 1.5.1). Marked 

variability in the cone mosaic has been observed across patients; with no significant 

difference between the two most common genotypes, CNGA3 and CNGB3 123, 141; and 

the rarer GNAT2 genotype associated with the relatively least disrupted photoreceptor 

mosaic 130, 139.  Until the advent of split-detection AOSLO it was unknown if these ‘dark 

spaces’ harboured non-waveguiding cones or indicated loss of cones – with the 

presence or absence of cones being directly related to potential rescue with 

intervention. Simultaneous confocal and split-detection AOSLO has allowed the 

identification of cone inner segment structure in these spaces 124, 143-145; with 

transformational implications on our understanding of ACHM and participant selection 

for on-going CNGA3- and CNGB3-ACHM gene therapy trials (Figure 1.5.2: 2B and 

3B). Given the potential disconnect between OCT and AO measures of cone integrity 

and the ability of AO to directly visualise the target cones for gene replacement, non-

confocal split-detection AOSLO imaging would be the modality of choice to identify 

patients most likely to benefit from cone-directed rescue.  

In the largest AO ophthalmoscopy ACHM study to date (n=52), significantly 

decreased peak foveal cone densities and increased spacing, using split-detection 

AOSLO in CNGB3-ACHM has been reported 124. Interestingly, the peak foveal density 
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ranges were shown to overlap between the previously described OCT grades 123, in 

keeping with the aforementioned disconnect.  

Reduced reflectivity in the majority of residual cones in CNGA3 and CNGB3 

has also been noted, with relative preservation in GNAT2. Changes in cone reflectivity 

could potentially provide a clinical trial outcome metric 139, 141. Reflectivity as possible 

functional and structural metric should be further investigated and evaluated, both 

cross-sectional among different genotypes and longitudinally. 

Directly relevant to the on-going debate on whether ACHM is significantly 

progressive 107, based on serial OCT and AOSLO, a longitudinal study of CNGB3-

ACHM, with follow-up of 6-26 months, showed little or no detectable change in foveal 

cone structure over time 145. However, longer-term follow-up might be needed in order 

to draw more definitive conclusions about progression over time, given the 

suggestions from the current literature that any disease progression is expected to 

have slow rate of loss of residuals cones. 

In other genotypes of Achromatopsia such as ATF6- and PDE6C-associated 

Achromatopsia AOSLO has not yet being further explored. It is of interest to further 

investigate those genotypes given the aforementioned difference spotted with AOSLO 

between the two common genotypes (CNGA3/B3) and the less common GNAT2 

genotype. 
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Figure1.5.1: AOSLO Imaging in ACHM 
(1A) Confocal AOSLO (cAOSLO) of the cone mosaic 2o away from the fovea in a subject with CNGB3-

ACHM. White arrows highlight some of the dark spaces within the photoreceptor mosaic. (1B) 

cAOSLO of the cone mosaic in a subject with GNAT2-ACHM, at the same eccentricity and scale. The 

photoreceptor mosaic appears continuous and regular compared to (1A). (2-5) Left column shows 

cAOSLO (A) and right column shows split-detection (SD) AOSLO (B). All images depict the foveal 

centre with cAOSLO and SPLIT-DETECTION AOSLO co-localised. (2A/2B and 3A/3B) and (4A/4B 

and 5A/5B) show subjects with CNGA3- and CNGB3-ACHM respectively. In cAOSLO, cones appear 

dark and the mosaic appears irregular, due to loss of cone waveguiding properties. In contrast, on the 

corresponding SPLIT-DETECTION AOSLO images, the foveal cones’ inner segments are visible with 

substantial variability between the two subjects. Scale bar = 40μm.  

Published: Hirji N, Aboshiha J, Georgiou M, Bainbridge J, Michaelides M. Achromatopsia: clinical features, 

molecular genetics, animal models and therapeutic options. Ophthalmic genetics 2018:1-9 
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Figure 1.5.2: AO Imaging in a healthy eye and an eye with CNGB3-associated 

ACHM 

Inferior strips with the foveal centre to the top right corner. Subject I has CNGB3-

associated ACHM and Subject II is a healthy control. (A) confocal Imaging and (B) 

split-detection imaging 

All AOSLO images were acquired using a custom-built AOSLO housed at University 

College London/Moorfields Eye Hospital, London, UK. Dimensions: 150μm × 500μm, 

Scale bar = 50μm.  
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1.6 Challenges in AOSLO Study of IRDs 

IRDs are some of the most genetically and phenotypically heterogeneous conditions 

in Medicine, with certain genotypes being extremely rare making it challenging to 

establish large informative cohorts, suggesting the need for multicentre studies. Many 

of the studies incorporated in our review highlight the need for longitudinal monitoring. 

Insights into disease progression are of great value including identification of the 

optimal therapeutic window and participant stratification.  

AO offers invaluable identification of structural detail on a cellular level, with 

several studies described herein exploring correlation between structure and function. 

Evolving AO-guided retinal sensitivity assessments (‘nanoperimerty’) will better allow 

correlation between cellular imaging and functional testing with exquisite retinotopic 

precision 388-390 . One major common limitation is the challenge in imaging patients 

with nystagmus (eg. ACHM) and/or poor fixation (eg. STGD). Eye tracking systems 

incorporated into AO systems 391-393, can allow imaging of more subjects and improve 

data acquisition. Moreover, image processing and analysis are substantial bottlenecks 

that developments in e.g. machine learning, will hopefully solve in the near future, 

thereby allowing a broader application of AO technology. 

AO is a rapidly evolving field, which has a place in diagnosis, advice on 

prognosis, monitoring and management of IRDs. It can also probe underlying 

pathophysiology and facilitate improved understanding of cellular retinal anatomy and 

biology. We anticipate an increasing use of AO systems in the future due to the 

complementary information they provide compared to other imaging modalities and 

the ability to target functional measurements on individual cells; with particular 

application in longitudinal natural history studies and on-going/planned interventional 

trials both for participant selection and monitoring treatment safety and efficacy.  
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1.7 Aims of PhD 

The main aims of this thesis is to: 

 Review and publish the current literature Inherited Retinal Diseases. 

 Characterise the retinal structure of different genotypes of achromatopsia using 

confocal/non-confocal (split-detection) AOSLO, in molecularly confirmed 

patients. 

 Investigate retinal structure in subjects with CNGA3-associated achromatopsia 

and intrafamilial variability. 

 Determine the interocular symmetry of foveal cone topography in 

achromatopsia using non-confocal split-detection adaptive optics scanning light 

ophthalmoscopy. 

 Report GNAT2-associated achromatopsia natural history, characterise 

photoreceptor mosaic, and determine a therapeutic window for potential 

intervention. 

 Perform deep phenotyping of subjects with PDE6C achromatopsia and 

examine disease natural history. 

 Identify any possible distinct feature of the less well investigated ATF6 

achromatopsia. 

 Assess photoreceptor integrity (or lack thereof) of the same patients by means 

of SD-OCT scans, grading ellipsoid zone integrity and outer nuclear layer 

thickness in all ACHM genotypes. 
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 Evaluate phenotype and genotype correlations, as well as inter-ocular disease 

symmetry and intra-familial variability for cohorts with the same genotype for all 

the studied genes. 

 Assess the reliability and repeatability of evaluating peak foveal density using 

split-detection AOSLO in CNGA3/CNGB3 achromatopsia. 

 Assess longitudinaly over a long-term follow-up the retinal function in 

CNGA3/CNGB3 achromatopsia. 

 Explore the disease natural history of childhood-onset Stargardt’s disease, 

GUCY2D-LCA and Battens Disease. 

 Determine the reliability and repeatability of quantitative evaluation of areas of 

decreased autofluorescence from fundus autofluorescence images and track 

disease progression in children with Stargardt disease (STGD1), and to 

investigate clinical and genotype correlations, disease symmetry, and 

intrafamilial variability. 

 Describe the natural history of Leber congenital amaurosis associated with 

GUCY2D variants in a cohort of children and adults, in preparation for trials of 

novel therapies. 

 Characterize the retinal phenotype of juvenile neuronal ceroid lipofuscinosis 

(CLN3) and propose an algorithm for early identification. 

 Present and publish the research findings. 
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1.8 Hypotheses  

 

The main working hypotheses of this PhD are: 

 There are structural similarities among the different genotypes of 

achromatopsia (ACHM), as well as differences, which can be elucidated using 

confocal/non-confocal AOSLO imaging. 

 There is a disconnect between SD-OCT and AOSLO findings in achromatopsia, 

with AOSLO being more sensitive in determining photoreceptor remnant 

structure. 

 There are phenotype-genotype correlations in ACHM, both associated with the 

two major genotypes (CNGA3 and CNGB3) and the least common genotypes.  

 Achromatopsia is a symmetrical condition in the vast majority of patients and 

AOSLO can further investigate this and be an integral part of eye selection in 

any possible intervention. 

 There is intra-familial phenotypic variability both in CNGA3- and CNGB3- 

associated ACHM. 

 For some patients ACHM can be a structurally slowly progressive condition and 

AOSLO can be more sensitive in identifying structural changes in 

photoreceptors than SD-OCT. 

 Peak foveal cone density can reliably and repeatability be evaluated using split-

detection in CNGA3/B3 ACHM. 

 The more rare genotypes (GNAT2, PDE6C, and ATF6) have phenotypic 

differences.  
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 Retinal function in achromatopsia kis severely impaired, but remains stable 

over time. 

 Quantitative evaluation of areas of decreased autofluorescence from fundus 

autofluorescence images is reliable and repeatable metric in STGD1. 

 In GUCY2D-LCA there is a disconnect between severely impaired function 

and preserved structure. 

 There is a delay in the diagnosis of juvenile neuronal ceroid lipofuscinosis 

(CLN3), and systemic approach can help early identification.  
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2. METHODS 

  



157 
 

2.1 Methodology 

 

In this PhD all the data are from human subjects. Written informed consent was 

obtained from all the subjects after explanation of the nature and possible 

consequences of the study. All the subjects gave their permission after informed 

consent for all their clinical images and information gained from the study to be 

published in the scientific literature as long as all personal identifying information were 

removed.  

The study was approved by the Ethics Committees of Moorfields Eye Hospital 

and the Medical College of Wisconsin. For any data shared with Medical College of 

Wisconsin the patient agreed to have the results of their testing shared for research, 

banked at the Medical College of Wisconsin. The research followed the tenets of the 

Declaration of Helsinki. All the data were collected and used in a prospective manner. 

All the data were collected from 2014 onwards.  

Patients are booked for a three hours and fifteen minutes research appointment 

in the Clinical Research Facility (CRF) of Moorfields Eye Hospital. Their appointment 

includes 30 minutes for ophthalmological examination/optometry including axial length 

measurement, 15 minutes for OCT imaging with the Bioptigen, one hour for AOSLO 

imaging, and 30 min for Spectralis OCT. Patients have these assessments annually. 

Both cross-sectional and longitudinal assessment of the collected data was 

undertaken throughout my PhD. For analysis purposes all the subjects were 

distributed in cohorts based on their molecularly confirmed genotype. 

 In this chapter I will present the methods used for data acquisition and analysis 

in the aforementioned cohorts.  
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2.2 Ocular Examination / Optometry 

 

Clinical history and ocular examination was carried out in all subjects in the CRF of 

Moorfields Eye Hospital, London, UK. Best corrected visual acuity (BCVA) was 

examined using Early Treatment Diabetic Retinopathy Study charts and standard 

luminance distance acuity score sheet, both monocularly and binocularly.  Contrast 

sensitivity was assessed using the Pelli-Robson chart at 1m. All assessments are 

standardized to be undertaken in the same conditions and by experienced examiners, 

in order to minimise both examiner and examination variability. 

Axial length was taken with Zeiss IOL Master (Carl Zeiss Meditec, Dublin, CA, 

USA) in all subjects and was used for scaling (in μm per pixel) for the AOSLO retinal 

images and the lateral scale for OCT.  

 

2.3 Colour Vision Testing 

 

All subjects were tested with the American Optical Hardy Rand Rittler (AO-HRR) 

plates on their first visit (baseline). If the results of the test were 

questionable/unreliable, repeat testing was undertaken. HRR pseudoisochromatic 

plate tests are based on the principles of Stilling where stimuli are presented on a 

background, with both being made up of discrete discs that vary in size and 

luminance394. The objective is to ensure that the object is only identifiable from its 

background by its chromatic difference and not from a difference in perceived 

luminance 108. However, they correlate well with contrast sensitivity 395 and in patients 

with poor contrast sensitivity and poor VA colour testing with HRR may not be ideal. 
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2.4 AOSLO Imaging 

 

AOSLO imaging was attempted in all patients with a previously described AOSLO 

system 396, in Moorfields Eye Hospital, London, UK. The system configuration is 

presented in Figure 2.4.1. The imaging light source was a 790-nm super-luminescent 

diode (SLD; Superlum, Carrigtohill, Cork, Ireland) 

 

  

Figure 2.4.1: Broadband adaptive optics scanning ophthalmoscope setup  

PMT stands for photomultiplier, TZ for transimpedance amplifier, LD for laser diode, SLD for 

superluminescent diode, SH-WS for Shack-Hartmann wavefront sensor, sph for spherical mirror 

and F for interferometric band pass filter. The letter P indicates the pupil conjugate planes, in 

addition to the ones corresponding to the deformable mirror, the optical scanners and the SH-WS. 

Reproduced from: Dubra A, Sulai Y. Reflective afocal broadband adaptive optics scanning 

ophthalmoscope. Biomed Opt Express 2011;2(6):1757-68 doi: 10.1364/BOE.2.001757 
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Imaging with confocal and split-detector detection was performed, with 

simultaneous acquisition, in absolute spatial and temporal recording. Split-detection 

allows visualization of cones inner segments in ACHM based on a differential phase 

technique 143. The split-detection configuration is presented in Figure 2.4.2.  

 

 

  

Figure 2.4.2: Schematic representations of split-detector implementation and 

images.  

(A) AOSLO schematic with an annular reflective mirror (inset) to separate the confocal 

from the multiple-scattered light, which is then equally divided (split) between two light 

detectors. The confocal signal is directly recorded in Detector 1, while the split-detector 

signal is the result of the subtraction of the intensities recorded in Detector 2 from 

Detector 3 divided by their sum at every pixel.  

(B) Representative split-detector image of the photoreceptor inner segment mosaic 

acquired at 108 of visual angle from fixation in a healthy volunteer, showing cones and 

an inability to resolve individual rods.  

(C) Simultaneously recorded confocal image showing cones with varying reflectivity 

surrounded by rods. Scale bar: 25 lm.  

(D) Photoreceptor schematic shows the likely origin of the light back reflections. 

 

Reproduced from: 

Scoles D, Sulai YN, Langlo CS, et al. In vivo imaging of human cone 

photoreceptor inner segments. Invest Ophthalmol Vis Sci 2014;55(7):4244-51 

doi: 10.1167/iovs.14-14542  
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2.4.1 AOSLO Data Acquisition 

 

Pupil dilation and cycloplegia was achieved by installing one drop of phenylephrine 

hydrochloride (2.5%) and tropicamide (1%) in each eye prior imaging. The patient 

during imaging bites on a bite bar over his/her dental impression, to minimize head 

movements. Images are obtained following two different protocols:  

The likely better eye for imaging is determined from the OCT imaging and 

patient preference, with imaging commencing with this selected eye. Thirty videos are 

recorded as described in Figure 2.4.1.1 covering the rod free zone up to the 

parafoveal capillaries in a 5×5 grid, and then a strip is recorded with 5 videos till 

anatomical landmarks (blood vessels) are reached. On the same eye, a ‘smaller’ 

protocol of 10 videos as presented in Figure 2.4.1.2 covering the foveal centre is then 

attempted in 1°×1° field of view (FOV), for greater detail in the region of interest (ROI). 

Then this smaller protocol is attempted in the other eye, recording an additional 10 

videos over the foveal centre. 
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The image sequences are captured as AVI files, of 150 frames. In subjects with 

marked nystagmus the number of frames can be increased to 180 frames, so more 

frames will be available for averaging. In some subjects, a full imaging protocol cannot 

be completed due to patient factors including poor co-operation, marked nystagmus, 

poor ocular media, high refractive errors, and poor tear film. The data are not 

processed in real time. 

 

 

 

Figure 2.4.1.1: Extensive Protocol for ACHM Imaging 
Representation of the geometry of the imaging protocol followed in the better imaging quality 

eye in achromats. The white boxes represent the videos taken. In the Red box, 25 videos are 

recorded as a 5×5 grid covering the rod free zone and the small perifoveal capillaries. In the 

Blue box, a temporal strip is recorded with 5 videos (white boxes) till big vessels, visible on OCT 

are visualised. The red asterisk represents the foveal centre. 

Subject: MM_0116 with CNGB3-assosiated ACHM, AOSLO images were acquired using a custom-built AOSLO 
housed at UCL/MEH, Scale bar = 200μm.  
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Figure 2.4.1.2: Protocol over Rod free zone for ACHM Imaging 
Representation of the geometry of the imaging protocol followed in both eyes in ACHM. The white 

boxes represent the videos taken. 10 videos are recorded as a 3×3 grid covering the rod free region at 

1o for greater detail. The red asterisk represents the foveal centre, where usually two videos are 

recorded. 

Subject: MM_0002 with CNGA3-assosiated ACHM, AOSLO images were acquired using a custom-built 

AOSLO housed at UCL/MEH, Scale bar = 200μm.  
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2.4.2 Data Processing 

A desinusoiding algorithm is applied to each video sequence and individual frames 

are selected and averaged, to increase signal to noise ratio, for analysis. The 

processing starts with recording after an imaging session horizontal and vertical grids 

of known distance for each FOV (stationary ronchi ruling). Both the horizontal and 

vertical scanners slow down at the edges of their scan, resulting in a sinusoidal 

warping of the recorded videos. We use the aforementioned stationary rhonchi rulers 

for scaling and unwarping the videos.  

Firstly, from each eye and each FOV, a batch file (dmb file) is created, with 

manual selection of a reference frame and entering the proper desinusiding algorithm 

(different for each FOV). Then the automated reference frame selection (ARFS) 

algorithm is used to create dmbs for the rest of the videos 397. The videos are then 

transformed to images (tiffs), which are the average of several frames. The number of 

final images from one video can vary depending on our processing settings in ARFS 

and it is highly dependent on patient fixation. 

The registered images are combined in a single montage (Adobe Photoshop, 

Adobe Systems, Inc, San Jose, CA, USA), in layers for the different detection methods 

over the same ROI (Figure 2.4.2.1). The tiffs from of each of the three different 

Figure 2.4.2.1: Montage of three different modalities 

The three layers, as a result of the three different modalities montaged simultaneously. 

(A) Confocal (B) Dark-field (C) Split-Detection 

Subject: MM_0014 with CNGA3-assosiated ACHM, AOSLO images were acquired using a custom-built AOSLO 
housed at UCL/MEH, Scale bar = 200μm.  
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modalities are imported into Photoshop, linked between them and then montaged. In 

the montaging process, landmarks from all three modalities are used.  

The final montage is subject to feathering. During feathering the best quality 

images are brought to the top. The borders of the images are smoothed and the 

highest resolution part of each images is revealed (Figure 2.4.2.2). 

Figure 2.4.2.2: Feathering in Data Processing 

Split-detection image over the foveal centre (A) Unfeathered Image (B) Feathered. In 

image (B) the photoreceptors are more easily quantifiable due to lack of duplication 

or covering between the montaged images. 

 

Subject: MM_0014 with CNGA3-assosiated ACHM, AOSLO images were acquired using a custom-

built AOSLO housed at UCL/MEH, Scale bar = 200μm.  
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Preferably images taken at 1° FOV are analysed, due to the inherent higher 

resolution. The 1° FOV has higher resolution but due to the smaller area covered the 

quality of the image is easier to be distorted by eye movements. In addition, data 

acquisition time is longer for imaging the same ROI with 1° FOV, compared to using 

the 1.5° FOV. In cases where the montages of the two different FOVs offer 

complementary information, then the montages can be merged by scaling down the 

1.5° FOV to the 1° FOV. 

The scale is determined first in degrees per pixel in an image of a ruling of 

known spacing at 24mm, after each imaging session. Then the value is linearly scaled 

using the subject’s axial length and the final micrometer per pixel scale is obtained 

multiplying by the retinal magnification factor of 291μm/degree. The foveal centre is 

estimated with the help of fundus images and blood vessels pattern. The foveal pit 

centre is determined and the rod free area for further analysis. In Figure 2.4.2.3 an 

example of improving imaging quality with adaptive optics and processing is 

presented.  

Figure 2.4.2.3: Improving Imaging Resolution: Confocal Imaging over the same area in a healthy 

eye, on the same scale. (A) Scanning light Ophthalmoscope image without Adaptive Optics correction (SLO) 

(B), Scanning light Ophthalmoscope image with Adaptive Optics correction (AOSLO), (C) Processed image 

from AOSLO imaging, with improved resolution and quantifiable photoreceptors Subject: MM_0364 , healthy 

subject 
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The exclusion criteria for AO analysis included: low quality imaging where no 

counting could be undertaken, non-joining montages - whereby the exact locations of 

the frames could not be allocated, and montages that did not cover the fovea. If 

however, the cones could be quantified with certainty and the anatomic location was 

known, then analysis was undertaken.  

Figure 2.4.2.4 summarizes, including the time scale, the AOSLO methodology 

described for data acquisition and processing for a single imaging session.  

Data Acquisition : 1 hour (45 min OD and 15 min OS)

OD: 30 videos at 1.5° FOV and 10 videos at 1° FOV 

OS: 10 videos at 1° FOV 

Data Processing: 1 day

OD: 6-8 hours for ARFS for 1.5° FOV and 2-3 hours for 1° FOV

OS: 2-3 hours for ARFS for 1° FOV

Data Montaging (Manually): 1 day

OD: 3-6 hours for both FOV

OS: 0.5-1.5 hours for 1° FOV

Data Feathering: From 1 hour to a day
Depending on the extent of feathering (How many modalities and area size)

Cone Marking (Manually): From hours to days

Highly variable depending on the density of the mosaic and the 
area/number of ROIs

 

Figure2.4.2.4: Data Acquisition and Procsessing Timeline 
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2.4.3 Data Analysis 

 

The bridging step between data processing and data analysis is cone marking. Firstly, 

from the feathered montage the ROIs are marked and cropped. Then the crops are 

imported into MosaicAnalytics (Mosaic Analytics, Translational Imaging Innovations, 

Inc., Hickory, NC USA). Automated cone identification was achieved by the software, 

finding local maxima in image brightness, based on previously described 

algorithms.363, 398 The grader was able to remove automatically identified cones or 

manually add cones, and could adjust the brightness and contrast of the confocal 

image on both linear or log scale. The cones can also be manually marked (Figure 

2.4.3.1). The coordinates of the cones are saved as a csv file, for further analysis. The 

modality that is usually marked depends on the disease and the ROI (eccentricity). 

Figure 2.4.3.1: Cone Marking 

Left Column: Confocal Imaging 

Middle Column: Corresponding Split Images 

Right Column: Cone Marking 

 

Row (A) and (B) are from a healthy subject at 

0.5 o and 7o respectively. At 0.5 o confocal is 

the modality of choice for cone counting due 

to high density. At 7o due to rods surrounding 

cones, split is the modality of choice. 

Row (C) and (D) are from a CNGA3-ACHM 

subject at 0.5 o and 4o respectively. At both 

locations due to poor cone waveguiding, 

which appear as black spaces in confocal 

imaging, spilt detection is the modality of 

choice for marking. 

Subject:  Row A & B MM_0364, healthy 

subject, Row C & D MM_0064, CNGA3-

ACHM 
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For subjects with cones with good-waveguiding properties (e.g. healthy subjects and 

GNAT2-associated ACHM) confocal imaging is preferred for counting. For subjects 

with cones with dysfunctional waveguiding properties e.g. CNGA3- and CNGB3-

ACHM, spilt-detection is the modality of choice. However, the modality of choice for 

analysis also depends on the retinal eccentricity. The rod free region is densely packed 

and the resolution power of split-detection in normal subjects or conditions with high 

cone densities can be a limiting factor for further analysis. In contrast in the periphery, 

split-detection allows easier identification of cones, due to their distinct inner segments 

compared to the surrounding rods (Figure 2.4.3.1).  
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2.4.4 AOSLO Analysis Metrics 

 

(i) Peak Foveal Cone Density 

In ACHM, in a feathered split-detection montage, the rod free region is delineated. The 

cones are then marked. The coordinate array, derived from cone marking, can be used 

to assess the peak foveal density (cones/mm2). The coordinates, the image in 

grayscale (tiff) and a scaling file, which include the subject ID, the axial length and the 

pixel/degree are entered in a MatLab script, which identifies the peak foveal density. 

The principle of the script is a moving sampling window over the marked region and 

determining the density as cone/mm2. The peak cone density is marked on the area 

between the locations of the highest cone density. The calculated densities are then 

usually compared with SD-OCT grading and the ONL thickness as previously 

described 124. (Chapter 3.1 and 3.2 for details) In GNAT2 achromats due to a 

relatively high density of cones, determining peak foveal density can be challenging. 

(Chapter 3.3.2 for details) 

 

(ii) Cone Density by Eccentricity  

Foveal density by eccentricity refers to calculating the density as cone/mm2 in a 

specific location over the retina. In order to report cone density, it is necessary to know 

the anatomical centre of the montage, or an anatomical structure/landmark (eg 

vessel), which in combination with other modalities (e.g. OCT, FAF) can help to 

determine the exact eccentricity.  

It is also necessary to determine the size of the sampling window. Since the 

density of the cone mosaic varies from the fovea to the periphery, a large sampling 

window will result in cone density variation within the window; and will also likely 
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include blood vessels which obscure cones. A very small sampling window can also 

conversely introduce large errors in the measurements. Usually a sampling window of 

55μm×55μm is preferred – as a compromise. Vessels should not be included in the 

sampling window.  

The cone mosaic is known to vary in normal subjects across meridians 399. The 

meridian of sampling should therefore always be stated and not only the eccentricity. 

The ROIs are marked in the mosaic and then cropped. The crops are marked and then 

cone counting is done in MosaicAnalytics. (Chapter 3.3.2 for details) 

 

 

(iii) Intercell Distance (ICD) and Intercell Distance Coefficient of Variation 

The intercell distance (ICD) between the cells in the rod free zone for all the subjects 

with analysable AO, is also employed as a metric of the variable appearance of the 

residual foveal cones. ICD is defined as the average distance of a cone from all its 

immediate neighbours 362. To mitigate boundary effects, only cones with bound 

Voronoi regions (see below: (iv)) are included when calculating ICD.  

The regularity (coefficient of variation) of ICD (M) is defined as the mean (lM) 

of the metric for all cones with bounded Voronoi cells, divided by the metric’s SD (rM) 

400. 

 

(iv) Percentage of six-sided Voronoi cells 
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Percentage of six-sided Voronoi Diagrams is a metric of regularity of the mosaic. Cone 

geometry in the photoreceptor mosaic forms a regular, but imperfect, triangular lattice 

399. In many IRDs, the mosaic regularity is variably disrupted. The Voronoi diagrams 

identify the number of neighbour cells and defines the border of the cell to its 

neighbours; the six-sided voronoi cell is the regular structure which is the most 

abundant in healthy subjects. (Figure 2.4.4.1) 

 

(v) Reliability and Repeatability of Assessing Foveal Structure in CNGA3/B3-

ACHM 

The methods discussed above for evaluating foveal structure have been further 

evaluated for intra-observer and inter-observer variability, both in subjects with 

CNGA3- and CNGB3-ACHM. Thirty subjects, fifteen from each genotype, were 

randomly selected. One eye with analysable AO was examined. Two observers (MG 

and KL) independently accessed the same foveal montage twice and manually 

identified the cone coordinates. The coordinates were used for peak foveal density, 

ICD and ICD Coefficient of Variation calculation. The values were compared for both 

inter- and intra-observer variability. 

Figure 2.4.4.1: Voronoi Diagrams 

Confocal AOSLO of a ROI (55μm x 55μm) for cone counting  (B) ROI with cones marked. (E) ROI with 

Voronoi Domains. (F) The Voronoi representation coloured according to the number of neighbouring 

cells. Green represents six-sided bound cones. Subject: MM_0136, healthy subject 
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(vi) Cone Tracking  

Cone tracking offers the opportunity to follow the same cell over time. It is an important 

approach since it offers the opportunity to investigate IRD natural history (stationary 

vs progressive), to possibly evaluate cone response to treatment, or even cone 

recovering from injury 401. It is necessary to image the same area and be able to 

identify the same anatomical landmarks, as well as the imaging quality not to 

questioned, to be able to robustly track photoreceptors. (Figure 2.4.4.2)  

  

Figure 2.4.4.2: Cone Tracking 

(I) Split-detection AOSLO over the fovea of a subject with CNGA3-assosiated ACHM. The two red 

squares delineated ROIs (55μm x 55μm) for tracking. Both ROIs are within rod free region which is 

delineated with blue.  

(II) The ROIs from (I) in higher magnification (1st Visit) and the same ROIs after fifteen months (2nd 

Visit). The cones are tracked one-by-one over the images from the 1st Visit. With red cross are marked 

cones that were identified in the follow-up visit. One cone from ROI (B) was absent in the follow-up 

(pointed with black arrow). Subject: MM_0239, CNGA3-assosiated ACHM 
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2.5 OCT 

 

All subjects were imaged using the Bioptigen SD-OCT (Bioptigen, Research Triangle 

Park, NC, USA) in both eyes, with effective axial and transverse resolutions of 4.5 

microns and 20 microns respectively, and scanning speed of 17 frames per second. 

Pupil dilation was achieved with one drop of phenylephrine hydrochloride (2.5%) and 

tropicamide (1%) in each eye prior to imaging. The scanning window covered a 

7mm×7mm retinal area, and vertical and horizontal scans centrally to the fovea with a 

7mm nominal scan length (120 B-scans) were taken. 

In order to increase signal to noise ratio; the 7mm scans were extracted and 

the maximum number of scans over the foveola were registered and averaged using 

ImageJ software (Wayne Rasband, National Institute of Health, Bethesda, Maryland).  
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2.5.1 Achromatopsia Grading 

 

The foveal line scans were graded into five (5) grades according to the previously 

reported grading system by Sundaram et al, which emphasizes the integrity of the 

ellipsoid zone (EZ) 123; I. continuous inner segment ellipsoid (ISe), II. ISe disruption, 

III. ISe absence, IV. presence of hyporeflective zone (HRZ), and V. outer retinal 

atrophy including retinal pigment epithelial (RPE) loss. The OCT grading system is 

presented in Figure 2.5.1.  

 

The aforementioned grading was followed in an attempt for standardization and 

in order for our study to allow meaningful comparisons across other recently published 

large cohorts of Achromatopsia 118, 124. The nomenclature used follows the IN●OCT 

Consensus 402. Confirmation of the aforementioned grading is established by also 

examining OCT scans using Spectralis SD-OCT system (Heidelberg, Engineering 

Inc., Heidelberg, Germany). If necessary, the grading was repeated by a second 

observer; and any discrepancies resolved with consensus. 

 

2.5.2 Foveal Hypoplasia 

The average scans through the foveal centre, based on the foveal reflex, were 

examined for the presence of foveal hypoplasia. Foveal hypoplasia is a common 

feature in ACHM. Examples of patients with ACHM and foveal hypoplasia are 

presented in Figure 2.5.1. 
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Figure 2.5.1: Achromatopsia OCT 

Grading 

Horizontal SD-OCT over the fovea of five subjects 

with different grade of OCT classification of the 

disease.  

 

Grade I: Continuous inner segment ellipsoid (ISe) 

Grade II: ISe disruption 

Grade III: ISe absence  

Grade IV: presence of a hyporeflective zone.  

Grade V: outer retinal atrophy with RPE loss 

 

Atypical foveal Hypoplasia is a common feature in 

ACHM subject MM_0167, MM_0171 and 

MM_0123, have variable extend of foveal 

hypoplasia, including shallow foveal pit and the 

presence of extra layers under the fovea. 

 

Subjects:  

CNGA3-assosiated ACHM: 

MM_0167, MM_0064, MM_0171_MM_0385  

CNGB3-assosiated ACHM: MM_0123 
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2.5.3 ONL thickness 

 

The outer nuclear layer (ONL) thickness was calculated for all subjects based on the 

longitudinal reflectivity profile (LRP) as described by Huang et al 403; with an LRP of 5 

Pixels wide. In subjects without hypoplasia, the ONL is bounded by hyper-reflective 

peaks corresponding to the ILM and the ELM. In subjects with foveal hypoplasia, the 

ONL is bounded by hyper-reflective peaks corresponding to the OPL and the ELM. A 

similar approach has been employed in several studies in ACHM 123, 124, 404.  

 

2.6 Molecular Analysis 

In all subjects genetic testing has been performed to confirm the presence of disease-

causing sequence variants in Achromatopsia associated genes. The variants and the 

protein alternations are reported in the relevant chapter for each genotype. Some of 

the patients have participated in previous studies and this is also noted accordingly.  

 

2.7 Statistical Methods 

 

The statistical analysis of the data was conducted with SPSS statistical software. 

Parametric and non-parametric test were employed, as well as correlation parameters 

either Pearson or Spearman, according to the examined relation. 
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3.1 Deep Phenotyping of  

CNGA3-associated Achromatopsia  
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3.1 Deep Phenotyping of CNGA3-associated Achromatopsia 

 

3.1.1 Introduction 

Achromatopsia (ACHM) presents from birth or early infancy, with poor visual acuity, 

pendular nystagmus, photophobia and colour vision loss in all three axes.107, 110 

Absent cone electroretinogram (ERG) responses are the hallmark of disease; with 

normal rod function, or uncommonly mildly reduced rod responses.106, 119, 405 ACHM is 

an autosomal recessive disorder with a heterogeneous genetic background. Disease-

causing sequence variants have been reported in CNGA3 (ACHM2, OMIM600053),146, 

147 CNGB3 (ACHM3, OMIM605080),148 GNAT2 (ACHM4, OMIM139340),116, 128 ATF6 

(ACHM7, OMIM616517),126 PDE6H (ACHM6,OMIMI610024),149 and PDE6C 

(ACHM5, OMIM600827).107   

CNGA3 encodes the α-subunit of the cGMP-gated cationic channel,150 located 

in cone outer segments, categorizing CNGA3-associated ACHM as a 

“channelopathy”.151 It has been shown in vitro that α-subunits can create functional 

channels in the absence of β-subunits, a property not shared by the β-subunits.152 

CNGA3 variants have a far greater allelic heterogeneity compared to CNGB3.112, 153 

In a large cross-sectional study of CNGA3-ACHM (n=36), Zobor et al.118 reported a 

lack of robust association between age and morphological (optical coherence 

tomography (OCT)) and/or functional (microperimetry) changes, in agreement with a 

previous cross-sectional study of ACHM by Sundaram et al.123 (n=40; with 18 having 

CNGA3-ACHM). Aboshiha et al.,121 in a prospective longitudinal study (n=40; with 18 

having CNGA3-ACHM) using OCT and fundus autofluorescence imaging, identified a 

slow and subtle progression of disease in a minority of subjects. These studies were 

limited by the relative low-resolution of the imaging tools employed.  
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Adaptive optics (AO) has been used for in-depth phenotyping in inherited retinal 

diseases for two decades,333 by allowing the non-invasive visualization of the 

photoreceptor mosaic347-349 through the correction of the eye’s monochromatic 

aberrations.349, 350 Confocal detection of reflected light has been shown to reflect the 

waveguiding ability of intact photoreceptors.348, 352, 353 Early investigations in ACHM 

with flood illumination-AO and confocal AOSLO (cAOSLO) identified ‘dark spaces’ in 

the cone mosaic, increased cone spacing, and/or decreased cone density (Figure 

3.1.1A).139-142 Marked variability in the cone mosaic has been observed across 

patients: while no obvious difference has been reported between the two most 

common genotypes (CNGA3 and CNGB3), the rarer GNAT2 genotype is associated 

with a significantly less-disrupted photoreceptor mosaic.130, 139 Reduced reflectivity in 

the majority of residual cones in CNGA3 and CNGB3 has also been noted, with relative 

preservation in GNAT2.139 Until the advent of non-confocal split-detection AOSLO, it 

was unknown if these ‘dark spaces’ harboured non-waveguiding cones or indicated 

loss of cones; an important question for defining the presence of a therapeutic target. 

Simultaneous reflectance confocal and split-detection AOSLO has allowed the 

identification of cone inner segment structure in these spaces,124, 143-145 and 

transformed our understanding of ACHM and participant selection for planned and on-

going CNGA3- and CNGB3-ACHM gene therapy trials (Figure 3.1.1B). In confocal 

imaging outside the foveal center, due to waveguiding rods surrounding the non-

reflective “dark” cones, the cones can be identified (Figure 3.1.1A/1B). In contrast to 

the fovea, where the lack of surrounding healthy rods makes the identification and 

quantification of cones impossible (Figure 3.1.1C) and split-detection is necessary 

(Figure 3.1.1D). Given the potential disconnect between OCT and AOSLO measures 

of cone integrity,358 and the ability of AOSLO to directly visualize the target cones for 
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gene replacement, non-confocal split-detection AOSLO imaging is the modality of 

choice to identify patients most likely to benefit from cone-directed rescue.  

The current literature for CNGA3-ACHM and split-detection AOSLO imaging is 

limited, with most studies focussing on the more common CNGB3 phenotype and/or 

only using confocal AOSLO. The purpose of this study was to explore the structural 

phenotype of molecularly confirmed CNGA3-ACHM, with the employment of OCT and 

split-detection AOSLO, and lay the groundwork for a CNGA3 longitudinal AOSLO 

study to define the cellular natural history of this disorder, in light of the on-going and 

upcoming gene therapy trials. In addition, we examined disease symmetry at the 

cellular level and investigated intrafamilial variability. We compared our      

observations with published CNGB3-ACHM data obtained using similar 

methodology.124   

Figure 3.1.1: Adaptive optics scanning 

light ophthalmoscopy imaging in CNGA3-

associated ACHM.  

At 2° eccentricity: (A) confocal image, with red dots 

marking the dark cones. Cones are surrounded by 

waveguiding rods. (B) Split-detection image over the 

exact same region with overlying red dots showing the 

cones marked in panel A, which now colocalize with 

cone inner segments, surrounded by rods. Foveal 

center: (C) confocal image at the foveal center, where 

the dark cones are not visible because no rods are 

present to delineate the dark spaces. (D) Split-

detection image over the exact same region, with 

visible and quantifiable cone inner segments.  

Scale bar: 20 µm. 
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3.1.2 Methods  

The study was approved by the Ethics Committees of Moorfields Eye Hospital and the 

Medical College of Wisconsin. Written informed consent was obtained from all 

subjects after explanation of the nature and possible consequences of the study. The 

research followed the tenets of the Declaration of Helsinki.  

 

Participants 

Thirty-eight ACHM subjects with likely disease-causing sequence variants in CNGA3 

were recruited from Moorfields Eye Hospital, London, UK and the Medical College of 

Wisconsin, Milwaukee, USA.  

 

Ocular Examination 

Full clinical history assessment and ocular examination was carried out in 32 of the 

subjects, including best corrected visual acuity (BCVA) using the Early Treatment 

Diabetic Retinopathy Study (ETDRS) chart. Axial length was obtained with the Zeiss 

IOLMaster (Carl Zeiss Meditec, Jena, Germany) in order to scale the AOSLO retinal 

images and the OCT scans for all subjects. 

 

Spectral Domain Optical Coherence Tomography (SD-OCT)  

All subjects were imaged using the Bioptigen SD-OCT (Leica Microsystems, Research 

Triangle Park, NC, USA) bilaterally. Pupil dilation and cycloplegia was achieved by 

instilling one drop of phenylephrine hydrochloride (2.5%) and tropicamide (1%) in each 

eye prior to imaging (OCT/AOSLO). The scanning window covered a nominal 7 × 7 

mm retinal area, and vertical and horizontal scans centred to the fovea with a nominal 

7 mm scan length (120 B-scans) were recorded. In order to increase signal-to-noise 
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ratio the maximum number (n>5) of line scans over the fovea were aligned, registered 

and averaged using ImageJ and the StackReg plugin (National Institute of Health).406  

The outer nuclear layer (ONL) thickness was calculated for all subjects based on the 

longitudinal reflectivity profile (LRP) as described by Huang et al.403 LRP was 5 pixels 

wide, positioned at the centre of the foveal depression, and the foveal ONL thickness 

was calculated as the distance between the hyperreflective peaks of the posterior 

outer plexiform layer and external limiting membrane for subjects with foveal 

hypoplasia. In subjects with normal foveal excavation, the ONL thickness was 

measured as the distance between the hyperreflective peaks corresponding to the 

internal limiting membrane and the external limiting membrane. A similar approach 

has been employed in several ACHM studies.123, 124, 404  

The transfoveal line scans were then categorized into five grades according to 

the previously reported grading system by Sundaram et al., based upon the integrity 

of the ellipsoid zone (EZ);123  1) continuous ellipsoid zone (EZ), 2) EZ disruption, 3) 

EZ absence, 4) presence of a hyporeflective zone (HRZ), and 5) outer retinal atrophy 

including retinal pigment epithelium (RPE) loss (Figure 3.1.2). This grading allows 

meaningful comparisons with other recently published ACHM cohorts.118, 124 The 

nomenclature used followed the IN●OCT Consensus.402 Confirmation of the 

aforementioned grading was established by examining additional OCT scans acquired 

using the Spectralis SD-OCT system (Heidelberg Engineering Inc., Heidelberg, 

Germany). The grading was done by two observers independently (MG, CL); and any 

discrepancies were resolved with consensus from a third grader (NH). The scans were 

also examined for the presence of foveal hypoplasia, defined as the presence of one 

or more inner retinal layers at the foveal center.123 
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Figure 3.1.2: Remnant cone structure in different OCT EZ grades of CNGA3-

associated ACHM.  

Left column: horizontal transfoveal OCT scans of four subjects with different OCT EZ grades. Grade 1: 

Continuous EZ, grade 2: EZ disruption, grade 3: EZ absence, and grade 4: presence of a hyporeflective 

zone. The red horizontal bars mark the 300-µm area represented on the AOSLO images in the right 

column. Right column: split-detection AOSLO images for each patient. The red cross represents the 

location of peak foveal cone density. 
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AOSLO Imaging of the Photoreceptor Mosaic 

All patients were imaged using one of two identical AOSLO systems, previously 

described,396 at Moorfields Eye Hospital, London, UK and the Medical College of 

Wisconsin, Milwaukee, USA. Imaging with confocal and split-detector modes was 

performed, with simultaneous acquisition, in absolute spatial and temporal 

registration. Split-detection allows visualization of cone inner segments in ACHM 

based on a differential phase technique. 143 

The imaging light source was a 790-nm super-luminescent diode (SLD; 

Superlum, Carrigtohill, Cork, Ireland). Image sequences were recorded as AVI files, 

of 150 frames, either at 1° or/and 1.5° square field of view (FOV). A desinusoiding 

algorithm was applied to each image sequence and individual frames were 

selected,397 registered407 and averaged, to increase signal-to-noise ratio, for 

subsequent analysis.  Images were obtained over the foveal center. The final images 

were combined into a single montage (Adobe Photoshop, Adobe Systems, Inc, San 

Jose, CA, USA), with images from each modality overlaid on one another,  manually 

and/or  using a custom-built automated software.408 Images taken with a 1° FOV were 

analysed preferentially, due to the higher resolution.  

The scale in degrees per pixel of each field of view was determined using a 

Ronchi ruling of known spacing after each imaging session. Then the value was 

linearly scaled using the subject’s axial length and the final micron per pixel scale was 

obtained by multiplying by the retinal magnification factor of 291μm/degree. Post-

acquisition, the anatomical foveal center was estimated using confocal AOSLO, 

fundus images and transfoveal OCT scans following common blood vessel landmarks, 

determining the foveal pit centre and the rod free area for further analysis.  



187 
 

The eligibility criteria for AOSLO analysis were strict; low quality images (due 

to involuntary eye motion/nystagmus or low signal-to-noise ratio), non-contiguous 

montages, and montages not covering the entire rod free region, were excluded from 

further analysis. In all images selected for analysis, all cones were resolved and 

annotated as seen in Figures 3.1.2 and 3.1.3.  

In some subjects (n=7) bilateral AOSLO images were available for evaluating 

disease symmetry. The low number of patients with adequate bilateral data was either 

due to time constraints or incomplete imaging of the fovea, in the second eye. For 

each patient, the eye with the better image quality (least eye motion, higher signal-to-

noise ratio), was selected for cross-sectional evaluation.  

Cone coordinates from every given foveal image were extracted following 

manual annotation, by a single grader (MG). The coordinate arrays were used to 

assess the peak foveal density (cones/mm2). A 55×55 μm sampling window was used 

to determine the density at each pixel of the coordinate array. The pixel location with 

the greatest value was the location of peak foveal density, by dividing the total number 

of cones by the area. In addition, the mean inter-cell distance (ICD, defined as the 

average distance of a cone from all its immediate neighbours) and its coefficient of 

variation (CV), was calculated for the rod free area for all subjects with analysable 

split-detection AOSLO, as a metric of residual foveal cone packing.  

 

Statistical Methods 

Statistical analysis was performed with GraphPad Prism (version 8.0.1; 

GraphPad Software, San Diego, CA, USA). Parametric and nonparametric tests were 

used depending on normality tests (Shapiro-Wilk normality test), as well as correlation 

coefficients (either Pearson or Spearman, respectively).  
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3.1.3 Results 

 

Demographics 

Thirty-eight subjects from 30 families were recruited, including 21 males (55%) 

and 17 females (45%), with a mean (range, ±SD) age, in years, of 25.9 (10–64, ±13.1). 

Ten subjects were children (under 16 years old), with a mean (range, ±SD) age, in 

years, of 12.1 (10–14, ±1.7). Demographics are summarized in Table 3.1.1. 

 

Genetics 

All subjects harbored likely disease-causing sequence variants in CNGA3, with 

12 (32%) being homozygous and 24 (63%) compound heterozygous. The remaining 

two of the 38 patients (MM_0008 and MM_0009, siblings) harbored a single 

heterozygous variant and were shown to have no variants in CNGB3, with a typical 

ACHM phenotype. In one patient (KS_10337), an additional CNGB3 sequence variant 

was identified. In total, 33 different variants were observed in our cohort, with 4 not 

previously reported to the best of our knowledge (Table 3.1.1, marked in bold). 

The majority of the variants resulted in single amino acid substitutions (25/33, 

76%). In addition, three different nucleotide changes introduced translation termination 

codons, three more introduced frame shift changes, one was an intronic change 

disrupting splicing, and one was a 3-base pair deletion. The most common was 

c.1641C>A (p.Phe547Leu; 11 alleles, three pedigrees), followed by c.848G>A 

(p.Arg283Gln; six alleles, three pedigrees) and c.661C>T (p.Arg221Ter; six alleles, 

four pedigrees). All sequence variants and protein alterations are reported in Table 

3.1.1.  
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Subject 
 

Gender 
 

Age Variant 1 Variant 2 

(years) c.DNA Change AA Change c.DNA Change AA Change 

MM_0002‡ F 41 1443-1444insC Ile482His fs*6 1706G>A Arg569His 

MM_0008 ‡ F 11 536A>T Val179Asp ND† ND† 

MM_0009  F 14 536A>T Val179Asp ND† ND† 

MM_0014 ‡ F 35 848A>G Arg283Gln 667T>C Arg223Trp 

MM_0015 ‡ F 28 848A>G Arg283Gln 667T>C Arg223Trp 

MM_0016 ‡ M 30 848A>G Arg283Gln 667T>C Arg223Trp 

MM_0064 ‡ F 23 1694T >C Thr565Met 661T>C Arg221X 

MM_0164 ‡ F 35 1641A>C Phe547Leu 1641A>C Phe547Leu 

MM_0165 ‡ M 13 1641A>C Phe547Leu 1641A>C Phe547Leu 

MM_0167 ‡ F 28 847T>C Arg283Trp 1279T>C Arg427Cys 

MM_0168 ‡ M 39 661T>C Arg221X 848A>G Arg283Gln 

MM_0169 ‡ M 14 485A>T Asp162Val 485A>T Asp162Val 

MM_0170 ‡ M 16 1642A>G Gly548Arg 67T>C Arg23X 

MM_0171 ‡ M 22 1001T>C Ser334Phe 1360T>A Lys454X 

MM_0239 ‡ M 37 848A>G Arg283Gln 667T>C Arg223Trp 

MM_0251 ‡ F 33 661C>T Arg221X 661C>T Arg221X 

MM_0358 M 10 1641C>A Phe547Leu 1641C>A Phe547Leu 

MM_0385 M 37 1228G>C Arg410Trp 1228G>C Arg410Trp 

MM_0386 F 22 1580G>T Leu527Arg 1805A>G Gly602Glu 

MM_0387 M 18 1580G>T Leu527Arg 1805A>G Gly602Glu 

MM_0396 M 27 1306C>T Arg436Trp 1279C>T Areg427Cys 

MM_0397 M 18 1306C>T Arg436Trp 1279C>T Areg427Cys 

MM_0398 F 14 811T>C Pro271Ser 829T>C Arg277Cys 

MM_0412 M 13 1286C>T Val429Ala 608A>G Trp203Cys 

MM_0418 M 18 661T>C Arg221X 661T>C Arg221X 

MM_0445 M 10 1641A>C Phe547Leu 1641A>C Phe547Leu 

MM_0446 ‡ F 50 67T>C Arg23X 67T>C Arg23X 

JC_0578 M 32 1687T>C Arg563Cys 778G>A Asp260Asn 

JC_0615 M 43 1306C>T Arg436Trp 1306C>T Arg436Trp 

JC_0626 F 20 1806C>A Phe602Leu 1806C>A Phe602Leu 

JC_0674 M 46 985G>T Gly329Cys 985G>T Gly329Cys 

JC_0698 M 43 848G>A Arg283Gln 1228C>T Arg410Trp 

JC_1240 F 24 1351dupG fs 1279C>T Arg427Cys 

JC_10008 F 12 829C>T Arg277Cys 1641C>A Phe547Leu 

JC_10069 M 18 847C>T Arg283Trp 542A>G Tyr181Cys 

KS_10088 F 64 450-1G>A fs 1157G>A Met519Ile 

KS_10337 * F 17 940_942delATC Ile214del 1114C>T Pro372Ser 

JC_10551 M 10 1228C>T Arg410Trp 1319G>C Trp440Ser 

Table 3.1.1: Demographics and Genotype Summary 
ND: No Data, F: Female, M; Male 
In bold the previously unreported sequence variants. 
† Only one variant Identified. Phenotype consistent with CNGA3-ACHM. No variants found 
in CNGB3. 

‡ Patients previously reported in the following studies:   
“Retinal structure and function in achromatopsia: implications for gene therapy.” Sundaram et al. 
Ophthalmology 2014, and "A prospective longitudinal study of retinal structure and function in 
achromatopsia". Aboshiha et al. IOVS 2014 
*Patient harbouring an additional variant in CNGB3: c.473C>A: p.Pro158His 

http://databases.lovd.nl/whole_genome/variants/0000256205#00003570
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Ocular Examination 

The mean (range, ±SD) axial length, in mm, for all 76 eyes was 24.21 (21.46–

29.61, ±1.85); the mean (±SD) axial length, in mm, for the right and left eyes was 24.25 

(±1.91) and 24.17 (±1.81), respectively. No significant difference was noted between 

eyes (P = 0.344, Wilcoxon matched-pairs test). The mean (±SD) axial length, in mm, 

for male and female subjects was 24.07 (±1.66) and 24.46 (±2.21), respectively. No 

significant difference was noted between sexes (P = 0.586, Mann-Whitney test). The 

age, in years, of male and female subcohorts did not differ significantly (P = 0.508, 

Mann-Whitney test), with mean (±SD) 24.48 (±12.28) and 27.71 (±14.29), respectively. 

BCVA was documented for 32 of 38 patients. One subject (MM_0386) had 

congenital light perception in one eye, without the presence of other sequence variants 

or eye disease after thorough clinical investigation, had a BCVA of 0.98 logMAR in the 

other eye, and was excluded from further BCVA analysis. The mean (range, ±SD) 

BCVA was 0.87 logarithm of the minimum angle of resolution (LogMAR; 0.40–1.18, 

±0.14). The mean (±SD) BCVA was 0.85 LogMAR (±0.14) and 0.88 LogMAR (±0.15) 

for right and left eyes, respectively; with no significant difference (P = 0.327, Wilcoxon 

matched-pairs test). BCVA and axial length for all subjects are shown in Table 3.1.2. 

 

OCT Imaging 

 

Retinal Morphology.  

OCT revealed a variable degree of disruption or loss of the foveal EZ and was 

graded as previously published (Figure 3.1.2).123 All subjects (n = 38) had the same 

EZ grade bilaterally. Four patients (10.5%) had continuous EZ (grade 1), 19 patients 
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(50.0%) had EZ disruption (grade 2), 3 patients (7.9%) had EZ absence (grade 3), and 

12 patients (31.6%) had presence of an HRZ (grade 4; Figure 3.1.3A). None of the 

patients included in the study had outer retinal atrophy including RPE loss (grade 5). 

In our cohort, the distribution of age was the same across the different OCT grades (P 

= 0.086, Kruskal-Wallis test). 

 

Foveal ONL Thickness.  

The mean (±SD) ONL thickness, in µm, for grade 1 was 92.74 (±16.22), grade 

2 was 78.69 (±25.12), grade 3 was 64.93 (±15.41), and for grade 4 was 63.15 (±11.57). 

The mean (range, ±SD) ONL thickness, in µm, for all subjects was 74.18 (27.52–

123.85, ±21.80) (Table 3.1.2, Figure 3.1.4B). Previously reported mean ± SD from 

unaffected controls for ONL thickness is 110.6 ± 15.7 μm, with an n = 38 (mean age ± 

SD; 28.8 ± 10.9 years);409 these values are significantly higher than our reported 

values for CNGA3-ACHM (P < 0.0001, t = 8.37, df = 74)). ONL thickness at the fovea 

was measured with standard OCT. The residual Henle fiber layer (HFL) may have 

been included within the ONL measurement, but given the foveal location, only a small 

degree of error is expected. The HFL comprised only 17.5% of the measured 

HFL+ONL thickness (range, 11.4%–24.8%) at the fovea of healthy controls.410 Due to 

a small number of subjects with grade 1 and 3, the data were not further statistically 

analyzed. Grade 2 subjects had a significantly greater ONL thickness than grade 4 

subjects (P = 0.054, t = 2.005, df = 29). Despite the trend toward decreasing ONL  
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Figure 3.1.3. Results summary and graphical representation.  

(A) Distribution of our cohort according to OCT grading, with the vast majority having either grade 2 or 

4. (B) Scatter plot of ONL thickness and age. No correlation was found. (C) Stacked scatterplot of ONL 

thickness and OCT EZ grade, showing the vast variability within and between grades, as well as a trend 

of decreasing ONL thickness with increasing grade. (D) Stacked scatterplot of peak cone density and 

OCT EZ showing the overlap between grades. In (C) and (D), individual data points within each EZ 

grade are displaced horizontally for better visibility. (E) Peak cone densities of all subjects with CNGA3-

ACHM included in this study plotted against age. (F) Peak cone densities of all subjects with CNGB3-

ACHM previously reported by Langlo et al. plotted against age on the same scale as (E). The CNGA3 

cohort plotted on (E) shows a weak negative correlation between peak cone density and age (Pearson 

r = −0.397, P = 0.102). 

 

thickness with increasing EZ grade (i.e., increasing EZ disruption/loss), there is 

overlap between grades (Figure 3.1.3C). 

 

Foveal Hypoplasia.  

Hypoplasia was observed bilaterally in 25 subjects (65.8%) to variable degrees. 

There was no significant difference in ONL thickness between individuals with foveal 

hypoplasia and those with normal excavation of inner retinal layers (P = 0.861, Mann-

Whitney test) (Table 3.1.2). No association was found between foveal hypoplasia and 

EZ grade (P = 0.199, chi-square test). Subjects with foveal hypoplasia (n = 19, BCVA 

= 0.86 LogMAR, SD = 0.13) had similar BCVA compared to subjects without foveal 

hypoplasia (n = 12, mean BCVA = 0.87 LogMAR, SD = 0.19; P = 0.924, t = 0.096, df 

= 29). 
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Subject 
 

 
OS/OD 

Axial 
Length 
(mm2) 

BCVA 
(LogMAR) 

Foveal 
Hypoplasia 

Grade 
ONL 

Thickness 
(μm) 

PFD 
(cones/mm2) 

 
mean (μ) 

ICD 
σ (SD) 

 
CV 

MM_0002 OD 24.4 0.74 Yes 2 76.67 16,801 13.04 3.61 0.28 
 OS 24.38 0.82 Yes 2 82.56 13,148 12.85 3.46 0.27 

MM_0008 OD 23.14 1.06 No 2 72.74  
 OS 23.08 1 No 2   

MM_0009 OD 21.53 0.98 No 2 72.74 24,105 9.31 2.63 0.28 
 OS 24.46 1 No 2      

MM_0014 OD 25.33 0.76 Yes 4 73.12 6,574 24.35 7.43 0.31 
 OS 25.54 0.72 Yes 4 75.48 7,305 25.24 8.06 0.32 

MM_0015 OD 25.2 0.84 Yes 4 45.21 24,835 15.66 6.57 0.42 
 OS 24.75 0.78 Yes 4 49.15 32,140 10.19 4.32 0.42 

MM_0016 OS 22.46 1.18 Yes 4 48.36 13,148 14.96 4.82 0.32 
 OD 22.51 0.9 Yes 4      

MM_0064 OD 25.56 0.78 No 2 27.52 9,496 11.41 2.88 0.25 
 OS 25.83 0.8 No 2 29.49 7,305 11.10 2.12 0.19 

MM_0164 OD 25.56 0.92 Yes 2 123.85  
 OS 25.83 0.8 Yes 2   

MM_0165 OD 24.99 0.84 Yes 4 45.21 16,801 13.36 4.12 0.31 
 OS 24.88 0.7 Yes 4      

MM_0167 OD 25.04 1.06 No 1      
 OS 24.96 1.16 No 1 110.09 10,957 12.89 6.62 0.51 

MM_0168 OD 28.74 0.8 No 2 68.80  
 OS 28.24 0.92 No 2   

MM_0169 OD 24.77 0.74 No 1 92.39  
 OS 24.19 1.12 No 1      

MM_0170 OD 21.79 0.78 Yes 2 80.60 27,757 8.42 1.74 0.21 
 OS 21.71 0.76 Yes 2      

MM_0171 OD 22.87 0.7 Yes 3 47.18 25,566 12.18 6.01 0.49 
 OS 22.74 0.76 Yes 3      

MM_0239 OD 23.33 0.72 Yes 4 66.84 16,070 18.00 6.56 0.36 
 OS 23.23 0.9 Yes 4 58.40 13,148 17,09 6.44 0,38 

MM_0251 OD 29.61 0.72 Yes 3 112.5  
 OS 29.651 0.66 Yes 3   

MM_0358 OD 23.62 0.82 No 2 94.36  
 OS 23.52 0.88 No 2      

MM_0385 OD 24.41 0.8 No 4      
 OS 24.35 0.8 No 4 39.32 2,191 27.86 13.81 0.50 

MM_0386 OD 24.1 0.98 Yes 2 94.36 13,148 12.93 3.85 0.30 
 OS 23.38 LP Yes 2   

MM_0387 OD 22.89 0.84 Yes 4 74.7  
 OS 22.88 0.88 Yes 4   

MM_0396 OD 23.63 1 Yes 2   
 OS 23.6 1.02 Yes 2 90.12  

MM_0397 OD 22.15 0.96 No 2 96.33  
 OS 21.92 0.96 No 2      

MM_0398 OD 23.18 1 Yes 2 53.08 20,453 8.68 1.69 0.20 
 OS 23.49 1.12 Yes 2 49.15 19,722 8.44 1.42 0.17 

MM_0412 OD 23.36 1 Yes 2 57.01  
 OS 23.37 1.02 Yes 2   

MM_0418 OD 24.2 0.9 No 2 64.04  
 OS 24.36 0.8 No 2   

MM_0445 OD 22.72 1 Yes 2 62.91  
 OS 22.87 1 Yes 2      

MM_0446 OD 24.81 0.76 Yes 4 70.76 6,574 18.90 96.45 0.34 
 OS 24.91 0.7 Yes 4 73.32 5,844 20,69 7.18 0.35 
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JC_0578 OD 27.21 ND Yes 2 79.87  
 OS 26.47 ND Yes 2   

JC_0615 OD 25.63 ND No 3   
 OS 25.65 ND No 3 74.88  

JC_0626 OD 28.85 ND Yes 2 114.82  
 OS 28.35 ND Yes 2   

JC_0674 OD 25.02 ND Yes 4   
 OS 24.36 ND Yes 4 64.90  

JC_0698 OD 24.27 0.9 Yes 4   
 OS 23.79 0.9 Yes 4 73.63  

JC_1240 OD 21.62 0.4 No 4 64.90  
 OS 21.72 0.54 No 4   

JC_10008 OD 22.62 ND Yes 4 71.14  
 OS 22.76 ND Yes 4      

JC_10069 OD 23.13 0.8 Yes 2 67.39 40,906 7.10 1.29 0.18 
 OS 23.59 0.8 Yes 2      

KS_10088 OD 25.19 ND Yes 2 123.55 21,183 11.56 3.80 0.33 
 OS 25.34 ND Yes 2      

KS_10337 OD 23.29 1.0 No 1 71.14 54,785 6.07 1.28 0.21 
 OS 23.78 0.88 No 1   

JC_10551 OD 22.46 0.9 Yes 1   
 OS 22.39 0.9 Yes 1 97.34  

    

    

    

    

    

Table 3.1.2: Retinal Phenotype – Optical Coherence Tomography and Adaptive Optics Imaging 

Summary  

ND: No Data, BCVA: Best Corrected Visual Acuity, PFD: Peak Foveal Density, ICD: Inter-cell Distance, 

CV: Coefficient of Variation, ONL: Outer Nuclear, LP: Light Perception 
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Figure 3.1.4: Disease symmetry in CNGA3-associated ACHM.  

Left and right column: split-detection AOSLO images of the right and left eye respectively of three patients with 

CNGA3-ACHM. Middle column: horizontal transfoveal OCT scans of the same subjects. White arrowheads 

point to the respective AOSLO image. The red horizontal bars mark the 300-µm area represented in the 

AOSLO images. There is substantial variability in foveal photoreceptor mosaic between the three subjects. 

There are structural similarities in the mosaic pattern of the right and left eyes of each subject; MM_0002 and 

MM_0064 have noncontiguous sparse foveal mosaics and MM_0398 has a relatively contiguous mosaic. 

MM_0002 has OCT grade 4 bilaterally with foveal hypoplasia. MM_0064 and MM_0398 have EZ grade 2 

bilaterally. 
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Photoreceptor Mosaic Assessed With AOSLO Imaging 

AOSLO imaging was attempted in all recruited subjects (n = 38). Eighteen 

(47.4%) had good-quality images and met the aforementioned eligibility criteria. If 

bilateral data were available, the eye with the better image quality was included for 

further analysis in all subjects. Foveal hypoplasia did not correlate with successful 

AOSLO imaging (P = 0.506, Fisher’s exact test), with the main limiting factor in AOSLO 

acquisition being the severity of nystagmus. 

 

Peak Foveal Cone Density.  

The mean peak foveal cone density was 19,844 cones/mm2, ranging from 

6,574 cones/mm2 to 54,785 cones/mm2 (Table 3.1.2). There was marked variability 

between subjects with a SD of 13,046 cones/mm2 (Table 3.1.2); however, as 

expected, these values do not overlap with previously reported normative values 

(range, 84,733–247,064 cones/mm2).354, 355 

There was no significant difference in peak foveal cone density between 

individuals with foveal hypoplasia and those with normal excavation of inner retinal 

layers (P = 0.974, t = 0.0334, df = 16), a finding that has also been previously reported 

for CNGB3-ACHM.124 Peak foveal cone density was available for two subjects with EZ 

grade 1 and only for one subject with EZ grade 3 and, therefore, were excluded from 

statistical evaluation. There was no significant difference in peak foveal cone density 

between individuals with a grade 2 EZ and those with a grade 4 EZ (P = 0.129, t = 

1.619, df = 13). All peak cone density data are plotted in Figure 3.1.3D. In contrast, in 

the aforementioned CNGB3 study, peak foveal cone density, and EZ grade were 

significantly associated. Peak foveal cone density and ONL thickness were not 



198 
 

correlated (P = 0.927, r = 0.023, Pearson correlation), in keeping with the previous 

CNGB3 study.124 There was a weak negative association between age and peak 

foveal cone density (P = 0.102, r = −0.397, Pearson correlation) (Figure 3.1.3E). 

 

Intercell Distance.  

The mean (μ) and SD (σ) of the ICD for each subject (n = 18) was evaluated, 

as well as the CV (CV = σ/μ), to measure the overall variability of ICD independent of 

the value, which, as expected, varied widely. The mean ICD (range, ±SD), in µm, was 

13.40 (6.07–27.86, ±5.74). As expected, the mean ICD in CNGA3-ACHM was greater 

(P < 0.0001, Mann Whitney test) than in unaffected controls (n = 6; ICD mean ± SD, 

3.61 ± 0.22 µm).124 Our cohort had a CV (mean ± SD) of 0.32 ± 0.1, which was 

significantly higher (P = 0.0002, t = 4.537, df = 22) than healthy controls (n = 6; CV 

mean ± SD, 0.13 ± 0.014).124  

 

Structural Disease Symmetry.  

In seven subjects, bilateral OCT and AOSLO imaging data were obtained (one 

male, six females; age (mean ± SD), 32.6 ± 11.9 years) (Table 3.1.2; Figure 3.1.4). 

All subjects had the same bilateral EZ grade; three subjects had grade 2 and four had 

grade 4. Six (85.7%) subjects had bilateral foveal hypoplasia. The absolute difference 

in ONL thickness between right and left eyes (mean ± SD) was 4.16 ± 2.31 µm. ONL 

thickness did not differ significantly between eyes (P = 0.754, t = 0.329, df = 6), with 

mean (±SD) ONL thickness, in µm, of 59.03 (±17.92) and 59.65 (±18.68) for right and 

left eyes, respectively. 
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Peak foveal cone density was also comparable bilaterally (P = 0.829, t = 0.225, 

df = 6), with mean ± SD of 14,400 ± 7,078 cones/mm2 and 14,087 ± 9,304 cones/mm2 

for the right and left eyes, respectively. The difference in peak foveal cone density 

(mean ± SD) between eyes was 2,609 ± 2,380 cones/mm2. ICDs were also similar 

bilaterally (P = 0.496, t = 0.725, df = 6), with mean ± SD of 15.72 ± 5.25 μm and 15.09 

± 6.16 μm for right and left eyes, respectively. The mean ± SD of CV was 0.31 ± 0.07 

and 0.30 ± 0.09 for right and left eyes, respectively; indicating that mosaic topography 

was similar between eyes (P = 0.448, t = 0.812, df = 6). 

 

Intrafamilial Variability.  

We recruited three pairs of siblings (Tables 3.1.1 and 3.1.2; MM_0008-

MM_0009, MM_0386-MM_0387, and MM_0396-MM_0397), four siblings (MM_0014, 

MM_0015, MM_0016, and MM_0239), and a mother with two sons (MM_0164, 

MM_0165, and MM_0445, respectively) (Tables 3.1.1, 3.1.2). Two pairs of siblings 

(MM_0008-MM_0009 and MM_0396-MM_0397) had the same EZ grade and 

comparable ONL thickness (mean difference among siblings of 3 μm). AOSLO data 

were analyzable in only one of those four subjects. The four siblings (MM_0014, 

MM_0015, MM_0016, and MM_0239) had substantial variability of their cone mosaics 

even though their EZ grade was the same (grade 4). AOSLO imaging was available 

for all four siblings (three bilaterally) (Figure 3.1.5A). The cone mosaic was variably 

disrupted, without any specific pattern among these subjects. Despite the differences 

in remnant cone structure, the subject with the lowest peak foveal cone density 

(right/left eye, 6,574 and 7,305 cones/mm2, respectively) had the best BCVA among 

his siblings. For the last pair of siblings and the family with the three affected members, 

only one cone mosaic per family could be analyzed and no conclusion about the 
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intrafamilial variability of their mosaics could be drawn. However, in both families there 

was a notable difference in the disruption of the photoreceptor mosaic on OCT; the 

two siblings MM_0386 and MM_0387 had grade 2 and 4 EZs, respectively, and from 

the other pedigree, two subjects had grade 2 and one grade 4 EZs (Figure 3.1.5B). 

Again, BCVA was comparable among the subjects (Table 3.1.2). 
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Figure 3.1.5: Intrafamilial variability in CNGA3-associated ACHM.  

(A) Split-detection AOSLO images of four siblings with CNGA3-ACHM. MM_0016 (VA, 0.86 

LogMAR) and MM_0239 (VA, 0.90 LogMAR) are males, 30 and 37 years old, respectively. 

MM_0015 (VA, 0.84 LogMAR) and MM_0014 (VA, 0.74 LogMAR) are females, 28 and 35 

years old, respectively. There is substantial variability in foveal photoreceptor mosaic across 

the four subjects, which is independent of sex or age. All four siblings have EZ grade 4 

bilaterally with foveal hypoplasia. The identification of 40 cones within the sampling window of 

size 55 µm × 55 µm resulted to a density of 13,148 cones/mm2 for both siblings, MM_0016 

and MM_0239. However, other parameters such as the intercell distance were different, 

reflecting the geometry of cones over the foveal center; MM_0239 had greater mean intercell 

distance due to a sparser mosaic in the inferior fovea. The red cross marks the location of 

peak foveal cone density. (B) Transfoveal SD-OCT scans of subjects MM_0164, MM_0165, 

and MM_0445, from a single family. Female subject MM_0164 (VA, 0.92 LogMAR, mother of 

the male siblings MM_0165 and MM_0445) 
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3.1.4 Discussion 

The foveal cone mosaic in CNGA3-ACHM was irregular, variably disrupted and 

showed significantly lower peak density than unaffected individuals. A striking 

structural feature that was clear in our cohort was the irregular size and shape of the 

residual inner segments (Figures 3.1.2, 3.1.3 & 3.1.4). Irregularities in shape and size 

have been described in the limited number of histology reports in patient with colour 

blindness. In all three reports, the patients were well phenotyped but not genotyped, 

since it was before the discovery of the ACHM genes. The unusual shape of the inner 

segments was attributed to the presence of ectopic nuclei.411-413 Using OCT imaging, 

Genead et al.141 previously reported a substantial variation in phenotype even in 

subjects with the same genotype. The CNGA3-ACHM subjects had a significantly 

thinner ONL than unaffected individuals, though there was significant variability 

between subjects. No correlation was found between peak foveal cone density and 

ONL thickness. Our findings are in keeping with previous reports for CNGB3-ACHM.124 

There was a broad range of cone densities within each OCT grade. This dissociation 

between OCT and peak foveal cone density highlights the value of AOSLO for patient 

stratification and evaluation of retinal potential for therapy trials. Notable examples are 

patient MM_0015 (Figure 3.1.5) and MM_0171 (Figure 3.1.2), who despite graded 4 

and 3 respectively, have a peak cone density higher than the average for the cohort, 

and would thereby be good potential candidates for an intervention. However, it is still 

unclear what should be considered as a threshold and which metric will best correlate 

with outcome. We will certainly be in a better position to address these questions when 

the results of the current gene therapy trials employing AOSLO are released. 

 Despite the vast variability among subjects, interocular symmetry was observed 

in all aspects examined including axial length, BCVA, OCT grade, presence of foveal 
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hypoplasia, ONL thickness, peak foveal cone density and mosaic geometry (ICD, CV). 

This information is of high value both for eye selection for an intervention, as well as 

for longitudinal evaluation of the outcome of the on-going and upcoming trials, in which 

the non-treated eye can serve as a control. Overall CNGA3-ACHM appears to be a 

structurally symmetric disease in keeping with previous literature which did not employ 

AOSLO.123 Many subjects had a variable degree of foveal hypoplasia, which is 

consistent with previous studies both for CNGA3 and CNGB3.123, 124, 141 No difference 

in BCVA was noted between eyes with and without foveal hypoplasia, in contrast to 

previous studies that suggested better123 or worse404 BCVA in the presence of foveal 

hypoplasia. As previously suggested by Thomas et al.,414 incomplete centrifugal 

displacement of the inner retinal layers is a common finding. No current literature has 

investigated the mechanism/molecular basis of foveal hypoplasia in ACHM. 

The majority of patients had missense sequence variants, suggesting little 

tolerance for substitutions, in agreement with the high degree of evolutionary 

conservation of the CNGA3 gene.153 There was marked genetic variability, though no 

genotype-phenotype correlation could be observed. There is a notable intrafamilial 

variability of the cone mosaic topography and of the peak foveal cone density (Figure 

3.1.5). SD-OCT grading and the ONL thickness were far less sensitive in detecting 

structural differences; again, illustrating a disconnection between SDOCT and 

AOSLO. In other cases, intrafamilial variability was also clear on SD-OCT. The 

observed marked intrafamilial variability in CNGA3-ACHM shows a lack of genotype-

phenotype correlation in ACHM caused by CNGA3 variants, with specific genetic 

variants not being predictive of residual cone structure. 

 Thiadens et al.115 and Thomas et al.404 suggested an age-dependent ONL 

thinning.115 In contrast, Sundaram et al.123 and Aboshiha et al.121 did not identify such 
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a relation. Langlo et al. in a longitudinal CNGB3 assessment reported increasing ONL 

thickness over time (6-26 months).145 In our cohort, no correlation between ONL 

thickness and age was found. Previously Sundaram et al.123 suggested a wider 

window of opportunity for intervention in ACHM and no age dependent association in 

retinal structure disruption, identifying the need for specific measurement of 

photoreceptor residual structure, with SD-OCT and AOSLO imaging for patients’ 

stratification and efficacy of intervention.  

 In our cohort peak foveal cone density and age were negatively correlated; 

which was not observed when examining age and OCT grading. This negative 

correlation of age and peak foveal cone density was not observed in a similar cross-

sectional study by Langlo et al. for CNGB3-ACHM.124 (Figure 3.1.5) In the 

aforementioned study the sub-cohort imaged successfully with AO had mean age 

(±SD) of 24 years (±10) and, our cohort had mean age (±SD) of 28 years (±14); with 

the age distribution not differing significantly among the two studies (p=0.093, t=1.35, 

two sample t-Test). The mean peak foveal cone density is similar between the two 

studies (p=0.34, t=0.41, two sample t-Test). No distinguishing phenotypic 

characteristics could be identified for our CNGA3 genotype compared to the current 

literature for CNGB3. Similarity in CNGA3 and CNGB3 ACHM was also observed in 

the data from microperimetry, fundus autofluorescence and SD-OCT by Aboshiha et 

al. and Sundaram et al. 121, 123 

The proteins encoded by CNGA3 and CNGB3 have been well characterised 

and differences in their function may relate to the age dependent decline that we 

observed in our CNGA3 cohort, in contrast to the previously well characterised CNGB3 

cohort using the same methodology.124 It has been shown than the α subunits 

expressed by CNGA3 are responsible for the ion-conducting activity of the cationic 
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channel and the β subunits modulate the activity.415, 416 It has also been shown in 

CNGA3-/- mice that the loss of CNGA3 expression impairs the correct localisation of 

cone opsins as well as the expression of other proteins of the visual cycle, with this 

inducing apoptotic cell death in cones.417 In the CNGB3-/- mice, a downregulation of 

CNGA3 gene expression of ~90% has been observed.418 The residual CNGA3 

expression may account for the preservation of residual cones in CNGB3-ACHM. By 

extension, the complete absence/greater reduction of CNGA3 expression may lead to 

an age dependent decline of residual cones in CNGA3-ACHM (as we observe); also 

bearing in mind that α subunits in vitro can form channels in the absence of β-subunits, 

a property not shared by β-subunits.419 

 However, given the limitations of the cross-sectional nature of this study, a 

longitudinal assessment and further evaluation of the progressive or stationary nature 

of CNGA3-ACHM would be invaluable. Longitudinal studies are necessary to properly 

address the question of cone photoreceptor loss over time. The lack of studies 

employing AOSLO in age matched subjects, in order to investigate possible age 

related decline in healthy eyes, makes it challenging to put our findings in context. The 

current literature in healthy eyes is inconclusive for possible age dependent changes 

in peak cone density, either using histology or adaptive optics imaging.420-423 

Nevertheless, in agreement with previous reports,124, 141, 419 in all CNGA3-ACHM 

patients across all ages, there was remnant cone structure. However, no functional 

assessment of those cones was possible which will be interesting both in terms of 

disease natural history and for assessing the outcomes of any intervention.424 Despite 

the observed decrease of peak foveal cone density with age, there were several 

notable exceptions, with high peak foveal cone density in older subjects - and no clear 

age cut off identified; this shows that despite the statistical relationship, there is still 
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great variability in cone populations across all ages. Thus the need for longitudinal 

studies. 

 Analysable AOSLO was achieved in only 18/38 subjects and can be attributed 

to nystagmus in the vast majority of patients, as well as to poor optical media and high 

myopia in some. Nystagmus (or absence thereof) has not been correlated with either 

lower or higher residual photoreceptor structure in the current literature. Nystagmus in 

ACHM has previously been reported to improve over time,113, 425 and given the 

stationary, or only slowly progressive, natural history of the condition, our reported 

peak cone densities are likely representative of the CNGA3 genotype. In this study, 

subjects with strong nystagmus, in which AOSLO was not analysable, had a range of 

OCT grades, further supporting that nystagmus is not representative of the structural 

severity of the disease/residual cone architecture. We anticipate that the challenge 

nystagmus poses to imaging quality will be ameliorated with the use of eye tracking in 

the near future.391-393  In addition to the low successful acquisition rate, several other 

factors should be taken into account when considering employing AOSLO in research 

studies or even clinical practice; acquisition time is considerable and requires the 

participation of two investigators for our custom-built system, with processing, 

montaging and analysis being substantial bottle-necks. Newly developed software for 

simplifying steps of the process are of high value for the field, such as montaging408, 

426 and cone counting.427-431 

 

Conclusions 

In conclusion, CNGA3-ACHM retinas can be successfully imaged with split-detection 

AOSLO, with most findings in keeping with CNGB3-ACHM. To the best of our 

knowledge, we report the largest CNGA3-ACHM study to include split-detection 
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AOSLO imaging. There is a need for prospective longitudinal studies of large cohorts 

of molecularly confirmed CNGA3 subjects to improve our understanding of the cellular 

natural history. Given the large variability in cone mosaics, subjects with ACHM should 

be assessed on an individual basis for selection in future and ongoing clinical trials. 
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3.1.6 Future Directions 

 

Longitudinal 

Our cross-sectional study in CNGA3-ACHM lays the groundwork for longitudinal 

assessment of the cohort with AOSLO. There is no current literature assessing 

CNGA3-ACHM longitudinally with AOSLO 333. Due to the on-going debate whether 

ACHM is stationary or progressive, cellular resolution may allow better understanding 

of disease natural history. The therapeutic window determination in ACHM is of value 

for the on-going and up-coming gene therapy trials. A longitudinal study could track 

the peak foveal density and ICD CV, as well as tracking cones that could be more 

sensitive, even though it is a far more challenging approach. Figure 3.1.6 presents a 

patient stationary over a time period of 1 year. 

 

Figure 3.1.6: Longitudinal 
Assessment in CNGA3-
assosiated ACHM 
 
Split-detection AOSLO of subject 
MM_0064 with CNGA3-assosiated 
ACHM. (A) Baseline and (B) 12 months 
follow-up, over the foveal center. With 
black cycles groups of cones 
unchanged over this time period are 
marked. 
 
All AOSLO images were acquired using 
a custom-built AOSLO housed at 
University College London/Moorfields 
Eye Hospital, London, UK. Dimensions: 
300μm × 200μm, Scale bar = 50μm.  
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Reflectivity 

Reflectivity is one of the AO metrics that has been investigated in ACHM, with different 

results related to the different genotypes 139. It may be of value to further investigate 

reflectivity both in terms of the methodology that can be evaluated, as well as in larger 

cohorts and over time.   
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3.2 Deep Phenotyping of  

CNGB3-associated Achromatopsia 
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3.2 Deep Phenotyping of CNGB3-associated Achromatopsia 

 

3.2.1 Introduction 

ACHM is a relatively rare conditions with incidence 1:30000 112. CNGB3 and 

CNGA3 mutations together account for the vast majority of Achromatopsia cases 113, 

with CNGB3 accounting for more than 50% of ACHM cases in European population 

114, 115. The prevalence of each GNAT2, PDE6H and PDE6C gene mutations is less 

than 2% of the patients with cACHM 113, 116. CNGB3 gene encodes for β-subunit of the 

cGMP-gated cationic channel, located in the cones outer segment, categorizing 

CNGΒ3 gene associated ACHM as “channelopathy”.  

In Confocal detection identifies ‘dark spaces’ of non-waveguiding cones in 

CNGB3 cone mosaic. Simultaneous confocal and SPLIT-DETECTION AOSLO has 

allowed the identification of cone inner segment structure in these spaces 124, 143-145 

(Figure 3.2.1); with transformational implications on our understanding of ACHM and 

participant selection for on-going CNGA3- and CNGB3-ACHM gene therapy trials. 

Langlo et al. in a longitudinal SPLIT-DETECTION AOSLO study 145 for CNGB3-

assosiated ACHM showed little or no progression over a period of 6-26 months for 

n=41. The purpose of this study is to further explore the phenotype of ACHM 

associated with molecularly confirmed CNGΒ3 gene mutations, with the employment 

of cAOSLO and SPLIT-DETECTION AOSLO, laying the groundwork for a CNGΒ3 

longitudinal AO imaging study, for further exploration of the disease/genotype national 

history, in light of the on-going and upcoming gene therapy trials.  
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Figure 3.2.1: Adaptive Optics Image in an eye with CNGB3-associated ACHM 

Inferior strips with the foveal center to the top right corner of a subject with CNGB3-associated 

ACHM.  

(A) AOSLO Confocal Detection.  

(B)AOSLO Split-detection 

(C) Pseudocolour map of the two superimpose pictures. In red are represented the cone inner 

segments as imaged with split-detection filing the respective “dark” spaces in confocal image. 

The yellow colour in the picture is the result of the one to one matching of the photoreceptors 

in the two modalities (rods)  

Dimensions: 150μm × 500μm, Scale bar = 50μm.  
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3.2.2 Methods  

 

Patients with CNGB3-associated ACHM were recruited at a single centre 

(MEH/UCL, London, UK). Analysis was done in collaboration with UCL Institute of 

Ophthalmology and the Medical College of Wisconsin (MCW). The study was 

approved by the Ethics Committees of Moorfields Eye Hospital and the Medical 

College of Wisconsin. For any data shared with Medical College of Wisconsin the 

patient agreed to have the results of their testing shared for research, banked at the 

Medical College of Wisconsin. The research followed the tenets of the Declaration of 

Helsinki. 

ACHM patients underwent ocular examination, spectral-domain optical 

coherence tomography (SD-OCT), Adaptive Optics (AO) ophthalmoscopy and colour 

vision testing. The OCT scans were used for grading the foveal appearance, as 

previously described 123, and measuring the outer nuclear thickness (ONL). The 

interpretable AO images were used to quantify peak foveal cone density (PFD), ICD 

and ICD coefficient of variation. All the methods used are described in great detail in 

the Methods section (Paragraphs 2.4-2.5). 
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3.2.3 Results 

 

Demographics 

Fifty-four (54) patients from 44 families were recruited (MEH/UCL); twenty-five males 

(46%) and twenty-nine females (54%), with a mean (range, ±SD) age of 23 years (5-

51, ±11.27). Mean (range, ±SD) best-corrected visual acuity (BCVA) was 0.91 

LogMAR (0.60-1.52, ±0.16) for all the 54 patients, in agreement with previously 

reported studies for ACHM (Sundaram et al; n=40, mean BCVA = 0.91LogMAR). The 

cohort includes seven pairs of siblings and one pedigree with four siblings.  

 

Genetics  

Genetics were available for the whole cohort (Table 3.2.1). Thirty four subjects (63%) 

had homozygous CNGB3 variants and 19 (35%) had compound heterozygous 

variants. In one of the patients (MM_0111) only one pathogenic mutation was 

identified, and the patient was recruited for further genetics investigations; 

phenotypically they had typical ACHM. In total 15 different mutations were identified. 

The most common mutation was c. 1148delC, p. (Thr383Ile fs * 13) (n=81, 75.7%), 

followed by c. 595delG, p. (Glu199fs) (n=4, 3,7%), c. 412delA, p.(Arg138Glfs*14) (n=3, 

2.80%) and c. C1432T p.(Arg478Ter) (n=3, 2.80%). Only 4 patients did not harbour at 

least one Thr383Ilefs*13 variant.  

 

SD-OCT 

A variable degree of disruption or loss of the foveal inner segment ellipsoid (ISe) layer 

was profound in the cohort. SD-OCT was graded as previously published 123.  
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 Currently results are available for 22 patients for which the SD-OCT analysis 

was done in MEH/UCL. SD-OCT disruption or loss of the foveal inner segment 

ellipsoid (ISe) layer and was graded as previously published 123 with the following 

results; Grade I (continuous ISe):  three (13%), II (ISe disrupted): ten (46%), III (ISe 

absent): one (5%), IV (presence of a hyporeflective zone): seven (32%) and Grade V 

(retinal atrophy): one (5%). In all the subjects the grade was the same in both eyes. 

As OCT grade V was always associated with an ONL thickness value of 0μm, since 

there is no outer retina present in these atrophic cases, those subjects will be excluded 

from any kind of statistical analysis of ONL thickness. 

 

 Table 3.2.1: Genotype and Demographics Summary for CNGB3-ACHM 

Subject Gender Age Mutation 1 Mutation 1 

MM_0003 M 30 1148delC Thr383Ile fs * 13 1853delC Thr618Ile fs*2 

MM_0004 M 26 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0005 M 27 1148delC Thr383Ile fs * 13 c.607-608insT Arg203Leu fs*3 

MM_0012 M 34 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0013 M 29 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0022 F 35 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0028 M 17 595delG Glu199fs 1148delC Thr383Ile fs * 13 

MM_0029 F 15 595delG Glu199fs 1148delC Thr383Ile fs * 13 

MM_0040 M 38 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0067 M 20 1148delC Thr383IlefsTer13 1148delC Thr383IlefsTer13 

MM_0072 F 27 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0085 F 16 1148delC Thr383Ile fs * 13 G1006T Glu336Ter 

MM_0096 F 26 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0097 M 29 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 
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MM_0098 F 6 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0099 M 9 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0111 M 16 1148delC Thr383Ile fs * 13 N/D 

MM_0114 M 23 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0115 F 15 C.1148delC  Thr383Ile fs * 13 c.1426C>T Q476X 

MM_0116 M 24 595delG Glu199fs 1148delC Thr383Ile fs * 13 

MM_0117 M 20 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0118 F 37 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0119 M 41 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0120 M   1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0121 F 30 595delG Glu199fs 1148delC Thr383Ile fs * 13 

MM_0122 F 18 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0123 M 51 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0124 M 14 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0125 F 25 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0135 M 8 1148delC Thr383fs c.1578+1G>A Intron (Splicing) 

MM_0137 F 54 T1214C Leu405Ser T1214C Leu405Ser 

MM_0162 F 17 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0178 M 30 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0195 M 28 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0197 F 50 c.1285delT p.Ser429LeufsTer9 1148delC Thr383Ile fs * 13 

MM_0327 F 19 412delA Arg138Glfs*14 C1432T Arg478Ter 

MM_0328 F 23 412delA Arg138Glfs*14 C1432T Arg478Ter 

MM_0337 M 8 1148delC p.T383IfsX13 c.1856C>T p.L619P 

MM_0338 M 14 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0339 F 10 c.1055+2T>A Slice Site Mutation c.1578+1G>A Slice Site Mutation 

MM_0343 F 13 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 
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MM_0344 F 19 412delA Arg138Glfs*14 C1432T Arg478Ter 

MM_0345 F 32 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0347 F 13 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0359 F 33 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0361 F 26 1148delC p.Thr383llefsTer13 1148delC p.Thr383llefsTer13 

MM_0362 F 16 1148delC p.Thr383llefsTer13 1148delC p.Thr383llefsTer13 

MM_0372 F 12 1148delC p.Thr383llefsTer13 1879delA p.lle627PhefsTer2 

MM_0373 F 8 1148delC p.Thr383llefsTer13 1148delC p.Thr383llefsTer13 

MM_0374 F 21 c.819_826del Arg274ValfsTerl3 c.1148delC Thr3831lefsTerl3 

MM_0375 F 21 c.819_826del Arg274ValfsTerl3 c.1148delC Thr3831lefsTerl3 

MM_0380 M 18 c.1578+5G>C splice site variant c.1148delC p.Thr383llefsTer13 

MM_0391 M 16 1148delC p.Thr383llefsTer13 1148delC p.Thr383llefsTer13 

MM_0400 F 5 1148delC p.Thr383llefsTer13 c.1856C>T p.L619P 

ND: No Data, F: Female, M; Male  

Thirteen patients (59 %) have a variable degree of foveal hypoplasia. The 

percentage is consistent with previous studies both for CNGA3 and CNGB3 123, 124, 141. 

The mean (range, ±SD) outer nuclear thickness for all 22 subjects was 66.47μm 

(37.35-92.45μm, ±16.89). The mean (±SD) ONL thickness for: Grade II was 76.44μm 

(±11.14) and for Grade IV was 51.52μm (± 21.52). Due to the small number of subjects 

with others grades it was not meaningful further calculation by grade.  Previously 

reported normal values for ONL thickness are:  mean ± SD; 105 ± 12.2 μm, n=93 

(mean age ± SD; 29 ± 8.42) 166. The CNGB3 ACHM subjects had a significantly thinner 

ONL, in keeping with previous reports for CNGB3 ACHM 124.  (Table 3.2.2). 
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Subject 
OCT 

Grade 
Foveal 

Hypoplasia 

ONL 
Thickness 
at fovea 

(μm) 

PFD 
(cones/mm2) 

Inter 
Cell 

Distance 

Standard 
deviation  

Coefficient 
of 

Variation  

VA 
(LogMar) 

MM_0067 II YES 64.87 N/A 0.94 

MM_0114 IV YES 47.18 10226 13.26 3.07 0.23 0.82 
MM_0119 II YES 74.70 N/A 0.92 

MM_0120 II NO 84.53 N/A 0.96 

MM_0123 IV NO 90.42 18992 9.92 2.80 0.28 0.92 
MM_0116 IV YES 52.00 3652 28.02 10.14 0.36  
MM_0178 IV YES 37.35 N/A 0.84 
MM_0195 III YES 57.00 N/A 0.94 
MM_0197 V NO N/A N/A 1.16 
MM_0327 IV YES 37.35 6281 19.46 5.55 0.29 0.78 

MM_0337 I YES 72.00 25785 8.73 1.82 0.21 1.14 

MM_0347 II YES 66.84 23375 7.56 1.18 0.16 0.92 

MM_0359 IV NO 55.04 N/A 1.02 
MM_0361 II YES 68.80 21488 10.18 2.65 0.26 0.90 

MM_0362 II NO 74.70 20496 10.19 2.35 0.23 0.72 

MM_0372 I YES 85.71 N/A 0.88 

MM_0373 II NO 87.96 N/A 1.10 

MM_0374 II NO 92.45 N/A 1.52 

MM_0375 I NO 64.87 50910 5.92 1.29 0.22 0.76 

MM_0380 II NO 88.30 N/A 0.94 

MM_0391 IV YES 41.28 N/A 1.04 

MM_0400 II YES 61.22 N/A 1.36 

PFD: Peak Foveal Density, ICD: Inter-cell Distance, ONL: Outel Nuclear Thickness, ND: No Data 

 

Table 3.2.2: Retina Phenotype – OCT and AO Summary for CNGB3 
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AOSLO 

AOSLO analysis was done for the whole cohort in two centres (MCW and MEH/UCL). 

AOSLO images were interpretable in 25 subjects from the whole cohort (47%), in 

agreement with previously reported studies for AOSLO imaging of the condition 

(Langlo et al.: 54%, n=26 analysable AO from 48 subjects). Twelve of the patients 

have available bilateral analysable AO. Analysable was defined as decent quality slit-

detection imaging, covering the rod free are, so the peak cone density could be 

quantified.  In total 37 fovae were available for further analysis. Mean (range, ±SD) 

peak foveal cone density was 22,997 cones/mm2 (3,625-54,214, ± 12,566). The AO 

data for the patients analysed in MEH/UCL are presented in Table 3.2.2.  

 The mosaic appearance was also highly variable (Figure 3.2.2). Despite the 

great variation, peak density was significantly below, and did not overlap with, 

previously published values for healthy subjects (range 84,733– 247,061 cones/mm2) 

354, 355, for all the ACHM subjects. The reported values are in agreement with the 

current literature about the condition (Langlo et al; range: 7,273 to 53,554 cones/mm2 

and mean: 21,373 cones/mm2) 

 The mean Inter Cell Distance (ICD) was 11.31μm with a SD of ±1.92μm and a 

mean coefficient of variation (CV) (±SD) of 0.25 (± 0.06). Previously reported CVs for 

CNGB3-ACHM and healthy controls were mean (SD):  0.261 ± 0.066 and 0.130 ± 

0.014 respectively 124. There is statistically significantly greater variation in the ICD in 

our CNGB3-ACHM subjects compared to normal subjects and the reported variation 

is in agreement with the previously reported values for the condition. The interpretation 

is that the cone mosaic in achromats is disorganised in terms of geometry and is less 

evenly spaced. (Figure 3.2.2) 
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Figure 3.2.2:  
AOSLO imaging in CNGB3-
assosiated ACHM 
 
Split-detection AOSLO images 
depicting the foveal centre in 
three subjects with CNGB3-
ACHM. The foveal cones’ 
inner segments are visible with 
substantial variability between 
the three subjects.  
Subject MM_0116 with a 
sparse mosaic and the lowest 
peak foveal density of the 
cohort (3,625 cones/mm2).  
Subject MM_0347 with a 
continuous mosaic and a peak 
foveal density closed to the 
average for the cohort (23,375 
cones/mm2).  
Subject MM_0375 with a 
continuous mosaic and one of 
the higher peak foveal density 
recorded (50,909 cones/mm2).  
The densily packed mosaic is 
challenging for analysis. 
Scale bar = 50μm. 
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3.2.4 Discussion 

 

The cone mosaic in patients harbouring CNGB3 mutations was irregular, 

variably disrupted and with significantly lower peak foveal densities than normal in all 

the subjects examined (Figure 3.2.3). There was no clear correlation between age 

and peak foveal density or OCT grading. CNGA3-ACHM is the most genetically 

homogenous genotype of ACHM, with mutation c. 1148delC, p. (Thr383Ile fs * 13) 

identified eighty-one times in our cohort (n=81, 75.7%).  

In our cohort data are available from more than one subject for eight families 

and it will be interesting to further investigate for intra- and inter-familial variability. In 

addition for twelve patients interpretable AOSLO data are available bilaterally and it 

will be of value to further  investigate disease symmetry and discussing the sensitivity 

of different methods to determine the ‘rescue potential’ of a given macula.  

Our cohort is the largest CNGB3-ACHM study to include AOSLO imaging. The 

fact that analysable AOSLO was achieved only in 25 subjects can be attributed to 

nystagmus in the vast majority of the patients, as well as to poor optical media and 

high myopia in others. Another limitation of this study is the lack of functional 

measurements.  

 

Conclusions 

In conclusion, CNGB3-assosiated ACHM can be successfully imaged with split-

detection AOSLO and our preliminary findings are keeping with the current literature.   
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Figure 3.2.3:  Multimodal Imaging of CNGB3-associated ACHM 

(A) Infra-Red imaging; with a white box is marked the exact area imaged with AOSLO Split-detection at (C). 

The white square delineates an area of atrophy, visible also on horizontal OCT (B). The red bar on (B) 

represents the width of the white box on (A) and the exact width of AO image at (C). The line scan was taken 

in the middle of the lesion.  Despite the atrophy an “island” of remnants cone inner segments is visible on  

AO imaging (C). The peak foveal density for that subject (MM_0123) was in the centre of that island at a 

value of 18992 cones/mm2. Mean (range, ±SD) PFD for our cohort: 22,997 cones/mm2 (3,625-54,214, ± 

12,566). Subject is the second oldest in the cohort (51 years). 
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3.3 Deep Phenotyping of  

GNAT2-associated Achromatopsia  
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3.3 Deep Phenotyping of GNAT2-associated Achromatopsia 

 

3.3.1 Introduction 

GNAT2 (ACHM4, OMIM139340) autosomal recessive variants can cause both 

complete (cACHM),116, 128 and incomplete achromatopsia (iACHM).279, 432 Patients 

with GNAT2-related achromatopsia (GNAT2-ACHM) exhibit nystagmus beginning at 

birth / early infancy, photophobia, abnormal colour vision, and poor visual acuity 

(VA).111 Colour vision testing is usually abnormal, with no colour discrimination 

observed in most of patients;129, 130, 433, 434 although some patients may retain some 

colour vision.129, 432 A study suggested that the retention of colour vision may be 

related to variants that result in some functional protein product.432  

 Fundoscopy usually reveals a normal retinal appearance, though some 

patients exhibit an abnormal foveal reflex or atrophy.129 Full-field ERG testing 

typically reveals absent/markedly reduced cone function, albeit variable between 

patients, along with preserved rod function. The rod specific ERG components are 

typically normal, although the scotopic scotopic strong flash ERG a-waves may be 

mildly subnormal,129 reflecting loss of dark adapted cone system contribution. 

Spectral domain optical coherence tomography (SD-OCT) usually reveals relatively 

well-maintained foveal architecture without hypoplasia, but may exhibit a 

hyporeflective zone at the fovea.121, 123 Longitudinal OCT assessment of GNAT2-

ACHM has been reported in only four subjects, from a single pedigree, over a period 

of 2 years.121 

Adaptive optics (AO) provides the opportunity of advanced retinal imaging for 

in-depth phenotyping in inherited retinal diseases, with cellular resolution of the 

photoreceptor mosaic.30 AO corrects for the eye’s monochromatic aberrations.349, 350 
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A confocal detector enables visualization of cones based on their waveguiding 

ability.348, 352 The waveguiding ability is thought to require intact outer segments.353 

Early investigations with confocal AO scanning light ophthalmoscopy (AOSLO) 

identified increased cone spacing and decreased cone density in patients with ACHM, 

though these cones appeared as “dark spaces”.139-142 Marked variability in the cone 

mosaic has been observed across patients; among the two most common genotypes, 

CNGA3 and CNGB3.123, 125, 141 In contrast, in ATF6-ACHM and PDE6C-ACHM, few if 

any residual foveal cones were identified.122, 435 The GNAT2-ACHM genotype is 

associated with the relatively least disrupted photoreceptor mosaic.130, 139 

Simultaneous confocal and split-detection AOSLO has allowed the identification of 

cone inner segment structure in the previously described “dark spaces”.124, 143-145 

GNAT2-ACHM was only investigated with confocal AO imaging in two pedigrees to 

date.130, 139  

 CNGB3 and CNGA3 are responsible for 70%-80% of the reported ACHM cases 

and are the most well studied genotypes, with on-going gene therapy trials 

(ClinicalTrials.gov numbers: NCT03758404, NCT02935517 NCT03001310, 

NCT02599922, and NCT02610582). Three homologous mouse models of GNAT2-

ACHM have been described to date.436-438 In the Gnat2cpfl3 mouse model, gene 

supplementation was observed to improve cone-mediated ERGs and restoring visual 

acuity (optomotor behaviour).162 A recent study from Felden et al. estimated the 

prevalence of GNAT2-ACHM to be 1.7%, in a cohort of 1,116 independent ACHM 

families.439  Due to its low prevalence, a limited number of studies have focused on 

phenotyping GNAT2-ACHM, despite the advancements in the field of gene therapy.  

 As cone photoreceptors are the target for gene replacement therapies in 

ACHM, it is important to assess how the cones are affected by GNAT2 sequence 
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variants, to thereby better understand the potential for future functional rescue. In this 

study, subjects with disease-causing sequence variants in GNAT2 underwent detailed 

longitudinal phenotyping. 

  



227 
 

3.3.2 Methods 

The study was approved by the Ethics Committee of Moorfields Eye Hospital. Written 

informed consent was obtained from all subjects attending research appointments 

after explanation of the nature and possible consequences of the study. The research 

followed the tenets of the Declaration of Helsinki.  

 

Subjects 

Nine subjects (3 females, 33%) from four pedigrees, with likely disease-causing 

sequence variants in GNAT2, were identified in the genetics database of Moorfields 

Eye Hospital, London, UK. All subjects were invited for a research appointment 

including AOSLO imaging. Six subjects were recruited and attended a detailed 

research visit, and all available data of all nine subjects were used for evaluating 

disease natural history. Five of the patients were previously published (Table 3.3.1). 

 

Genetics 

All patients harbored previously reported GNAT2 variants.128, 433, 440 Two pedigrees 

harbor nonsense mutations, leading to premature termination of translation, one 

pedigree harbored a missense mutation, and one pedigree a 4-bp insertion leading to 

a frameshift.  Demographics and Genetics are summarized in Table 3.3.1.  

 

Ocular Examination 

All patients are under the care of a medical retina and ocular genetics consultant 

(MM and ARW) in a single tertiary referral center (Moorfields, Eye Hospital, London, 

UK). All available notes and clinical data are reviewed.
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Table 3.3.1: Demographics and Genetics 

Pedigree Consanguinity 
Variant 1 / Variant 2 *                                                                                                                                                                                                                                                                                        Variants Reported in Subject  Sex Research 

code 
Patient previously 

reported in 
c.DNA Protein 

GC19327 YES c.906C>A p.(Tyr302Ter) Carss et al. 2017 P1 F NA  

  
  

     

GC18824 YES c.313C>T p.(Arg105Ter) Felden et al. 2019 P2 M MM_0306  

    
 

 
P3 

 
M 

 
MM_0307 

 

  
  

 
 
 

 
 

GC65539 YES c.139A>G p.(Ser47Gly) Felden et al. 2019 P4 M MM_0208  

GC43551 YES c.843-844insAGTC  p.(His282Ser fs*11) 
 

Aligiannis et al. 2002 
  

P5 F MM_0377 Michaelides et al (VI:3) 

  

  

 

P6 M NA Michaelides et al (VI:1) 
Sundaram et al (P34) 
Aboshiha et al. (P34) 

 

 

 

  

 

P7 
 

M MM_0106 Michaelides et al (VI:2) 
Sundaram et al (P35) 
Aboshiha et al (P35) 

Hirji et al (P44) 
 

 

 

  

 

P8 F NA Michaelides et al (V:4) 
Sundaram et al (P36) 
Aboshiha et al (P36) 

 

    

  

 

P9 M MM_0194 Michaelides et al (V:1) 
Sundaram et al (P37) 
Aboshiha et al (P37) 

Hirji et al (P45) 

* All subjects have homozygous variants  
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Spectral-Domain OCT (SD-OCT) 

SD-OCT imaging was performed in both eyes, following cycloplegia and pupillary 

dilation with tropicamide 1% and phenylephrine 2.5% eye drops. Horizontal line and 

volume scans were acquired with the Spectralis device (Heidelberg Engineering, 

Heidelberg, Germany), using the same protocol as that employed by Aboshiha et al.121 

To address challenges due to nystagmus, the device was used in follow-up mode, so 

that the same scanning location was imaged at follow-up and baseline, and if this was 

not possible, the method described by Tee et al. was employed, to ensure serial 

analysis of the same subject-specific retinal location.331  The outer nuclear layer (ONL) 

thickness was calculated as the distance between the internal limiting membrane and 

the external limiting membrane, using the longitudinal reflectivity profiles on ImageJ 

as previously described by Langlo et al.124 Qualitative assessment of foveal structure 

was performed by grading SD-OCT images into one of five categories as previously 

reported by Sundaram et al.: (1) continuous ellipsoid zone (EZ), (2) EZ disruption, (3) 

EZ absence, (4) presence of a hyporeflective zone, or (5) outer retinal atrophy.123 For 

each subject, both right and left eyes were graded at baseline and follow-up visits. The 

presence/absence of foveal hypoplasia was also noted, defined as the persistence of 

one or more inner retinal layers (outer plexiform layer, inner nuclear layer, inner 

plexiform layer or ganglion cell layer) through the fovea.   

 

AOSLO Imaging of the Photoreceptor Mosaic  
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High-resolution imaging was attempted in six subjects using a previously described 

custom-built AOSLO,396 at Moorfields Eye Hospital/UCL Institute of Ophthalmology, 

London, UK. Imaging with confocal and split-detection (non-confocal) was performed.  

 Pupil dilation and cycloplegia was achieved similarly to OCT imaging. Images 

were obtained over the central retina, and in strips extending from the fovea to 10 

degrees in the temporal meridian, when time allowed. Image sequences were 

recorded as AVI files, of 150 frames, either at 1° or/and 1.5° square field of view. A 

desinusoiding algorithm was applied to each image sequence and individual frames 

were selected,397 registered407 and averaged, to increase signal-to-noise ratio, for 

subsequent analysis.  The final images were combined into a single montage (Adobe 

Photoshop, Adobe Systems Inc, San Jose, CA, USA), in layers for the different 

detection schemes using a custom built automated software.408 The scale was 

determined first in degrees per pixel in an image of a Ronchi ruling of known spacing, 

after each imaging session. Then the value was linearly scaled using the subject’s 

axial length. Axial length was measured using the Zeiss IOL Master (IOL Master, Carl 

Zeiss Meditec, Dublin, CA, USA).  

 Cone densities were used for quantitative assessment of AOSLO imaging as 

previously described.2 The foveal center was too dense in all subjects to be analyzed, 

with the location of the foveal center defined as the center of the non-analyzable area 

(crossing point of maximum height and width). Eighty-five microns square regions of 

interest (ROIs) were marked in the cone mosaic, at regular intervals from the foveal 

center in the temporal meridian. The distances measured from the center of the ROIs 

to the foveal center were: 190μm (R1), 350μm (R2), 500μm (R3), 900μm (R4), 

1500μm (R5), 2000μm (R6), and 2500μm (R7). ROIs R4-R7 were available only for 

one subject. The R1 ROIs were cropped and imported into a semi-automated custom 



231 
 

software for cone counting by a single experienced grader (MG). Automated cone 

identification was achieved by the software, finding local maxima in image brightness, 

based on previously described algorithms for R1-R3 confocal images.363, 398 The 

grader was able to remove automatically identified cones or manually add cones, and 

could adjust the brightness and contrast of the confocal image on both linear or log 

scale. For R4-R7, split-detection imaging was used for manual cone counting with the 

software due to the ambiguity between rod and cone photoreceptors present in 

confocal imaging. Bound cone density was then calculated by dividing the total number 

of bound Voronoi cells in an ROI by the total bound Voronoi area within the ROI, as 

previously described.2, 362 The aforementioned approach, with the exception of use of 

split-detection, is similar to the recently reported in the literature by Jackson et al.,2 in 

order to  compare with their normative data acquired with a similar AOSLO system.  

 

Colour Vision Testing 

 

Hardy-Rand-Rittler pseudoisochromatic plates (AO-HRR, 4th edition; Richmond 

Products, Inc., Albuquerque, NM, USA) were presented under a Daylight Illuminator 

(Richmond Products, Inc., Albuquerque, NM, USA) and scored using the 

accompanying worksheet. 

 A commercially available low vision version of the Cambridge Colour Test 

(lvvCCT) trivector version was performed using the Metropsis system (Cambridge 

Research Systems Ltd., Rochester, Kent, UK). The test stimuli were presented on a 

calibrated 32-inch monitor, with a refresh rate 120 Hz, 1920 × 1080 pixels spatial 

resolution, and up to 16-bit (per channel) colour resolution. The stimuli consisted of 

four homogeneous discs presented simultaneously on a 2-cd/m2 neutral background 

in a diamond-shaped array. Each disc subtended 4 deg, and was separated by 2.5 
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deg from the adjacent discs. The viewing distance was 150 cm. On each presentation, 

one of the discs differed in chromaticity from the remaining three, which remained of 

neutral hue. The patient was instructed to report which of the four discs was different 

in colour,441 by pressing the corresponding key on a five-key RB-540 Cedrus response 

box (Cedrus, San Pedro, CA, USA). Colour discrimination was probed along the 

Protan, Deutan and Tritan confusion axes. For each axis, the corresponding saturation 

of the colour disc would decrease or increase according to whether the patient 

answered correctly or incorrectly to the previous trial, respectively. On completion of 

the test, the lvvCCT returned the saturation threshold along each confusion axis, which 

represents the minimum saturation required to discriminate the colour disc from the 

achromatic discs. Both colour vision tests were performed monocularly. 

 

Statistical Methods 

Statistical analysis was performed with IBM SPSS Statistics for Windows (Version 

22.0. Armonk, NY: IBM Corp.).  
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3.3.3 Results 

Clinical Presentation  

All subjects presented with nystagmus, decreased VA, light sensitivity, and highly 

variable colour vision loss. The fundus appearance was unchanged over time with 

abnormal foveal reflex, but without any evidence of frank atrophy or pigmentation. Only 

in one patient (P6), subtle foveal changes were observed, without evidence of 

progression. Fundoscopy findings were documented in six patients with colour fundus 

photography (Figure 3.3.1). 

 Colour vision testing was reported in detail by Michaelides et al. for subjects 

P6-P9, with evidence of some residual colour discrimination in three of the four (P6, 

P8 and P9).129 P1, P2 and P3 showed no residual colour discrimination on testing with 

Hardy-Rand-Rittler pseudoisochromatic plates (AO-HRR, 4th edition; Richmond 

Products, Inc., Albuquerque, NM, USA). Interestingly, patient P4 was able to name 

colours and correctly identified all the pseudoisochromatic plates. On further testing 

with lvvCCT trivector version;441, 442 colour discrimination was probed along the protan, 

deutan and tritan confusion axes, with nearly normal saturation thresholds, thereby 

suggesting no colour deficit. 

 Longitudinal VA data was available for all patients (mean age at baseline 

(range): 26.3 (6.4 - 48.9) years old, and mean follow-up (range): 7.6 years (1.7-12.8 

years). Patient P4, with normal colour discrimination, also had the best VA in the 

cohort; 0.60 LogMAR at baseline and stable at 0.61 LogMAR after eight years of 

follow-up. Mean VA (±SD) for both eyes at baseline was 1.01 LogMAR (±0.05), ranging 

from 0.90 LogMAR to 1.10 LogMAR; and at follow-up it was 1.04 LogMAR (±0.10), 

ranging from 0.90 LogMAR to 1.36 LogMAR for the rest of the subjects. P5 has all  
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 Figure 3.3.1: Colour Fundus 

Photographs  

Colour fundus photographs of both 

eyes of six patients. Abnormal foveal 

reflex, but without any evidence of 

frank atrophy or pigmentation is 

observed in all patients.  

Only patient P6 shows subtle foveal 

changes.  

Patient P4 with normal colour vision 

has a similar appearance as the rest of 

the patients.   
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assessments and analyses done monocularly due to congenital cataract and 

amblyopia in the right eye, complicated later in life with subretinal exudates similar to 

Coats’ disease, leading to exudative retinal detachment, and hand movement vision. 

For the rest of the cohort, best-corrected VA was similar between eyes both at baseline 

(p=0.921, t=0.103, df=7) and follow-up (p=0.608, t=0.537, df=7). VA was stable over 

time (p=0.399, t=0.899, df=7), over a mean follow-up of 7.5 years (range: 1.7-12.8). 

All patients reported stable vision, with no new visual complaints over time. The 

spherical equivalent varies greatly among subjects from -10.0 D to +5.75 D.  

 

 Retinal Morphology: SD-OCT 

 Mean age ± SD at baseline OCT was 28.6 ± 15.4 years, mean follow-up time 

(range) was 4.9 years (1.7-10.5 years). Eight patients had a continuous EZ (Grade I,  

 1) and one patient (P6) had a hyporeflective zone at the fovea (Grade 4, Figure 3.3.4). 

Mean ONL thickness (range, ± SD) was 84.72 μm (28.57-113.33, ± 25.46 μm) and 

86.47 μm (28.57-113.33, ± 24.65 μm) for right and left eyes respectively. The ONL 

thickness was similar between eyes (p=0.903, t=0.126, dif=8, Figure 3.3.2A). The 

mean baseline ONL thickness for right eyes did not correlate with subject age  

(p=0.744, r=-0.127, Pearson correlation, Figure 3.3.2B). 

 At follow-up visits, mean ONL thickness (range, ± SD) was 85.99 μm (28.57-

113.33, ± 25.46 μm) and 86.67 μm (28.57-123.08, ± 26.15 μm) for right and left eyes 

respectively. No change was observed throughout follow-up, without any evidence of 

progression in any of the patients (Figures 3.3.2 and 3.3.4). ONL thickness (mean 

±SD) of 105 ± 12.2 μm (mean age ± SD; 29 ± 8 years) has previously been reported 

in unaffected controls (n=93).166 There is overlap between this normative data and our  
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Figure 3.3.2: Spectral Domain Optical Coherence Tomography (SD-OCT) in cases with 

continuous Ellipsoid Zone (EZ). 

Longitudinal transfoveal OCT line scans for both eyes are presented for patients P1-P2-P3-P4-P7-

P9. Patient P5 has imaging data only for the left eye. For the young siblings, P2 and P3, vertical 

scans are presented; since horizontal transfoveal scans could not be obtained due to strong 

nystagmus. For the rest of the patients, scans are horizontally orientated to the fovea.  No evidence 

of progression was present in any of the patients. EZ appears continuous and thickened with 

increased reflectivity. A transfoveal OCT scan of a healthy subject is provided for comparison. R: 

right eye, L: left eye, yo: years old, y: years 
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Figure 3.3.3: Quantitative imaging analysis graphs. 

(A) High interocular agreement was observed between the outer nuclear layer (ONL) 

thicknesses between eyes. (B) The ONL thickness is not correlated with age. ONL thickness 

for the left eyes are presented, since the left eye was only available for patient P5. The blue 

score on (A) and (B) represents P6; the only patient in the cohort with disrupted foveal ellipsoid 

zone. Previously reported mean (± standard deviation) foveal ONL thickness for subjects with 

CNGB3- and CNGA3- achromatopsia was 79.2 ± 18.7 μm and 112.1 ± 13.9 μm for healthy 

controls.47 (C) Mean (±SD) cone densities per eccentricity for GNAT2 patients of our cohort and 

healthy controls reported by Jackson et al.2 Cone densities were lower on average for GNAT2 

subjects compared to healthy controls in all three parafoveal eccentricities (190μm, 350μm, 

500μm), but a small overlap was observed. (D) Cone densities per eccentricity of all individuals 

and mean of healthy controls. Patient P4, with the best visual acuity and normal colour vision, 

had the lowest cone densities at all eccentricities. Patient P2, the youngest patient in the cohort, 

had cone densities similar to the average cone densities for healthy controls. Patients P7 and 

P9, the oldest in the cohort, showed lower cone densities.  

ONL; outer nuclear layer, ACHM; achromatopsia 
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Figure 3.3.4: Spectral Domain Optical Coherence Tomography (SD-OCT) and 

Fundus Autofluorescence (FAF) Imaging in the patient with foveal photoreceptor 

disruption.  

FAF and corresponding transfoveal horizontal OCT scans of both eyes at baseline (A) 

and 2 years follow-up (B). Focal foveal mottling with increased/decreased 

autofluorescence signal is observed without evidence of progression. White arrow 

heads mark the border of the OCT line scan presented below each corresponding FAF 

image; with prominent foveal thinning and foveal disruption of the ellipsoid zone (EZ) 

in both eyes. Beyond the foveal center, the EZ was thickened and hyperreflective, in 

keeping with the rest of the cohort, and without any progression between visits.  

yo: years old, y: years 
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cohort, both at baseline and follow-up. For CNGA3- and CNGB3-ACHM ONL 

thickness (mean ±SD) of 79.2 ± 18.7 μm (mean age ± SD; 24 ± 14 years) has 

previously been reported.409 Of note, P6 has significant ONL thinning compared to the 

rest of the cohort (Figures 3.3.3 A-B and 3.3.4), and outside of the limits of the 

normative data. No foveal hypoplasia was observed in any of the patients (Figures 

3.3.2 and 3.3.4). OCT and additional FAF findings are summarized in Table 3.3.2 and 

Figure 3.3.4. 

 

Table 3.3.2: OCT and FAF Findings 

 

 

  

Subject 
ID 

OCT FAF 

Age at  
Baseline  

(y) 
Follow-up†  

(y) Hypoplasia 
OCT  

Grade  

Age at 
Baseline  

(y) 
Follow-up† 

(y) 
FAF 

Appearance 

P1 18.4 6.6 No 1 18.4 6.6 Normal 

P2 6.4 1.7 No 1 8.1 NA Normal 

P3 8.8 1.7 No 1 10.5 NA Normal 

P4 22.0 8.1 No 1 22.0 8.1 Normal 

P5* 29.9 5.5 No 1 29.9 5.5 Normal 

P6 31.5 NA No 4 29.5 2.0 
Central 
Mottling  

P7 43.8 6.6 No 1 43.8 6.6 Normal 

P8 51.6 1.8 No 1 51.6 NA Normal 

P9 52.8 6.6 No 1 48.9 10.5 Normal 

        

*All findings refer to both right and left eye, with the exception of P5, due to congenital cataract and complications in the right 
eye unrelated to GNAT2. 
† Both OCT and FAF findings were the same for baseline and follow-up visits 
NA, not available 
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Photoreceptor Mosaic Assessed with AOSLO Imaging  

Six subjects underwent AOSLO imaging (P2-P5, P7 and P9). Axial length was 

measured for those subjects and was used to scale the final photoreceptor mosaic. 

Mean axial length for right and left eyes (±SD, range) was 24.18 (±2.54, 21.64-29.23) 

mm and 24.15 (±2.55, 21.70-29.27) mm respectively. Mean age (±SD, range) for the 

GNAT2 subjects with analyzable AO was 35 (±17, 8-59) years and for the previously 

reported healthy controls was 28 (±11, 18-54) years.2 Patient P4 (normal colour vision) 

and P5-P7-P9 were successfully imaged, and the photoreceptor mosaic was available 

for quantitative analysis (Figure 3.3.6). Siblings P2-P3 were the most challenging to 

image due to their young age (8.1 and 10.5 yo), and strong nystagmus, not only for 

AOSLO, but also for OCT, albeit to a lesser extent for the latter. Analyzable high quality 

images were achieved only from sibling P2; however, the exact location of those 

images was difficult to identify since the final montage was not centered on the fovea, 

Figure 3.3.5: Fundus Autofluorescence (FAF) Imaging in GNAT2 patients with 

normal pattern. 

Longitudinal FAF imaging for both eyes are presented for patients P1-P4-P7-P9. No 

evidence of progression was present in any of the five patients. For the young siblings P2 

and P3, due to photoaversion, FAF was achieved only at one visit, and despite the low 

signal to noise ratio, appear to have a normal pattern. Short-wavelength FAF imaging 

was performed using the AF mode (excitation light, 488 nm; barrier filter, 500 nm) on the 

Spectralis device (Heidelberg Engineering, Heidelberg, Germany), following pupillary 

dilation and after SD-OCT image acquisition. The earliest and the latest available FAF 

imaging for each eye was used as baseline and follow-up, respectively.  

The field of view was 30°, except the follow-up visit for P9, which was 20°, and the patient 

P2-P3 which was 55°. 

R: right eye, L: left eye, yo: years old, y: years 
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and due to a lack of major anatomical landmarks (eg. blood vessels) that could allow 

alignment with other imaging modalities. We tried to analyze ROIs maintaining the 

same distances as the rest of the cohort measuring from the center of the denser area 

of the mosaic. Cone densities at the ROIs for P2 were the highest in the cohort and 

match those from unaffected individuals for a given eccentricity (Figures 3.3.3D and 

3.3.6C-I). Analyzable ROIs for 190 μm (R1), 350 μm (R2) and 500 μm (R3) away from 

the fovea were available for all five patients (Figure 3.3.6). For subject P4, data out to 

2500 μm temporal to the foveal center were available (Figure 3.3.6A). Cone densities 

for all ROIs and mean cone densities per eccentricity are presented in Table 3.3.3 and 

plotted in Figure 3.3.3 C-D.
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Table 3.3.3: Cone Density Measurements 

 

R: right eye, L: left eye, NA: not available, LogMAR: logarithm of the minimum angle of resolution 
 
* All patient have normal fundus autofluorescence appearance ans incta ellipsoid zone on OCT  
‡ Regions of Interest (R1 to R7; Distance from Foveal Center) 
† Jackson K, Vergilio GK, Cooper RF, et al. A 2-Year Longitudinal Study of Normal Cone Photoreceptor Density. Invest Ophthalmol Vis Sci 
2019;60(5):1420 

 

Patient* 

 
Age 

(years) 
Eye 

Spherical 
Equivalent 
(Diopters) 

Visual 
Acuity 

(LogMAR) 

Cone Density ( x 103 cones/mm2) 

Sex R1‡ R2 R3 R4 R5 R6 R7 

 (190  μm) (350 μm) (500 μm) (900 μm) (1500 μm) (2000 μm) (2500 μm) 

P2 M 8.1 R +5.75 1.02 88.4 60.3 44.0 NA NA NA NA 

P4 M 29.1 R -10.0 0.60 19.6 17.8 14.8 13.2 11.1 10.4 6.5 

P5 F 34.3 L -0.50 0.90 61.1 42.4 31.7 NA NA NA NA 

P7 M 46.8 R -1.0 1.04 27.6 26.2 26.2 NA NA NA NA 

P9 M 58.8 R -1.0 1.20 45.2 42.1 36.8 NA NA NA NA 

 
Mean for the cohort (±SD) 

  48.4 
(±24.6) 

37.8 
(±14.7) 

30.7 
(±9.9) 

NA NA NA NA 

 Normative Data†  
(±SD) 

  87.3 
(±17.6) 

62.2 
(±11.2) 

45.5 (±6.0) 28.7 (±6.0) 
18.2  

(±4.2) 
NA NA 
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Figure 3.3.6: Adaptive Optics Scanning Light Ophthalmoscopy (AOSLO) 

Imaging in GNAT2-ACHM.  

 

The white cross marks the foveal center and the orange line the temporal meridian. The regions of 

interest (ROIs) are marked with faint orange 85μm squares. (A) Patient P4, has extensive imaging data 

up to 2500μm (R7) temporally to the foveal center. First row: Confocal AOSLO image with marked ROIs 

shown in the third row in greater magnification. Second row: co-localized split-detection image, with 

marked ROIs shown on the fourth row. For R1-R3, cone counting was done using confocal detection. 

For R4-R7, split-detection was more informative of the cone mosaic due to interference of rods on 

confocal imaging. (B) Foveal photoreceptor mosaic of the left eye of Patient P5. Top: confocal AOSLO 

image with ROIs presented in higher magnification on the third row. Second row: split-detection image 

with ROIs presented on the fourth row. The mosaic was regularly organised and cone densities were at 

the lower limit of the normal range.  (C) Regions of interest for patients P2, P7 and P9 (R1: 190μm, R2: 

350μm, R3: 500μm). C-I Patient P2 is the youngest patient of the cohort and had cone densities similar 

to the average cone densities in unaffected individuals. Due to the high density, split-detection imaging 

was not informative at those locations, hence is not shown.  C-II & III Patients P7 and P9 are the oldest 

in the cohort and have asparser mosaic. Scale bars = 50 μm 
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3.3.4 Discussion 

In this study we assessed photoreceptor structure in a series of patients with the ultra-

rare form of GNAT2-associated ACHM, including cross-sectional and longitudinal 

analyses of structural and functional features. The findings indicate that GNAT2-

retinopathy has distinct features that differ from other forms of ACHM, with a  

dissociation between the observed photoreceptor mosaic and function, relevant to 

potential future therapeutic gene supplementation interventions. 

 Foveal hypoplasia is a common feature in ACHM cohorts: all reported subjects 

with ATF6-ACHM,435  and two third of the reported CNGA3- and CNGB3- ACHM 

subjects, have foveal hypoplasia.123-125 In our cohort of GNAT2-ACHM, no case of 

foveal hypoplasia was observed, a finding similar to PDE6C-ACHM.122 GNAT2 

encodes guanine nucleotide-binding protein G(t) subunit alpha-2, which is part of the 

transducin complex, a G-protein participating in the visual cycle.1, 154 The α-subunit is 

released from βγ subunits after the interaction with light activated photopigment in 

cone cells and the exchange of GDP for GTP. The released α-subunit activates the 

cGMP phosphodiesterase (PDE6C), which lowers the cGMP and hyperpolarizes 

photoreceptors.443 Interestingly, despite both molecules being involved in a sequential 

path in the phototransduction cascade and both causing ACHM, PDE6C-ACHM 

presents with far more severe structural defects than GNAT2-ACHM.122 Structural 

integrity of the EZ on OCT was evident in all GNAT2 subjects (Figure 3.3.2), with the 

exception of subject P6 (Figure 3.3.4) - representing an example of the structural 

intrafamilial variability  common place in inherited retinal diseases.1 The other four 

affected individuals from the same pedigree showed a continuous EZ, with three of 

the subjects being older. Functional intrafamilial variability has also been reported in 

the same pedigree.129 Similar structural intrafamilial variability has also been reported 
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in pedigrees of CNGA3-ACHM.125 Due to the recessive inheritance and the rarity of 

ACHM, data for intrafamilial variability are limited. The above finding of loss of foveal 

EZ in P6, combined with the stable imaging findings over follow-up (Figure 3.3.4), 

supports the notion that major EZ loss is an event during early childhood,444 rather 

than a progressive phenomenon later in life.131 In the on-going debate about the 

stationary or progressive nature of ACHM, different genotypes should be studied 

individually. PDE6C-ACHM was recently reported as a slowly progressive 

maculopathy.122 ACHM studies with different proportions of GNAT2 and PDE6C 

patients have shown conflicting results.131, 445 Thiadens et al., in a cohort with five 

PDE6C patients (20%) and no GNAT2, concluded that ACHM was often a progressive 

disease.445 Hirji et al., in a cohort with one PDE6C subject (2%) and two GNAT2 

subjects (4%), concluded that ACHM was predominantly stationary.131 

 In the current study we extend the phenotypic spectrum of GNAT2-retinopathy.   

P4 had colour vision, the best acuity among this cohort (albeit decreased) and the 

thickest foveal ONL, despite low parafoveal cone densities. The milder phenotype can 

be attributed to the homozygous missense variant, which may translates into a protein 

product with residual function, in contrast to the rest of the cohort harboring null 

variants (Table 3.3.1). Felden et al in their genotyping study reported a patient 

(CHRO768-II:1) with the same homozygous variant, without however any colour vision 

or ERG data available.433 Interestingly, this patient had undetectable standard light-

adapted (LA30Hz; LA3) ERGs, when tested with International-standard full-field 

ERGs,446 and undetectable pattern ERG.447 The recording to short wavelength flashes 

on an amber background (S-cone ERG; stimulus duration 5ms),335 was simplified and 

subnormal bilaterally (Appendix 3). The observed colour vision in our patient was 

better than previously reported residual colour vision in GNAT2,130, 432, 433 including the 
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previously reported pedigree included in our study.129 Despite the milder phenotype 

observed in P4, cone densities at all ROIs were the lowest in the cohort (Figure 

3.3.3D), that might suggest a different disease mechanism than the rest of the 

subjects, with cones with residual function but decreased in number.  

 There was an overlap between the range of cone densities in our cohort and 

healthy controls, in all three locations near the fovea (R1-R3);2 with greater variability 

observed in GNAT2 subjects (Figure 3.3.3C, Table 3.3.2). The youngest patient of 

the cohort had the best-preserved mosaic and the highest densities (Figure 3.3.6 C-

I). Whilst with increasing age, there was a trend for lower densities. In all subjects, EZ 

was continuous on OCT (Figure 3.3.2). The focal disruptions or increased spacing of 

the mosaic, leading to lower cone densities, were easier to identify with AOSLO 

compared to OCT (Figure 3.3.2). Peak cone density could not be estimated in any of 

the GNAT2 subjects due to the unresolvable, densely packed mosaic at the foveal 

center. In contrast, in CNGA3- and CNGB3-ACHM, peak cone density is severely 

reduced, with mean densities lower than the reported values for R1 (190 μm away 

from the fovea) in our cohort.124, 125 Scotoma on mesopic microperimetry was reported 

in all examined GNAT2 patients (4/4), while only in one of 33 subjects examined with 

CNGA3- and CNGB3-ACHM.123  In addition, BCVA, contrast sensitivity, reading 

acuity, and mean sensitivity were lower in the GNAT2, compared with the CNGA3 or 

CNGB3 groups.123 The structure and reflectivity of the photoreceptor mosaic is better 

preserved in GNAT2-ACHM patients compared to other ACHM genotypes.139 In 

contrast to this disconnect, recent studies have shown cone spacing evaluated with 

AOSLO may correlate with functional assessments in patients with other inherited 

retinal degenerations, albeit with functioning photoreceptors.448, 449 This emphasizes 

the potential efficacy of gene replacement therapeutic intervention in GNAT2 subjects.  
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Limitations 

AOSLO insights into disease progression are of great value, including identification of 

the optimal therapeutic window and participant stratification. In the current study, 

GNAT2 subjects had cross-sectional AOSLO assessment. Longitudinal studies will be 

in a better position to evaluate evidence of progression. In addition, the functional and 

anatomical dissociation may be further investigated with scotopic testing using 

chromatic ERG full-field stimulus threshold, cone and rod specific microperimetry 

assessment protocols, and the evolving AO-guided retinal sensitivity assessments 

(‘nanoperimetry’).388-390  

 

Conclusions 

This is the first in-depth analysis and longitudinal study of photoreceptor structure in 

GNAT2-associated ACHM. The data presented herein describe a potentially greater 

therapeutic window, compared to all other forms of ACHM reported to date (CNGA3, 

CNGB3, PDE6C, and ATF6). AOSLO imaging allows for a more sensitive assessment 

of the photoreceptor mosaic than OCT, despite the lower successful acquisition rate. 

Any age-dependent changes are subtle, with relative preservation of the cone mosaic 

observed until late adulthood.   
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3.4 Deep Phenotyping of PDE6C-associated Achromatopsia 

 

3.4.1 Introduction 

 

Achromatopsia (ACHM) is an autosomal recessive condition and clinically presents 

from birth or early infancy, with poor visual acuity, pendular nystagmus, photophobia 

and reduced or absent colour vision loss along all three axes.107, 110 Disease-causing 

sequence variants have been reported in CNGA3  (ACHM2, OMIM600053),146, 147 

CNGB3 (ACHM3, OMIM605080),148 GNAT2 (ACHM4, OMIM139340),116, 128 ATF6 

(ACHM7, OMIM616517),126 PDE6H149 (ACHM6,OMIMI610024) and PDE6C450  

(ACHM5, OMIM600827). CNGB3 and CNGA3 are responsible for 70% of the reported 

cases and are the most well studied genotypes, with on-going gene therapy trials 

(ClinicalTrials.gov numbers: NCT03758404, NCT02935517 NCT03001310, 

NCT02599922, and NCT02610582).  A recent study by Weisschut et al. estimated the 

prevalence of the PDE6C genotype to be 2.4% in a cohort of 1,074 independent ACHM 

families.439  Due to its low prevalence, a limited number of studies have focused on 

PDE6C-ACHM. In this study, subjects with disease-causing sequence variants in 

PDE6C underwent detailed phenotyping.  

 The PDE6C gene encodes the catalytic alpha subunit of the cone photoreceptor 

phosphodiesterase, a key regulatory component in cone phototransduction. A 

homologous mouse model for PDE6C-associated ACHM is the spontaneous mouse 

mutant cpfl1, featuring a lack of cone function and rapid, early cone photoreceptor 

degeneration.450 In humans, PDE6C variants have been reported to cause both 

complete and incomplete ACHM, cone dystrophy (COD), and cone-rod dystrophy 

(CORD) in cross-sectional studies.117, 439, 451 Few subjects have been studied 
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longitudinally either as case reports452 or as part of large genetically heterogeneous 

cohorts of ACHM/COD/CORD.121, 131, 445  No longitudinal study investigating the 

natural history of PDE6C retinopathy has been published to date. 

 As cone photoreceptors are the target for gene replacement therapies in other 

forms of ACHM, it is important to assess how the cones are affected by PDE6C 

sequence variants, to thereby better understand the potential for future functional 

rescue. A variety of non-invasive imaging tools are available for examining retinal 

structure, and they have been applied extensively to the more common forms of 

ACHM.134-136 Optical coherence tomography (OCT) provides visualization of retinal 

lamination, enabling measurements of the integrity of the EZ and individual layer 

thickness. In the cone dysfunction syndromes of particular interest are the hyper-

reflective (EZ, and interdigitation zone, IZ) and hyporeflective (outer nuclear layer, 

ONL) bands associated with photoreceptors.453, 454 In patients with CNGA3- or 

CNGB3-ACHM, the EZ band is disrupted or absent in about 70% of cases.134, 136 The 

thickness of the ONL is also significantly reduced in CNGA3- and CNGB3-ACHM, 

although there is substantial variability between subjects.125, 134 No study to date has 

longitudinally investigated OCT structure in a cohort of PDE6C-ACHM. 

Confocal and non-confocal adaptive optics scanning light ophthalmoscopy 

(AOSLO), has been employed for in-depth phenotyping in inherited retinal diseases.30 

AOSLO allows for non-invasive, cellular-resolution imaging of the rod and cone 

photoreceptor mosaic.347-349 In patients with CNGA3 or CNGB3-ACHM, there is an 

absence of normally-waveguiding cone photoreceptors in confocal AOSLO 

(presenting as "dark spaces"),134, 135 although the rod photoreceptor mosaic appears 

normal (Patterson E, et al. IOVS 2018;59:ARVO E-Abstract 652). Using a non-

confocal AOSLO technique, remnant inner segment structure has been observed in 
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these patients that spatially coincided with the non-waveguiding cones seen in the 

confocal image.134, 455 Non-confocal AOSLO has thereby allowed the identification of 

cone inner segment structure in these spaces.144, 145 This identification of cellular 

targets has underpinned the design and participant selection for planned and on-going 

gene therapy trials of CNGA3 and CNGB3-ACHM. Despite the characterisation of 

CNGA3-, CNGB3-, and the rare ATF6- and GNAT2-ACHM, there are no reports of 

AOSLO data from patients with PDE6C-ACHM. The current study aims to examine 

the foveal cone mosaic, possible perifoveal rod involvement, and variation between 

patients using AOSLO. 

 In addition to the limited structural characterisation of PDE6C-ACHM, 

investigations of the functional phenotype have also been limited. Comprehensive 

data are lacking on electroretinography (ERG), colour vision and natural history. This 

study details these phenotypic characteristics and examines the potential for functional 

rescue compared with other forms of ACHM. 
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3.4.2 Methods 

 

The study was approved by the Ethics Committees of Moorfields Eye Hospital. Written 

informed consent was obtained from all subjects attending the research appointment 

after explanation of the nature and possible consequences of the study. The research 

followed the tenets of the Declaration of Helsinki.  

 

Subjects 

Eight subjects from eight independent pedigrees with likely disease-causing sequence 

variants in PDE6C were identified in the genetics database of Moorfields Eye Hospital, 

London, UK. All subjects were invited for a research appointment including AOSLO 

imaging. One subject could not attend due to unrelated healthcare problems and 

another was based abroad. Six of the subjects were recruited and attended a detailed 

research visit, and the available data of all eight subjects were used for evaluating the 

natural history of the condition.  

 

Genetics 

All eight patients were screened for 176 genes associated with retinal dystrophy by 

next generation sequencing (NGS); PDE6C variants were confirmed by Sanger 

sequencing (OMIM*600827) in the Manchester Centre for Genomics Medicine, 

Manchester, UK. 

 

Spectral-Domain OCT (SD-OCT) 
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SD-OCT imaging was performed on both eyes, following cycloplegia and pupillary 

dilation with tropicamide 1% and phenylephrine 2.5% eye drops. Horizontal line and 

volume scans were acquired with the Spectralis device (Heidelberg Engineering, 

Heidelberg, Germany), using the same protocol as that employed by Aboshiha et al.121 

In addition the device was used in follow-up mode, so that the same scanning location 

was imaged at follow-up and baseline. To address difficulties caused by nystagmus, 

the methods described by Tee et al. were employed, to ensure serial analysis of the 

same subject-specific retinal location.331  The foveal center is identified on the baseline 

transfoveal OCT image and the corresponding point is marked on the accompanying 

baseline NIR-R fundus image. The baseline NIR-R overlay is copied and pasted on 

the final NIR-R fundus image as per vendor software, after aligning them. The vertical 

OCT marker position on the final image is then adjusted to correspond to that shown 

on the final NIR-R image, so the line scan over the exact same location is identified. 

 The extent of the central EZ disruption was measured after marking the nasal 

and temporal boundaries of the EZ lesion using digital callipers  (Heidelberg Eye 

Explorer; Heidelberg Engineering, Heidelberg, Germany), and a 1-μm:1-μm display 

with maximum magnification. All OCT measurements were performed by the same 

examiner (MG). The transverse scale of each image was calculated using the axial 

length of the corresponding eye when available. This was measured using the Zeiss 

IOL Master for the six subjects who attended a research appointment (IOL Master, 

Carl Zeiss Meditec, Dublin, CA, USA). The same axial length measured on the last 

follow-up was used also to correct the baseline scans (all subjects were adults at 

baseline imaging and axial length was therefore assumed to be constant). The outer 

nuclear layer (ONL) thickness was calculated as the distance between the internal 

limiting membrane and the external limiting membrane, also using the digital callipers.  
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  Qualitative assessment of foveal structure was performed by grading SD-OCT 

images into one of five categories as previously reported by Sundaram et al.: (1) 

continuous EZ, (2) EZ disruption, (3) EZ absence, (4) presence of a hyporeflective 

zone (HRZ), or (5) outer retinal atrophy.435 For each subject, both right and left eyes 

were graded at baseline and follow-up. Consensus grading was established by three 

independent observers (NH, MG and MM). The presence/absence of foveal 

hypoplasia was also noted, defined as the persistence of one or more inner retinal 

layers (outer plexiform layer, inner nuclear layer, inner plexiform layer or ganglion cell 

layer) through the fovea. Prevalence of foveal hypoplasia is compared with the 

reported prevalence in the literature. 

 

Fundus Autofluorescence (FAF) 

The earliest and the latest available FAF imaging for each eye was used as baseline 

and follow-up respectively. FAF imaging was performed using the AF mode on the 

Spectralis device (Heidelberg Engineering, Heidelberg, Germany), following pupillary 

dilation and after SD-OCT image acquisition. In subjects displaying a well-demarcated 

region of reduced autofluorescence, the area was measured by tracing the 

circumference of the hypo-autofluorescent central region   with a mouse-driven cursor, 

and recording the area within, as calculated by image analysis software (Heidelberg 

Eye Explorer; Heidelberg Engineering, Heidelberg, Germany). The ring area of 

increased signal was calculated by subtracting from the area delineated by the outer 

border of the hyperautofluorescent ring, the aforementioned central area of reduced 

autofluorescence. All FAF measurements were made by a single observer (MG). All 
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FAF images were examined for the pattern of autofluorescence and the presence of 

a hyperautofluorescent ring.   

 

Electroretinography  

Six patients (age range; 20-42 years) had undergone International standard full-field 

ERG and pattern ERG testing,446, 447 and 5 had additional short-wavelength flash (S-

cone) ERG testing (stimulus duration 5ms),335at Moorfields Eye Hospital. All available 

ERG data were reviewed by a consultant electrophysiologist (AGR). 

 

Colour Vision Tests 

Patients underwent testing with Hardy-Rand-Rittler pseudoisochromatic plates (AO-

HRR, 4th edition; Richmond Products, Inc., Albuquerque, NM, USA). AO-HRR plates 

were presented under a Daylight Illuminator (Richmond Products, Inc., Albuquerque, 

NM, USA) and scored using the accompanying worksheet. 

 A commercially available low vision version of the Cambridge Colour Test 

(lvvCCT) trivector version was performed using the Metropsis system (Cambridge 

Research Systems Ltd., Rochester, Kent, UK). The test stimuli were presented on a 

calibrated 32-inch monitor, with a refresh rate 120 Hz, 1920 × 1080 pixels spatial 

resolution, and up to 16-bit (per channel) colour resolution. The stimuli consisted of 

four homogeneous discs presented simultaneously on a 2-cd/m2 neutral background 

in a diamond-shaped array. Each disc subtended 4 deg, and was separated by 2.5 

deg from the adjacent discs. The viewing distance was 150 cm. On each presentation, 

one of the discs differed in chromaticity from the remaining three, which remained of 
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neutral hue. The patient was instructed to report which of the four discs was different 

in colour,441 by pressing the corresponding key on a five-key RB-540 Cedrus response 

box (Cedrus, San Pedro, CA, USA). Colour discrimination was probed along the 

Protan, Deutan and Tritan confusion axes. For each axis, the corresponding saturation 

of the colour disc would decrease or increase according to whether the patient 

answered correctly or incorrectly to the previous trial, respectively. More information 

on the adaptive procedure used by the lvvCCT is described in Simunovic et al. 441 On 

completion of the test, the lvvCCT returned the saturation threshold along each 

confusion axis, which represents the minimum saturation required to discriminate the 

colour disc from the achromatic discs. Both colour vision tests were performed 

monocularly. 

 

AOSLO Imaging of the Photoreceptor Mosaic 

High-resolution imaging was attempted in six subjects using a previously described 

custom-built AOSLO,396 at Moorfields Eye Hospital/UCL Institute of Ophthalmology, 

London, UK. Imaging with confocal, split-detection (non-confocal), and dark-field was 

performed.  

 

Image Acquisition and Scaling 

Pupil dilation and cycloplegia was achieved as described for OCT. Images were 

obtained over the central retina and in strips extending from the fovea to 10 degrees 

in the temporal and superior directions. Image sequences were recorded as AVI files, 

of 150 frames, either at 1° or/and 1.5° square field of view. A desinusoiding algorithm 

was applied to each image sequence and individual frames were selected,397 
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registered407 and averaged, to increase signal-to-noise ratio, for subsequent analysis.  

The final images were combined into a single montage (Adobe Photoshop, Adobe 

Systems, Inc, San Jose, CA, USA), in layers for the different detection schemes using 

a custom built automated software.408 The scale was determined first in degrees per 

pixel in an image of a Ronchi ruling of known spacing, after each imaging session. 

Then the value was linearly scaled using the subject’s axial length. Peak cone density 

was used for quantitative assessment of AOSLO imaging as previously described,125 

and the mosaics were also qualitatively characterised.  

 

Statistical Methods 

Statistical analysis was performed with IBM SPSS Statistics for Windows (Version 

22.0. Armonk, NY: IBM Corp.).  

  



260 
 

3.4.3 Results  

 

Demographics and Genetics 

Eight subjects were ascertained, of which seven were female. All subjects were 

unrelated and represent independent pedigrees. Five of the subjects had homozygous 

variants and were from consanguineous pedigrees. Ten different variants were 

identified, with only one splicing defect (c.864+1G>A) being identified in two pedigrees 

(homozygous and compound heterozygous). Of the ten variants, two were nonsense, 

six missense, and two were insertions leading to splicing defects. The Combined 

Annotation Dependent Depletion (CADD) score is above 20 for all variants, indicative 

of pathogenicity (Appendix 4).456 Three variants, (p.(Glu109Val), p.(Leu298His) and 

p.(Gly835Ter)), are novel, not found in gnomAD exomes/genomes despite good 

coverage and not reported in Clinvar. To the best of our knowledge, only one of the 

variants has been previously subject to a published phenotype study 

(p.(Arg102Trp)).123, 439 No other homozygous or heterozygous variants likely to modify 

or influence the retinal phenotype were identified, and none were found in any other 

genes associated with ACHM. The age of baseline examination was not the same for 

all tests and follow-up periods varied (baseline data was obtained retrospectively). For 

each test the mean age, age range and follow-up time is reported individually.  

Demographics and genetics are summarised in Table 3.4.1. 

 

Clinical Presentation 

All subjects presented with early-onset fine nystagmus, decreased VA, light sensitivity, 

and severe colour vision loss. None of the patients could recall any colour 
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Table 3.4.1: Demographics, Genetics and Phenotyping Data 

 Sex Pedigree 
Ethnic 
Group 

Variant 1 / Variant 2  
(cDNA, Protein) 

Eye 
Axial 

Length  
(mm) 

Spherical 
Equivalent 

Optical Coherence Tomography Fundus Autofluorescence  

Age 
BL 
(y) 

FU 
Time 

(y)  

EZ 
Grade‡ 

EZW 
loss BL 
(μm) 

EZW 
Rate of 

Loss 
(μm/y) 

Age BL 
(y) 

FU 
Time 

(y) 

Rate of 
Increase 
in DAF 

(mm2/y) 

Rate of 
Ring 

Increase 
(mm2/y) 

Evidence of 
Progression 

P1 F GC23489 Nepali c.864+1G>A, Slicing Defect / R NA -3.75 26 NA 3 1058 NA NA NA NA NA NA 

   c.311G>A, p.Arg104Gln L NA -3.75   NA NA NA   NA NA  

P2 F GC17774† Pakistani c.864+1G>A, Slicing Defect / R 22.86 +2.25 22 8.1 4 671 4 25 4.2 0.03 0.01 NO 

   c.864+1G>A, Slicing Defect L 22.95 +2.25   5 612 9   0.02 0.01  

P3 F GC18349† Pakistani c.631G>T, p.Glu211Ter/ R 22.50 -0.50 29 7.3 5 2053 102 27 5.9 0.19 0.10 YES 

   c.631G>T, p.Glu211Ter L 22.56 -0.50   5 1866 107   0.15 0.10  

P4 F GC23440 British 

White 

c.893T>A, p.Leu298His / R 26.77 -10.25 45 1.7 4 641 2 44 1.7 0# 0# NO 

   c.326A>T, p.Glu109Val L 26.92 -11.00   4 594 1   0# 0#  

P5 F GC18730† Pakistani c.2503G>T, p.Gly835Ter / R NA -10.50 36 2.7 5 4087 175 32 5.9 0.30 0.13 YES 

   c.2503G>T, p.Gly835Ter L NA -11.00   5 4065 178   0.20 0.09  

P6 F GC16890† Pakistani c.1646T>C, p.Met549Thr / R 26.95 -14.00 36 4.1 4 503 2 35 3.1 0# 0# NO 

   c.1646T>C, p.Met549Thr L 27.06 -14.50   4 452 3   0# 0#  

P7* M GC18529† Pakistani c.304C>T, p.Arg102Trp / R 27.88 -11.00 42 8.3 5 2512 43 41 9.0 0.12 0.16 YES 

   c.304C>T, p.Arg102Trp L 27.45 -12.00   5 2971 54   0.28 0.15  

P8 F GC19847 British 

White 

c.595A>G, p.Lys199Glu / R 27.78 -9.00 46 7.3 5 3861 11 45 7.3 0.03 0.27 YES 

  
 

c.1847+3_1847+6delAAGT, 

Splicing Defect 
L 27.47 -9.75   5 4149 47   0.03 0.17  

BL; baseline, FU; follow-up, EZW; ellipsoid zone width, y; years, NA; not available, DAF; decreased autofluorescence, R; Right Eye, L; Left Eye 
† Consanguineous cases, parents were cousins and patients homozygous for the variant 
* Previously reported patient.11, 19  
‡  Grading system as previously published19 

#  Subjects without area of DAF and without a ring of increased signal. 

https://openeyes.moorfields.nhs.uk/Genetics/pedigree/view/id/18349
https://openeyes.moorfields.nhs.uk/Genetics/pedigree/view/id/19847
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discrimination. A common feature for all subject was refractive error, with high myopia 

(>6 dioptres) in five patients (62.5%), mild hyperopia in two patients (25%), and myopic 

astigmatism in one patient (12.5%).  Axial length was available for the subjects who 

underwent AOSLO imaging (n=6). The four subjects with high myopia had a mean 

axial length of 27.29 mm (range; 26.85-27.67 mm) and the remaining two had mild 

hyperopia with a mean axial length of 22.72 mm (range; 22.53-22.91 mm).  

 Mean baseline age (±SD, range) was 30 years (±10.7, 10-45) and mean follow-

up (range) was 10 years (1.7-15.9 years). Longitudinal VA data was available for all 

patients. Mean VA (±SD) for both eyes at baseline was 0.92 LogMAR (±0.11), ranging 

from 0.72 LogMAR to 1.0 LogMAR; at follow-up was 0.89 LogMAR (±0.14), ranging 

from 0.72 LogMAR to 1.0 LogMAR. Best-corrected VA was stable over time (p=0.399, 

t=0.899, df=7). Six patients (P1-P6) reported stable vision with no new visual 

complaints. Two patients (P7 and P8) reported worsening of their central vision in their 

mid-forties. Patient P6 also reported a reduction in central vision in her late 20s, with 

worsening photoaversion and a preference for darker tinted spectacles. 

 

Spectral-Domain OCT  

No subject had a residual EZ at the foveal center; one had an absent EZ (Grade 3), 

three had a hyporeflective zone (Grade 4), and four had outer retinal atrophy. The 

width of the EZ lesion at baseline was 1923 μm (range, ± SD; 503-4087 μm, ± 1359 

μm). Mean age ± SD at baseline OCT was 36 ± 8 years. One patient (P1) attended 

only once with only the OCT from the right eye included for quantification; nystagmus 

precluded accurate scanning of the left eye through the foveal center. Foveal 

hypoplasia was absent in all PDE6C subjects. In contrast in previous ACHM cohorts 
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were foveal hypoplasia was a common finding. Ninety-seven of 146 previously 

reported subjects with CNGA3- and CNGB3-ACHM,134-138 and all 21 reported subjects 

with ATF6-ACHM had foveal hypoplasia (Fisher’s Exact Test, p=0.0003).132, 133, 457  

Figure 3.4.1: Spectral 

Domain Optical Coherence 

Tomography (SD-OCT) in 

cases with minimal change 

over time. 

For all patients, both baseline 

and follow-up horizontal 

transfoveal scans are 

presented at the same scale. 

The central area marked with a 

dashed white square is 

magnified (×3), below each 

scan. All three subjects had a 

grade 4 ellipsoid zone 

(presence of hyporeflective 

zone) both at baseline and 

follow-up, confined to the 

fovea, with minimal increase in 

the EZ lesion size of 3.54/8.87, 

2.01/0.68, 1.65/2.76 μm/year 

for right/left eyes of P2, P4 and 

P6 respectively. BL-R; baseline 

right eye, BL-L; baseline left 

eye, FU-R; follow-up right eye, 

FU-L; follow-up left eye, y; 

years, yo; years old 
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Seven patients had a mean follow-up of 5.6 years for OCT (range; 1.7-8.3 years). The 

mean (range, ± SD) annual rate of increase in EZ lesion size was 48.3 μm (1.7 - 178, 

± 61.7); with all subjects progressing at highly variable rates. Patient P2, P4 and P6 

showed minimal if any change (Figure 3.4.1, Table 3.4.1). In contrast patients P3, P5, 

P7 and P8 progressed, however at different rates, with the two younger subjects (P3 

and P5, Figure 3.4.2 – P3) progressing faster than the 2 older subjects (P7 and P8, 

Figure 3.4.2 – P7).  The rate of progression was similar between eyes (p=0.123, t=-

1.794, df=6). Reduced foveal ONL thickness was observed in all four subjects without 

atrophy (mean ONL thickness ± SD; 51.75 ± 6.98 μm for the right eye of patient P1, 

P2, P4, and P6 at last follow-up, Figure 3.4.1). No further thinning was observed over 

time (Figure 3.4.1: P2, P4, and P6). Table 3.4.1 summarizes OCT-related 

measurements.  

Figure 3.4.2: Spectral Domain 

Optical Coherence Tomography 

(SD-OCT) in cases with 

progression over time.  

The nasal and temporal border of 

the ellipsoid zone lesion is marked 

with blue arrows, and in the extent of 

the lesion reported in orange 

numbers. The size of the EZ lesion 

increased in P3 and P7 at rates 

(right eye/left eye) of 102.02/106.71 

μm/year and 42.52/53.67 μm/year, 

respectively. Scale bars = 200 

microns, with all scans at the same 

scale.  BL-R; baseline right eye, BL-

L; baseline left eye, FU-R; follow-up 

right eye, FU-L; follow-up left eye 
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Fundus Autofluorescence (FAF) 

Previously Aboshiha et al. reported three patterns of FAF in ACHM, (i) reduced central 

signal, (ii) normal and, (iii) increased central signal.121  In this cohort FAF was available 

for all patients and none of the patients had increased signal centrally. Three patients 

had normal FAF (P1, P4, and P6).  Patient P4 and P6, as mentioned previously, also 

had relatively stable OCT findings; and P1 was the only patient with a Grade 3 EZ on 

OCT.  

 A central well defined area of hypoautofluorescence with a surrounding ring of 

increased signal was present in five subjects (P2, P3, P5, P7 and P8, mean age ± SD; 

34 ± 7.8 years); who had a mean follow-up of 6.5 years (Figure 3.4.3).  The mean 

hypoautofluorescent area at baseline was 3.33 mm2 and 3.78 mm2 for right and left 

eye respectively, and increased in size by a mean of 0.13 mm2/year and 0.15 

mm2/year, respectively. Both the baseline area of hypoautofluorescence (p=0.135, t=-

1.869, df=4) and the annual rate of progression (p=0.977, t=-0.031, df=4) was similar 

between eyes. The mean area of the hyperautofluorescent ring at baseline was 2.03 

mm2 and 2.212 mm2 for right and left eye respectively, and increased centrifugally at 

a similar rate (p=1.66, t-1.692, df=4) of 0.14 mm2/year and 0.10 mm2/year respectively. 

Both the area of atrophy and the ring of increased AF expanded at comparable rates 

from the foveal center to the periphery. The rate however was variable between 

subjects, with patients P2 and P7 progressing minimally if at all. For P7, one of the 

oldest patients in the cohort, the rate of OCT progression was also minimal. The other 

patient that had minimal change in OCT was P8, however, there was evidence of 

progression on FAF; which may be due to the area of decreased signal and the area 

of the hyperautofluorescent ring not being well defined on FAF images (Figure 3.4.3 

- P8). Table 3.4.1 summarizes the FAF measurements.  
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Figure 3.4.3: Fundus Autofluorescence (FAF) Images at baseline and follow-up for both eyes 

of six patients.  

P2, P3, P5, P7, and P8, have a central area of hypoautofluorescence with a surrounding ring 

of increased signal. Both the area of atrophy and the ring of increased signal are expanding at 

comparable rates from the foveal center to the periphery. The rate however was variable 

among subjects, with patients P2 and P7 progressing minimally, if at all. P4 has a normal 

appearing FAF at baseline and follow-up, with subtle foveal changes. All images are at the 

same scale. R; right eye, L; left eye 
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Electroretinography  

Pattern ERGs were undetectable in 5 of 5 cases (age range; 20-42 years old) and 

technically unsatisfactory in 1 due to severe nystagmus.  The dark-adapted (DA) 

strong flash (DA10) ERG a-waves were normal or mildly subnormal, with one older 

case (P8) with the greatest axial length showing the greatest (50%) reduction (Figure 

3.4.4 and 3.4.5A); the mean a-wave amplitude was 33% lower than the mean for a 

control group of 130 unaffected individuals. The DA10 ERG a- and b-wave peak times 

were within normal limits (Figure 3.4.5B). Light-adapted (LA) 30Hz flicker ERGs were 

undetectable (N=5) or residual (N=1). Single flash cone (LA3) ERG b-waves were 

detectable but delayed and the mean amplitude reduced by 90% compared with that 

for the control group. The LA3 ERG waveforms resembled those for S-cone ERGs 

(Figure 3.4.4 and 3.4.5C).  The S-cone ERGs had a slightly simplified or monophasic 

waveform shape but fell within the normal amplitude range,458 in all but one individual 

(P6) with a borderline response (Figure 3.4.4). 

 

Colour Vision Tests 

All patients underwent AO-HRR plates testing and they were able to correctly identify 

only the test plates. Five patients underwent the low vision version of the Cambridge 

Colour Test at the last follow-up, including three with detectable S-cone ERGs. All of 

them scored the maximum or near maximum saturation allowed by the test. No colour 

discrimination was detected along any of the confusion axes in any patient.   
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‘  

Figure 3.4.4: International-standard full-field ERGs and S-cone ERGs recorded 

from 5 subjects and one representative control subject for comparison (N).  

Data are shown for one eye but all had symmetrical responses. Broken lines replace 

blink/eye movement artefacts related to nystagmus, for clarity. Note increased amplitude 

scaling of LA 30Hz and LA3 ERGs in the patients compared with the control. The dark-

adapted (DA) strong flash (DA10) ERG a-waves were normal or mildly subnormal, with 

a tendency to be smaller in older subjects (P7, P8). The mean a-wave amplitude was 

decreased. Single flash cone (LA3) ERG b-waves were detectable but delayed, 

simplified and reduced. The LA3 ERG and S-cone ERG waveforms were similar (see 

text for details).  

DA; dark adapted, LA; light adapted, ERG; electroretinography, yo; years old 
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Figure 3.4.5: ERG Graphs 

(A) The mean a-wave 

amplitude was 33% lower 

than the mean for a control 

group of 130 unaffected 

individuals. Light-adapted 

(LA) 30Hz flicker ERGs were 

undetectable or residual (P7). 

(B) The dark-adapted strong 

flash (DA 10) ERG a- and b-

wave peak times were within 

normal limits. (C) The LA3 

ERG and S-cone ERG 

amplitudes were similar. The 

lower limit of normal amplitude 

for the LA3 ERG is 101µV; for 

the S-cone ERG is 10µV.37  

 

DA; dark adapted,  

LA; light adapted,  

ERG; electroretinography.  
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AOSLO Imaging of the Photoreceptor Mosaic 

Two of the six subjects that underwent AOSLO imaging had montages that were 

analysable and of an adequate image quality. The confounding factors for successful 

image acquisition were nystagmus, high refractive error (P6, Grade 4 EZ on OCT), 

and a large area of atrophy in which no structure could be identified (P3, P7, and P8; 

all with Grade 5 EZ on OCT). AOSLO was analysable in patients P2 and P4.  Both 

patients had relatively stable disease and grade 4 EZ on OCT, with P2 having a small 

hyperautofluorescent ring (Figure 3.4.3 - P2) and patient P4 a normal FAF (Figure 

3.4.3 - P4). 

 

Patient P2 Mosaic 

A central dark atrophic region was imaged with lack of waveguiding properties using 

confocal AOSLO, and ambiguous cellular structures (remnant inner segments) were 

identified on non-confocal split-detection (Figure 6). This is in direct contrast to other 

forms of ACHM where inner segments are visible on split-detection over the foveal 

center. Outside the foveal center, black spaces in the confocal images corresponded 

to inner segments evident in the split-detection mode, as in CNGA3- and CNGB3-

ACHM. Cells along the edge of the lesion had preserved waveguiding properties and 

corresponding inner segments on split-detection (Figure 3.4.6 B - C).  
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Patient P4 Mosaic 

The central imaged area, including the foveal center, was hyper-reflective over most 

of its area, with a small hyporeflective region temporally on confocal AOSLO (Figure 

7A). The hyper-reflective area was consistent with atrophic changes, as previously 

reported for ATF6-ACHM,457 with no visible inner-segments on split-detection. In 

contrast, in the hyporeflective island, inner segments were identified on split-detection, 

similar in appearance to CNGA3- and CNGB3-ACHM (Figure 3.4.7B). The peak cone 

Figure 3.4.6: Adaptive Optics Scanning Light Ophthalmoscopy (AOSLO) of Patient P2.  

(A) Confocal AOSLO photoreceptor mosaic, scaled and superimposed on a fundus autofluorescence 

image. A central dark atrophic region was imaged revealing lack of wave-guiding properties. The white 

square marks the 200μm square in greater magnification in (B). (B) Confocal imaging and (C) split-detection 

image over the exact same location. The top right corner lacks wave-guiding properties on (B) and 

ambiguous cellular structures (blue arrow heads - remnant inner segments) are seen on split-detection (C). 

A few cones at the edge of the lesion have greater preserved reflectivity and inner segments on split-

detection and are marked with yellow arrow heads. Scale bar for (A) 1000 μm, and for (B-C) 100 μm 
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density was calculated as 11,895 cone/mm2. Previous studies reported a mean peak 

cone density (range) of 19,844 (6,574-54,785) cones/mm2,  21,373 (7,273-53,554) 

cones/mm2, and  130,508 (84,733-165,080) cones/mm2 for CNGA3-ACHM,125 

CNGB3-ACHM,124 and healthy controls,355 respectively. In the periphery, as in patient 

P2, black spaces were identified on confocal imaging, corresponding to observed inner 

segments on split-detection. The signal-to-noise ratio on confocal imaging was low, 

but there was evidence of some cones showing waveguiding properties (Figure 7).  

Figure 3.4.7: Adaptive Optics Scanning Light Ophthalmoscopy (AOSLO) of Patient 

P4.  

(A) Confocal image over the fovea with lack of normal waveguiding properties. Few bright spots, which 

may be waveguiding cones, are marked with yellow arrow heads. (B) Split-detection AOSLO over the 

exact same location, reveals an island of residual inner segments. The yellow arrow-heads mark the same 

location as in (A) and the bright spots on confocal appear to have corresponding inner segments. The blue 

cross marks the location of the calculated peak cone density (11,895 cones/mm2). Scale bar = 100μm 
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3.4.4 Discussion 

This study details the deep phenotyping of a series of patients with the rare form of 

PDE6C- associated ACHM, including cross-sectional and longitudinal analyses of 

structural and functional features. The clinical presentation, OCT, FAF, ERG, colour 

vision, and uniquely for this disorder, AOSLO imaging with confocal and split-detection 

were examined. The findings indicate that PDE6C-retinopathy has a distinct natural 

history and features that differ from other forms of ACHM, which is of relevance to 

clinical management and the potential for future therapeutic intervention.   

 The full-field ERGs showed evidence of severe generalised cone system 

dysfunction, but with relative preservation of short-wavelength sensitivity, seen 

previously in only one other rare form of ACHM (GNAT2),129 and resembling the ERG 

findings in blue-cone monochromacy.165 The similarity of waveform shape between 

the markedly reduced LA3 ERG and relatively preserved S-cone ERG suggests a 

possible common origin. The dark-adapted (DA10) strong flash ERG abnormalities 

(Figure 3.4.4 and 3.4.5A) may largely be explained by a loss of the DA cone system 

contribution and high myopia, but additional loss of rod photoreceptor function may 

occur in some older individuals (patient P8, with ERG at 38 years of age). Pattern ERG 

P50 was undetectable consistent with macular dysfunction, although possible that 

attenuation was partly attributable to the effects of nystagmus. In confocal AOSLO 

imaging, some waveguiding cones were identified. However, the presence of those 

cells and the residual S-cone ERG recordings did not translate to residual colour 

discrimination in any of the patients, either with colour vision testing or reported by the 

patients; a finding also in common with a previously reported patient with GNAT2-

ACHM.129  A contributing factor for the colour vision findings in the PDE6C patients 

may be the presence of maculopathy evident on OCT and FAF. Full-field ERGs have 
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minimal contribution from the central macula and reflect generalised (peripheral) 

retinal function (eg full-field ERGs typically remain normal if dysfunction is confined to 

the macula. The lack of correlation may also relate to fundamentally different test 

paradigms; conventional colour vision tests assess central rather than peripheral 

colour vision, and measure colour thresholds or colour discrimination thresholds at the 

macula, rather than suprathreshold responses from the periphery (as for ERG).  

Another explanation might be that the colour vision test lacked the required sensitivity. 

More detailed colour vision testing will be of value, to further establish any residual 

colour discrimination.  

 The FAF findings in older patients revealed areas of macular atrophy. The 

atrophy extended beyond the rod free region (Figure 3.4.3 – P5, P7 and P8). Stearns 

et al. reported a blind zebrafish mutant with rapid degeneration of cone photoreceptors 

caused by a disease-causing variant in PDE6C and a limited amount of rod 

degeneration, primarily in areas with a low density of rods.459 They proposed that rod 

photoreceptors in areas of the retina with a high density of rods are protected from 

degeneration, concluding that cell density plays a role in determining whether rod 

photoreceptors degenerate as a secondary consequence to cone degeneration. In 

contrast, the homologous mutant cpfl1 mouse model for PDE6C-ACHM, is 

characterised by only lack of cone function, with rapid, early cone photoreceptor 

degeneration.450 Variants in PDE6C have also now been associated with CORD, in 

one patient in a recent genotyping study in a large ACHM cohort.439 The reported 

patient was among the oldest in that ACHM cohort (33yo) and the diagnosis was 

reclassified from ACHM to CORD. In our cohort, all patients meet the clinical criteria 

of ACHM, including decreased VA, photoaversion, no colour discrimination and 

nystagmus from birth/early infancy. A distinct additional feature was refractive error 
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observed in all patients, with high myopia in the majority. Blue cone monochromacy 

(BCM) presents similarly to achromatopsia, with severely reduced colour 

discrimination and visual acuity, photophobia and nystagmus in affected males (X-

linked disease).107  High myopia and relatively preserved S-cone ERGs (common 

features of both PDE6C-ACHM and BCM) may mislead into the diagnosis of BCM in 

male PDE6C patients. A distinguishing factor between ACHM and BCM is that 

subjects with BCM have residual tritan colour discrimination.460 Molecular genetic 

testing will help to confirm the correct diagnosis. Based on the findings of the study 

herein, three patients can be classified as having stationary disease (P1, P4, and P6); 

but cases P3, P5 P7 and P8 showed evidence of progressive macular atrophy, with 

possible peripheral rod system involvement in case P8. Interestingly, none of our 

patients reported rod-related problems (e.g., nyctalopia), all preferred mesopic 

conditions, and all were photoaverse. Any rod involvement appears to be minimal and 

late in the disease course.  

 In the on-going debate about the stationary or progressive nature of ACHM, 

PDE6C patients should be studied individually. ACHM studies with different 

proportions of PDE6C patients have shown conflicting results.131, 445 Thiadens et al., 

in a cohort with five PDE6C patients (20%), concluded that ACHM was often a 

progressive disease.445 Hirji et al., in a cohort with one PDE6C subject (2%), 

concluded that ACHM was predominantly stationary.131 In the later study, the single 

patient with PDE6C also showed a change in the area of reduced FAF, that was 

greater than the sum of the other seventeen patients with decreased autofluorescence 

and different ACHM genotypes (CNGA3, CNGB3, ATF6).131 The presence of a 

hyperautofluorescent ring (Figure 3.4.3) in 5 patients, is a feature not previously 

described in PDE6C-ACHM or other ACHM genotypes. Robson et al. demonstrated 
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that increased FAF in CORD was associated with reduced rod and cone sensitivity, 

with scotopic sensitivity reductions being milder than photopic losses.298 Another 

notable difference between PDE6C and other genotypes of ACHM is the normal inner 

retinal lamination. Previous studies have found foveal hypoplasia in all patients with 

ATF6-ACHM, 132, 133, 457 and in most of the patients with CNGA3 and CNGB3-

ACHM.124, 125, 131 The other form of ACHM without foveal hypoplasia is GNAT2-

ACHM.129 However, GNAT2-ACHM most commonly presents with a continuous 

ellipsoid zone,121  in direct contrast to PDE6C-ACHM, in which all the patients have 

Grade 3 to 5 EZ changes.117, 439, 451  

 AOSLO revealed residual structure in only one of the two patients successfully 

imaged with a Grade 4 EZ on OCT. In subjects with foveal atrophy (Grade 5 EZ) there 

are unlikely to be any residual cones in the foveal center. Interestingly, a naturally-

occurring non-human primate with ACHM caused by a homozygous missense variant 

in PDE6C p.(R565Q), showed better preserved EZ in four macaques imaged with OCT 

(age range: 2-11 years old).163 Given the loss of foveal EZ in all of our subjects (and 

all the previously reported subjects in the literature), there is likely to be a more limited 

therapeutic window for intervention than in other forms of ACHM, in which EZ can be 

relatively preserved in around 40-50% of the cases.125, 134 This highlights the need for 

deep phenotyping of affected children with PDE6C-assosiated disease and potentially 

milder cases that may be more amenable to functional rescue. In contrast, cones in 

patients with BCM can survive in reduced numbers with limited outer segment material 

and without waveguiding properties, suggesting potential value of gene therapy for 

BCM.166, 168, 180  

 In our study, 88% of the participants were female, and males were under-

represented, without however any expected gender specific differences.  The disorder 
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is rare, with an estimated prevalence of 1 in 1.25 million, and international multi-center 

collaborative studies may be needed to corroborate our findings and to further 

investigate the natural history and phenotype. 

 

Conclusions 

 This is the first in-depth analysis, with AOSLO, International-standard full-field 

ERGs and S-cone ERG, detailed clinical information, and longitudinal study including 

FAF and OCT, of a cohort with PDE6C-associated ACHM. The data presented herein 

extend the phenotypic spectrum of achromatopsia, detailing some distinct features 

and other characteristics that are less common in CNGA3-, CNGB3-, GNAT2-, and 

ATF6- associated disease. Patients present with typical symptoms of ACHM, but 

associated with slowly progressive maculopathy and with little evidence of residual 

macular cones in adulthood. The study suggests a limited window of therapeutic 

opportunity compared with cases of CNGA3- and CNGB3-ACHM. 
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3.5 Deep Phenotyping of ATF6-associated Achromatopsia 

 

3.5.1 Purpose 

Disease-causing sequence variants in ATF6 have been associated with 

achromatopsia (ACHM) 126. In contrast to CNGB3/A3-associated ACHM, it has been 

suggested that these individuals only have affected cone structure in the 

macular/paramacular area and supranormal cone density outside the central 1.5mm, 

based on confocal AO imaging 126. Elucidating the degree of remnant cone structure 

will be important for establishing the therapeutic potential in these patients. Herein we 

sought to examine retinal structure in subjects with ATF6-associated ACHM. 

 

3.5.2 Methods 

Seven subjects with genetically confirmed ATF6-associated ACHM (including one 

harbouring a previously unreported c.(82+1_83-1)_(247+1_248-1)del mutation) were 

imaged with SD-OCT and AOSLO at one of two sites (UCL (n=5) or MCW (n=3)). Line 

and volume scans were acquired at the fovea using the Bioptigen OCT. From these 

images, EZ disruption was graded using a previously described grading system 123 

and foveal ONL thickness was measured using LRP a described in Paragraph 2.5. 

Processing and analysis for all the subjects was done in MCW. 

 

3.5.3 Results 

On OCT, all 7 subjects had severe foveal hypoplasia. Interestingly, 3 of these subjects 

(43%) had grade III EZ disruption. The other 4 subjects had grade IV EZ disruption. 

Foveal ONL thickness ranged from 39.2-174.0µm (mean = 96µm). AOSLO images 
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were interpretable in 3 of 7 subjects – all 3 showed a central foveal lesion devoid of 

cone inner segment structure, in stark contrast to prior reports for CNGB3/A3-

associated ACHM 143, 145. In 2 of these subjects, AOSLO images revealed a fairly 

contiguous array of reflective photoreceptors (Figure 3.5.1). Compared to normal 

rod/cone densities at those peripheral locations (5o and 10o temporal), these data are 

more consistent with the reflective cells being rods, rather than cones (Table 3.5.1). 

 

  

Table 3.5.1: ATF6-Photoreceptors Density Values at different eccentricities 

 

Subject 
Photoreceptors Density values (cells/mm2) 

5 deg Temporal 10 deg Temporal 

MM_0147 (ATF6) 103,433 84,009 

MM_0044 (ATF6) 85,406 98,161 

JC_10069 (CNGA3) Cones 7,454 6,729 

Normal Rod Density ~85,000 ~115,000 

Normal Cone Density ~15,000 ~10,000 
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3.5.4 Conclusions  

ATF6 mutations appear to manifest a very distinct form of ACHM. The 100% rate of 

foveal hypoplasia is consistent with previous work and suggestive of a more severe 

defect in foveal development. In prior AOSLO studies of subjects with grade III & IV 

EZ appearance and CNGB3/A3-associated ACHM, there was always remnant foveal 

cone structure; thus, the absence of foveal cones on AOSLO here suggests a 

markedly different cone phenotype. Furthermore, the stereotypical “large dark cone” 

phenotype seen in all other ACHM patients to date was absent in the ATF6 subjects 

and instead replaced by a contiguous mosaic of presumed rod photoreceptors (Figure 

3.5.1). Our data suggest that ATF6-associated ACHM is a more severe form of the 

disease and that these subjects may in fact have few cellular targets for cone-directed 

gene therapies.  

Figure 3.5.1: Confocal AOSLO 
imaging in ATF6-ACHM 
Top row: cAOSLO images of ROIs at 
two different eccentricities (5 and 10 
deg Temporal) of CNGA3 subject, 
showing non-contiguous mosaic 
with dark spaces corresponding to 
non-waveguiding cone’s outer 
segments. 
Bottom row: cAOSLO images of 
ROIs at two different eccentricities (5 
and 10 deg Temporal) of ATF6 
subject, showing a fairly contiguous 
array of reflective photoreceptors. 
Pictures are in the same scale.  
Processed and Analysed in MCW. 
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3.6 Intraobserver Repeatability and Interobserver 

Reproducibility of Foveal Cone Density Measurements 

in CNGA3- and CNGB3-associated Achromatopsia 
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3.6 Intraobserver Repeatability and Interobserver Reproducibility of Foveal 

Cone Density Measurements in CNGA3- and CNGB3-associated Achromatopsia 

 

3.6.1 Introduction 

 Achromatopsia (ACHM) presents clinically from birth or early infancy, with poor 

visual acuity, nystagmus, photophobia, colour vision loss in all three axes, and 

substantially reduced or absent cone photoreceptor function. Genetically, disease-

causing variants have been reported in CNGA3 (ACHM2, OMIM600053),146, 147 

CNGB3 (ACHM3, OMIM605080),148 GNAT2 (ACHM4, OMIM139340),116, 128 ATF6 

(ACHM7, OMIM616517),126, 435 PDE6H (ACHM6,OMIMI610024)149 and PDE6C 

(ACHM5, OMIM600827).107, 461 Variants in CNGA3 and CNGB3 are responsible for 

70% of the reported cases439 and are the most well studied genotypes.110, 118, 124, 125 

With ongoing gene therapy trials, there is a pressing need to develop reliable and 

repeatable outcome metrics. Given that ACHM affects the cone photoreceptors, such 

metrics should logically focus on assessing cone function and/or structure. 

 Adaptive optics scanning light ophthalmoscopy (AOSLO) allows transverse 

cellular resolution of the cone mosaic in vivo and has been used for in-depth 

phenotyping in a range of inherited retinal diseases.333, 347-349 Early investigations with 

confocal reflectance AOSLO identified ‘dark spaces’ in the ACHM cone mosaic, as 

well as increased cone spacing, and/or decreased cone density.139-142 Marked 

variability in the cone mosaic has been observed across patients with ACHM.111, 130, 

139, 462 Non-confocal split-detection AOSLO demonstrated that inner segment structure 

remained in these ‘dark spaces’. The degree of remnant inner segment structure may 

be important for participant selection for gene therapy trials and could be used to 

identify patients most likely to benefit from cone-directed rescue. Peak foveal cone 
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density is a widely used metric, both as an anchor for locating other regions of interest 

and as a statistic in its own right; however, there have been relatively few studies 

examining the repeatability of these measurements.   

Tanna et al. examined cone density measurements in patients with Stargardt 

disease and RPGR-associated retinopathy and showed that, for both conditions, 

measurements using split-detection AOSLO images were more reliable and 

repeatable than measurements using confocal AOSLO image.35 However, the 

reliability and repeatability differed between the two pathologies, suggesting that the 

degree and pattern of remnant cone structure may affect the measurements, and thus 

reliability could be disease-dependent. Abozaid et al. examined reliability and 

repeatability of manual cone density measurements in a pilot study of seven subjects 

with ACHM (five with CNGB3-ACHM and two with CNGA3-ACHM), and found a strong 

observer effect owing to varying degrees of observer experience.144 Langlo et al. 

looked at repeatability of a single observer in evaluating the peak foveal cone density 

in CNGB3-ACHM and reported excellent intraclass correlation coefficient (ICC). 

However, no study has evaluated the repeatability of foveal cone density 

measurements in CNGA3-ACHM or interobserver reproducibility of foveal cone 

density measurements in ACHM. 

Here we examine the intraobserver repeatability and interobserver reproducibility of 

foveal cone density measurements, both for CNGA3- and CNGB3-ACHM, in fifteen 

foveae from each genotype. These data provide important baseline information for 

subsequent studies of the foveal cone mosaic in ongoing and upcoming ACHM gene 

therapy trials. 
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3.6.2 Methods 

Subjects 

The Ethics Committees of Moorfields Eye Hospital and the Medical College of 

Wisconsin approved the study. Written informed consent was obtained from all 

subjects after explanation of the nature and possible consequences of the study. The 

research followed the tenets of the Declaration of Helsinki. Subjects with likely 

disease-causing sequence variants in CNGA3 or CNGB3 were recruited from 

Moorfields Eye Hospital, London, UK and the Medical College of Wisconsin, 

Milwaukee, USA.  

 

AOSLO Imaging of the Photoreceptor Mosaic 

Image Acquisition 

All subjects were imaged using one of two similar AOSLO systems, previously 

described,396 housed at either Moorfields Eye Hospital, London, UK and the Medical 

College of Wisconsin, Milwaukee, USA. Pupil dilation and cycloplegia was achieved 

by instilling one drop of phenylephrine hydrochloride (2.5%) and tropicamide (1%) in 

each eye prior to imaging. Confocal and split-detection AOSLO images of the 

photoreceptor mosaic were obtained across the foveal region. The imaging light 

source was a 790 nm super-luminescent diode (SLD; Superlum, Carrigtohill, Cork, 

Ireland). Image sequences were recorded as AVI files, of 150 to 200 frames at 1°, 

1.5°, and/or 1.75° fields of view. A desinusoiding algorithm was applied to each image 

sequence and individual frames were selected,397 registered407 and averaged, to 

increase signal-to-noise ratio for subsequent analysis. The final images were 

combined into a single montage (Adobe Photoshop, Adobe Systems, Inc, San Jose, 
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CA, USA) either manually or semi-automattically.408 Where possible, images taken 

using 1° field of view were analysed, due to their higher resolution.  

 

Fovea Selection 

A total of 32 subjects with CNGA3-ACHM and 53 subjects with CNGB3-ACHM were 

recruited and imaged for this study. Of these subjects, 15 and 30 had analyzable 

foveae, respectively. All fifteen CNGA3 foveae were included for analysis. Fifteen 

foveae with CNGB3-ACHM were selected by a third experienced observer (EJP) to be 

representative of the range of variability of the disease. All foveae were selected from 

different subjects. 

 

Image Scaling  

The linear scale of the AOSLO images for each subject (𝑆𝑅(𝑥)
′ ; units: µm/pixel) was 

estimated using the following equation: 

𝑆𝑅(𝑥)
′ =

𝑇

𝑓𝑙𝑇𝑠
(
180

𝜋
)𝑅𝑀𝐹 (

𝑙𝐴
𝑙𝐴,0

) 

Where 𝑇 represents the periodicity of a Ronchi ruling (µm/cycles), 𝑓𝑙 represents the 

focal length of the model eye in our system (µm), 𝑇𝑠 represents the sampling period 

between lines in the Ronchi ruling (pixels/cycle), 𝑅𝑀𝐹 represents the assumed retinal 

magnification factor (291µm/degree) of an eye with a 24.0 mm axial length 

(represented by 𝑙𝐴,0), and 𝑙𝐴 represents the axial length of the subject’s eye in mm 

(measured with an IOL Master, Carl Zeiss Meditec, Inc., Jena, Germany).  
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Foveal Cone Density Measurements  

The rod free zone, an area devoid of rods that typically appears hyporeflective 

on confocal AOSLO in ACHM, was delineated manually (Adobe Photoshop, Adobe 

Systems, Inc., San Jose, CA, USA) in all foveae using the AOSLO montage by a single 

observer (MG). For each fovea (15 CNGA3 and 15 CNGB3), cones within the 

delineated rod free zone were manually identified twice by two observers (MG and 

KML), both experienced with AOSLO image analysis in ACHM. Each trial was 

separated by at least 1 week. The observers were masked to their previous cone 

identifications, as well as those of the other observer. The cone coordinate arrays were 

extracted (Mosaic Analytics, Translational Imaging Innovations, Inc., Hickory, NC 

USA) and used to assess the foveal cone density, which was calculated for each trial 

of both observers. To determine foveal cone density (cones/mm2), a 55×55 μm sliding 

window was used to assess the cone density at each cone coordinate within the 

coordinate array using custom Matlab software (Mathworks Inc., Natick, MA USA). 

The cone coordinate location with the greatest value was identified as the location of 

maximum cone density for the area analyzed. The location of the maximum foveal 

cone density was recorded for both trials for each observer, in order to examine the 

displacement.  

For each trial, cone density at each cone coordinate within the foveal area 

counted was mapped. A difference map was created by calculating the absolute 

values of the difference in cone density at each overlapping pixel between the trials of 

an observer. The locations of maximum foveal cone density were plotted on the 

difference maps for comparison between the trials for each observer. For each fovea, 

this displacement was calculated in pixels (maximum foveal cone density location from 
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trial 1 minus maximum foveal cone density location from trial 2) and converted to 

microns using the μm/pixel scale of the image. 

 

Statistical Methods 

Statistical analysis was performed with IBM SPSS Statistics for Windows (Version 

22.0. Armonk, NY: IBM Corp.) The bias, limits of agreement (LOA), and 95% 

confidence intervals (CIs) for the bias and LOA were calculated following the methods 

of Bland and Altman.463, 464 For all data sets, normality was assessed using the 

Shapiro-Wilk normality test. Where normality could not be confirmed, nonparametric 

tests were used. The specific tests used are included alongside each result, as 

appropriate. ICCs were calculated for raw or log-transformed measurements as 

appropriate using R and the ICC package (version 2.3.0). 
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3.6.3 Results 

Subject Demographics 

The mean age (range, ± SD) for CNGA3 and CNGB3 subjects was 28.7 years (14 – 

64, ± 12.6) and 24.6 years (15 – 51, ± 9.3) respectively. There was no difference in 

the distribution of age in the two genotypes (Mann-Whitney, z=0.788, p=0.430). 

Subject demographics and genetics are summarized in Table 3.6.1. 

 

Intraobserver Repeatability 

The mean test–retest difference was calculated from the absolute value of the 

differences between foveal cone density measurements for each observer, for each 

genotype separately. The mean test–retest difference between the two trials was 

between 1,496 and 2,466 cones/mm2, though there was significant variability in the 

individual differences of the 60 pairs of foveal cone density measurements, ranging 

from as low as 124 cones/mm2 to as high as 7,763 cones/mm2. For Observer 1, the 

mean difference (range, ± SD) for CNGA3 and CNGB3 was 1,496 cones/mm2 (433 – 

5,476, ± 1211 cones/mm2) and 1,576 cones/mm2 (256 – 4,675, ± 1,154 cones/mm2) 

respectively. For Observer 2 the mean difference (range, ± SD) for CNGA3 and 

CNGB3 were 1,647 cones/mm2 (151 – 7,763, ± 1,873 cones/mm2) and 2,466 

cones/mm2 (124 – 7,674, ± 2,319 cones/mm2) respectively.   

 

Excellent intraobserver repeatability was observed for both CNGA3 and CNGB3 

measurements of foveal cone density, for both observers, as shown by the ICC values 

provided in Table 3.6.2, and the Bland-Altman plots in Figure 3.6.1. The distribution 

of differences appears homoscedastic as a function of the mean, without proportional 

bias for either genotype or observer.  
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Table 3.6.1: Subject Demographics and Genetics 

Subject ID  Sex 

 Variant 1 Variant 2 

Age 

(years) 
c.DNA Change AA Change 

c.DNA -

Change 
AA Change 

Gene: CNGA3 

JC_10069 M 18 847C>T Arg283Trp 542A>G Tyr181Cys 

KS_10088 F 64 450-1G>A fs 1157G>A Met519Ile 

KS_10337 F 17 940_942delATC Ile214del 1114C>T Pro372Ser 

MM_0002 F 41 1443-1444insC Ile482His fs*6/c 1706G>A Arg569His 

MM_0009 F 14 536T>A Val179Asp ND ND 

MM_0014 F 35 848G>A Arg283Gln 667C>T Arg223Trp 

MM_0015 F 28 848G>A Arg283Gln 667C>T Arg223Trp 

MM_0016 M 30 848G>A Arg283Gln 667C>T Arg223Trp 

MM_0064 F 23 1694C>T Thr565Met 661C>T Arg221Ter 

MM_0167 F 28 847C>T Arg283Trp 1279C>T Arg427Cys 

MM_0171 M 22 1001C>T Ser334Phe 1360A>T Lys454Ter 

MM_0239 M 37 848G>A Arg283Gln 667C>T Arg223Trp 

MM_0385 M 37 1228C>G Arg410Trp 1228C>G Arg410Trp 

MM_0386 F 22 1580T>G Leu527Arg 1805G>A Gly602Glu 

MM_0398 F 14 811C>T Pro271Ser 829C>T Arg277Cys 

Gene: CNGB3 

MM_0005 M 27 1148delC Thr383Ile fs * 13 607-608insT Arg203Leu fs * 3 

MM_0029 F 15 595delG Glu199fs 1148delC Thr383Ile fs * 13 

MM_0040 M 38 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0116 M 24 595delG Glu199fs 1148delC Thr383Ile fs * 13 

MM_0117 M 20 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0122 F 18 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0123 M 51 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0125 F 23 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0162 F 17 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0327 F 19 412delA Arg138Glfs * 14 1432C>T Arg478Ter 

MM_0328 F 23 412delA Arg138Glfs * 14 1432C>T Arg478Ter 

MM_0345 F 32 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0347 F 15 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0361 F 26 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0375 F 21 819_826del Arg274Valfs* l3 1148delC Thr383Ile fs * 13 
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Figure 3.6.1: Bland-Altman plots illustrating the intraobserver repeatability of 

foveal cone density 

(A) Bland-Altman plots illustrating the intraobserver repeatability of foveal cone density for CNGA3-

associated achromatopsia (ACHM) and (B) for CNGB3-ACHM for Observer 1 and 2. The mean foveal 

cone density difference (bias) is represented by the central solid black line, while the dashed lines 

represent the limits of agreement for the bias. Shaded regions represent the confidence intervals for 

the bias and limits of agreement. The data for CNGA3-ACHM were not normally distributed, so the ratio 

was used instead of the difference. 

T = Trial 
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Table 3.6.2: Results and Intraobserver Repeatability of Peak Cone Density 

Measurements 

Metric CNGA3 CNGB3 

 Observer 1 Observer 2 Observer 1 Observer 2 

 
Median;  

IQR (cones/mm2) 

 
14,380;  
9,358 

 
11,878; 12,778 

 
21,917; 17,447  

 
18,951; 16,799 

     
Coefficient of 
Variation (%) 

9.33† 11.08† 5.47 10.97 

     

ICC (95% CI) 
0.979  

(0.957-1.0) 
0.994  

(0.988-1.0) 
0.974  

(0.948-1.0) 
0.974  

(0.948-1.0) 

     

Bland Altman analysis*    
Bias 

(95% CI) 
-2.24% 

(-0.42%, -4.03%) 
1.76%  

(-0.56%, +4.13%) 
-508 cones/mm2 

(-1,496, +481) 
-605 cones/mm2 
(-2,350, +1,139)      

Upper LOA 
(95% CI) 

+8.16% 
(+4.80%, +11.64%) 

+15.42%  
(+10.97%, +20.06%) 

+3,320 
cones/mm2 

(+1,630, +5,009) 

+6,152 
cones/mm2 

(+9,135, +3,168)      

Lower LOA 
(95% CI) 

-11.65% 
(-8.82%, -14.40%) 

-10.29%  
(-6.69%, -13.75%) 

-4,335 
cones/mm2 

(-2,645, -6,024) 

-7,362 
cones/mm2 

(-4,379, -10,345)      

IQR = Interquartile Range; ICC = Intraclass Correlation Coefficient; CI = Confidence Interval; LOA 

= Limits of Agreement  

†  Logarithmic transformationwas applied and coefficient of variation is computed using the 

antilog of the within subject standard deviation. 

*CNGA3 measurements were non normally distributed, therefore we report percentages and 

Bland-Altman analysis after logarithmic transformation. 
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Interobserver Reproducibility 

To assess interobserver reproducibility, we took the mean foveal cone density from 

the two trials within each observer. The data were analyzed individually for each 

genotype, after logarithmic transformation due to non-normal distribution. The mean 

absolute difference (range, ± SD) in foveal cone density between the two observers 

was 2,861 cones/mm2 (384 – 10,915, ± 3,004 cones/mm2) and 3,561 cones/mm2 (563 

– 10,187, ± 3,284 cones/mm2) for CNGA3 and CNGB3 respectively. Table 3.6.3 

summarizes the interobserver reproducibility metrics. 

 There was a high ICC between the two observers for CNGA3-ACHM (ICC: 

0.952; 95% CI: 0.903 – 1.0) and CNGB3-ACHM (ICC: 0.97; 95% CI: 0.935 – 1.0). In 

subsequent Bland-Altman analysis (Figure 3.6.2), the distribution of differences was 

homoscedastic as a function of the mean. In contrast to intraobserver analysis, 

proportional bias was observed in Bland-Altman plots for both genotypes of similar 

degree (CNGA3; 7.44%, CNGB3; 6.8%). Higher values were associated with 

Observer 1 and lower with Observer 2 for both genotypes. 

The foveae of all four subjects with highest disagreement are presented in 

Figure 3.6.3 (A-D). Two of the subjects had a sparse mosaic (MM_0016, MM_0385) 

and two had a continuous dense mosaic (MM_0122, MM_0117). For subject 

MM_0016, the image quality is postulated to be the reason for the intraobserver 

difference. Subject MM_0385 (Figure 3.6.3B) had better image quality with a sparse 

mosaic and one of the lowest foveal cone density values in our cohort. For the last two 

subjects (MM_0122 and MM_0117), the combination of high density and low 

resolution over the foveal center is most likely the reason for the difference between 

trials.   
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Figure 3.6.2: Bland-Altman plots illustrating the interobserver reproducibility  

Bland-Altman plots illustrating the interobserver reproducibility of foveal cone density for (A) 

CNGA3-associated achromatopsia (ACHM) and (B) CNGB3-associated ACHM. The mean foveal 

cone density difference (bias) is represented by the central solid black line, while the dashed 

lines represent the 95% limits of agreement for the bias. Shaded regions represent the 

confidence intervals for the bias and limits of agreement. 

 

 

Table 3.6.3: Interobserver Reproducibility of Peak Cone Density Measurements 

  

Metric CNGA3 CNGB3 
Coefficient of Variation (%)† 16.71 13.88 

   

ICC (95% CI) 0.952 (0.903-1.0) 0.968 (0.935-1.0) 

   
Bland Altman analysis   

Bias  
(95% CI) 

+7.44% 
(+4.99%, +9.94%) 

+6.80% 
(+5.02%, +8.60%) 

 

  

Upper LOA   
(95% CI) 

+21.88% 
(17.17%-26.77%) 

+17.06% 
(+13.76%, +20.47%) 

 

  

Lower LOA   
(95% CI) 

-5.30% 
(-8.95, -1.49%) 

-2.57% 
(0.27, -5.32%) 

 ICC = Intraclass Correlation Coefficient; CI = Confidence Interval; LOA = Limits of 
Agreement   

†    Logarithmic transformation was applied and coefficient of variation is computed 

using the antilog of the within subject standard deviation. 
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Displacement of Peak Cone density and Cone Topography between trials 

The location of the maximum foveal cone density changed between each trial for each 

observer in all but one case. An example is shown in Figure 3.6.3E. The location of 

all maximum foveal cone density values in the 30 pairs of trials were recorded and the 

distance between locations from trial 1 and trial 2 was calculated. For observer 1 and 

observer 2 the mean (range, ± SD) displacement of the maximum foveal cone density 

location was 38.51 μm (2.97 – 248, ± 47.6 μm) and 44.71 μm (0 – 203, ± 47.16 μm) 

respectively. There was no correlation between the magnitude of displacement 

between trials and the cone density at that location (Spearman’s correlation 

coefficient, r=-0.07, P=0.713).  

We also examined the difference in cone topography between the trials for each 

observer. Three exemplar subjects (MM_0345, MM_0015, and MM_0117) with the 

smallest, mean, and largest absolute difference in maximum foveal cone density, 

respectively, are shown in Figure 3.6.4. The displacement of maximum foveal cone 

density for MM_0345 is 5.04 µm, for MM_0015, 0.68 µm, and for MM_0117, 115.83 

µm. In addition to differences in peak foveal cone density and its location, there were 

some regional differences in other areas of the ACHM fovea between trials 1 and 2. 

 

Comparison between CNGA3 and CNGB3 Achromatopsia   

There was no statistically significant difference in maximum foveal cone density 

between the two genotypes when using the mean measurements for either Observer 

1 (two-sample t-test, t=1.29, p=0.208), or Observer 2 (Two-sample t-test, t=1.26, 

p=0.218).  

  



296 
 

 

Figure 3.6.3: Examples of photoreceptor mosaics, reliability and repeatability  

(A-D) Split-detection images of the foveae identified having the highest disagreement 

either in the intraobserver (CNGA3; MM_0016, MM_0385 and CNGB3; MM_0117) or 

interobserver (CNGA3; MM_0016, CNGB3; MM_0122) Bland Altman analysis. (A-B) 

Sparse mosaics of low foveal cone density. (C-D) Continuous mosaics of higher foveal 

cone density and limited resolution over the foveal center. (E) The white squares mark 

the 55 μm area ROI assessed for each of the two trials for Observer 1 in the fovea (B). 

The crosses mark the two locations of maximum foveal cone density, with a 

displacement of 69 μm. (F) Higher magnification of the squares on (E), with the cone 

annotations for each trial (marked with dots). The reason for disagreement was 

attributed to the identification of ambiguous remnant cone-like structures during the 

second trial. 
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Figure 3.6.4. Foveal cone topography between trials  

Foveal cone density maps for subject MM_0345 (first row) from observer 1, MM_0015 

(middle row) from observer 2, and MM_0117 from observer 2 demonstrating examples 

of the smallest, mean, and largest absolute intraobserver difference in maximum 

foveal cone density, respectively. Cone density was calculated at every cone 

coordinate within the area counted. Difference maps show absolute difference 

between trial 1 and trial 2. White crosses (+ and x), location of maximum foveal cone 

density for trial 1 and 2. The displacement of maximum foveal cone density for 

MM_0345 is 5.04 µm, for MM_0015, 0.68 µm, and for MM_0117, 115.83 µm. Scale 

bar, 100 µm.   
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3.6.4 Discussion 

We evaluated repeatability and reproducibility of foveal cone density measurements 

in CNGA3- and CNGB3-ACHM. It is the first report to investigate intraobserver 

repeatability and interobserver reproducibility of foveal cone density measurements 

for CNGA3-ACHM, as well as the first to evaluate interobserver reproducibility for 

CNGB3-ACHM. 

Currently there are five phase I/II gene supplementation trials in total for 

CNGB3-ACHM (NCT03001310 and NCT02599922) and CNGA3-ACHM 

(NCT03758404, NCT02935517, and NCT02610582). Identification of robust structural 

measurements is crucial for patient stratification, as well as for safety and efficacy 

assessment. Outer nuclear layer (ONL) thickness, estimated from optical coherence 

tomography, is an indirect estimation of the residual photoreceptors nuclei, which may 

have a predictive value in the response to gene therapy in inherited retinal diseases.465 

Recently Mastey et al. reported a mean ONL thickness of 79.5 μm with a mean 

repeatability coefficient of 13.9 μm and excellent ICC, and proved symmetry among 

eyes in a large cohort of CNGA3- and CNGB3-associated ACHM (n=76).409 AOSLO 

can directly visualize the residual photoreceptors and cone density can be used as an 

additional measurement to ONL thickness. The values for ICC and the Bland-Altman 

analysis for foveal cone density indicate excellent intraobserver repeatability and 

interobserver reproducibility for both genotypes. However, there was a certain degree 

of bias in interobserver evaluation of both genotypes, hence the clinical significance 

for cross-sectional assessment of patients remains uncertain. Our findings of excellent 

intraobserver repeatability for CNGB3-ACHM agree with previously reported ICC 

values for peak foveal cone density evaluated in split-detection images from a different 

cohort.466 The observed displacement of the locations of peak foveal cone density 
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between trials is an interesting finding and of importance for any future AOSLO study 

in need of anatomic reference hallmarks in ACHM, including longitudinal natural 

history studies. The displacement in maximum foveal cone density location between 

trials may be related to the cone topography in ACHM (i.e. central photoreceptor 

disruption). The identification of the foveal center is crucial due to the anisotropy of the 

photoreceptor mosaic, for defining meridians, and for comparing locations across 

conditions and healthy controls. Further investigation of regularity metrics to better 

characterise continuous and sparse mosaics, and the dislocation of maximal foveal 

cone density will be of value, as well as the use of an “independent anchor” (e.g. pit 

center in registered OCT images). 

 As previously discussed by Tanna et al. when assessing retinitis pigmentosa 

and Stargardt disease, reliability and repeatability of cone density estimates may be 

disease-specific given the diversity of phenotypes across inherited retinal diseases.35 

In our study the two genotypes examined have similar reliability and repeatability, 

which is not surprising since CNGA3- and CNGB3-ACHM are clinically 

indistinguishable. However, the degree of repeatability and reliability may not 

extrapolate when evaluating cone metrics outside the fovea. Another limitation of our 

findings is that both observers had significant experience in evaluating AOSLO images 

in ACHM, so these findings may not generalise to naïve observers.144 Another 

limitation is the low acquisition rate (45/85, 53%) of successful (analysable) AOSLO 

images in our ACHM cohort, compared to other retinal imaging modalities (e.g. OCT). 

While we performed our cone counting completely manually, there are automated 

algorithms for cone identification,427, 429, 431 which may facilitate more reliable cone 

density measurements in the ACHM fovea. However these were trained on parafoveal 
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images and do not perform well in tightly-packed contiguous mosaics found in some 

ACHM fovea. 

 

Conclusions 

In conclusion, CNGA3- and CNGB3-ACHM can be successfully imaged with split-

detection AOSLO, and the foveal cone mosaic can be evaluated with good 

intraobserver repeatability. The difference in measurements between observers 

emphasises the need for longitudinal assessment to be completed by the same 

experienced observer. It also highlights the importance of pathology-specific training 

in cone counting and pathology-specific evaluation of automated methods for 

photoreceptor identification.427-429 Given its increasing use in clinical trials and natural 

history studies, there is a need for further studies to evaluate AOSLO metrics in 

different conditions. 
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3.7 Retinal Sensitivity Assessment in Achromatopsia  

  



302 
 

3.7 Retinal Sensitivity Assessment in Achromatopsia 

3.7.1 Introduction 

Achromatopsia (ACHM) is the most common cone dysfunction syndrome. It presents 

at either birth or early infancy, with poor visual acuity, pendular nystagmus, 

photophobia, and colour vision loss.111 Disease-causing variants have been reported 

in CNGA3,146, 147 CNGB3,467 GNAT2,116, 128 ATF6,126 PDE6H149 and PDE6C.107 

GNAT2, ATF6, PDE6H and PDE6C variants are responsible for approximately 2% of 

ACHM cases, each.111, 117, 435 CNGB3 and CNGA3 are responsible for approximately 

70-80% of cases,114, 115  with a total of five on-going gene therapy trials 

(ClinicalTrials.gov numbers: NCT03758404, NCT02935517 NCT03001310, 

NCT02599922, and NCT02610582).  

The presence of residual cones is critical for targeting by gene therapy 

intervention.124, 125 In CNGA3 and CNGB3 genotypes, a variable degree of ellipsoid 

zone (EZ) disruption and residual cone structure have been observed.118, 125, 131, 144, 468 

GNAT2-ACHM typically presents with a continuous EZ,139 in contrast to PDE6C-

ACHM and ATF6-ACHM, where most of the patients have no residual foveal cones.435, 

461 Evidence of structural changes over time has been suggested by some studies,445, 

469 in contrast to others.121, 123, 141 OCT findings in a large cohort of ACHM patients 

(n=50), with a proportional incidence-based representation of genotypes, and 

substantial follow-up period (5.1 years), support that the condition is predominantly 

stable in the vast majority of patients.131 However no functional assessment beyond 

visual acuity and contrast sensitivity was performed in the aforementioned study.  

 Investigations of retinal sensitivity and therefore of retinal function in ACHM are 

limited. Genead et al. performed macular microperimetry (MP) testing (n=4), and 

showed that the overall mean retinal sensitivity was significantly decreased compared 
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to controls.141 Sundaram et al. assessed cross-sectional retinal sensitivity with 

mesopic MP (Nidek MP-1, Nidek Technologies, Padova, Italy), and identified a mean 

of 16.6 dB (n=40), with a significant moderate negative correlation found between 

retinal sensitivity and age, best corrected visual acuity (BCVA), and reading acuity. 

The same cohort was also assessed longitudinally (mean follow-up of 19 months);121  

with no significantly different retinal sensitivity (mean; 16.5 dB).121 Zobor et al. in a 

cross-sectional study of a well-characterised cohort of CNGA3-ACHM (n=36), 

observed no correlation between retinal sensitivity and age.118 Given the 

aforementioned findings, it is likely that any progression in ACHM is very slow and 

possibly subtle. Khan et al. reported electroretinography changes in two affected adult 

CNGB3 individuals, after 6 and 12 years had elapsed.120 Long-term evaluation of 

retinal sensitivity has not been performed to date. 

 Herein, we assess cross-sectional and longitudinal MP-derived retinal 

sensitivity with both conventional and volumetric indices of retinal function in ACHM. 

We explore test-retest repeatability, interocular symmetry, genotypic variability, and 

the rate of progression over a long-term follow-up.  
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3.7.2 Methods 

The study was approved by the Ethics Committee of Moorfields Eye Hospital. Written 

informed consent and assent were obtained from all subjects as appropriate. The 

research followed the tenets of the Declaration of Helsinki.  

 

Subjects 

Eighteen subjects, with molecularly confirmed ACHM were recruited at a single tertiary 

eye hospital (Moorfields Eye Hospital, London, UK). 

 

Clinical Assessments 

All subjects underwent a clinical history and detailed ocular examination, including 

best-corrected visual acuity (BCVA) using an Early Treatment Diabetic Retinopathy 

Study chart, and contrast sensitivity (CS) assessment using the Pelli-Robson chart at 

1 m. 

 

Microperimetry  

Microperimetry was performed using the Nidek MP-1 (Nidek Technologies, Padova, 

Italy) in a dark room. Pupils were dilated and cyclopleged using 2.5% phenylephrine 

hydrochloride solution (Bausch & Lomb Inc., Tampa, FL) and 1% tropicamide 

ophthalmic solution (Akorn Inc., Lake Forest, IL). During each test, the non-tested 

contralateral eye was occluded. Fixation was monitored throughout each assessment. 

Patients maintained fixation by means of a 2° target. Testing consisted of a 4 apostilbs 

(1.27 cd/m2, within the mesopic range) background illuminance and Goldmann size III 

stimulus (4mm2). A variable intensity stimulus of 200 ms duration, within the dynamic 

range of 0-20 dB, and a 4-2 testing strategy were used, with the intensity of the 

https://www.sciencedirect.com/topics/medicine-and-dentistry/diabetic-retinopathy
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stimulus reduced in 4-dB steps until the patient no longer detected it. The stimulus 

intensity then increased in 2-dB steps until detected once again. Projection of the 

stimulus into the blind spot at 30-second intervals tested for false-positive errors. An 

active eye tracking system corrected for fixation errors to ensure accurate stimulus 

projection in relation to retinal landmarks. All subjects underwent training at the 

beginning of the MP session to ensure correct operation of the response trigger, 

immediately prior to formal testing. The customized testing grid consisted of 44 testing 

locations and 8° radius to cover the macular and paramacular region. The grid pattern 

was of radial design with centrally-condensed spacing (Figure 3.7.1). A mean 

sensitivity (MS) value was automatically computed for each test by the manufacturer’s 

software.  

 
Figure 3.7.1: Microperimetry testing grid pattern. 

 

The customized testing grid consisted of 44 testing locations and 8° radius to cover the macular and 

paramacular region. The grid pattern was of radial design with centrally-condensed spacing and 

covered the macular and para-macular region.  
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Test-retest repeatability at baseline was investigated for all subjects undergoing 

testing twice at each visit. The test was repeated in all subjects in follow-up mode after 

at least 5 years had elapsed, and otherwise using the same testing conditions as at 

baseline assessment. Fixation stability was assessed directly prior to the start of the 

microperimetry assessment for 30 seconds using the bivariate contour ellipse area 

(BCEA) which represents an area in degrees where 68% of fixation points are 

located;470 this value is reported by the Nidek software.  

 

Volumetric indices of retinal function 

Perimetry data are conventionally summarized by a single global index such as MS 

which is the average sensitivity value of all the retinal locations tested. Instead, 

volumetric indices and topographical models of function to quantify the magnitude and 

extent of the visual field sensitivity can be used.13, 471-473 Volumetric indices were 

derived from topographic analysis using Visual Field Modelling and Analysis (VFMA, 

Office of Technology Transfer & Business Development, Portland, Oregon, USA), a 

custom software application (Patent; US8657446B2).471 The volumetric indices 

derived included the total volume (VTOT), which represented the entire tested field, and 

the central five degrees of the field volume (V5°), defined by a circle centered on the 

fovea with a radius of 5° (Figure 3.7.2). The volume represents the total sensitivity 

across the solid angle of the base of the test grid for VTOT and the solid angle of a 5° 

radius circle selection for V5°, and is reported in units of decibel-steradians (dB-sr).471 

Sensitivity data from all perimetry tests were extracted for subsequent topographic 

analysis. 
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Figure 3.7.2: VTOT and V5°  volumetric indices of retinal function 

Topographical Model of MP1 microperimetry testing of the right eye, in a subject with CNGA3-ACHM 

(MM_0446). (A) Red outlines the total volume (VTOT), which represented the entire tested field. (B) Blue 

outlines the central five degrees of the field volume (V5°). The volume represents the total sensitivity 

across the solid angle of the base of the test grid for VTOT and the solid angle of a 5° radius selection 

for V5°, and is reported in units of decibel-steradians (dB-sr). 

 

Spectral-Domain OCT (SD-OCT) 

SD-OCT imaging was performed at baseline in both eyes, following cycloplegia and 

pupillary dilation with tropicamide 1% and phenylephrine 2.5% eye drops. Horizontal 

line and volume scans were acquired with the Spectralis device (Heidelberg 

Engineering, Heidelberg, Germany), using the protocol employed by Sundaram et 

al.123 Qualitative assessment of foveal structure was performed by grading SD-OCT 

images into one of five categories as previously reported: (1) continuous ellipsoid zone 

(EZ), (2) EZ disruption, (3) EZ absence, (4) presence of a hyporeflective zone, or (5) 

outer retinal atrophy.123 Due to the small number of patients and based on the integrity 

of the EZ the patients were grouped as: i) Group 1: Patients with grades 1 and 2 
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(presence of foveal EZ), ii) Group 2: Grade 3, 4 and 5 (absence of foveal EZ). The 

presence/absence of foveal hypoplasia was also noted, defined as the persistence of 

one or more inner retinal layers (outer plexiform layer, inner nuclear layer, inner 

plexiform layer or ganglion cell layer) through the fovea. For each subject, both right 

and left eyes were graded at baseline. 

 

Statistical Methods 

Statistical analysis was carried out using SPSS Statistics for Windows (Version 22.0. 

Armonk, NY: IBM Corp.). Significance for all statistical tests was set at P < 0.05. The 

Shapiro-Wilk test was used to test for normality for all variables. Test-retest 

repeatability was investigated with the methods populated by Bland-Altman. The 

intraclass correlation coefficient (ICC) was calculated with a two-way mixed absolute 

agreement model. The threshold for clinical significance for changes in BCVA was 

defined as a difference of ≥0.3 LogMAR (≥15 Early Treatment Diabetic Retinopathy 

Study letters).474 
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3.7.3 Results 

Demographics and Genetics 

Eighteen subjects (8 females, 44%) were recruited, all harboring previously reported 

ACHM causing variants in: CNGA3 (n=10, 56%), CNGB3 (n=5, 28%), ATF6 (n=2, 

11%), and GNAT2 (n=1, 6%).121, 123, 125, 131, 435 All subjects with CNGB3-ACHM 

harbored the variant p.(Thr383Ile fs*13) in a homozygous state, which accounts for 

more than 70% of all CNGB3 variants in the European population.114  Demographics 

and Genetics are summarized in Table 3.7.1.  

  

Table 3.7.1: Demographics and Genetics 
     

Patient ID* Sex Gene cDNA Protein cDNA Protein 

MM_0014† F CNGA3 848A>G Arg283Gln 667T>C Arg223Trp 

MM_0015† F CNGA3 848A>G Arg283Gln 667T>C Arg223Trp 

MM_0165 M CNGA3 1641A>C Phe547Leu 1641A>C Phe547Leu 

MM_0167 F CNGA3 847T>C Arg283Trp 1279T>C Arg427Cys 

MM_0168 M CNGA3 661T>C Arg221X 848A>G Arg283Gln 

MM_0169 M CNGA3 485A>T Asp162Val 485A>T Asp162Val 

MM_0170 M CNGA3 1642A>G Gly548Arg 67T>C Arg23X 

MM_0171 M CNGA3 1001T>C Ser334Phe 1360T>A Lys454X 

MM_0446 F CNGA3 67T>C Arg23X 67T>C Arg23X 

MM_0480 F CNGA3 661T>C Arg221X 848A>G Arg283Gln 

MM_0004 M CNGB3 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0022 F CNGB3 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0067 M CNGB3 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0123 M CNGB3 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0124 M CNGB3 1148delC Thr383Ile fs * 13 1148delC Thr383Ile fs * 13 

MM_0147‡ F ATF6 c.1187+5G>C 
p.Asn366His 

fs*12 
c.1187+5G>C 

p.Asn366His 
fs*12 

MM_0152‡ F ATF6 c.1187+5G>C 
p.Asn366His 

fs*12 
c.1187+5G>C 

p.Asn366His 
fs*12 

MM_0106 M GNAT2 
c.843-

844insAGTC 
p.His282Ser 

fs*11 
c.843-

844insAGTC 
p.His282Ser 

fs*11 

*All patients were previously reported121, 123, 125, 131, 435, 461 

†‡ Siblings          
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Test-Retest Repeatability 

Thirty-two eyes (32/36, 89%) were tested twice. To avoid a potential clustering effect 

only right eyes (n=16) were used to investigate test-retest repeatability. A Bland-

Altman plot is presented in Figure 3.7.3A.  No proportional bias was observed. The 

difference between a measurement and the true value would be expected to be less 

than 1.17 dB for 95% of observations (measurement error). The test-retest 

repeatability coefficient was 1.65 dB; and the difference between two measurements 

for the same subject is expected to be less than this for 95% of pairs of observations. 

The ICC (limits of agreement), was 0.973 (0.837-0.98). Figure 3.7.3B presents all the 

pairs of measurements. Figure 3.7.4 presents examples of test-retest repeatability.  

Figure 3.7.3: Repeatability and Interocular Symmetry. (A) Bland-Altman plot, assessing test-retest 

repeatability, based on measurements on the right eyes of 16 patients at baseline.  No proportional bias 

is observed. (B) Scatter plot of retinal sensitivity for the test-retest measurements. (C) Scatter plot of all 

the pairs of eyes (n=18), assessed for interocular symmetry. (D) Plot of MS against age for each 

individual patient. Each genotype is plotted with a different marker.  
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Figure 3.7.4: Topographical Models of Test-retest Repeatability.  

(A-D) Topographical models using MP1 microperimetry data, of tests performed twice on the right eye 

of four patients, to assess test-retest repeatability. (A) A 29-year-old female with CNGA3-ACHM 

(MM_0014) showed the greatest disagreement (1.7 dB) between the two tests, with a central scotoma 

identified in the foveal center in both tests. (B) A 44-year-old male with GNAT2-ACHM (MM_0106) with 

zero difference in mean sensitivity (MS). Please note that MS is the average of all tested points, so 

differences in topographical models (as illustrated) could occur despite the two tests having the same 

MS value. The patient had a scotoma in the inferior part of the plot. (C) A 48-year-old male with CNGB3-

ACHM (MM_0123) with a minimal difference in MS (0.1dB), and with one of the highest MS values in 

the cohort (19.45 dB). (D) A 23-year-old female with ATF6-ACHM (MM_0152) with zero difference in 

test-retest MS, and with one of the highest MS in the cohort (19.1 dB). The patient has no scotoma, 

despite the structural severity of the genotype.  

 

Disease Symmetry 

All subjects had bilateral testing at baseline (n=18). For all eyes tested twice, the mean 

value is used. Mean MS (SD, range) for right and left eyes were 16.97 dB (2.08, 11.60-

19.45 dB) and 17.14 dB (2.22, 12.75-19.90 dB), respectively. MS was similar in right 

and left eyes (paired t-test, t=-0.506 df:17, p=0.62). Figure 3.7.5 presents examples 

of disease symmetry. The mean absolute difference (SD, range) between eyes was 

1.07 dB (0.93, 0.05-3.30 dB). The subject with the greatest inter-ocular difference is 

the youngest of the cohort (7 years of age at baseline) (Figure 3.7.5C). The eye with 
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the lower MS was tested first, and no test was repeated on either eye. Figure 3.7.3C 

presents MS for all pairs of eyes (n=18). VTOT and V5° are derivatives of MS so are 

perceived as being also symmetric. All subjects were classified under the same OCT 

group in both eyes, and similarly for the presence of foveal hypoplasia. With evidence 

of disease symmetry, and in order to avoid a potential clustering effect, the baseline 

characteristics and the follow-up measurements were calculated using only right eyes, 

unless stated otherwise. 

 

 

Figure 3.7.5: Topographical Models of Disease Symmetry. (A-D) Topographical models using MP1 

microperimetry data, of tests performed on the right (left plot) and left (right plot) eye of four patients to 

assess disease symmetry. (A) A 30-year-old male with CNGB3-ACHM (MM_0067) with a high degree 

of inter-ocular symmetry (0.3 dB mean sensitivity (MS) difference). (B) A 7-year-old male with CNGA3-

ACHM (MM_0165) with the greatest inter-ocular difference in the cohort (3.3 dB) in MS. The patient 

undertook the test on the right eye first (lower MS), and the difference could possibly be attributed to a 

learning effect and young age. (C) A 35-year-old male with CNGA3-ACHM (MM_0168) with a minimal 

difference in MS (0.05 dB). (D)  An 18-year-old male with CNGA3-ACHM (MM_0171) with a minimal 

difference in MS (0.3 dB), and symmetric bilateral scotomata.  
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Baseline Characteristics 

Baseline characteristics are summarized in Table 3.7.2. A negative statistically 

significant correlation between logarithm of the minimal angle of resolution (LogMAR) 

BCVA and VTOT (Pearson r = −0.485, P = 0.041), and LogMAR BCVA and V5° (Pearson 

r = −0.468, P = 0.050), was observed (e.g. eyes with worse BCVA have lower VFMA 

indices). There was a weak negative association between LogMAR BCVA and MS 

(Pearson r = −0.463, P = 0.053). A statistically significant negative correlation between 

LogCS and MS (Pearson r = 0.552, P = 0.018), VTOT (Pearson r = 0.741, P < 0.001) 

and V5° (Pearson r = 0.619, P = 0.006), was observed (e.g.   eyes with better CS have 

higher MS and VFMA indices). No correlation was observed between baseline age 

and MS (Pearson r = −0.015, P = 0.952), VTOT (Pearson r = -0.236, P =0.346), V5° 

(Pearson r = -0.143, P = 0.572), BCVA (Pearson r = −0.079, P = 0.754), or CS 

(Pearson r = −0.236, P = 0.347). 

  

Table 3.7.2: Baseline and Follow-up Measurements 

Parameter 
Baseline Follow-up 

Mean (SD, range) Mean (SD, range) 

Age (years) 25.9 (12.3, 7-48) 33.1 (12.3, 15.1-57.0) 

BCVA (LogMAR) 0.89 (0.12, 0.70-1.24) 0.83 (0.11, 0.70-1.04) 

CS (LogCS) 1.25 (0.16, 0.95-1.55) 1.21 (0.20, 0.85-1.50) 

MS (dB) 16.97 (2.08, 11.60-19.45) 16.78 (1.78, 13.7-19.50) 

VTOT (dB-sr) 1.14 (0.19, 0.89-1.58) 1.10 (0.27, 0.56-1.77) 

V5° (dB-sr) 0.41 (0.04, 0.33-0.46) 0.40 (0.05, 0.32-0.47) 

BCEA (degrees) 13.67° (10.71°, 1.63-48.5°) 8.44° (5.81°, 1.94-21.53°) 

 

SD: standard deviation, BCVA: best corrected visual acuity, LogMAR: logarithm of the minimal 

angle of resolution, CS: contrast sensitivity, MS: mean sensitivity, dB: decibels, VTOT: total volume 

of tested field,  V5°: the central five degrees of the field volume, BCEA:  bivariate contour ellipse 

area 
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Disease Natural History 

Mean follow-up (SD, range) was 7.2 years (0.6, 5.3-8.1 years). Follow-up 

measurements are summarized in Table 3.7.2.  BCVA was statistically significantly 

better when compared with the baseline measurement (paired t-test, t=3.955 dif:17, 

p=0.001). The mean BCVA (SD, range) absolute difference was 0.08 LogMAR (0.05, 

1.0-0.2 LogMAR), and no patient had a clinically significant change in BCVA.474 Mean 

CS was similar to baseline (paired t-test, t=1.154 df:17, p=0.265). The mean CS (SD, 

range) absolute difference was 0.11 LogCS (0.09, 0.0-0.3 LogCS).  

Mean MS, VTOT and V5° were similar to baseline (paired t-tests, t=0.531 df:17, 

p=0.602,  t=0.82 df:17, p=0.424 and t=0.919 df:17, p=0.371, respectively). Figure 

3.7.4D shows MS change over time for each individual patient. The mean MS 

difference was -0.18 dB (range: -2.6 - +3.2 dB), and the mean absolute difference was 

1.11 dB (range: 0 - 3.2 dB). Figure 3.7.6 presents examples of disease symmetry. 

Three patients had a change in MS greater than the test-retest repeatability (1.65 dB); 

two of those had an increase in retinal sensitivity of 2.85 dB (MM_0022, Figure 3.7.6A) 

and 3.2 dB (MM_0165, Figure 3.7.6C). Of note, the latter was the youngest patient in 

the cohort. The third patient had a decrease of 2.6 dB (MM_0067). By definition, 5% 

of the tested subjects are expected to differ by a greater amount than the repeatability 

coefficient. Mean BCEA was significantly lower compared with baseline (paired t-test, 

t=2.942 df:17, p=0.009).  

 

Genotype – Function - Structure Relations 

The MS for subjects with CNGA3 (n=10), CNGB3 (n=5), ATF6 (n=2) and GNAT2 

(n=1), was 16.38, 17.69, 18.65, and 15.5 dB, respectively. MS was similar between 
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CNGA3- and CNGB3-ACHM (t-test, t=1.10 df=13, p=0.292). Figure 3.7.3D presents 

how MS changed over time, with a distinct marker for each genotype. Seven patients 

were allocated to OCT Group 1 (presence of EZ), and 11 to Group 2 (absence of EZ); 

MS was similar between groups, 16.64dB and 17.17dB respectively (t-test, t=0.502 

df=16, p=0.62). Twelve patients had foveal hypoplasia (67%). Baseline MS between 

the patients with and without foveal hypoplasia was similar (t-test, t=0.4572 df=16, 

p=0.6537). Baseline BCVA was significantly worse in patients with foveal hypoplasia 

(mean; 0.79 LogMAR), compared with patients without (mean; 0.91 LogMAR) (t-test, 

t=2.439 df=16, p=0.0267). 

Figure 3.7.6: Topographical Models of Disease Progression.  

(A-D) Topographical models using MP1 microperimetry data, of tests performed longitudinally (left plot 

for baseline test and right is follow-up test) on the right eye of four patients to assess disease 

progression. (A) A 33-year-old female with CNGB3-ACHM (MM_0022) with an increase of mean 

sensitivity (MS) beyond the repeatability coefficient (2.85dB) over 6.7 years of follow-up. (B) A 19-year-

old female with ATF6-ACHM (MM_0147) with a minimal difference over 7.8 years(0.1 dB). (C) A 7-year-

old male with CNGA3-ACHM (MM_0165) with the greatest difference in the cohort (increase by 3.2 dB 

over 8.1 years). (D) A 49-year-old female with CNGA3-ACHM (MM_0446) with a small difference in MS 

(0.6 dB), over 7.3 years.  
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3.7.4 Discussion 

 In this study we assessed cross-sectional and longitudinal MP-derived retinal 

sensitivity with both conventional and volumetric indices of retinal function in a 

molecularly confirmed ACHM cohort. Good test-retest repeatability, a high degree of 

interocular symmetry, and disease stability over a long-term follow-up was 

demonstrated for the first time. 

 A major concern in the design of clinical trials is the identification of robust and 

repeatable end-points. In a study employing the MP1 device, in 50 patients with a 

range of macular diseases, the repeatability coefficient was 1.81 dB.475  In another 

study which employed the MP3 device, the calculated repeatability coefficients for 

healthy subjects and patients with macular diseases were 1.2 dB and 1.6 dB 

respectively.476 Our study supports a similar overall test-retest repeatability across all 

ACHM genotypes, with a coefficient of 1.65 dB and no proportional bias between tests, 

despite the nature of the disease (e.g. poor BCVA and nystagmus). However, it is 

noted that when assessing interocular symmetry, the subject with the greatest 

difference is the youngest subject in the cohort, and also appears to show an increase 

in MS than is greater than the repeatability coefficient at the follow-up visit. At baseline 

the eye with the smaller MS was tested first, and a training effect may have led to a 

greater sensitivity in the subsequent test on the fellow eye. In this 7-year-old patient, 

only one test was performed at baseline, due to the young age and tiredness. The 

above case underlines the need for more than one baseline assessment, especially in 

trials with a paediatric population, and consideration of the assignment of the first test 

as a training measurement.477  

ACHM has been targeted by gene therapy trials, where the vector is applied 

monocularly. Previously we have reported similar BCVA between eyes in CNGA3-
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ACHM (n=31).125 Matet et al. also reported a strong correlation between interocular 

visual acuities.478 Our study further supports visual functional symmetry, with similar 

BCVA, CS, MS, VTOT and V5 between eyes. Symmetry of visual function extends to 

structure in patients with ACHM. Symmetry of OCT structural findings such as foveal 

outer nuclear layer thickness and the integrity of the EZ, has also been reported in 

several studies of ACHM.118, 121, 123, 124, 131, 409 Moreover, interocular symmetry extends 

to the topography of the foveal cone mosaic as imaged with adaptive optics scanning 

light ophthalmoscopy.125 Given the structural and functional symmetry, it can be 

assumed that both eyes in patients with ACHM have similar therapeutic potential.  

Achromatopsia is a clinical diagnosis. The genetic heterogeneity of the disease 

may lead to a certain variability among groups of patients based on their genotype.115, 

139 Aboshiha et al. observed that retinal sensitivity was significantly higher in the 

CNGB3 group.121 Thiadens et al. suggested CNGA3-ACHM being more severe than 

CNGB3-ACHM, in a retrospective study with long-term follow-up.115 In our cohort, MS 

was higher for CNGB3-ACHM without reaching statistical significance, something that 

can be attributed to the small number of patients compared with the aforementioned 

studies. Recently, phenotyping studies in ATF6-ACHM reported a severe structural 

pathology, including foveal maldevelopment and a lack of foveal cones.435, 479 

Interestingly, the two patients with this genotype (siblings) in our study have retinal 

sensitivity towards the higher end of the cohort (Figure 3.7.1D, 3.7.2D, 3.7.4B). In 

contrast to ATF6-ACHM, GNAT2-ACHM presents with better preserved retinal 

architecture.139 However, the subject tested herein, has a MS towards the lower end 

of the spectrum (Figure 3.7.1D, 3.7.2B), suggesting a dissociation between structure 

and function.  
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A structural feature that can be different among genotypes is foveal hypoplasia. 

All reported cases in the literature with ATF6-ACHM have foveal hypoplasia,126, 435, 479 

all reported cases with PDE6C- and GNAT2-ACHM have normal layering of the foveal 

pit,123, 139, 433  and 60-70% patients of patients with CNGA3- and CNGB3-ACHM 

subjects, have foveal hypoplasia.123-125 Recently it was suggested that structural 

grading of foveal hypoplasia may predict the future vision in patients with infantile 

nystagmus (including ACHM).480 In our cohort BCVA was better by 6 ETDRS letters 

on average in patients without foveal hypoplasia. 

Based on the structural and functional findings with aging, different studies 

concluded either that ACHM is stable, 445, 469 or is a progressive disease. 121, 123, 141 

Previously Hirji et al. identified a minimal improvement of BCVA with age in a cohort 

of 50 patients with a mean follow-up of 5.2 years, which was attributed to the possible 

improvement of nystagmus with age (known from clinical observations).131 The current 

study is based on the same patient population as the aforementioned, with a smaller 

sample size and extended follow-up. We also identified a minimal statistically 

significant improvement in BCVA compared with baseline (0.08 LogMAR or 4 ETDRS 

letters). Previous studies have defined a value of 0.3 LogMAR (15 ETDRS) as a 

clinically significant change in BCVA.474 Small differences in BCVA in ACHM post-

treatment should be interpreted with caution and in context, given the presented 

natural history of the disease. Mean BCEA significantly decreased over time in our 

cohort, in keeping with the hypothesis of lesser nystagmus with age.107, 118  Mean CS, 

MS, VTOT, and V5° were stable, in favor of the stationary disease paradigm. Importantly, 

summarising retinal sensitivity across space by a single MS value appears to be too 

simplistic when examining the VFMA 2D plots instead. Localised depressions or peaks 
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could be identified with VFMA, thereby providing a truer picture of the underlying 

retinal sensitivity across space and over time (Figure 3.7.2-3.7.4). 

 

Limitations 

Several limitations can be identified in the current study, given the increasing 

knowledge and experience accumulated in the literature for retinal sensitivity testing 

and ACHM. The baseline testing was performed on average 7 years ago, with the 

latest available technology at that time. The dynamic range of the MP1 is limited to 0-

20 dB, and is susceptible to a ceiling effect. It should be noted that eight of our patients 

had a MS >18dB. Newer microperimetry devices have a higher range of stimulation 

intensities, compared with the MP1, and therefore only a minimal ceiling effect. The 

testing protocol was based on mesopic assessment of retinal function. Newer 

approaches with combined mesopic, photopic, and dark-adapted scotopic two-colour 

fundus-controlled perimetry allow for greater specificity of photoreceptor function (e.g. 

cone and rod specific stimuli; red and cyan, respectively). 481, 482 Despite this limitation, 

if overall retinal function was to be deteriorating across time in ACHM this would be 

captured. 

The largest clinical study reported in the literature in an ACHM cohort has 50 

patients - from our group.131 A limitation of the current study is the number of recruited 

patients, from an initial cohort of 40 patients,123 we repeated the test in 18 patients 

after a long follow-up time, for various reasons including; testing system availability 

and maintenance, clinical trials participation, withdrawal from the study, and a dynamic 

population. Larger molecularly confirmed cohorts will have greater power to 

investigate any possible genotypic variability of retinal function. Recently we reported 
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slowly progressive maculopathy as a common feature in PDE6C-ACHM.461 No data 

was available for PDE6C-ACHM for the current study.  

 

Conclusions 

This is the first in-depth analysis and long-term longitudinal study of retinal function in 

ACHM. Highly reproducible assessment of retinal sensitivity, which has been shown 

in this study, is a prerequisite for a clinical trial end-point. Retinal function including 

MS, volumetric indices, and CS appear stable in our ACHM cohort. Improvement of 

fixation stability and small changes of BCVA over time, may be part of the disease 

natural history.  
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3.8 Fundus Autofluorescence Imaging in  

Childhood-Onset Stargardt Disease 
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3.8 Fundus Autofluorescence Imaging in Childhood-Onset Stargardt Disease 

 

3.8.1 Introduction 

Stargardt disease (STGD1; OMIM 248200) is the most common inherited macular 

dystrophy with a prevalence of 1 in 8,000 - 10,000.5, 11, 14, 17, 38, 239, 483 Onset is most 

frequent in childhood, where patients present with bilateral central visual loss and 

characteristic macular atrophy, often with yellow-white flecks at the level of the retinal 

pigment epithelium (RPE) at the posterior pole.5, 15, 239, 483, 484 STGD1 has an 

autosomal recessive mode of inheritance associated with disease-causing sequence 

variants in the ATP-binding cassette, subfamily A, member 4 (ABCA4) gene (MIM; 

601691).239, 247, 485-487 ABCA4 encodes the retinal specific transmembrane protein, 

which is localized to the rim of rod and cone outer segment discs and involved in the 

active transport of retinoids. 37, 488-496 The lack of, or inefficient removal of N-ret-PE 

from photoreceptor outer segments, secondary to ABCA4 dysfunction/mislocalisation, 

ultimately results in toxic levels of bisretinoid A2PE in photoreceptor membranes.496-

498 A2PE is hydrolysed to form the highly toxic metabolite A2E, which accumulates as 

a component of lipofuscin in RPE cells. Over time, A2E-associated 

cytotoxicity/phototoxicity is believed to cause photoreceptor degeneration, RPE 

dysfunction and ultimately RPE loss, which are hallmarks of STGD1.26, 27  

 Fundus autofluorescence (FAF) is a non-invasive imaging modality that utilizes 

the autofluorescent properties of lipofuscin and related fluorophores, providing 

valuable information on the distribution of lipofuscin in the RPE.9 Lipofuscin levels are 

determined largely by the activity of ABCA4 in the photoreceptors; failure or reduced 

function leads to increased bisretinoids formation.499, 500 Increased lipofuscin levels 

have been correlated with photoreceptor loss.499 The abnormal accumulation of 
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lipofuscin, the presence of active and resorbed flecks, and RPE atrophy lead to a 

characteristic appearance on FAF imaging in STGD1; very low AF signals in 

photoreceptor and RPE atrophy, and foci with low or high signals due to flecks.18, 498, 

501, 502 A previous cross-sectional study has shown that FAF patterns relate to 

functional abnormalities18 and two longitudinal studies have shown an association 

between atrophy enlargement and electrophysiological findings.501, 503 Fujinami et al. 

characterised FAF subtypes, demonstrating that progression of atrophy was 

influenced by two background FAF patterns (homogeneous and heterogeneous) and 

that multiple atrophic lesions at the posterior pole were associated with more rapid 

functional deterioration.15 Their cohort consisted of predominantly adults, including 

both childhood-onset and adulthood-onset STGD1.  

 Prior studies of STGD1 progression based on area measurements of RPE 

atrophy on FAF, or photoreceptor loss on optical coherence tomography (OCT), range 

from 0.28 mm2/year to 1.58 mm2/year.15, 26, 245, 501, 503-505 The wide range in progression 

rates found in the above studies may likely be explained by differences in the study 

populations - including the age of disease onset, age of presentation, and genetic 

background. In addition, only three studies report repeatability and reliability metrics,10, 

15, 245 so the precision of the measurements is not known in the vast majority of studies, 

which could also contribute to the differences in reported disease progression rates. 

The ongoing and upcoming clinical trials in STGD1 create a prominent need for further 

investigation of robust anatomical outcomes, both for patient stratification, as well as 

monitoring response to treatment. Quantifying measurements on FAF in children 

would be valuable in understanding the natural history of STGD1 in young patients 

and help determine whether children have better retinal potential for therapeutic 

intervention, as well as whether FAF metrics can serve as a structural endpoint. 
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Despite increasing evidence that childhood-onset STGD1 belongs to the severe end 

of the spectrum of ABCA4-associated retinal phenotypes,9, 10,4,14 the rate of 

progression using FAF imaging in a large cohort of molecularly proven children has 

not been investigated. 

  The purpose of this study was to therefore investigate FAF imaging 

qualitatively and quantitatively over a clinically significant follow-up period, in a large, 

well characterised cohort of children with genetically confirmed STGD1, and explore 

potential correlations of progression rate with age of disease onset, disease duration, 

genotype, and baseline area of atrophy and electrophysiological group. The 

measurement reliability and repeatability were established, with disease symmetry 

and intrafamilial variability also investigated.   
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3.8.2 Methods 

This prospective observational study adhered to the tenets of the Declaration of 

Helsinki and was approved by the Moorfields Eye Hospital Ethics Committee. Informed 

consent and assent were obtained from guardians and children respectively, and 

consent from adult patients, prior to entering the study.  

 

Patients 

A total of 90 patients with STGD1 were recruited from a single tertiary referral center 

(Moorfields Eye Hospital, London, UK), and had annual visits over a time period of 6 

years. In 17 patients previously acquired data with the same protocol were used to 

extend the follow-up time. All patients had detailed medical history documented, 

including age of disease onset. For the purpose of this study we divided our cohort 

into three sub-groups, based on age at baseline investigation and the age of disease 

onset. Age of disease onset was defined as the age of the first symptom(s), which was 

defined as any vision-disease related complaint. Childhood-onset and adulthood-

onset disease was defined as having disease onset before or after 17 years of age 

respectively. All patients examined at baseline at age <17 years of age were defined 

as children and had childhood-onset STGD1 (n=56). All patients ≥17 years of age at 

baseline were analyzed separately as adults, and are further subdivided into adult-

onset STGD1 if they were symptomatic at ≥17 years of age (n=15), or as adults with 

childhood-onset STGD1 if they were symptomatic before the age of 17 (n=19). The 

duration of the disease was calculated as the difference between age at onset and 

age at the last follow-up examination when FAF imaging was obtained. 
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Genotype classification 

All recruited patients were molecularly confirmed and had either at least two likely 

disease-causing variants in ABCA4, or at least one likely disease-causing ABCA4 

variant and a typical phenotype. In keeping with previous studies, segregation analysis 

was possible in a limited number of cases due to the unavailability of other family 

samples. We classified patients into four groups depending on the number and type 

of the identified variants, as previously described.11, 15, 17 The description of genotype 

group classification is summarized in Table 3.8.1. Null variants were those that would 

be expected to affect splicing, or to introduce a premature truncating codon in the 

protein if translated.15  

 

Best corrected visual acuity (BCVA)  

Each patient underwent a BCVA assessment using the ETDRS chart at a testing 

distance of 4m, 2m, or 1m depending on the patient’s vision. The ETDRS chart was 

back-illuminated with a luminance of 100-125 cd/m2. If prescribed, the patient’s 

distance refraction was corrected for using spectacles or contact lenses. The test was 

completed for each eye monocularly. A different chart was used for the right eye and 

left eye, such that the letters on the chart were varied for each assessment. Best-

corrected Snellen visual acuity was converted to equivalent value of logMAR unit, and 

visual acuity reduction was calculated as the difference between logMAR visual acuity 

at baseline and follow-up.  
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Electroretinography (ERG) 

Patients were characterised into three ERG groups, as previously described; Group 1 

had dysfunction confined to the macula; Group 2 had macular and generalized cone 

system dysfunction; and Group 3 had macular and both generalized cone and rod 

system dysfunction.17 The ERG grouping is summarized in Table 3.8.1.  ERG testing 

was not done as part of the study, but was available from previous clinical evaluation 

at the time of baseline FAF assessment. 

 

Fundus Autofluorescence Imaging  

FAF (short-wavelength) imaging was obtained using the Spectralis confocal scanning 

laser ophthalmoscope (Heidelberg Engineering, Heidelberg, Germany; excitation light, 

Table 3.8.1: Grading Systems 

Genotype Classification ERG Group FAF Pattern 

Class A: 
Multiple null variants 
 
Class B: 
One null variant 
 
Class C: 
Multiple missense variants 
 
Class D: 
One variant or uncertain 
 

Group 1: 
Dysfunction confined 
to the macula 
 
Group 2: 
Macular and 
generalized cone 
system dysfunction 
 
Group 3: 
Macular and 
generalized cone and 
rod system dysfunction 

Type 1 (Figure 3.8.1A): 
Localized low FAF signal at the fovea 
surrounded by a homogeneous 
background, with/without perifoveal 
foci of high or low FAF signal 
 
Type 2 (Figure 3.8.1B): 
Localized low FAF signal at the macula 
surrounded by a heterogeneous 
background, and widespread foci of 
high or low FAF signal extending 
anterior to the vascular arcades 
 
Type 3 (Figure 3.8.1C): 
Multiple areas of low FAF signal at the 
posterior pole with a heterogeneous 
background, with/without foci of high 
or low FAF signal 

FAF; Fundus Autofluorescence, ERG; Electroretinography 
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488 nm; barrier filter, 500 nm; field of view, 30° × 30°), after pupil dilation using one 

drop of tropicamide 1% and phenylephrine 2.5% and with automated real-time tracking 

(ART) mode on. Laser power was set at 100% (conventional) and total sensitivity was 

adjusted for an optimal image exposure (‘‘freely adjusted’’) over an imaging duration of 

~30 seconds.506 

 

FAF Qualitative Image Analysis 

Baseline and follow-up images (n=360) were available and qualitatively graded for 

both eyes of all patients by one observer (MG). Patients were classified into 1 of 3 

types of FAF pattern, as previously described.15, 507 The three subtypes were: Type 1, 

localized low FAF signal at the fovea surrounded by a homogeneous background, 

with/without perifoveal foci of high or low FAF signal (Figure 3.8.1A); Type 2, localized 

low FAF signal at the macula surrounded by a heterogeneous background, and 

widespread foci of high or low FAF signal extending anterior to the vascular arcades 

(Figure 3.8.1B); and Type 3, multiple areas of low FAF signal at the posterior pole 

with a heterogeneous background, with/without foci of high or low FAF signal (Figure 

3.8.1C). Images of each FAF type are presented in Figure 3.8.1 and Table 3.8.1 

summarizes the FAF grading system. Observer 1 (MG) also qualitatively assessed all 

images as to whether they were fit for quantitative analysis. The rate of progression 

was calculated for all three groups and each type of FAF at baseline. 
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Figure 3.8.1: Fundus Autofluorescence (FAF) Types   

(A) Type 1: localized low FAF signal at the fovea surrounded by a homogeneous background. (B) Type 

2: localized low FAF signal at the macula surrounded by a heterogeneous background, and widespread 

foci of high or low FAF signal extending anterior to the vascular arcades. (C) Type 3: multiple areas of 

low FAF signal at the posterior pole with a heterogeneous background, with foci of high and low FAF 

signal. 

 

Repeatability and Reliability Assessment 

Fifty FAF images were randomly selected to assess the intra-observer repeatability 

and inter-observer reliability of the method used for quantitative assessment. A 

number (1-334) was allocated to 334 images considered for quantitative analysis and 

50 numbers were randomly selected using a random number generator script (Python 

Software Foundation, version 3.5). The area of decreased autofluorescence (DAF) 

was calculated in the corresponding pictures, in a masked fashion, by two observers, 

observer 1 (MG) and observer 2 (TK), to assess inter-observer reliability. Observer 1 

also re-assessed the images in a masked fashion, at least one week apart, to evaluate 

intra-observer repeatability. Both observers had previous experience (2 years) in 

analysing retinal images of inherited retinal diseases but they were naïve to the 

method used here, and were trained prior to this study using ten STGD1 FAF images 

that were not included in this study.   
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FAF Quantitative Image Analysis 

The Heidelberg Spectralis Region Finder tool was used for semi-automated 

quantitative analysis of FAF images. Based on the extent of darkness, the observers 

defined areas of DAF qualitatively as being either definitely or questionably decreased 

as previously described.22, 508 The reference points for determining the level of 

darkness of the lesions were the blood vessels and the optic disc as the absolute level 

of darkness at one end of the scale and the retinal background AF at the other end. 

Areas in which DAF was very close (>90% of darkness) to the level of vessels and the 

optic disc were defined as definitely decreased AF (DDAF), and the areas of DAF 

between 50-90% of darkness, were defined as questionably decreased AF (QDAF).506 

The level of darkness was subjectively estimated by the observers as in previous 

studies.21, 22, 508, 509  

 The observers selected seed points within candidate areas of atrophy by 

clicking inside the lesion, on the darkest areas. The software considers all the adjacent 

pixels with a signal intensity equal to and below the signal intensity of the seed point 

and outlines the region. Observers make adjustments by changing the threshold of the 

region-growing algorithm to precisely outline the region (Figure 3.8.2A). For multifocal 

lesions, the sum of all areas of DAF was calculated (Figure 3.8.2B). In this study we 

have used previously established conventions: (i) the minimum lesion size considered 

as an area of DAF was defined to have a diameter greater than 125 μm and/or a lesion 

area of 0.012 mm2; (ii) shadow correction was applied when the FAF images were 

unevenly or inadequately illuminated;  (iii) manual line, circles, contours or free‐hand 

constraints were used as needed to distinguish lesion boundaries and exclude 

vascular structures (Figure 3.8.2C); (iv) peripapillary atrophy was excluded from area 

calculation; (v) in case of confluence of central and peripapillary atrophy, an 
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approximately vertical line constraint had to be set at the narrowest part (“bridge”), 

with atrophy quantification including only atrophy temporal to the constraint; and (vi) 

areas of foveal sparing were delineated with free-hand constraints after consulting  

infrared images and/or OCT obtained at the same visit (Figure 3.8.2D). 21, 22, 245, 508-510 

Figure 3.8.2: Method of Decreased Autofluorescence (DAF) Quantitative 

Analysis  

(A) Outlined region of DAF after threshold adjustment. (B) Multifocal lesions, in which the sum of all 

areas of DAF was calculated. (C) Manual line and free-hand constraints were used to distinguish lesion 

boundaries and exclude vascular structures. (D) Areas of foveal sparing were delineated with free-hand 

constraints after consulting the infrared images and the ring-shaped DAF evaluated. 

 The baseline measurement of DAF (QDAF plus DDAF) and the rate of 

progression (mm2/y) were evaluated for disease symmetry between eyes. The rate of 
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progression was calculated for each individual group of patients (children, adults with 

childhood-onset or adulthood-onset STGD1). Correlation with age of onset, disease 

duration, ERG group at baseline, baseline measurements, and rate of progression 

was also investigated.  

 

Statistical Methods 

The statistical analysis was carried out using SPSS Statistics (Chicago, IL, USA). 

Significance for all statistical tests was set at P < 0.05. The Shapiro-Wilk test was used 

to test for normality for all variables. Parametric and non-parametric tests were used 

as appropriate. Reliability and repeatability were calculated as the intraclass 

correlation (ICC) based on a 2-way mixed-effects model, absolute agreement and with 

Bland-Altman analysis. A threshold of ICC > 0.90, with the lower limit of the 95% 

confidence interval > 0.75, was used to designate a reliable method. The interocular 

symmetry was assessed with a paired t-test for DAF area, at baseline and follow-up, 

as well as annual rates of change. The correlations between eyes were assessed with 

either Spearman or Pearson’s correlation coefficient as appropriate. Subsequently, 

the strength of the correlations between the baseline measurement and annual rate of 

progression, baseline measurement and age at baseline, as well as the age at 

baseline and annual rate of progression were assessed. Strong, moderate, and weak 

absolute correlation was defined as r>0.7, 0.7>r>0.5, and r<0.5, respectively.  
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3.8.3 Results 

 

Demographics 

Ninety patients with STGD1 were ascertained. Fifty-four patients were females (60%). 

Fifty-six were children at baseline FAF imaging (n=56, age range: 6.5-16.1 years, 

mean age ± SD: 11.03 ± 2.96 years, mean follow-up (±SD): 3.5 ± 1.8 years) and thirty-

four were adults (n=34, age range: 17.8-66.2, mean age ± SD: 30.1 ± 10.46 years). 

Fifteen adults had childhood-onset disease (onset <17 years of age, n=15, age range: 

17.8-64.8, mean age: 26.3 years, mean follow-up (±SD): 3.4 ± 2.2 years), and the rest 

had adulthood-onset (onset ≥17 years of age, n=19, age range: 20.2-48.4, mean age: 

33.0 years, mean follow-up (±SD): 5.4 ± 3.5 years). Age of onset was documented in 

all subjects and was 9.6 ± 3.4 years for childhood-onset (n=71) and 28.3 ± 7.8 years 

for adulthood-onset STGD1 (n=19); with the presenting symptom in all patients being 

increased difficulty seeing. 

 

Genetics 

In documented childhood-onset disease (n=71), at least 2 likely disease-causing 

variants were identified in 69 patients; with 4 patients having three variants, and 2 

siblings having 4 variants. For two patients only one likely disease-causing variant was 

identified. In total, 148 variants were identified in the childhood-onset cohort, of which 

95 were missense (64.2%), 25 splice-site alterations (16.9%), 10 nonsense (6.8%), 6 

in-frame insertions (4.1%), 7 in-frame deletions (4.7%), and 5 disease-associated 

intronic variants (3.3%).  The genetic findings of 46 of our childhood-onset patients 

have been previously reported.10  
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 The variant c.5882G>A, p.(Gly1961Glu), was the most commonly detected 

variant in both childhood and adulthood-onset groups. Nine alleles were identified 

(9/142, 6.3%) in childhood-onset and ten alleles in adulthood-onset disease (10/38, 

26.3%). All patients were classified based on the genotype group classification 

described in Table 3.8.1. The most common classification for childhood-onset was B 

(n=31/71, 43.7%) and for adulthood-onset was C (n=11/19, 57.9%). By definition B, 

with the presence of a null variant, suggests a more severe genetic background. At 

least one null variant (group A and B) was identified in 38 of the 71 patients with 

childhood-onset disease (53.5%), compared to 7 out of the 19 patients with adulthood-

onset disease (36.8%).  

 

Best Corrected Visual Acuity 

Best corrected visual acuity (BCVA) was available for all patients both at baseline and 

follow-up. BCVA at baseline was similar between eyes (P=0.859, t=0.178, df=89), with 

a mean ± SD of 0.68 ± 0.34 and 0.68 ± 0.32 LogMAR for right and left eyes, 

respectively. BCVA at follow-up was also similar between eyes (P=0.870, t=-0.164, 

df=89), with mean ± SD of 0.86 ± 0.32 and 0.87 ± 0.25 LogMAR for right and left eyes, 

respectively. The mean BCVA change (± SD) during follow up was 0.18 ± 0.20 and 

0.19 ± 0.19 LogMAR for right and left eyes, respectively. This mean change 

corresponds to a mean loss of 9 ETDRS letters over 4.2 years, and an average Snellen 

BCVA reduction from 20/90 (6/27) at baseline, to 20/145 (6/44) at follow-up. For 61 

subjects (49 children and 12 adults), the baseline BCVA used in the analysis herein 

coincided with the time of disease diagnosis. 
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ERG Group 

ERG group was available for 86 patients, 67 with childhood-onset and 19 with 

adulthood-onset disease. ERG was done as part of their clinical investigation at or 

near the time of diagnosis. All patients had the same ERG group in both eyes. For 

childhood-onset disease, 39 (58.2%), 9 (13.4%) and 19 (28.4%) patients had ERG 

Group 1, 2 and 3 respectively. For adulthood-onset disease, 16 (84.2%), 1 (5.3%) and 

1 (5.3%) patient(s) had ERG Group 1, 2 and 3 respectively. One adult had a pattern 

ERG within normal limits at the time of diagnosis (MM_0425, at age of 26 years old, 

presented with subtle perifoveal changes and BCVA 0.18 and 0.0 LogMAR). The 

childhood-onset cohort had a statistically significant greater number of patients in ERG 

group 2 and 3, compared to the adulthood-onset (p=0.0156, chi-square=5.84). ERG 

group 2 and 3 describe a more extensive/severe retinal dysfunction. 

 

FAF Qualitative Grading 

FAF images (n=360, baseline and follow-up for both eyes) were qualitatively graded 

into 1 of 3 AF types (Table 3.8.1, Figure 3.8.1).  At baseline, 40 (71.4%) children had 

type 1, and 12 (21.4%) had type 2 AF pattern. No children had type 3 AF, and four 

(7.1%) were indeterminate (described below). Sixteen (28.6%) children progressed to 

more severe type during follow-up: two from indeterminate to type 1 and one from 

indeterminate to type 2; eleven from type 1 to type 2; and two from type 2 to type 3. 

Mean follow up was 4.3 and 3.2 years for children with and without a change in type, 

respectively. 

 At baseline, of the 15 adults with childhood-onset disease, 6 (40.0%) had type 

1, 8 (53.3%) had type 2, and 1 (6.7%) had type 3. Five (33.3%) progressed to a more 
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severe type during follow-up: two from type 1 to type 2; and two from type 2 to type 3. 

Of the 19 adulthood-onset patients, 12 (63.2%) had type 1, 2 (10.5%) had type 2, and 

2 (10.5%) had type 3. Three were indeterminate (described below). Six (31.6%) 

progressed to a more severe type during follow-up: two from indeterminate to type 1; 

two from type 1 to type 2; and two from type 2 to type 3. Mean follow up was 8.5 and 

4.0 years for patients with and without a change in type respectively. The results of 

qualitative analysis are summarized in Table 3.8.2 and Figure 3.8.3. 

 

Figure 3.8.3: Categorization of Fundus Autofluorescence (FAF) by Type and Presentation 

Coloured bar charts depict the percentage of each type of FAF at baseline and follow-up for all three 

patient groups. There is a trend for childhood-onset disease over time (from baseline to follow-up and 

from children to adults) of a declining percentage in type 1 and an increasing percentage in type 2 and 

3 (suggesting a worsening FAF phenotype over time). 

 



337 
 

 Seven patients, four children (4/56, 7.1%) and three adults with adulthood-

onset disease (3/19, 15.8%), all recruited at the time of initial diagnosis had no obvious 

abnormalities or findings meeting the description of the FAF grading system. Five of 

them progressed to one of the three FAF types during follow-up (Figure 3.8.4B-C). 

One child (MM_0335 - Figure 3.8.4A) and one adult (MM_0425) had minimal signs of 

progression over a follow-up period of 2.9 and 1.4 years respectively, with a small 

perifoveal area of DAF only in MM_0425 (Figure 3.8.5A). In contrast, OCT imaging 

revealed perifoveal disruption at baseline with minimal, if any, progression over time 

in both patients (Figure 3.8.5A).  

 After qualitative grading, 26 images from 10 subjects were excluded from 

further quantitative analysis due to: absence of an area of DAF in 16 images 

(DAF=0mm2, 7 Subjects, Figure 3.8.6); area of DAF extending beyond FAF image 

borders in 6 images (2 subjects, Figure 3.8.6-C/D); and inadequate image quality for 

quantitative analysis in 4 images (1 subject, Figure 3.8.6-B). Examples of the 

excluded images are presented in Figure 3.8.6. The calculated rate of progression for 

each type of FAF pattern at baseline, in all three groups is presented in Table 3.8.2. 

 

Table 3.8.2: Fundus Autofluorescence Type and Rate of Progression  

Type  
Children  
(n=56) 

Adults with 
Childhood Onset 

(n=15) 

Adults with 
Adulthood Onset 

(n=19) 

 Baseline Follow-up Baseline Follow-up Baseline Follow-up 
Indeterminate: 4 (7%) 1 (2%) 0 0 3 (16%) 1 (5%) 
Type 1:  40 (71%) 31 (55%) 6 (40%) 4 (27%) 12(63%) 12 (63%) 
Type 2:  12 (21%) 22 (39%) 8 (53%) 8 (53%) 2 (11%) 2 (11%) 
Type 3:  0 2 (4%) 1 (20%) 3 (20%) 2 (11%) 4 (21%) 
    

Rate of Progression (mm2/year)*    

Indeterminate: 0.94 NA 0.13 
Type 1: 0.61 0.46 0.41 
Type 2: 0.74 0.95 0.63 
Type 3: NA 0.30 0.77 

*Based on baseline Fundus Autofluorescence Type 
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Figure 3.8.4: Quantitative analysis of Fundus Autofluorescence (FAF) 

FAF images from both eyes of five children at baseline and follow-up. All patients have the same FAF 

type between eyes. (A) Indeterminate FAF at both time points. (B) Progression from indeterminate to 

type 1. (C) Progression from indeterminate to type 2. (D) Progression from type 1 to type 2. (E) 

Progression from type 2 to type 3. All images are to scale.  
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Figure 3.8.5: Intrafamilial Variability  

Panels (A) and (B) first line: Fundus autofluorescence (FAF) images at baseline and follow-up of both 

eyes. Panels (A) and (B) second line: Infrared (IR) image of the right eye at baseline and follow up; the 

white horizontal linesmark the corresponding location of the OCT B-scan indicated by the blue arrows. 

MM_0425 (A) and MM_0021 (B) are siblings with age of disease onset at 26 and 14 years of age 

respectively. The younger sibling (B) was diagnosed earlier. ERG at baseline was within normal limits 

for the older sister (A) and ERG group 1 for the younger brother (B). The patients have a mild genotype, 

harbouring the missense variants p.Gly1961Glu and p.Ala1598Asp. Both siblings had foveal sparing 

and the rate of progression was among the lowest in the study (0.08 and 0.21 mm2/year respectively). 

Both have perifoveal ellipsoid-zone changes on OCT. FAF and OCT images are to scale within 

modalities. Foveal sparing is clearly visible on the IR images and OCT images, and they were used in 

outlining the normal decreased autofluorescence of the fovea, and exclude the area (red delineated 

area on B) when quantifying the abnormal decreased autofluorescence.  
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Figure 3.8.6: Examples of Images Excluded from Quantitative Analysis 

From the 360 images, 26 images from 10 subjects were excluded from further quantitative analysis. (A-

D) examples of the excluded images. (A) Absence of area of Decreased autofluorescence (DAF). (B) 

Poor image quality. (C) and (D) area of DAF extending beyond borders of image.  

 

Intraobserver and Interobserver Reliability 

Fifty images were randomly selected after qualitative assessment, and were 

quantitatively assessed in a masked fashion twice by observer 1 (MG) and once by 

observer 2 (TK), in order to evaluate intra- and inter-observer reliability respectively. 
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Initially all pictures were quantified and DAF classed as either definitely decreased 

autofluorescence (DDAF) or questionably decreased autofluorescence (QDAF). The 

area measurements of DAF were similar for the two observers in most cases, however 

for 21 (42%) images there were discrepancies as to whether there was QDAF, DDAF 

or both, either between the observers or between repeat assessments by observer 1. 

Even though the definitions of questionably and definitely decreased autofluorescence 

are not complex, the decision on whether an area has 50-90% or 90-100% DAF is 

often subjective and variable. We therefore decided to only compare measurements 

of DAF. 

 The intraclass correlation coefficient (ICC) was calculated as 0.995 and 0.987 

for intra- and inter-observer agreement respectively, representing an excellent 

agreement. Bland-Altman analysis was also performed and no bias was found for 

either intra- or inter-observer measurements.463 Six outliers were identified (out of the 

total 100 sets of measurements) and all represented cases with mean area greater 

than 4 mm2. For small lesions there was a clustering effect near the origin on Bland-

Altman intra- and inter-observer analysis graphs; representing high repeatability and 

reproducibility in their quantification. Reliability results are summarized in Table 3.8.3. 

Bland-Altman plots are presented in Figure 3.8.7. The mean (±SD) absolute 

difference was 0.29mm2 (±0.43 mm2) and 0.37mm2 (±0.44 mm2) for observer 1 and 

between observers respectively. Subsequent quantitative analysis in all 334 remaining 

images was done by a single observer (MG) given the excellent intra- and inter-

observer repeatability agreement. 
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Figure 3.8.7: Bland-Altman Reliability assessment for Quantitative Analysis of Fundus 

Autofluorescence (FAF) 

Blue line represents mean difference and the dashed lines the upper and lower standard error. The 

orange lines represent the upper and lower limits of agreement, with the dashed lines around them their 

upper and lower confidence intervals. (A)  Analysis of Intra-observer agreement. (B) Analysis of Inter-

observer agreement. Only 6 pairs of measurements are lying outside the limits of agreement. No bias 

was observed either for intra- or inter-observer analysis.  

A1; First area measurements for Observer 1, A2; Second area measurements for Observer 1, A3; Area 

measurements for Observer 2  
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Table 3.8.3: Reliability Results of Fundus Autofluorescence Quantitative Analysis 

 Intra-observer  Inter-observer  

   
ICC (95% CI) 0.995 (0.985-0.998) 0.987 (0.963-0.996) 

   
Bland Altman analysis (mm2 )  

Bias 
(95% CI) 

0.14 
(0.0 , 0.28) 

0.03  
(-0.13, 0.19)    

Upper LOA 
(95% CI) 

1.13 
(0.89, 1.37) 

1.17  
(0.89, 1.45)    

Lower LOA 
(95% CI) 

-0.85 
(-1.09, -0.61) 

-1.11  
(-1.38, -0.83)    

ICC, Intraclass Correlation Coefficient; CI, Confidence Interval; LOA, Limits of Agreement  

 

Interocular symmetry 

Interocular symmetry was evaluated both for qualitative and quantitative FAF 

assessment. FAF type was the same bilaterally in all patients both at baseline and 

follow-up (Figure 3.8.4 A-E, Figure 3.8.8 B-E), with the exception of two patients with 

different types between eyes; one at baseline and one at follow-up visit (Figure 

3.8.8A). Both patients were adults, with advanced disease bilaterally (MM_0242 and 

MM_0247). The only patient with a different type at base-line had the same type in 

both eyes at follow-up. Examples of AF type disease symmetry and progression are 

presented in Figures 3.8.4 and 3.8.8. 

 Eighty-one pairs of eyes were further quantitatively analyzed at baseline (7 

pairs were excluded due to lack of DAF, one due to bad image quality, and one due 

to extensive DAF area beyond the image borders - Figures 3.8.6). The area of DAF 

(QDAF plus DDAF) was similar between eyes (P=0.658, t=-0.444, df=80), with mean 

absolute difference (±SD) of 0.33 mm2 (± 1.06 mm2).  Only three subjects (3.7%) had 

interocular DAF difference greater than 1 mm2 and were identified as outliers 

(MM_0065, MM_0161, and MM_0247, with interocular difference of 5.90, 5.22 and 

5.88 mm2 respectively), with obvious asymmetry between eyes (Figure 3.8.8A).  
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Figure 3.8.8: Fundus Autofluorescence (FAF) Progression 

FAF images from both eyes of five patients with childhood-onset disease, at baseline and follow-up. 

Patient (A) had asymmetric disease at baseline and follow-up, and an asymmetric rate of progression.  

(B-E) All patients have symmetric disease between eyes. (B-C) and (D-E) are siblings and have a 

similar course of disease. (B) and (C) have a minimal rate of progression of 0.01 and 0.06 mm2/year, 

respectively. (D) and (E) have a rapidly progressive disease, and are homozygous for the p.Gly72Arg 

variant. All images are to scale. yo, years old; y, years 
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 At the follow up visit 86 pairs of eyes were analysed (1 pair was excluded due 

to lack of DAF, 2 due to poor image quality, and one due to extensive DAF area beyond 

the image borders). The mean absolute difference (±SD) between right and left eyes 

was 0.57 mm2 (± 1.40 mm2). Even though the area of DAF was similar between eyes 

(P=0.647, t=0.459, df=85), two patients were noted to have asymmetric DAF 

(MM_0019, MM_0409, with interocular difference of 1.66 and 3.31 mm2 respectively).  

 Finally, the rate of progression was evaluated for both eyes of 86 patients. The 

mean absolute difference between eyes (range, ±SD) was 0.13 mm2/year (0-1.71, ± 

0.22 mm2/year). Figure 3.8.9 presents the rate of progression for each pair of eyes, 

with the line of best fit. Patient MM_0247 had a different rate of progression between 

eyes and was an outlier (Figure 3.8.8A, red square on graph Figure 3.8.9). All patients 

Figure 3.8.9: Progression Symmetry  

Scatter plot presenting the rate of progression for each pair of eyes, with line of best fit. The blue dots 

correspond to childhood-onset patients and the orange triangles to adulthood-onset patients. The rate 

of progression was highly variable from 0 to 3 mm2/year, with almost all patients having symmetric 
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progression. Patient MM_0247 (Figure 3.8.8A) has a different rate of progression among eyes and was 

an outlier (red square on graph).  

 (n=5, 5.6%) with asymmetry at baseline, and/or follow-up, and/or rate of progression, 

were adults with advanced disease and mean disease duration of 18.8 years (range: 

5-50 years, median: 14 years). All children had symmetric disease without a significant 

difference between eyes at baseline (p=0.909, t=-0.114, df=52) and in rate of 

progression (p=0.191, t=1.33, df=52) (Figure 3.8.8B-E). 

 

Rate of Progression 

Data from the right eye of all subjects was used for this analysis, after investigating 

disease symmetry and in order to avoid any clustering effect. The mean (±SD) DAF 

area at baseline was 2.59 (±5.58) mm2 for children, 3.74 (±4.57) for adults with 

childhood-onset, and 2.15 (±2.12) for adults with adulthood-onset disease. The rate of 

progression was evaluated for 86 patients (1 patient was excluded due to lack of DAF, 

1 due to bad image quality, and 2 due to extensive DAF area beyond the image 

borders). The mean annual rate (±SD) of progression was calculated for each group 

individually, and was 0.69 (±0.72) mm2/year for children (n=53), 0.71 ± 0.48 mm2/year 

for adults with childhood-onset (n=15), and 0.40 ± 0.36 mm2/year for adults with 

adulthood-onset disease (n=18). The rate of progression was significantly lower for 

adulthood-onset disease compared with adults with childhood-onset disease 

(P=0.022, U=72, n2=18 and n3=15). The rate of progression was similar for children 

and adults with childhood-onset disease (P=0.315, U=330, n1=53 and n2=15). As 

shown in Figures 3.8.10 and 3.8.8 the rate of progression was highly variable within 

the three cohorts.  
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 The rate of progression is weakly, but significantly, negatively associated with 

age of onset (P=0.05, r=-0.214, n=86), and is in keeping with a slower rate of 

progression with an older age of onset. Disease duration (age of onset to last follow-

up) was not associated with progression rate (P=0.56, r=-0.065, n=86). The rate of 

progression showed a moderate statistically significant positive correlation with the 

size of the area of DAF at baseline (P<0.001, r=0.46, n=86); indicating faster rate of 

progression with larger baseline lesion size.   

 Rate of progression and ERG group was available for 81 patients. The mean 

rate of progression ±SD was 0.48 ± 0.54 mm2/year for ERG group 1 (n1=53), 0.65 ± 

0.59 mm2/year for group 2 (n2=9), and 1.11 ± 0.71 mm2/year for group 3 (n3=19). 

Group 3 had a statistically significant faster rate of progression compared with both 

Group 1 (p=0.00012, U=202, n1=53, n3=19) and group 2 (p=0.037, U=43, n2=9, 

n3=19). There was no statistically significant difference between group 1 and group 2 

(P=0.313, U=188, n1=53 and n2=9). Figure 3.8.10B presents the rates of progression 

between the different ERG groups. 

Figure 3.8.10: Stacked Scatter Plots for Rate of Progression for Patient Category and ERG Group 
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Blue circles represent progression rate for patients in the corresponding category or group and are 

displaced horizontally to aid visualisation. Yellow diamonds represent the mean value. Blue bullet 

markers.  (A) Rate of progression for each group of patients: the rate of progression was highest for 

adults with childhood-onset disease, followed by children with childhood-onset. In all three categories 

the rate was highly variable. (B) Rate of progression for each ERG group: the rate of progression was 

statistically significantly higher for group 3. In all three groups the rate was again highly variable. ERG; 

electroretinography 

 

Genotype-Phenotype correlations 

Variants that were identified in more than one patient with childhood-onset disease 

and in at least one patient in the homozygous state are described here. 

 

p.(Gly72Arg) 

This variant was identified in three siblings in the homozygous state. All three had 

childhood-onset disease (age range: 5.8-7.9 years of age). Visual acuity ranged from 

1.1 LogMAR for the first child to be diagnosed, to 0.26 LogMAR for the last child to be 

diagnosed at 5.8 years of age. BCVA was 0.96 - 1.2 LogMAR at follow-up visit (2.3-

3.8 years follow-up). All three had a homogenous background FAF at baseline. They 

had three of the highest progression rates in the entire cohort (0.92, 2.73 and 2.39 

mm2/year) (Figure 3.8.8 D-E). The young child had no area of quantifiable DAF at 

baseline (Figure 3.8.8D). All three children had ERG group 3. The predicted effect of 

this variant has been previously described by Garces et al. as severe, and they 

described two compound heterozygous siblings (p.(Gly72Arg)/p.(Gly1961Glu)) with a 

milder phenotype than the three cases herein.511  
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p.(Leu2027Phe) 

This missense variant was previously reported to cause a mild phenotype, smaller 

area of central atrophy and a slow rate of progression.15, 242, 507, 512 In our cohort a 

broad range of clinical phenotypes were identified associated with this substitution. 

The one patient homozygous for this variant had childhood-onset disease (13 years 

of age) and a progression rate of 1.4 mm2/year, which is towards the high end of the 

range observed in this study. Four other patients harboured the variant in the 

heterozygous state with a null variant (genotype group B), all had childhood-onset 

disease (age of onset: 7-16 years of age) and a highly variable range of progression 

(0.13-1.91 mm2/year). Two of the patients were siblings (MM_0128 and MM_0129), 

diagnosed at 12 (younger sibling, Figure 3.8.4B) and at 7 (older sibling) years of age, 

and showed minimal to slow rate of progression (0.123 and 0.55mm2/year, 

respectively). The older sibling had a normal FAF at baseline and progressed the least 

(Figure 3.8.4B). At final follow-up both presented with type 1 FAF. Interestingly, there 

was discordance between the siblings, with the age of onset being five years later in 

the younger sibling and associated with better BCVA, compared to the older sibling. 

Another patient harbouring the variant in the heterozygous state with another 

missense variant (p.(Phe418Ser); genotype group C) had adulthood-onset disease 

(35 years of age) with a relatively high rate of progression (0.98mm2/year) and visual 

acuity 1.32 LogMAR at last follow-up, 15 years after disease onset (Figure 3.8.2B). 

 

p.(Phe418Ser) 

The only patient homozygous for this variant had childhood-onset disease (7 years of 

age) and a minimal progression rate of 0.039 mm2/year, which is one of the lowest 
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observed in this study, with the patient being essentially stable over a follow-up time 

of 3.5 years. Despite the disease stability, BCVA was already severely reduced at 

baseline to 1.0/0.9 LogMAR and 1.0/0.94 LogMAR at follow-up. The other three 

patients have a group C genotype (missense variants only). One patient was 

heterozygous for the variant with p.(Leu2027Phe) and has been described above 

(Figure 3.8.2B). One patient was heterozygous for variant p.(Arg1108Cys) and 

presented with childhood-onset disease (onset at 7 years of age) and was stable over 

2.9 years of follow-up (rate of progression 0.005mm2/year). The final patient was 

heterozygous for the variant p.(Gly863Ala) and presented with early adulthood-onset 

disease (onset at 18 years old), and foveal sparing (Figure 3.8.2D), with a low rate of 

progression (0.15mm2/year) over a follow-up time of 2.9 years. The above findings 

suggest that p.(Phe418Ser) is a mild allele and is associated with milder phenotypes 

of often childhood-onset disease.   

 

c.6729+5_19delGTTGGCCCTGGGGCA  

Three children were homozygous for this splice site alteration. Although the three 

patients were attributed to three different pedigrees, they all originate from the same 

Indian-Pakistani community and it is possible that they are members of one extended 

family or the result of a founder effect. The age of disease onset was between 4 and 

6 years old. At follow-up visit BCVA was 0.9-1.10 LogMAR (8.4-12.9 years of age). 

One patient (MM_0426) was the only subject in this study with poor imaging quality 

for reliable quantitative assessment (Figure 3.8.6B). For the other two patients, the 

progression rate was towards the high end of the range (0.85 and 2.34 mm2/year). All 

three patients both at baseline and follow-up had a homogenous FAF background. 
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This splice site alteration appears to be a severe allele and results in a rapidly 

progressive early childhood-onset disease.  

 

Intrafamilial Variability 

In our study we had 8 pairs and 1 triplet of siblings. There was minimal intrafamilial 

variability observed. The triplet of siblings (MM_0325, MM_0326 and MM_0360) 

homozygous for p.(Gly72Arg), and the one pair of siblings (MM_0128, MM_0129) 

heterozygous for p.(Leu2027Phe) are described above in the genotype-phenotype 

correlations. For the remaining seven pairs, the age of onset differed by less than 2 

years for 5 of them. ERG testing was available for both siblings in five pairs, and from 

those, four had the same ERG group. In the remaining siblings, ERG data was 

available only for one patient (MM_0020, group 3) and was group 3, with a rate of 

progression of 0.89 mm2/year. A comparable rate of 0.71 mm2/year was observed in 

the younger sibling. In Figure 3.8.8 B-C presents a pair of siblings following the same 

course with minimal progression. 

 In one pair (MM_0021-MM_0425, Figure 3.8.5) the age of onset was 14 and 

26 years of age for the younger and older sibling, respectively, with the younger one 

being diagnosed earlier than the older. ERG at baseline was within normal limits for 

the elder sister (MM_0425, Figure 3.8.5A) and group 1 for the younger brother 

(MM_0021, Figure 3.8.5B). The patients had a group C genotype harbouring the 

missense variants p.(Gly1961Glu) and p.(Ala1598Asp). Both siblings had foveal 

sparing and the rate of progression was among the lowest in the study (0.08 and 0.21 

mm2/year). The elder sister had a normal appearing FAF at baseline, with decreased 

BCVA in the right eye (0.18 LogMAR) at presentation and perifoveal ellipsoid-zone 
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changes on OCT (Figures 3.8.5A). A similar presentation was observed in patient 

MM_0335, (Figure 3.8.4 A) the sibling of MM_0336, and over the follow up period no 

DAF was observed on FAF. The remaining pairs of siblings had the same FAF type at 

baseline and followed a similar course of disease over time.   
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3.8.4 Discussion 

This study reports the findings of the largest prospective cohort study of children with 

molecularly confirmed STGD1; including FAF qualitative and quantitative assessment, 

genetic background and clinical information. We evaluated the reliability and 

repeatability of quantitative DAF evaluation, and investigated disease symmetry, 

genotype correlations, and intra-familial variability. 

 In the current literature the reported rate of progression is highly variable, 

ranging from 0.28 to 1.58 mm2/year. 15, 22, 501, 503, 505, 513 There are multiple inherent 

limitations of many of the studies that have reported these rates of progression, 

including retrospective nature, the patients not being molecularly confirmed, small 

cohorts, heterogeneous groups of patients in terms of both age and disease onset 

(three distinct phenotypic (and genetic) groups often analysed together, namely 

childhood-onset, adulthood-onset, and late-onset), variable follow-up duration,  and 

lack of reliability/repeatability assessment of the method used. In this prospective 

study we investigated the rate of progression by also taking into account the principal 

aforementioned limitations of the previous studies, including analysing patients in 

three distinct molecularly confirmed and clinically well-characterised prospective 

cohorts and by assessing reliability and repeatability of our method. After accounting 

for the aforementioned limitations of previous studies, we identify a different rate of 

progression for each of our groups. 

 The semi-automated method used in the study had excellent reliability and 

repeatability in evaluating areas of DAF. The distinction between questionably and 

definitely decreased autofluorescence was difficult to establish in a masked fashion, 

as has been reported previously.506, 508 The rate of progression was higher for 

childhood-onset disease compared to adulthood-onset, and was faster for adults with 
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childhood-onset disease compared to children with childhood-onset (Figure 3.8.10). 

These data suggest that patients with childhood-onset disease maintain a higher rate 

of progression throughout the course of the disease, i.e. into adulthood. This higher 

rate compared to the rate observed during childhood, can also be attributed to the 

largest baseline size of DAF area in the entire study; which has been shown to 

correlate with the rate of progression both in our study and previously, with a greater 

rate of progression associated with larger DAF area at baseline.15,22 Despite the mean 

rate of progression being notably higher in children compared to adults with adulthood-

onset (0.68 compared to 0.40 mm2/year), this did not reach statistical significance; 

which may likely be due to the high variation in the children group (SD; 0.72mm2/year) 

- with childhood-onset disease being highly heterogeneous in terms of progression 

rates (Figures 3.8.8 and 3.8.10).   

 A recent study describes a strong correlation between outer retinal 

degeneration and choriocapillaris loss in STGD using en face OCT and OCT-

Angiography, with an EZ loss 1.6 fold greater than RPE atrophy.32 In agreement with 

the aforementioned study, it is noteworthy that the ratio of EZ loss reported in our 

recent OCT study (1.20 mm2/year, cohort of children with STGD1, n=46)10 to the rate 

of DAF change calculated in the current study herein (0.69 mm2/year) is comparable 

(1.7). These observations also support the theory that photoreceptor degeneration 

precedes RPE loss in STGD1, or that functional RPE loss precedes the structural loss 

of RPE leading to photoreceptor loss before structural damage becomes apparent on 

FAF; in direct contrast to prevailing pathogenesis descriptions alluding to RPE loss 

preceding photoreceptor degeneration, and may thereby necessitate a paradigm 

shift.37  
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 Khan et al. investigated the early patterns of macular degeneration in 

childhood-onset STGD1 and observed parafoveal changes detected earlier with OCT 

than FAF; an observation we have also seen both in adults (Figure 3.8.5A) and 

children in this study.9 OCT is more sensitive in identifying early changes in disease 

compared to FAF (higher resolution and three dimensional). However, quantifying EZ 

area loss using OCT can be significantly more laborious and time consuming,31 the 

field of view is smaller compared with FAF, and patients cannot be monitored if the 

atrophy extends beyond the border of the scan,10 a limitation that may be overcome 

with swept source OCT.27 Of note, the FAF acquisition rate and analysable data were 

greater in the current study compared with our previous OCT study in a pediatric 

population, with 51 of the 53 children being analyzed.10  

 More advanced recent variant analysis, such as PCR enrichment–based next 

generation sequencing, has resulted in a higher variant detection rate, including 

identifying the often ‘‘missing’’ second ABCA4 allele, and thereby allowing more 

informed genotype-phenotype correlations to be investigated. It has been challenging 

in STGD1 to establish comprehensive genotype-phenotype correlations due to the 

highly variable phenotype and the vast allelic heterogeneity of ABCA4.15, 17, 239, 514, 515 

The genotype-phenotype correlations we draw herein are important for patient 

counselling and prognosis determination. Intrafamilial variability was minimal, with 

similar age of onset and disease course between siblings. Interestingly, the two pairs 

of siblings (MM_0021 - MM_0425 and MM_0128 - MM_0129) showing a greater 

intrafamilial variation had milder phenotypes (Figure 3.8.5).   

 A high degree of disease symmetry both at baseline and in terms of progression 

was observed between eyes, with few exceptions; limited to adults with advanced 

disease (Figures 3.8.8 and 3.8.9). Previous studies have also described both 
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structural symmetry on OCT and functional symmetry with retinal sensitivity testing 

(microperimetry and static perimetry) in children.10, 13 Symmetry is important for any 

potential intervention, for which the fellow eye can serve as a control. Given the 

ongoing and up-coming clinical trials targeting STGD1, identification of robust end-

points is needed. BCVA was similar between eyes, and we observed a substantial 

reduction over a mean follow-up of 4.2 years. A previous study in a large cohort 

reported a minimal change over a follow-up period of 2 years.516 Plausible 

explanations for this difference include the higher proportion of childhood-onset 

patients in our study and that the baseline BCVA often coincided with the time of 

disease diagnosis (especially in the children). In terms of prognosis, ERG groups with 

generalised retinal dysfunction (groups 2 and 3), were associated with a more rapid 

rate of DAF progression (Figure 3.8.10B), in agreement with the retrospective studies 

in the literature.17, 18, 514. The more rapid deterioration of vision in our cohort and the 

greater proportion of patients with group 3 ERG in the childhood-onset cohort 

emphasizes the need for any potential “rescue” intervention to be applied early in the 

course of disease, and that children (and adults with childhood-onset disease) will 

likely help establish an efficacy signal more rapidly (compared to adulthood-onset 

disease) given their more rapid rate of progression.  

 In this study we have performed a qualitative and quantitative analysis of the 

area of DAF. Additional studies are needed to further investigate the qualitative 

change of DAF in this population, as well as the correlation of the area of RPE loss on 

en face OCT with the area of DAF on FAF. The non-quantitative AF assessment (FAF 

Pattern) can be more useful in the clinical assessment of individuals (together with 

ERG group). However, for patients progressing from one disease stage to another, 

this approach can be challenging when trying to assign them a grade (illustrated in 
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Figure 3.8.4 B and C). In our cohort, we had a greater representation of patients with 

childhood-onset disease. Further investigations and comparisons between childhood-

onset disease and a larger cohort of adulthood-onset disease will be valuable. 

 

Conclusions 

This is the largest prospective study characterising FAF in a cohort of molecularly 

confirmed children with STGD1. The high intraobserver and interobserver agreement 

in DAF area quantification, suggests that DAF can serve as a robust anatomic 

outcome measure in children. The data in this study are in keeping with childhood-

onset disease being more severe than adulthood-onset. Rapid deterioration of vision 

in the first years after disease onset and the higher rates of progression were 

maintained into adulthood. Genetic background, ERG group and intrafamilial 

presentation are of value in informing counselling of patients about prognosis.   
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3.9 Retinal Phenotyping of  

GUCY2D-associated Leber Congenital Amaurosis  
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3.9 Retinal Phenotyping of GUCY2D-LCA 

3.9.1 Introduction 

Leber congenital amaurosis (LCA) represents a leading cause of autosomal recessive 

blindness in children worldwide, affecting between 1 in 30,000 to 1 in 81,000 new-

borns annually.517-519 Clinically, LCA is characterised by severe visual impairment at 

birth or within the first months of life. Affected individuals commonly exhibit nystagmus, 

the oculodigital sign (eye poking), and extinguished or severely abnormal 

electroretinography (ERG).264, 518, 520 LCA accounts for the most severe form of 

inherited retinal disorders, and both clinically and genetically overlaps with early-onset 

severe retinal dystrophy (EOSRD) that comprises milder phenotypes.264, 517 EOSRD 

presents after infancy and before age of 5 years. Affected individuals usually have 

better residual visual function than in LCA and minimal ERG signals.264, 518 

LCA/EOSRD is associated with disease-causing variants in 26 genes to date.309, 521 It 

has been reported that certain genes are more likely to be associated with LCA such 

as GUCY2D, CEP290, NMNAT1 and AIPL1, while variants in other genes more 

frequently cause EOSRD, including RPE65 and RDH12.518 The genetic variability of 

LCA and the rarity of the condition, makes detailed phenotyping in a substantial 

molecularly confirmed cohort of patients challenging. 

 GUCY2D variants are one of the commonest causes of LCA/EOSRD, 

accounting for 10%-20% of all cases.264 Different sequence variants in GUCY2D are 

common causes of autosomal dominant (AD) cone dystrophy (COD) and cone-rod 

dystrophy (CORD). 1, 266, 518, 522 GUCY2D encodes the photoreceptor enzyme 

guanylate cyclase 2D (GC-E) that synthesizes the intracellular messenger of 

photoreceptor excitation, cGMP, and is regulated by intracellular Ca2+-sensor proteins 

named guanylate cyclase-activating proteins (GCAPs). To date there are 144 
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identified variants in GUCY2D, with the majority reported to cause LCA (127 variants, 

88%) and only 13 reported to cause AD-COD or AD-CORD. The AD-COD/CORD 

variants are all located in exon 13 (around the amino acid position 838) affecting the 

GC-E dimerization domain. In contrast, the variants reported to cause LCA do not have 

a localization hot spot but are scattered along the full length of the gene.266 The 

biochemical effect of many of the variants has been described both in vitro and in 

animal models. LCA-causing variants usually show either reduced ability or complete 

inability to synthesize the intracellular messenger cGMP.523-525 Moreover, some LCA-

causing variants result in misfolding and consequent degradation of the protein in the 

endoplasmic reticulum.525  In contrast, COD/CORD-causing variants are functional but 

cause a shift in Ca2+-sensitivity.266 Despite the rather well characterised genetic 

background of GUCY2D-LCA, the number of detailed phenotyping studies is limited. 

 Previous phenotyping studies identified evidence of preserved photoreceptor 

structure, in contrast to the severely affected functional findings of GUCY2D-LCA.311, 

526, 527 Reduced visual acuity is a life-long source of morbidity for patients with LCA, 

with visual impairment having been significantly associated with increased risk of 

mortality.528 Gene-based approaches to therapy are used increasingly in clinical trials, 

with the first Food and Drug Administration-approved gene therapy for RPE65-LCA 

now available. Gene replacement therapy for GUCY2D-LCA has been investigated in 

animal studies, with considerable reported therapeutic success, using a range of 

vectors including recombinant adeno-associated virus serotype 2/8 (AAV2/8), adeno-

associated virus serotype 5 (AAV5), and HIV1-based lentiviral vector.518, 529, 530 Aguirre 

et al report an intact post-geniculate white matter pathway in subjects with GUCY2D-

LCA, which provides further encouragement for the prospect of recovery of 

visual function with gene augmentation therapy.531 Jacobson et al. investigated 
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potential outcome measures such as chromatic full-field sensitivity testing and OCT, 

used to assess photoreceptor function and structure respectively, concluding that any 

change in the dissociation between structure and function after intervention may serve 

as evidence of efficacy.526 Despite the planned and upcoming trials of novel therapies, 

a lack of longitudinal data, particularly for OCT and FAF imaging, is apparent in the 

literature.522, 532-537 

 Herein, we present a retrospective natural history study in a large cohort of 

adults and children with variants in GUCY2D, which provides a detailed description of 

the genotypic and phenotypic features, with a long duration of follow-up. This 

information is of particular importance for improving genetic counselling and advice on 

prognosis, and provides a crucial step towards the design of a therapeutic clinical trial 

in GUCY2D-LCA, as well as identifying a cohort of molecularly confirmed patients who 

may participate in such future trials. 
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3.9.2 Methods 

Patient Identification   

The study protocol adhered to the tenets of the Declaration of Helsinki and received 

approval from the Moorfields Eye Hospital ethics committee. Informed consent was 

obtained from all adult subjects, whereas informed consent and assent were obtained 

from parents and children, respectively. Patients were identified from the genetic retina 

clinics at a single tertiary referral centre (Moorfields Eye Hospital, London, UK). In 

total, 22 patients with likely disease-causing variants in GUCY2D were ascertained for 

detailed phenotyping.   

 

Molecular diagnosis 

Genomic DNA was isolated from peripheral blood lymphocytes (Puregene kit; Gentra 

Puregene Blood Extraction Kit; QIAGEN). A combination of Sanger sequencing and 

next generation sequencing, including panel of retinal dystrophy genes, whole exome 

sequencing (WES) and whole genome sequencing (WGS), was used to identify 

variants in GUCY2D. All patients with 1 allele identified from whole exome sequencing 

were subjected to Sanger sequencing of the first coding exon of the gene to check for 

a second allele, due to the lack of coverage of the GUCY2D first coding exon by WES. 

Mutation nomenclature was assigned in accordance with GenBank Accession number 

NM_000180. 

 

Minor allele frequency for the identified variants in the general population was 

assessed in the Genome Aggregation Database (gnomAD) datasets 

(http://gnomad.broadinstitute.org/; accessed on 12/12/2018) (Table 3.9.1). Prediction 

of pathogenicity was assessed using the predictive algorithms of 
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Table 3.9.1: GUCY2D variants characterisation 

Patient Family ID Variant  Protein effect  
gnomAD  

Variant type 
MAF 

Polyphen2 prediction SIFT prediction 
Human Splicing Finder 
prediction 

P1 GC12356 c.307G>A* p.(Glu103Lys)*  missense N/A 
probably damaging (1) 

Damaging 
(0.049) 

 

  c.238_252delGCCGCCGCCCGCCTG p.(Ala80_Leu84del) inframe deletion 0.00002134    

P2A GC19319 c.307G>A* p.(Glu103Lys)* missense N/A probably damaging (1) Damaging 
(0.049) 

 

  c.1762C>T  p.(Arg588Trp) missense N/A probably damaging (1) Damaging (0)  

P2B GC19319 c.307G>A* p.(Glu103Lys)* missense N/A probably damaging (1) Damaging 
(0.049) 

 

  c.1762C>T  p.(Arg588Trp) missense N/A probably damaging (1) Damaging (0)  

P3 GC1015 c.380C>T  p.(Pro127Leu) missense 0.00002115 probably damaging 
(0.999) 

Damaging 
(0.007)  

  c.901_908delCTTCGCAG p.(Leu301Glyfs*15) frameshift N/A    

P4 GC17851 c.553G>C p.(Ala185Pro) missense N/A probably damaging (1) Damaging 
(0.009) 

 

  
c.721+5G>T 

 
splicing 0.00000438 

 

 Alteration of the WT donor 
site, most probably affecting 
splicing. 

P5 GC19719 c.307G>A* p.(Glu103Lys)* missense N/A probably damaging (1) Damaging 
(0.049) 

 

  c.2872A>C p.(Ser958Arg) missense N/A probably damaging 
(0.975) 

Damaging 
(0.028) 

 

P6 GC3264 c.652delA p.(Met218Trpfs*13) frameshift N/A    

P7 GC22697 c.2837C>A p.(Ala946Glu) missense N/A probably damaging (1) Damaging 
(0.001) 

 

  c.2969G>T p.(Gly990Val) missense N/A probably damaging (1) Damaging (0)  

P8A GC19606 c.3056A>C p.(His1019Pro) missense 0.00000408 probably damaging (1) Damaging 
(0.003) 

 

P8B GC19606 c.3056A>C p.(His1019Pro) missense 0.00000408 probably damaging (1) Damaging 
(0.003) 

 

P9 GC16211 c.3098_3099insCGTGCTCT p.(Gly1034Valfs*15) frameshift N/A  
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P10 GC16935 c.1343C>A p.(Ser448*) nonsense 0.00003313    
  c.1958delG p.(Gly653Glufs*2) frameshift N/A    

P11 GC16929 c.2302C>T p.(Arg768Trp) missense 0.00014149 probably damaging (1) Damaging (0)  
  c.1978C>T p.(Arg660*) nonsense 0.00000398    

P12 GC18677 c.2384G>A p.(Arg795Gln) missense N/A probably damaging (1) Damaging (0)  
   c.1211T>C p.(Leu404Pro) missense N/A probably damaging 

(0.988) 
Damaging 
(0.001) 

 

P13 GC1036 c.307G>A* p.(Glu103Lys)* missense N/A probably damaging (1) Damaging 
(0.049) 

 

  c.2849C>T p.(Ala950Val) missense N/A probably damaging 
(0.976) 

Damaging 
(0.034) 

 

P14 GC17418 c.c.2120T>C p.(Leu707Pro) missense N/A probably damaging (1) Damaging 
(0.001) 

 

P15 GC24539 c.3044-2A>G 
 

splicing N/A 
  Alteration of the WT aceptor 

site, most probably affecting 
splicing. 

P16 GC18674 c.2944+1delG 
 

splicing 0.000467209 
  Alteration of the WT donor 

site, most probably affecting 
splicing. 

  c.2858C>T p.(Ser953Leu) missense N/A possibly damaging 
(0.675) 

Damaging 
(0.005) 

 

P17 GC24284 c.1694T>C p.(Phe565Ser) missense 0.00000398 probably damaging 
(0.998) 

Damaging 
(0.022) 

 

  c.2633_2636delAAGT p.(Gln878Argfs*17) frameshift N/A    

P18 GC17645 c.129_134delTCTGCT p.(Leu44_Leu45del) inframe 
deletion 

0.00168588 
 

  

P19 GC17984 c.2944delG p.(Gly982Valfs*39) frameshift N/A    
  c.2291delC p.(Pro764Leufs*20) frameshift 0.00000398    
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Polymorphism Phenotyping v2 (PolyPhen2, http://genetics.bwh.harvard.edu/pph2/; 

accessed on 12/12/2018) and Sorting Intolerant from Tolerant (SIFT, 

http://sift.jcvi.org/; accessed on 12/12/2018) (Table 3.9.1). Where relevant, disruption 

of potential splice sites was assessed using Human Splicing Finder 

(http://www.umd.be/HSF3/; accessed on 12/12/2018) (Table 3.9.1). Variants likely to 

affect function were assessed for segregation in available family members.  

 

Clinical Assessment 

All available clinical notes were reviewed. Visual acuity (VA), refraction, fundoscopy 

and slit-lamp biomicroscopy findings were extracted. All patients were seen by medical 

retina specialists in the genetics medical retina clinic. 

 

Electrophysiological Assessment 

Full field ERG and pattern electroretinography (PERG) were performed using gold foil 

electrodes and incorporated the International Society for Clinical Electrophysiology of 

Vision standards (ISCEV),446, 447 except in infants and young children who underwent 

ERG testing with skin electrodes without mydriasis using modified protocols.538  

 

Retinal Imaging 

Colour fundus imaging was obtained by conventional 35° fundus imaging (Topcon 

Great Britain Ltd, Berkshire, UK) or ultra-widefield (200°) confocal scanning laser 

imaging (Optos plc, Dunfermline, UK). Fundus autofluorescence (FAF) imaging was 

performed using 30° or 55° Spectralis (Heidelberg Engineering Ltd, Heidelberg, 

Germany), or Optos (Optos plc, Dunfermline, UK) imaging. Spectral domain OCT (SD-
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OCT) scans (Spectralis, Heidelberg Engineering Ltd, Heidelberg, Germany) were 

used to assess cross-sectional and longitudinal structural changes.   
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3.9.3 Results 

Demographics  

The cohort included 21 patients (females; n=11) from 19 families, with an age range 

at first examination in our hospital of 0 to 54 years of age. The length of follow-up 

ranged from 1 to 56 years (mean ± SD; 10 ± 11.96 years).  

 

Molecular genetics 

Table 3.9.2 and Figure 3.9.1 summarize the molecular findings in our cohort. Two 

pedigrees contributed more than one patient (patients 2A and 2B are siblings, as well 

as patients 8a and 8b), with the remaining 17 patients being simplex cases. All patients 

had 2 likely disease- causing variants in GUCY2D.  

 

Figure 3.9.1: GUCY2D gene and protein domains 

(A) Schematic diagram showing the GUCY2D gene, protein domains, and the location of variants 

identified in our cohort. (B) Predicted or experimentally determined effect of reported variants on 

guanylate cyclase function. Variants in the Trans Membrane Domain have not been experimentally 

investigated. SP = Signal Peptide; ECD = Extracellular Domain; TMD = Trans Membrane Domain; JMD 

= Juxtamembrane Domain; KHD = Kinase Homology Domain; DD = Dimerization Domain; CCD = 

Cyclase Catalytic Domain; = decrease of the function; = increase of the function; GC-E = 

guanylate cyclase 2D. 
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Table 3.9.2: Variants in the GUCY2D cohort 

 

P and GC no = patient identifier; Con.=consanguinity; Hom.= Homozygous; PUV= previously unreported variant; †=same variants; A and B 

denotes siblings 

 

P 
Family 

ID 
Con. 

Hom. 
variant 

Variant 1  Protein effect  Variant type PUV Variant 2  Protein effect  Variant type PUV 

P1 GC12356     c.307G>A
†
 p.(Glu103Lys)

†
 missense  c.238_252delGCCGCCGCCCGCCTG p.(Ala80_Leu84del) in-frame deletion   

P2A GC19319     c.307G>A
†
 p.(Glu103Lys)

†
 missense  c.1762C>T  p.(Arg 588Trp) missense  

P2B GC19319     c.307G>A
†
 p.(Glu103Lys)

†
 missense  c.1762C>T  p.(Arg 588Trp) missense  

P3 GC1015     c.380C>T  p.(Pro127Leu) missense   c.901_908delCTTCGCAG p.(Leu301Glyfs*15) frameshift   

P4 GC17851     c.553G>C p.(Ala185Pro) missense  c.721+5G>T  splicing  

P5 GC19719     c.307G>A
†
 p.(Glu103Lys)

†
 missense  c.2872A>C p.(Ser958Arg) missense  

P6 GC3264    c.652delA p.(Met218Trpfs*13) frameshift     
  

P7 GC22697     c.2837C>A p.(Ala946Glu) missense  c.2969G>T p.(Gly990Val) missense  

P8A GC19606    c.3056A>C p.(His1019Pro) missense      
  

P8B GC19606    c.3056A>C p.(His1019Pro) missense      
  

P9 GC16211    c.3098_3099insCGTGCTCT p.(Gly1034Valfs*15) frameshift  
   

  

P10 GC16935     c.1343C>A p.(Ser448*) nonsense   c.1958delG p.(Gly653Glufs*2) frameshift  

P11 GC16929     c.2302C>T p.(Arg768Trp) missense  c.1978C>T p.(Arg660*) nonsense   

P12 GC18677     c.2384G>A p.(Arg795Gln) missense    c.1211T>C p.(Leu404Pro) missense  

P13 GC1036     c.307G>A
†
 p.(Glu103Lys)

†
 missense  c.2849C>T p.(Ala950Val) missense   

P14 GC17418    c.c.2120T>C p.(Leu707Pro) missense     
  

P15 GC24539   c.3044-2A>G  splicing     
  

P16 GC18674     c.2944+1delG  splicing  c.2858C>T p.(Ser953Leu) missense  

P17 GC24284    c.1694T>C p.(Phe565Ser) missense   c.2633_2636delAAGT p.(Gln878Argfs*17) frameshift  

P18 GC17645    c.129_134delTCTGCT p.(Leu44_Leu45del) in-frame deletion      
  

P19 GC17984     c.2944delG p.(Gly982Valfs*39) frameshift   c.2291delC p.(Pro764Leufs*20) frameshift  
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Fourteen patients were compound heterozygotes and seven patients harbored 

homozygous variants. The variant minor allele frequencies in the general population 

(gnomAD database) is reported in Table 3.9.1. The predicted effect of the variants 

identified in our cohort is summarized in Table 3.9.2. Out of a total of 29 rare variants 

identified, 14 have not been previously reported in retinal dystrophies. The variants 

identified in our cohort were scattered throughout the full length of the gene, from exon 

2 to exon 17. The majority of the variants (n=15), are missense, in agreement with 

previous studies 266 . Nine small insertions or deletions that cause a frameshift or in-

frame deletion, a small number of splice site (n=3) and premature stop codon (n=2) 

variants were identified. 

All the missense variants were predicted to be ‘Probably Damaging’ or ‘Possibly 

Damaging’ by Polyphen2, and ‘Damaging’ by the SIFT (Table 3.9.1). The three 

variants at donor or acceptor splice sites were predicted to alter splicing by Human 

Splice Finder (Table 3.9.1). The most common variant in our cohort was 

p.(Glu103Lys), present in 5 patients from 4 different families in the compound 

heterozygous state. 

 

Symptoms and Clinical Examination Findings 

All patients developed nystagmus and marked reduction of VA within the first 3 years 

of life, with 15 patients (71%) having documented nystagmus in the first 3 months of 

life. In twelve patients (57%) photophobia was a prominent symptom, and 8 patients 

(38%) experienced nyctalopia. Other recorded symptoms included glare in daylight 

and reduced colour vision (n=5); P3 and P16 failed all Ishihara colour test plates, P4 

scored 7/17 plates, P2A and P2B reported that they had never been able to appreciate 

colours.  
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 Other presentations were also documented including lack of eye contact or 

attention to faces or large toys, as well as significant eye poking. Keratoconus (KC) 

was observed in 4 patients (19%; P6, P10, P13 & P19, age range of KC presentation 

8-40 years of age, mean ± SD; 27.6 ± 13.67 years ), with P13 having a right corneal 

graft (secondary to KC). Three patients developed cataract in childhood (P6, P8B, and 

P10).  

 

Visual acuity 

Best corrected visual acuity (BCVA) at first clinic review ranged from 0.4 LogMAR to 

no perception of light (NPL); with an age range of 0–54 years of age. Only five patients 

(24%) were able to record a VA on a Snellen chart, with P4 having the best BCVA at 

0.40 LogMAR in the right eye, 0.54 in the left eye at 11 years of age. P3 and P5 had 

VA of 0.48 and 0.78 LogMAR in their better seeing eyes at the age of 8 and 4 years 

old, respectively. The remaining 2 out of the 5 patients had VA at 1.2 and 1.5 LogMAR 

in their better seeing eye, initially measured within their fourth decade of life.  Seventy-

six percent of our cohort (n = 16) were severely visually impaired, with BCVA of hand 

movements (HM) or worse. BCVA is summarised in Table 3.9.3 and presented in 

detail in Table 3.9.4. All patients reported a subjective stability over time. However, P3 

noted some deterioration in central vision, recorded as changing from 0.78 LogMAR 

in each eye at initial presentation at the age of 4, to 1.0 LogMAR and 1.3 LogMAR for 

the right and left eye respectively at the age of 47 years. P4 who presented with the 

best VA, maintained a stable VA of 0.48 LogMAR and 0.6 LogMAR for right and left 

eyes respectively until her latest follow-up at age of 23.  
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Table 3.9.3: Refraction and Visual Acuity (n=) Percentage 

VA in best-seeing eye, at initial examination: 
  

    NPL  4 19% 

    PL  4 19% 

    HM 4 19% 

    Fixate on large objects  3 14% 

    0.4 LogMAR 1 4% 

    0.48 LogMAR 1 4% 

    0.78 LogMAR 1 4% 

    1.2 LogMAR 1 4% 

    1.5 LogMAR 1 4% 

    1.56 LogMAR 1 4% 

Refraction:    

    Hyperopia  12 57% 

    Myopia 3 14% 

    Plano 2 9% 

    Not available  4 19% 

VA: Visual Acuity; LogMAR: Logarithm of the Minimum Angle of Resolution; NPL: No Perception of 
Light; PL: Perception of Light; HM: Hand Motions. 

 

Refraction 

Seventeen patients had refraction data available, with 12 (57%) being hyperopic and 

50% having a refractive error of greater than +6.5D. Myopia was observed only in 3 

patients (14%), with P18 being highly myopic (RE: -7.00DS, LE: -8.00DS) and two 

patients did not have a significant refractive error. Refractive error is summarised in 

Table 3.9.3 and presented in more detail in Table 3.9.4. 

 

Electrophysiological Assessment  

ISCEV-standard electrophysiological data were available for six subjects. The results 

of full-field ERG testing are summarised in Figure 3.9.2. In older children and adults 

(age range 14-57 years) dark-adapted (DA) dim flash ERGs were undetectable in 5 

patients and severely subnormal in 1 patient (P3; 44 years). The strong flash (DA10) 

ERG  a-  and  b-waves  were  reduced  by  approximately  80 - 95%  in  those with  a   
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Figure 3.9.2: Graphical Representation of Full-Field Electroretinography (ERG) 

Findings 

ISCEV-standard full-field ERG amplitudes are plotted as a percentage of the lower limit of normal 

obtained in a control group. The findings were consistent with a severe cone-rod dystrophy (cases P1, 

P2A, P2B P3 and P4) or severe photoreceptor dystrophy (P16; undetectable ERGs). See text for 

details. .. Pattern ERGs were not recordable due to the effects of marked nystagmus in all patients.  

 RE; right eye, LE; left eye, DA; dark adapted, LA; light adapted 

  



373 
 

detectable response; b-waves were severely reduced and of abnormally short peak 

time (24ms-37ms) in all 5 cases (P1, P2A, P2B, P3 and P4). Light-adapted (LA) ERGs 

were undetectable in all but one case, with a residual LA 30Hz flicker ERG in one eye 

(P4). Pattern ERGs were not recordable due to the effects of marked nystagmus in all. 

The ERGs were stable in the two patients that were monitored over 7 years (P3; first 

tested age 44 years) and 6 years (P4; first tested aged 14 years). 

  In the 4 infants (age 5-14 months) and 3 children (age 6-9 years; P5, P16 and 

P18) tested with skin electrodes, the flash ERGs were undetectable under DA and LA 

conditions (cases P15, P16, P18) or showed only residual responses (P5, P8B, P9, 

P14), with only DA ERGs being detectable in two (P9, P14). 

 

Fundus Findings 

On fundus examination (Table 3.9.4), 67% had either normal (n=11, Figure 3.9.3A) 

or blonde fundus appearance (n=3); (age range 1-27 years at examination; mean ± 

SD; 14.5 ± 9.3 years). Four patients (19%) had a normal fundus with disc pallor and/or 

attenuated vessels (age range 1-34 years, mean ± SD; 14.75 ± 16.07 years). Patient 

P5 had only fine peripheral pigmentary changes.  Amongst the oldest patients, three 

(P2A, P2B - Figure 3.9.3B, P3; 14%) had mild yellow macular atrophy, as well as fine 

peripheral pigmentary changes, examined at age of 53, 54 and 43 years old 

respectively.  

 Longitudinal data were available for 17 patients (81%) with documented slit 

lamp examination findings and/or colour fundus imaging. Among those presenting with 

a normal fundus examination (n=9), apart from one patient (P14), fundus findings 

remained unchanged until the latest visit, over a follow up period ranging between 5 

and 15 years. Patient P14 developed pale optic discs, attenuated vessels, and fine 
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pigmentary changes in the periphery, with prominent choroidal vasculature at the age 

of 14 years. Patient P13 had extensive peripheral RPE atrophy and pigment 

hypertrophy, with large (2-5 disc diameter) lacunae of chorioretinal atrophy in the far  

Figure 3.9.3: Fundus 

Photographs and Fundus 

Autofluorescence Imaging 

Colour fundus photographs and fundus 

autofluorescence (FAF) imaging of the 

right and left eye of three patients (Optos 

plc, Dunfermline, UK). A) Normal fundus 

appearance and central foveal 

hyperautofluorescence on FAF, without 

mid-peripheral or peripheral changes. B) 

Mild yellow macular atrophy, as well as 

fine peripheral pigmentary changes. 

Normal FAF images apart from central 

small areas of hypoautofluorescence.  C) 

Extensive peripheral RPE atrophy and 

pigment hypertrophy with large lacunae of 

chorioretinal atrophy in far periphery in 

both eyes. On FAF there is central early 

hypoautofluorescence with small central 

foci of hyperautofluorescence and mid-far 

peripheral generalised 

hypoautofluorescence with granular 

hyperautofluorescence and discrete 

scattered large patches of 

hypoautofluorescence. 

M; male, F; female, yo; year old, VA; visual 

acuity, R; right eye, L; left eye, LogMAR; 

logarithm of minimal angle of resolution 

 



375 
 

Table 3.9.4: Clinical Data 

Subject 
Age of 
onset 

Principal 
Symptom(s)* 

Age (y) 
Fundus 

Appearance 
VA 

(LogMAR) 
Latest refractive 

error 

P1 < 3mo Nystagmus 
34 

Unremarkable  
Disc pallor 
Thin vessels 

R: 1.3   
L: 1.2 R: +1.00/-2.00 x 70° 

L:  +1.00 
56 Unchanged  

R: 1.3 
L: 1.3 

P2A 1-3yo 
Nystagmus  
Photophobia 

53 

Poorly defined 
macula,  
Central RPE 
atrophy.  
Hyperpigmented 
area 
inferotemporal to 
the right macula 

R: 1.8  
L: 1.5 R: +1.50/-0.50 x 20° 

L: +1.75/-1.75 x 160° 

63 Unchanged 
R: 1.8  
L: 1.6 

P2B 3-12mo 
Nystagmus 
Photophobia 

54 

Poorly defined 
macula 
RPE atrophy  
Small foci of 
hypertrophy 

BE: HM 
Emmetropia 

58 Unchanged BE: HM 

P3 < 3mo 
Nystagmus 
Photophobia 

4 
Central and mid 
peripheral RPE 
atrophy 

BE: 0.78 
R: -0.50/-4.00 x 10° 
L: +0.50/-4.00 x 170° 

60 Unchanged 
R: 1.3  
L: 1.0 

P4 < 3mo 
Nyctalopia  
Reduced colour vision 

14 Blonde fundus 
R: 0.4   
L: 0.5 R: -3.75/-1.00 x 5°  

L: -3.75/-2.50 x 180° 
23 Unchanged 

R: 0.48  
L: 0.6 

P5 < 3mo 

Nystagmus  
No  eye contact 
Nyctalopia 
Glare in daytime 

8 
Peripheral 
hypopigmentation 

R: 0.48 
L: 0.62 R: +2.00/-2.25 x 5°  

L: +2.50/-2.25 x 180° 
11 Unchanged 

R: 0.48 
L: 0.54 

P6 < 3mo 
Nystagmus 
Eye poking 
Nyctalopia 

17 
Unremarkable  
 

BE: NPL 
NA 

27 Unchanged BE: NPL 

P7 < 3mo 
Nystagmus 
Eye poking  
Nyctalopia 

1 Blonde fundus BE: NPL 
BE: +7.00 

2 Unchanged BE: NPL 

P8A < 3mo 
Nystagmus 
Nyctalopia 
Eye poking  

14 
Unremarkable 
fundus apart from  
thin vessels 

BE: HM 
NA 

12 Unchanged BE: HM 

P8B < 3mo 
Nystagmus  
Not fixing  
Eye poking 

1 
Unremarkable  
 

BE: fixate 
at large 
object  

BE: +7.00 

11 Unchanged BE: HM 

P9 3-12mo 
Nystagmus 
Photophobia  
Nyctalopia 

1 
Unremarkable  
 

BE: fixate 
at large 
object  

BE +5.00 
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*All patients presented with reduced visual acuity 

R; right eye, L; left eye, BE; both eyes, mo; months old, yo; years old, y; years, PL; light perception, 

NPL = no perception of light; HM = hand motions; NA= not available 

  

16 
Waxy optic discs 
and thin retinal 
vessels  

BE: 1.2 

P10 3-12mo 
Nystagmus 
Eye poking 

17 
Unremarkable  
 

BE: NPL 
NA 

27 Unchanged BE: NPL 

P11 3-12mo 
Nystagmus 
Eye poking 

<1 
Unremarkable  
 

BE: PL  
BE +4.50/+1.50 x 90° 

1 Unchanged BE: PL  

P12 < 3mo 
Nystagmus 
Poor vision   

2 Unremarkable BE: HM 
RE +6.50/-1.00 x 25° 
LE +6.50/1.00 x 160° 16 

Minimal retinal 
atrophy 

BE: CF 

P13 < 3mo Nystagmus  
60 

Peripheral RPE 
atrophy  
Pigment 
hypertrophy with 
large lacunae of 
chorioretinal 
atrophy 
peripherally  
Disc pallor  
Thin vessels 

BE: HM 
NA 

79 Unchanged BE: PL  

P14 3-12mo 
Nystagmus  
Nyctalopia 

1 

Pale discs 
Thin vessels 
Fine pigment 
changes 

BE: fixate 
at large 
object  

Emmetropia 

14 Unchanged BE: PL  

P15 < 3mo 
Nystagmus 
Eye poking 

1 NA BE: NPL 
R +10.00/-2.00 x 30° 
LE +6.50/1.00 x 160° 2 

Pale disc 
Otherwise 
unremarkable 

BE: NPL 

P16 < 3mo 
Poor colour vision 
Nystagmus  
Photophobia 

10 Unremarkable  
R: 1.56  
L: 1.76 R: +1.25 

L: +1.00 
19 Unchanged 

R: 2.00  
L: 1.76 

P17 < 3mo 
Nystagmus 
Eye poking  

1 
Unremarkable  
Thin vessels 

BE: PL  
BE: +8.50 

3 Unchanged  BE: PL  

P18 < 3mo 
Nystagmus 
Eye poking  
Photophobia  

6 Blonde fundus BE: PL  
R: -7.00 
L: -8.00  10 Unchanged BE: PL  

P19 < 3mo Nystagmus  
8 Unremarkable  BE: PL  R: +7.50  

L: +6.50/+3.00 x 125° 18 Unchanged BE: PL  
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periphery in both eyes at 60 years of age. A previous normal fundus examination was 

documented at the age of 30 years old (Figure 3.9.3C). 

 

Optical Coherence Tomography Findings 

Optical Coherence Tomography (OCT) imaging was available for 11 patients. Age at 

baseline ranged from 7.3 to 76.3 years of age (mean ± SD; 34.1 ± 22.7 years). OCT 

findings at baseline were grouped into 4 different grades based on ellipsoid zone (EZ) 

integrity and retinal pigment epithelium (RPE) changes: (i) continuous/intact EZ (n=6), 

(ii) focally disrupted EZ (n=2), (iii) focally disrupted EZ with RPE changes (n=2), and 

(iv) severely disrupted EZ with RPE changes (n=1). In Figure 3.9.4 all 4 grades are 

represented, at different ages and visual acuities. In Table 3.9.5 the OCT data for all 

patients are summarized. The EZ was present in all patients with available imaging. 

Longitudinal OCT data were available for 9 patients over a follow up period between 

2.0 and 13.3 years (mean; 5.2 years), without any evidence of progression over time. 

 OCT was not available for the remaining 10 patients (age range; 1-27 years) 

either due to severe nystagmus, keratoconus or because of young age at last follow 

up visit (4 patients younger than 10 years of age). Those with no OCT images, had 

VA of HM or worse and normal or blonde fundus appearance (n=8/10), with no fundus 

view due to severe keratoconus in 2 patients (both aged 17 at first examination). Those 

subjects with OCT available (n=11) had a similar age range (7.3-76.3) and VA range 

(0.48 to light perception). 

 

Fundus Autofluorescence Imaging 

Fundus autofluorescence (FAF) images were available for 11 (52%) patients (same 

patients as had OCT). Patients with an intact EZ had either (i) normal FAF appearance  
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Figure 3.9.4: Optical Coherence Tomography (OCT) and Fundus Autofluorescence (FAF) 

Imaging 

OCT findings at baseline were grouped into 4 different grades based on ellipsoid zone (EZ) integrity 

and retinal pigment epithelium (RPE) changes: A) Grade 1: continuous/intact EZ; B) Grade 2: focally 

disrupted EZ; C) Grade 3: focally disrupted EZ with RPE changes; and D) Grade 4: severely disrupted 

EZ with RPE changes. The right column presents the corresponding FAF images: A) Normal FAF 

appearance; B) Central early hypoautofluorescence with small central foci of hyperautofluorescence; 

C) Normal FAF images apart from central small areas of hypoautofluorescence; and D) Central and 

mid-peripheral hypoautofluorescence. EZ; Ellipsoid Zone, yo; year old, VA; visual acuity, LogMAR; 

logarithm of minimal angle of resolution, RPE; Retinal Pigment Epithelium  
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Table 3.9.5: Optical Coherence Tomography Findings (OCT) 

VA; Visual Acuity, y; years, OCT; Optical Coherence Tomography, EZ; Ellipsoid Zone 
*No available follow-up OCT scan. 

 
(n=1, P1 between 42 and 54 years of age, Figure 3.9.4A), (ii) central foveal 

hyperautofluorescence (n=2; P14 between 7-14 years of age; P19 aged 18 y - Figure 

3.9.3A), or (iii) a perimacular ring of increased AF (n=2; P5 between 8 and 12 years 

of age; P8A at aged 25). No abnormal mid-peripheral or peripheral changes were 

identified in these patients throughout the follow up period of up to 12 years. Two 

patients (P2A - Figure 3.9.3B and P2B – Figure 3.9.4C) had normal FAF images 

apart from central small areas of hypoautofluorescence in their 50s and 60s; on OCT 

they had focally disrupted EZ at the macula with RPE changes (Figure 3.9.4C).  

Patient P3 who had more severely disrupted EZ on OCT showed central and mid-

peripheral hypoautofluorescence on FAF imaging (Figure 3.9.4D). Those with focally 

disrupted EZ with RPE changes (P4 - Figure 3.9.4B and P13 - Figure 3.9.3C), had 

central early hypoautofluorescence with small central foci of hyperautofluorescence, 

with the latter also having mid-far peripheral generalised hypoautofluorescence with 

granular hyperautofluorescence and discrete scattered large patches of 

Subject VA (R;L) 

Age at 
Baseline 
OCT (y) 

Follow-
up 

time (y) 
OCT Presentation at both 
Baseline and Follow-up 

P1 1.3 ; 1.2 47.3 6.2 Continuous/intact EZ 

P2A 1.8 ; 1.5 59.6 4.2 
Focally disrupted with RPE 

changes 

P2B HM 54.8 4.2 
Focally disrupted with RPE 

changes 

P3 1.3 ; 1 47.4 13.3 
Severely disrupted EZ  

with RPE change 

P4 0.48 ; 0.6 20.3 3.0  Focally disrupted EZ  

P5 0.48 ; 0.62 8.0 4.0 Continuous/intact EZ  

P8A HM 25.4 NA Continuous/intact EZ* 

P9 HM 11.3 3.0 Continuous/intact EZ  

P13 HM 76.4 2.0  Focally disrupted EZ  

P14 PL 7.3 6.4 Continuous/intact EZ  

P19 PL 18.2 NA Continuous/intact EZ* 
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hypoautofluorescence. FAF imaging was not available in the remaining patients for 

the same aforementioned reasons as per OCT imaging, with photoaversion being an 

additional reason challenging image acquisition.  
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3.9.4 Discussion 

We describe the phenotype and natural history of a large cohort of patients of a wide 

range of ages with GUCY2D-LCA ascertained at a single UK referral centre. The 

clinical presentation in our cohort is in keeping with previous reports, with early onset 

disease, severe visual impairment, and a structure-function dissociation.527, 532-537, 539-

542 30 All patients presented with nystagmus and profound visual loss within the first 

three years of life.  Long term follow-up showed stability of VA over time. Keratoconus 

and early-onset cataract contributed to further loss of VA in a minority of subjects.  

 Recently Stunkel et al, expanded the retinal disease spectrum associated with 

autosomal recessive mutations in GUCY2D; reporting 5 patients with 'congenital night 

blindness' and evidence of progression to mild retinitis pigmentosa.543 We did not 

identify any similar patients in our cohort with autosomal recessive GUCY2D. 

However, 2 patients (P4 and P5) had marked rod related symptoms, without macular 

changes and some residual cone ERG activity, with stability over 7 years of follow-up 

in P4. BCVA was better than the rest of the cohort (however was significantly worse 

than the VA in the aforementioned subjects with 'congenital night blindness') and was 

maintained over the follow up period. A ring of hyperautofluorescence in the outer 

macula was observed in one of the two patients, a common finding in retinitis 

pigmentosa.328, 544, 545 For the first 3 patients (P1, P2A, and P2B) during their early 

clinic visits the differential diagnosis included achromatopsia, since their residual 

visual function was better than might be expected for LCA. If we group the first 6 (P1-

P6) subjects together who arguably have better preserved VA, and compare them to 

the rest of the cohort, we can explore this further. As presented in Table 3.9.1 and in 

Figure 3.9.1A, all six subjects had one disease-causing missense variant in exon 2 

encoding the extracellular domain, and it appears that variants in the extracellular 
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domain do not alter the biochemical activity of GC-E.523-525 Patients harboring variants 

in exon 2 seem to have a milder phenotype, characterised by better visual acuity which 

is preserved over time. However, these patients still had severe generalised 

impairment of retinal function on ERG testing. 

 International standard full-field ERGs showed evidence of a severe cone-rod 

dystrophy in 5 of 6 patients and undetectable ERGs in one other, in keeping with a 

severe photoreceptor dystrophy. Of note, detectable but subnormal DA 10 ERG b-

waves were of unusually short peak time; the absence of detectable LA ERGs in 9 of 

10 eyes and presence of DA ERGs to a dim flash (below cone system threshold) in 

subject P3, suggests a rod-mediated origin, although the mechanism is uncertain. The 

ERGs in younger children and infants were consistent with severe cone-rod or severe 

photoreceptor dystrophy. The similarity of ERG phenotypes across a wide range of 

ages and the lack of ERG deterioration in serial recordings from two subjects, 

suggests severe early onset disease but with relative stability or slow progression with 

age.  Similar stability was also observed with FAF and OCT imaging, and in addition 

in the retinal appearance on fundoscopy. The imaging findings were not correlated 

with visual function, namely, despite having profoundly reduced VA and severely 

abnormal full-field ERGs, the EZ was present in the majority of patients.  

 These OCT findings differ from those found in the majority of other forms of 

LCA, where patients have extensive photoreceptor cell loss.311  OCT in GUCY2D-LCA 

has only been reported in a few studies and were consistent with our findings.526, 527, 

532 A retrospective study included three patients aged between 20 and 53 years, with 

unremarkable retinal lamination, described as less well-defined than normal.311  OCT 

imaging in another cohort  of 11 patients, ranging between 6 months to 37 years, 

showed that all patients had intact rod photoreceptors but abnormalities in foveal 
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cones.527 A recent study (n=28, aged 2-59 years) reported a dissociation between 

structure and function, as revealed by retinal layer abnormalities on OCT and full-field 

sensitivity testing (FST).526 In the same study, Jacobson et al. identified outer nuclear 

layer thinning over the fovea and decreased intensity of the EZ reflectivity.526 Further 

evaluation of retinal structure with adaptive optics ophthalmoscopy may be of 

valuable,30 in order to further elucidate the photoreceptor structure in these patients at 

a cellular level; however, this will likely be challenging in many patients due to poor 

fixation/nystagmus, keratoconus, and early-onset cataract. 

 The aforementioned disconnect between structure and function raises the 

potential for functional rescue and possible amenability to gene-based therapy. A 

successful therapeutic approach has been examined in the GUCY1*B chicken 

model.546 In this study, a lentivirus vector delivering bovine GUCY2D was injected into 

chicken embryos. Six of the seven treated embryos exhibited improvement in VA and 

ERG responses. Moreover, the retinal degeneration was slower in comparison to the 

untreated chickens. However, they reported that disease development was not 

preventable despite delivering gene replacement at an early stage. 266, 546 In another 

study, 3-week-old knockout mice were injected with subretinal AAV-GUCY2D 

(bovine). Although successful restoration of cone arrestin translocation was achieved 

5 weeks after the injection, there was no restoration of cone ERG responses.266, 529 

However, a study delivering subretinal AAV5 containing human GUCY2D to the 

knockout mouse model showed not only an efficient transgene expression in rod and 

cone photoreceptors, but also successful restoration of cone function, as well as the 

activity of the GC enzyme. Moreover, this restoration of retinal function persisted for 

at least six months. Similar results up to 6 month post injection were observed in 

treated Gucy2e-/- mouse with rAAV2/8 vector; dose-dependent restoration of rod and 
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cone function and an improvement in visual behaviour.530 These promising studies 

have raised the likelihood of gene-replacement trials for patients with GUCY2D-LCA. 

266, 530, 547 Determining the outcome measures, characterisation of large cohorts of 

potential participants, and defining disease natural history are fundamental steps 

towards the optimal design of these gene therapy trials.  

 

Conclusions 

We provided valuable information about the clinical phenotype and natural history of 

GUCY2D-LCA, established a well characterised cohort of molecularly confirmed 

potential trial participants, and reported potential genotype-phenotype correlations. It 

has in addition, highlighted the relative structural and functional stability over a broad 

age range, thereby indicating a wide therapeutic window to be exploited by planned 

and anticipated interventional trials.  
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3.10 Ocular Phenotype of Juvenile Batten disease (CLN3) 

 

3.10.1 Introduction 

 The neuronal ceroid lipofuscinoses (NCLs) are a group of inherited 

neurodegenerative lysosomal storage disorders that have been associated with 13 

causative genes to date.548 Prevalence is 1 in 100,000 live births.549 Traditionally, the 

disease was divided into different forms dependent on the disease onset. Since 

disease onset and progression can vary substantially, genetic testing and confirmation 

of the underlying sequence variant is often required for a definite diagnosis. 

Consequently, a new gene-based nomenclature was introduced to facilitate disease 

classification.550 Classic CLN3 disease with juvenile disease onset, formerly known as 

juvenile neuronal ceroid lipofuscinosis (JNCL) and commonly referred to as Batten 

disease, is a form of NCL caused by sequence variants in the gene CLN3 (Ceroid 

Lipofuscinoscis, Neuronal, 3; OMIM: 204200). The gene codes for a transmembrane 

protein of unknown function.551, 552 Presentation is typically in early childhood with 

vision loss at 4-10 years of age, behavioural and cognitive dysfunction (7-10 years), 

progressive motor decline and seizures (10-13 years), eventually leading to premature 

death in the second/third decade of life.553, 554 The most common sequence variant in 

CLN3 is a homozygous 1kb deletion, accounting for approximately 85% of cases of 

JNCL.555, 556 This deletion encompasses exons 7-8, resulting in a truncated, non-

functional protein.557 Other variants in CLN3 can cause isolated adult onset retinal 

degeneration.558, 559 Diagnosis of JNCL is confirmed by the presence of vacuolated 

lymphocytes and lysosomal (fingerprint) inclusions on blood film,551, 560-562 alongside 

molecular genetic testing.550 
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 Visual impairment presents as the first symptom in over 80% of cases of JNCL 

at a mean age of around 5 years old.563, 564 Retinal examination often shows a bulls-

eye maculopathy, temporal optic disc pallor, peripheral retinal pigment epithelial 

disturbance (including bone spicule formation) and retinal vascular attenuation.556, 565-

567 In one study, fundus imaging showed widespread atrophy of the retinal pigment 

epithelium (RPE) in 93% (n=24) of cases of confirmed CLN3 disease.568 However, 

because these retinal findings overlap with selected pathological hallmarks of more 

common disorders including retinitis pigmentosa, Stargardt disease and other 

inherited retinal diseases,569-571 the early diagnosis of JNCL often results in significant 

diagnostic challenge. Furthermore, one clinical study reported only two out of nine 

molecularly confirmed CLN3-JNCL patients as having bulls-eye maculopathy,572 and 

another suggested that only 20% of cases present with a bulls-eye appearance, further 

highlighting the difficulties in early detection of JNCL.568 Another less well recognised 

clinical feature which can be seen in JNCL is “eccentric vision” or “overlooking”, 

whereby the child will raise their eyes to overlook and fixate on a target object, and 

may be secondary to a relative degree of superior peripheral retinal sparing.573 

 The electroretinogram (ERG) is valuable in the diagnostic armamentarium for 

JNCL,572 with marked ERG abnormalities invariably seen, including electronegative 

waveforms.569, 574, 575 As the disease progresses to more advanced stages the ERG 

shows significantly reduced cone responses and no recordable rod-specific 

responses.565 Cognitive and behavioural impairment, in particular mood, memory and 

attention (eg inability of the child to recall and accomplish three-step commands), 

usually appears approximately two years after the onset of visual decline, however 

these features may be present at first onset or occasionally in advance of visual 

symptoms; highlighting the importance of careful directed history in suspected 
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cases.563, 564 Magnetic resonance imaging may show cerebral and cortical atrophy with 

demyelination.576 

 Timely diagnosis of JNCL is often challenging. Given the rapidly progressive 

and unfavourable prognosis of the disease, early diagnosis is important both to provide 

timely clinical management and support, and to also prepare for potential novel 

avenues of intervention. Herein, we describe eight cases of JNCL presenting at a 

single tertiary referral center in detail, highlighting delayed/mistaken diagnosis, 

diagnostic challenges, providing diagnostic insights, novel observations and 

recommendations, and also discuss the latest research avenues being explored and 

on-going/planned clinical trials.  
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3.10.2 Methods 

Patient Identification 

Patients with the diagnosis of JNCL and harboring likely disease-causing variants 

in CLN3 were identified from the Moorfields Eye Hospital Inherited Eye 

Disease database. Patients were included in this database after obtaining informed 

consent. This retrospective study adhered to the tenets of the Declaration of Helsinki 

and was approved by the Moorfields Eye Hospital ethics committee. 

 

Assessment 

Medical notes and clinical images were reviewed, including dilated fundoscopy, visual 

acuity (VA), electrophysiological testing (ERG), and retinal imaging including optical 

coherence tomography (OCT) and fundus autofluorescence (FAF).  

 The age of disease onset was defined as the age at which the first disease 

related symptom(s)/sign(s) were apparent. Screening for JNCL was done by 

microscopic evaluation of a peripheral blood film for the presence of vacuolated 

lymphocytes; followed by electron microscopy for storage (fingerprint) inclusions.  

Confirmation of the diagnosis was done by molecular genetic screening for CLN3 

variants. 

 Methods of electrophysiological testing were adapted according to age and the 

ability of each individual to comply with testing. Full-field electroretinography (ERG) 

was performed to incorporate the International Society for Clinical Electrophysiology 

of Vision (ISCEV) standards,446 using a ganzfeld bowl and gold foil corneal electrodes 

(case 7) or lower eyelid skin electrodes (case 6). The ERGs in the other children were 

performed with skin electrodes without mydriasis, using flashes delivered by a 

https://www.sciencedirect.com/topics/medicine-and-dentistry/eye-disease
https://www.sciencedirect.com/topics/medicine-and-dentistry/eye-disease
https://www.sciencedirect.com/topics/medicine-and-dentistry/informed-consent
https://www.sciencedirect.com/topics/medicine-and-dentistry/informed-consent
https://www.sciencedirect.com/topics/medicine-and-dentistry/retrospective-study
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Ganzfeld bowl (cases 3, 5, and 8) or hand-held strobe (case 4), according to a modified 

protocol.538 ISCEV-standard pattern ERG (PERG),447 was performed using gold foil 

corneal (case 7) or skin electrodes.    

 The mean subfoveal choroidal thickness was measured by enhanced depth 

imaging horizontal OCT crosshair scans (EDI-OCT, Heidelberg Engineering Inc., 

Heidelberg, Germany). Segmentation of macular ganglion cell layer (mGCL) thickness 

was obtained using the automated segmentation software for the Spectralis OCT 

device (Heidelberg Engineering, software version 1.10.2.0). For retinal thickness 

maps, three circular lines representing 1, 3 and 6 mm scan diameters (Early Treatment 

Diabetic Retinopathy Study; ETDRS macula) were obtained.  The macular scans were 

performed in the 30° perifoveal area using a 30°×25° OCT volume scan. The average 

of all points within the inner 1 mm diameter circle was defined as the central subfield 

thickness. The intermediate 3mm ring was divided into the inner superior, inner nasal, 

inner inferior and inner temporal subfields and average values were calculated per 

sector in each eye.   
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3.10.3 Results 

Clinical Findings 

All eight ascertained patients were first seen at Moorfields Eye hospital over a period 

of 8 years (2009-2017) and received the diagnosis of CLN3-disease in 6-18 weeks 

after their first visit (mean: 10.7 weeks). They were referred with poor visual acuity, 

with all having experienced a period of rapid visual decline before their referral to our 

tertiary center, ranging from one to eighteen months in duration. Mean visual acuity 

(±SD, range) at disease onset was 0.44 LogMAR (±0.44, 0.20-1.78 LogMAR). Mean 

visual acuity (±SD, range) by the time of diagnosis was 1.34 LogMAR (±0.61, 0.30 

LogMAR - light perception). The age of disease onset ranged from 3 to 7 years (mean 

age 5.3 years). The time from disease onset to diagnosis ranged from 1.5 to 5 years 

(mean time 2.9 years). Age at diagnosis of JNCL ranged from 7 to 10 years (mean 

age 8.3 years). The medical history prior to first presentation in five children was 

unremarkable (n=5, 62.5%), one patient had speech delay and learning difficulties, 

and a further patient had been hospitalised aged 8 weeks with hypoglycaemia and low 

cortisol. Table 3.10.1 summarizes the clinical findings. 

 Six out of eight children were seen by an ophthalmologist at their local hospital 

prior to referral to our tertiary center (n=6, 75%). The other two cases (cases 6 and 7) 

were referrals from an orthoptist and General Practitioner respectively. In three cases 

(n=3, 37.5%, Cases 2, 5 and 7) legal guardians had reported concerns about vision 

from as early as 3 years of age (range 3 to 7). In two cases (Cases 2 and 4), teachers 

had reported visual disturbance. At the time of referral, the presumed diagnoses in the 

eight cases were Stargardt disease (n=1), severe retinal dystrophy (n=3), and 

unexplained visual loss (n=4) (Table 3.10.1).
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Table 3.10.1: Clinical features 
 Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 

Sex (F/M) F F F M F M M F 

Age at onset (y) 5 5.5 3 7 4 6 6 6 

Initial clinical findings 
at first evaluation: 

Macular atrophy, 
retinal degeneration 

on OCT 

Nystagmus, reduced 
vision, poor night 

vision 

Foveal thinning, 
optic disc pallor, 

bull's-eye 
maculopathy,  
poor colour 

vision/night vision 

Bilateral macular 
changes,  

optic disc pallor 
Visual impairment 

Non correctable 
vision, 

poor colour vision 

Unexplained poor 
vision 

Esotropia, left 
amblyopia  

 
 

VA; R , L (LogMAR) 1.78 , 1.78 0.60 , 0.48 0.35 , 0.80 0.60 , 0.75 0.80 , 0.80 0.70 , 0.50 0.26 , 0.20 0.18 , 0.48 

Neurological/ 
behavioural signs 

Speech delay, 
'clumsiness', 

seizures 
None 

Behavioural and 
cognitive decline 

(ASD?); 'clumsiness' 

Emotional 
difficulties, 

cognitive decline 
None None Behavioural decline 

Speech and language 
delay 

Rapid visual decline 
within: 

6 months 1 month 12-18 months 1 year 12-18 months 1 year 1 year 1 year 

Diagnosis on referral 
to MEH: 

Severe retinal 
dystrophy 

 
Severe retinal 

dystrophy 
 

Molecularly 
confirmed Stargardt 

disease (ABCA4) 

 
Severe retinal  

dystrophy 
 

Unexplained vision 
loss 

Unexplained vision 
loss 

Unexplained vision 
loss 

Unexplained vision 
loss 

Age at Diagnosis (y): 10 7 8 9 9 7 8 8 

Clinical features at 
time of diagnosis: 

Profound macular 
atrophy,  

optic disc pallor, 
retinal vascular 

attenuation 

Rotary nystagmus, 
pale optic discs, 

 bull's-eye 
maculopathy, 

bilateral epiretinal 
membrane, 

retinal vascular 
attenuation 

Profound loss of 
inner and outer 

retina,  
bilateral epiretinal 

membrane, 
bull's-eye 

maculopathy 

Bilateral macular 
atrophy 

Pale optic discs, 
attenuated vessels, 

bilateral macular 
atrophy 

Loss of central 
retinal structure, 

bilateral epiretinal 
membrane, poor 

colour /night vision, 
pale optic discs 

Bilateral epiretinal 
membrane,  

outer retinal loss, 
pale optic discs 

Bilateral macular 
atrophy, 

foveal sheen 

VA; R , L (LogMAR) PL, PL 1.35 , 1.60 1.20 , 1.30 1.0 , 1.10 1.30 , 1.23 1.20 ,1.20 0.50 , 0.30 1.30 , 1.30 
Eccentric 

fixation/'overlooking' ✔ ✔ ✔ NR NR ✔ ✔ ✔ 

Neurological 
/behavioural signs 

Speech delay, 
clumsiness 

None 
Behavioural and 

cognitive decline, 
clumsiness 

Cognitive decline None 
Clumsiness,  

memory loss,  
behavioural decline 

Clumsiness, 
behavioural decline 

Speech and language 
delay, 

poor concentration 

 
ASD=Autistic spectrum disorder; NR = Not recorded; PL=Perception of light, R; Right Eye, L; Left Eye 
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 Of note, 6 out of 8 patients had eccentric fixation/'overlooking' (75%) either on 

observation or on directed history. On directed detailed history, 6 out of 8 patients had 

cognitive or neurological signs (75%) - including change in mood, behaviour, balance, 

or memory. MRI was carried out in three children and was unremarkable.  

 

Retinal Imaging 

As shown in Figures 3.10.1 and 3.10.3, all but one patient (case 7) presented with a 

bull’s-eye maculopathy. Optic disc pallor, arteriolar attenuation, and subtle granularity 

of the RPE was observed in all cases. Case 4 also developed inferior peripheral 

exudation, in keeping with a Coats-like vasculopathy (not previously reported in 

JNCL), which spontaneously improved over 12 months (Figures 3.10.1 and 3.10.3); 

and a mild mid-peripheral pigmentary retinopathy with bone spicule formation.  

 Macular FAF images (Figure 3.10.2) depict marked foveal 

hypoautofluorescence with varying degrees of surrounding diffuse reduction in 

macular autofluorescence in all patients (n=8, 100%). In addition, a perifoveal ring of 

increased autofluorescence was present in cases 3 and 6. Peripheral 

autofluorescence was variably decreased among the patients; ranging from mildly 

diffuse hypoautofluorescence (cases 3, 5 and 6), to markdly diffuse 

hypoautofluorescence (case 4). Case 1, 2, 7, and 8 show variable extend of decrease 

autofluorescence between the two aforementioned groups. In cases 1 and 7, mild RPE 

mottling was seen in the periphery (Figure 3.10.2). In case 4, striae of decreased 

signal were observed in the periphery and perifoveal area (Figure 3.10.2). 

 OCT was available for analysis in 7 cases. In all cases OCT imaging revealed 

near complete loss of photoreceptor cells, atrophy of the outer nuclear layer, outer  
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Figure 3.10.1: Clinical 

features on colour fundus 

photography.  

Colour fundus photographs of five 

cases with juvenile neuronal ceroid 

lipofuscinosis; depicting optic disc 

pallor, macular atrophy with subtle 

granularity of the retinal pigment 

epithelium (RPE) and retinal arteriolar 

attenuation. Note the pigmentary 

changes reminiscent of bone spicules 

and unilateral Coats-like reaction in 

case 4. The second row for case 4 

shows the exudation at baseline and 

its improvement over a follow-up 

period of 12 months.  
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Figure 3.10.2: Fundus autofluorescence findings.  

Fundus autofluorescence images showing marked foveal hypoautofluorescence with varying 

degrees of surrounding diffuse reduction in macular autofluorescence. Cases 3 and 6: A ring of 

increased autofluorescence (white arrow heads). Cases 3, 5 and 6 show mild diffuse peripheral 

hypoautofluorescenceand, case 4 shows advanced diffuse hypoautofluorescence. Case 1, 2, 7, and 

8 show variable extend of decrease autofluorence between the two aforementioned groups. 



396 
 

plexiform layer, and marked atrophy of the nerve fibre and ganglion cell layers (Figure 

3.10.3). The ellipsoid zone was markedly disrupted/absent, and it was difficult to 

identify remnants of the photoreceptor layer, due to debris. Hyper-reflective dots were 

visible at the level of the expected photoreceptor layer (Figure 3.10.3).  

 Mean subfoveal choroidal thickness was within age-adjusted normal limits, 

(mean 336 µm right eye and 330 µm left eye). Automated segmentation of the mGCL 

was performed in four patients (Cases 1, 3, 4 and 6). The values obtained from the 1 

mm diameter central subfield area were excluded from analysis as the mGCL in the 

central subfield was very thin, precluding adequate segmentation. The values 

corresponding to the 6mm outer ring were excluded as they fell outside the scanning 

area due to eccentric fixation. The average mGCL of the intermediate 3mm ring was 

10.84 µm (SD: ±2.87 µm) (Appendix 5). The average mGCL thickness was 44.1 μm 

± 9.22 μm, with mean (5th-95th percentile) normative value for children 5-17 years 

(n=276) being 51.6 μm (44.43-58.25 μm).577 

 In addition to mGCL thinning, changes at the level of nerve fiber layer (NFL) 

and internal limiting membrane (ILM) were observed in all patients. Radial retinal striae 

were observed within the vascular arcades in five cases (n=5, 62.5%, Figures 3.10.3 

and 3.10.4). Striae (folds) resembling epiretinal membranes, but without vessel 

alterations, were seen on fundoscopy and colour fundus photography (Figure 3.10.4 

- Case 2). No definite membrane was seen joining the tips of the folds on OCT (Figure 

3.10.4, Cases 1, 5, 7 and 8). In contrast, gliosis of the inner retina, presented as 

increased reflectivity at the ILM,578 was evident in all but one patient (case 3). An 

increased, patchy (linear) signal observed at the level of the ILM with severe disruption 

of the NFL, appears to have led to more prominent “folding” nasally, possibly related 
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to greater NFL thickness (Figure 3.10.3). Foci of increased signal, instead of patchy 

linear  

Figure 3.10.3. Optical coherence tomography findings.   
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Spectral-domain optical coherence tomography (SD-OCT) macular scans for all patients in the cohort, 

at the time of diagnosis, depicting significant macular atrophy with almost complete loss of the ellipsoid 

zone, hyper-reflective dots at the outer retinal level, marked atrophy of the outer nuclear layer, outer 

plexiform layer, ganglion cell layer and nerve fibre layer. Glial fibrosis is observed at the level of the 

inner retina. The white arrow heads mark possible areas of residual ellipsoid zone. The orange arrow 

heads mark an a example of continuous, even though alter, external limiting membrane, despite the 

excessive loss of the photoreceptor layer.  The white borders delineate regions of interest shown in 

greater magnification in Figure 3.10.4. 

Figure 3.10.4: Macular striation and degenerative changes 

Striation and/or degenerative changes were present in all patients. High magnification of the marked areas in 

Figure 3 are shown, from horizontal OCT scans of the nasal fovea.  Retinal radial striae within the vascular 

arcades were observed in cases 1, 5, 7 and 8. Striae, resembled the appearance of epiretinal membranes on 

fundoscopy and colour fundus photography, but no vessel alterations are seen and no definite membrane 

observed joining the tips, marked with white arrow heads, of the folds seen on OCT. Foci of increased signal, 

marked with yellow arrow heads, were observed in Case 3, 4 and 6 who did not have folds. In contrast to case 

with folds, where the areas of increase signal were greater in size and had a more linear distribution.  
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areas, were observed in the three cases without folds (Figure 3.10.4, Cases 3, 4 and 

6). The external limiting membrane (ELM) was present, however disrupted (Figure 

3.10.3), and no folds were present in these patients, perhaps representing an earlier 

stage of the disease. The mean age at the time of OCT imaging was 8.9 years for 

patients with striae and 8.0 years for patients without striae.  

 

Electrophysiological Assessment 

Full-field and flash ERGs were recorded in all patients under photopic and scotopic 

conditions. Cases 1, 2, 4 and 5 had undetectable ERGs, in keeping with severe rod 

and cone photoreceptor dysfunction (Figure 3.10.5A). Cases 3, 6, 7 and 8 had 

undetectable scotopic dim flash ERGs;  strong flash ERGs were electronegative but 

with additional a-wave reduction. The photopic single flash ERGs had a low b:a ratio 

but with additional a-wave reduction in cases 7 and 8. The LA 30Hz flicker ERGs were 

mildly delayed in all cases with a detectable response (cases 3, 6, 7 and 8) (Figure 

3.10.5A and 3.10.5B). The findings were consistent with marked generalised inner 

retinal dysfunction of rod (cases 3, 6, 7 and 8) and cone (cases 7 and 8) systems, with 

additional rod and cone photoreceptor involvement in all cases. Pattern ERGs were 

undetectable in the six cases tested in keeping with severe macular dysfunction. 

 

Blood film Microscopy/ Electron Microscopy 

Blood film microscopy performed for all eight patients demonstrated vacuolated 

lymphocytes. Electron microscopy was done sequentially in seven patients and all 

showed lysosomal (fingerprint) inclusions.  
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Figure 3.10.5: Electroretinography 

Electroretinography recorded with lower eyelid skin electrodes in cases 4, 5, 6 and 8 (A) and with 

corneal electrodes in case 7 (B). Note 20ms pre-stimulus delay in single flash ERGs. Electrode-specific 

control recordings are shown for comparison but without a 20ms pre-stimulus delay in B. ISCEV-

standard stimuli were used in case 4 (without mydriasis) and in cases 6 and 7; a strobe was used to 
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deliver flashes in subjects unable to comply with Ganzfeld testing (dim flash rod ERG/DA0.01 ERG 

excluded from the protocol). ISCEV standard testing (cases 6 and 7) included the dark-adapted (DA) 

ERGs (flash strengths 0.01 and 10.0 cd.s/m2; DA 0.01 and DA 10.0) and light-adapted (LA) ERGs for 

a flash strength of 3.0 cd.s/m2 (LA 3.0; 30Hz and 2Hz). Data are shown for one eye but all had 

symmetrical responses. Broken lines replace blink/eye movement artefacts occurring after ERG b-

waves for clarity. Recordings from patients are superimposed to demonstrate reproducibility. Note small 

differences in scaling and format of skin ERGs (A) related to use of different recording equipment. See 

text for ERG analysis.  

 

Molecular Genetics 

All patients were molecularly confirmed as harboring likely disease-causing variants 

in CLN3. Six out of eight patients were homozygous for the common 1.02kb deletion. 

Case 8 was homozygous for c.(962+dup), case 7 was compound heterozygotes for 

c.(1056+3A>C) and deletion of exon 2-5. One patient (case 3) was referred initially 

with 'molecularly confirmed' Stargardt disease for consideration of clinical 

trials/studies. The clinical presentation/detailed history/imaging was not in keeping 

with Stargardt disease and so investigation was initiated for JNCL. The previously 

identified compound heterozygous ABCA4 variants were further assessed in silico, 

with one of the variants determined to be unlikely to be pathogenic. Determination of 

disease-causation of ABCA4 variants is highly challenging given the vast allelic 

heterogeneity and highly polymorphic nature of this large gene.  
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3.10.4 Discussion  

This report characterises the early retinal phenotype of juvenile Batten disease, 

highlights the importance of early diagnosis of CLN3 disease in young children who 

present with rapid visual loss, with or without the presence of neurological or cognitive 

symptoms, and describes conditions that can masquerade as CLN3 disease. 

 Our case series identified a significant delay in diagnosis in all 8 children, with 

an average delay of 2.9 years from first presentation to diagnosis, in line with previous 

studies reporting a delay of 1.3 to 4 years.572 556 It is of note that in the past, the 

diagnosis was often only made after the onset of seizures despite prior visual failure;573 

whereas, early diagnosis should now be possible following the advancements in retinal 

imaging and molecular testing that are now readily available.  

There are several clinical symptoms (likely to require a directed careful history 

– including eccentric viewing and changes in mood/behaviour/cognition/memory), and 

signs on examination/detailed imaging, that should warrant directed investigations to 

promptly diagnose CLN3-JNCL. These include visual loss, which is characteristically 

rapid, and was present in all of our cases; most commonly reported in the literature 

between 6 to 8 years of age.556, 558, 572, 575 Other associated behavioural and cognitive 

impairments were also present in six out of eight cases, however these were often not 

identified at the time of visual complaints and / or not investigated or considered 

pertinent to the unexplained/otherwise explained visual loss – thereby further 

contributing to delayed diagnosis.  

 Fundus abnormalities seen in CLN3 disease such as “bulls-eye” maculopathy, 

retinal vascular attenuation, and optic disc pallor were present in our series, however, 

these are also features of other severe retinopathies.570, 571 Previously, eccentric 
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fixation or “overlooking” has been attributed to a degree of superior peripheral retinal 

sparing.573 Despite the majority of the patients in our study having eccentric 

fixation/overlooking (Table 3.10.1), the disease appeared relatively symmetrical 

between the superior and inferior retina on fundus autofluorescence imaging (Figure 

3.10.3); suggesting no obvious anatomical difference and also no functional difference 

(indirectly) – although, we cannot exclude that direct functional testing may identify a 

difference between superior and inferior retinal sensitivity.  

Abnormalities in OCT features can be very helpful in guiding the clinician to 

directly investigate CLN3-disease; including the profound degree and extent of outer 

retinal loss of lamination at a relatively young age, significant inner retinal thinning, 

and also the presence of increased inner retinal reflectivity. The increased reflectivity 

has been described as being secondary to epiretinal membrane (ERM) formation in 

several reports. Haisworth et al, identified ERM in 33% of their cohort (n=24), based 

on fundus appearance alone.568 More recently, Dulz et al described a striation pattern 

without ERM in all their patients (n=11, mean age 14.4 years), using OCT.556 In our 

cohort, all patients had reflectivity changes in the nerve fibre layer (NFL) and ILM. 

Although the mean age of our cohort was lower (average age 8.9 yrs), retinal striation 

was observed in 62.5% of the patients – distinct from typical ERM; with the three 

patients without striae being on average a year younger (8 years) (Figure 3.10.4). Our 

findings of profound diffuse macular ganglion cell thinning are in keeping with the 

degenerative NFL and mGCL loss reported in histological studies.579, 580  

The scotopic ERGs in four of four cases with a detectable response had 

electronegative waveforms, consistent with dysfunction that is post-phototransduction 

or inner retinal, but with a-wave reduction indicating significant additional loss of 

photoreceptor function. An electronegative ERG has often been associated with 
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juvenile CLN3 disease and may prompt screening in some cases, particularly if the 

photopic ERG shows a reduced b:a ratio.572 It is noted however that an electronegative 

ERG is not diagnostic and is a feature of congenital stationary night blindness, X-linked 

retinoschisis and many other disorders.335, 569, 581, 582  

One patient was referred initially with 'molecularly confirmed' Stargardt disease 

(STGD) for consideration of clinical trials/studies. The clinical presentation/detailed 

history/imaging was not entirely typical of STGD and so investigation was initiated for 

JNCL. The previously identified compound heterozygous ABCA4 variants were further 

assessed in silico, with one of the variants determined to be unlikely to be pathogenic. 

Determination of disease-causation of ABCA4 variants is highly challenging given the 

vast allelic heterogeneity and highly polymorphic nature of this large gene. This case 

highlights (i) that the clinician needs to be mindful that severe ABCA4-retinopathy 

associated with generalised cone-rod dystrophy at an early age can masquerade as 

CLN3-JNCL, (ii) the difficulties in definitively ascribing disease-causation to identified 

sequence variants in this era of genomic ophthalmology and more readily-accessible 

genetic testing, and (iii) further illustrates the challenges in diagnosing CLN3 disease 

in a timely fashion and the potential consequences of mistaken diagnosis.  

 Early diagnosis of JNCL remains a diagnostic challenge, particularly as other 

severe retinal dystrophies can present with early onset visual loss. Moreover, 

associated non-ocular symptoms/signs are often compartmentalised and investigated 

separately which can lead to further delay. We suggest that a child with bilateral rapidly 

progressive vision loss, with or without cognitive/behavioural problems at 

presentation, should have microscopy of a peripheral blood film to detect the presence 

of vacuolated lymphocytes, which can act as a sensitive screening test (all patients 

with CLN3 disease will test positive); followed by electron microscopy for storage  
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Figure 3.10.6: Diagnostic algorithm for juvenile neuronal ceroid lipofuscinosis (JNCL), CLN3- 

associated disease.  

In a child with bilateral rapidly progressive vision loss, microscopy of peripheral blood film can detect 

the presence of vacuolated lymphocytes, a sensitive screening test for JNCL, followed by electron 

microscopy for lysosomal storage inclusions. Confirmation of the diagnosis should follow with molecular 

genetic testing for CLN3 variants. 

(fingerprint) inclusions.562 Diagnostic confirmation should be done with molecular 

genetic screening of CLN3 (Figure 3.10.6). 

 The most common variant in CLN3-JNCL is a 1kb deletion resulting in a 

frameshift and a truncated protein product.557 In our cohort, 75% of cases were 

homozygous for this deletion and had similar clinical presentations. Case 8, who 

harbored the c.(962+dup) variant homozygously was reported to have better VA at 

presentation, but by the time of diagnosis had similar VA to the other patients. Case 

7, the only compound heterozygote in our cohort (c.(1056+3A>C) and deletion of exon 

2-5) had a milder ocular phenotype, with the most preserved VA in the cohort and a 

degree of residual ellipsoid zone on OCT (Figure 3.10.3). As this patient presented 

with early cognitive and behavioural abnormalities, it could be speculated that this 

genetic variant may have less deleterious effects on vision. Case 7 also had 

electronegative ERGs but with an altered waveform morphology of the rod ERG, which 

was not observed in any of the other subjects. The significance of this ERG finding is 
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uncertain. Although there is no treatment that has yet been shown in a clinical trial 

to benefit patients with JNCL, it is important to explain the genetics of the disease to 

the parents, provide genetic counselling, offer to follow the child yearly for routine eye 

care, and offer to refer them to a pediatric neurologist, knowledgeable pediatrician, or 

family practitioner who is willing and able to help follow and care for the child.  This 

includes specialist knowledge of certain medications that are more likely to induce 

adverse side effects when given to a child with JNCL. Referral to international 

foundations that support research on the NCL disorders, social workers, or local or 

national support groups of parents who have children with JNCL may help parents and 

families cope with issues commonly seen as the disease progresses.   

To date, there are no treatments available for juvenile CLN3 Batten disease or 

other forms of NCL. The majority of studies has focused on developing therapeutic 

interventions to combat the neurodegeneration in NCL, including enzyme replacement 

therapy, gene therapy, stem cell transplantation and pharmacological approaches.583, 

584 Most notably, CLN2 disease patients that received biweekly intraventricular 

infusion of soluble CLN2 enzyme (NCT01907087, NCT02485899) showed no 

significant decline in motor or language skills and overall disease progression was 

considerably slowed during the reporting period.584 The treatment has now received 

FDA and EMA approval. A phase I/II trial has also started for CLN6 disease using 

gene therapy administered by a single intrathecal injection of adeno-associated virus 

(AAV) 2/9 carrying CLN6 (NCT02725580). This study is on-going, but data from 8 out 

of 12 patients two years post vector injection are available and show promising 

preliminary results. Based on these data, a phase I/II clinical trial has started recruiting 

for CLN3 disease, to investigate intrathecally administered AAV2/9-CLN3 

(NCT037770572). Although, these studies will primarily assess treatment safety and 
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effects on neurological features, they may also help to determine whether brain-

directed gene therapy has any impact on vision in CLN6 and CLN3 patients. As CLN6 

and CLN3 encode membrane-bound proteins that are not passed on to neighbouring 

cells, it is more likely that gene therapy directly targeting the eye will be more effective 

to prevent retinal degeneration in both diseases. A proof-of-concept study 

demonstrated that ocular gene therapy is therapeutic in Cln6nclf mice, a mouse model 

for CLN6 disease, when the inner retina was treated.584 Preclinical ocular gene therapy 

for CLN3 disease has not been described yet. However, a similar gene therapy 

approach targeting the cells of the inner retina as used in Cln6nclf mice could also be 

effective in Cln3-deficient mice;572 and may also be relevant to human CLN3 disease 

(both syndromic and non-syndromic).  

 

Conclusions 

Herein, we have described cases of juvenile CLN3 disease in detail, highlighting 

delayed/mistaken diagnosis, diagnostic challenges, providing diagnostic insights, 

novel observations and recommendations, and also highlighting the latest clinical 

research and on-going/planned clinical trials. We have also emphasized of role of the 

ophthalmologist, and paediatrician or primary care provider and the need for additional 

continued support for the family. Whilst timely diagnosis of JNCL is often challenging, 

given the rapidly progressive and unfavourable prognosis of the disease, early 

diagnosis is important both to provide timely clinical management and support, and to 

facilitate access to novel therapeutic interventions at the early disease stages.  
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4. FINAL CONCLUSIONS 

We studied in detail eight IRD causing genotypes, employing multimodal imaging 

(OCT, FAF and AOSLO), as well as functional assessments such as BCVA, colour 

vision, electrophysiology, static perimetry and microperimetry. Indices to quantify and 

investigate interocular symmetry were constructed. Associations between 

progression, age, baseline characteristics, and genotype were interrogated. We 

investigated metrics most sensitive to change and made recommendations about 

which should be utilised in quantifying treatment trial outcomes. 

 In conclusion, CNGA3- and CNGB3-associated ACHM can be successfully 

imaged with split-detection AOSLO, with most findings being similar between the two 

genotypes. The foveal cone mosaic is symmetrical between eyes and can be 

evaluated with good intraobserver repeatability. There is a need for prospective 

longitudinal studies of large cohorts of molecularly confirmed CNGA3 subjects to 

improve our understanding of the cellular natural history. The difference in AOSLO 

measurements between observers emphasises the need for longitudinal assessment 

to be completed by the same experienced observer. It also highlights the importance 

of pathology-specific training in cone counting and pathology-specific evaluation of 

automated methods for photoreceptor identification on AOSLO imaging. Given the 

increasing use of AOSLO in clinical trials and natural history studies, there is a need 

for further studies to evaluate AOSLO metrics in different conditions. Given the large 

variability in cone mosaics, subjects with CNGA3- and CNGB3-ACHM should be 

assessed on an individual basis for selection in future and ongoing clinical trials.  

 In GNAT2-ACHM, the data presented herein describe a potentially greater 

therapeutic window, compared to all other forms of ACHM reported to date (CNGA3, 
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CNGB3, PDE6C, and ATF6). AOSLO imaging allows for a more sensitive assessment 

of the photoreceptor mosaic than OCT, despite the lower successful acquisition rate. 

Any age-dependent changes are subtle, with relative preservation of the cone mosaic 

observed until late adulthood. In contrast, for PDE6C- and ATF6-ACHM, our study 

suggested a limited window of therapeutic opportunity.  

 The data presented herein extend the phenotypic spectrum of ACHM, detailing 

some distinct features for PDE6C-ACHM and other characteristics that are less 

common in CNGA3-, CNGB3-, GNAT2-, and ATF6-associated disease. PDE6C-

ACHM presents with typical symptoms of ACHM, but associated with slowly 

progressive maculopathy and with little evidence of residual macular cones in 

adulthood.  

 In the largest prospective study characterising FAF in a cohort of molecularly 

confirmed children with STGD1, the high intraobserver and interobserver agreement 

in DAF area quantification, suggests that DAF can serve as a robust anatomic 

outcome measure in children. The data in this study are in keeping with childhood-

onset disease being more severe than adulthood-onset. Rapid deterioration of vision 

in the first years after disease onset and the higher rates of progression were 

maintained into adulthood. Genetic background, ERG group and intrafamilial 

presentation are of value in informing counselling of patients about prognosis. 

 We established a well-characterised cohort of potential trial participants with 

GUCY2D-LCA, and reported possible genotype-phenotype correlations. Ours study  

has in addition, highlighted the relative structural and functional stability over a broad 

age range, thereby indicating a wide therapeutic window to be exploited by planned 
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and anticipated interventional trials. We provided valuable information about the 

clinical phenotype and natural history of the disease. 

 We have described cases of juvenile CLN3 disease in detail, highlighting 

delayed/mistaken diagnosis, diagnostic challenges, providing diagnostic insights, 

novel observations and recommendations, and also highlighting the latest clinical 

research and on-going/planned clinical trials. We have also emphasized the role of the 

ophthalmologist and paediatrician or primary care provider, and the need for additional 

continued support for the family. Whilst timely diagnosis of JNCL is often challenging, 

given the rapidly progressive and unfavourable prognosis of the disease, early 

diagnosis is important both to provide timely clinical management and support, and to 

facilitate access to novel therapeutic interventions at the early disease stages. 

This research will guide selection of candidates for novel interventions and will 

form the basis for interpretation of treatment outcomes. Clinical care to affected 

individuals is enhanced by provision of disease-specific prognostic information. 

Methods used are also directly applicable to other inherited retinal conditions.  
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Appendix 1: Genetics of Retinal Dystrophies and Avenues of Intervention (as of December 2019) 

Disease 
OMIM 

# 
Gene  

Inheritance  
Mode 

Avenues of Human Intervention  

Drug Mechanism of Action Clinical Trial  

Stargardt 
disease        

STGD1 248200 ABCA4 AR 
Visual cycle 
modulators    

    A1120 
Competitive inhibitory mechanisms on 
the retinal binding protein-4  

    Fenretinide 
Competitive inhibitory mechanisms on 
the retinal binding protein-4  

    STG-001 
Competitive inhibitory mechanisms on 
the retinal binding protein-4  

    Soraprazan Removal of lipofuscin in RPE cells Phase II  

    Emixustat Modulating the activity of RPE65  
Phase III (NCT03772665) and 
Phase IIa (NCT03033108) 

    ALK-001 
Decrease the rate of Vitamin A 
dimerization Phase II (NCT02402660) 

       

    Antioxidant   

    Saffron Antioxidant Supplement Phase I/II (NCT01278277) 

       

    C5 inhibitor   

    

Avacincaptad 
pegol Complement C5 inhibitor Phase II (NCT03364153) 
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    Gene Therapy   

    SAR 422459 Lentiviral vector gene supplementation 
Phase I/IIa (NCT01367444) and 
Phase  I/II (NCT01736592) 

       

    

Cell 
Replacement    

    MA09-hRPE 

Subretinal human embryonic stem cell 
(hESC) derived RPE cells  Phase I/II (NCT01469832)  

       

STGD3 600110 ELOVL4 AD NA 

STGD4 603786 PROM1  AD NA 

       

Best disease 607854 BEST1 AD NA 

       

Retinoschisis  312700 RS1 X-linked 

Carbonic 
anhydrase 
inhibitors 

Alter the fluid transport mechanism 
across the RPE  

    Gene Therapy Intravitreal AAV gene supplementation 
Phase I/II (NCT02416622 and 
NCT02317887) 

       

Pattern 
dystrophy 169150 PRPH2 AD NA 

       

Sorsby 
fundus 
dystrophy  188826 TIMP3 AD NA (Anti-VEGF for comlicated cases with CNV) 

       

Autosomal 
dominant 
drusen  601548 EFEMP1  AD NA (Anti-VEGF for comlicated cases with CNV) 
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Appendix 2 : Adaptive Optics Studies 

AUTHOR YEAR AO DETAILS Subjects (N= ) 

Macular Dystrophies  

                Stargardt Disease 

Chen, Ratnam et al.  2011 cAOSLO 12 

Song, Rossi et al.  2015 cAOSLO 2 

Razeen, Cooper et al. 2016 cAOSLO / split-detection 

AOSLO 

14 

Tanna et al. 2017 cAOSLO / split-detection 

AOSLO 

12 

                Best Disease (BD) 

Kay, Land et al.  2013 cAOSLO 2 

Scoles, Sulai et al.  2017 cAOSLO / SPLIT-DETECTION 

AOSLO 

2 

X-Linked Retinoschisis (XLRS) 

Duncan, Ratnam et al.  2011 cAOSLO 2 

Stationary Dysfunction Syndromes 

Cone Dysfunction Syndromes 

Achromatopsia (ACHM) 

Carroll, Choi et al.  2008 AO-Flood Illuminated Camera 2 

Genead, Fishman et al.  2011 AO-Flood Illuminated Camera 12 

Merino, Duncan et al.  2011 cAOSLO 1 

Dubis, Cooper et al.  2014 cAOSLO 11 

Scoles, Sulai et al.  2014 cAOSLO / split-detection 

AOSLO 

4 

Abozaid, Langlo et al.  2016 cAOSLO / split-detection 

AOSLO 

7 

Langlo, Patterson et al.  2016 cAOSLO / split-detection 

AOSLO 

51 

Ueno, Nakanishi et al.  2017 AO-Flood Illuminated Camera 1 
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Langlo, Erker et al. 2017 cAOSLO / split-detection 

AOSLO 

41 

                                Blue Cone Monochromacy (BCM) 

Carroll, Rossi et al.  2010 cAOSLO 4 

Carroll, Dubra et al.  2012 cAOSLO 11 

Cideciyan, Hufnagel et al.  2013 cAOSLO 20 

Oligocone Trichromacy (OT) and RGS9/R9AP-associated Retinopathy 

(‘Bradyopsia’) 

Michaelides, Rha et al.  2011 cAOSLO 4 

Strauss, Dubis et al.  2015 cAOSLO 3 

Patterson, Wilk et al.  2016 cAOSLO 17 

Rod Dysfunction Syndromes 

Fundus Albipunctatus (FA) 

Song, Latchney et al.  2014 cAOSLO/FAOSLO 1 

Makiyama, Ooto et al.  2014 cAOSLO 10 

Oguchi Disease and  Congenital Stationary Night Blindness (CSNB) 

Godara, Cooper et al.  2012 cAOSLO 3 

Progressive Retinal Dystrophies 

                Rod-Cone Dystrophies 

Non-Syndromic Retinitis Pigmentosa (RP) and Usher Syndrome (USH) 

Duncan, Zhang et al.  2007 cAOSLO 5 

Talcott, Ratnam et al.  2011 cAOSLO 3 (2 RP+1 USH) 

Makiyama, Ooto et al.  2013 cAOSLO 14 

Ratnam, Carroll et al.  2013 cAOSLO 26 

Park, Lee et al.  2014 cAOSLO 2 

Zayit-Soudry, Sippl-Swezey et al.  2015 cAOSLO 20 

Sun, Johnson et al.  2016 cAOSLO / SPLIT-DETECTION 

AOSLO 

 

11 (7 RP+4 USH) 

Cone and Cone-Rod Dystrophies 
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Cone-Rod Dystrophy (CORD) 

Choi, Doble et al.  2006 AO-Flood Illuminated Camera 3 

Wolfing, Chung et al.  2006 AO-Flood Illuminated Camera 1 

Duncan, Zhang et al.  2007 cAOSLO 3 

                                 Cone Dystrophy with Supernormal Rod Responses (CDSR) 

Vincent, Wright et al.  2013 cAOSLO 7 

Chorioretinal Dystrophies 

Choroideremia (CHM) 

Syed, Sundquist et al.  2013 cAOSLO 5 (+6 Carriers ) 

Morgan, Han et al.  2014 cAOSLO 57 (+18 Carriers) 

Sun, Johnson et al.  2016 cAOSLO / split-detection 

AOSLO 

12 
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Appendix 3: Electrophysiology Assessment of GNAT2-ACHMSubject P4 
 

 

International-standard full-field ERGs and additional S-cone ERGs recorded from right 

(RE) and left (LE) eyes of subject P4 and one unaffected control subject for 

comparison (N). Pattern ERG (PERG) is shown for LE only (RE PERG excluded due 

to artefact relating to nystagmus). Broken lines replace blink/eye movement artefacts 

related to nystagmus in full-field ERGs.  

 The dark-adapted (DA) strong flash (DA10) ERG a-waves are mildly 

subnormal, likely reflecting loss of the DA cone system contribution. The standard 

light-adapted (LA30Hz; LA3) ERGs are undetectable. The recording to short 

wavelength flashes on an amber background (S-cone ERG; stimulus duration 5ms) is 

simplified and subnormal bilaterally. The pattern ERG is undetectable, suggestive of 

macular dysfunction, although nystagmus may have contributed to PERG attenuation.  
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Appendix 4: PDE6C Variant Annotation
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Appendix 5: Segmentation of macular ganglion cell thickness 
 

 
 
(A) Example of the macular ganglion cell layer (mGCL) segmentation of a subject 

(Patient 6). The sectoral difference is recognizable on the mGCL maps (B), and 

average thickness measurements are provided on each of the sectors (C). The mGCL 

analysis included the values obtained in the 3 mm intermediate ring. Automated 

segmentation was performed with for the Spectralis OCT device software (Heidelberg 

Engineering, software version 1.10.2.0). 

RNFL: retinal nerve fiber layer, GCL: ganglion cell layer 
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AbsTrACT
Adaptive optics (AO) ophthalmoscopy allows for non-
invasive retinal phenotyping on a microscopic scale, 
thereby helping to improve our understanding of retinal 
diseases. An increasing number of natural history studies 
and ongoing/planned interventional clinical trials exploit 
AO ophthalmoscopy both for participant selection, 
stratification and monitoring treatment safety and 
efficacy. In this review, we briefly discuss the evolution 
of AO ophthalmoscopy, recent developments and its 
application to a broad range of inherited retinal diseases, 
including Stargardt disease, retinitis pigmentosa and 
achromatopsia. Finally, we describe the impact of this 
in vivo microscopic imaging on our understanding of 
disease pathogenesis, clinical trial design and outcome 
metrics, while recognising the limitation of the small 
cohorts reported to date.

InTroduCTIon
Inherited retinal disease (IRD) is the leading cause 
of legal blindness in England and Wales among 
the working age population and the second most 
common in childhood.1 IRD is a group of clini-
cally heterogeneous conditions, which can result in 
diagnostic challenges, often thereby necessitating 
detailed multimodal retinal imaging, as well as 
electrophysiological and psychophysical evalua-
tion. They are subject to a broad range of research 
avenues and interventions which have been recently 
reviewed.2 Here, we categorise IRDs on the basis of 
natural history (stationary or progressive) and the 
primarily affected retinal cell type.

In vivo retinal imaging has been rapidly evolving 
over the last decades primarily due to advances in 
optics, electronics and computer technology. The 
introduction of optical coherence tomography 
(OCT) has revolutionised the clinical investigation 
of retinal diseases.3 4 One of the main limiting factors 
for in vivo retinal imaging is ocular aberrations, due 
to the optical imperfections of the eye.5 Adaptive 
optics (AO) can be employed in ophthalmology to 
overcome the aforementioned limitation.6

brIef overvIew of Ao reTInAl ImAgIng
The incorporation of AO to any ophthalmo-
scopic technique, including fundus photography, 
OCT and scanning laser ophthalmoscopy (SLO), 
provides in vivo microscopic imaging.6–9 AO 
ophthalmoscopes typically use a wavefront sensor 
to measure the ocular monochromatic aberra-
tions and a deformable mirror to correct for 
the detected aberrations.6 9 10 Herein we will be 
focusing on AOSLO photoreceptor imaging as this 
is the modality that has been most extensively used 

in patients with IRD. By focusing a scanning light 
source on the photoreceptor layer and rejecting 
out-of-focus light through the use of a confocal 
aperture, axial sectioning is achieved, thereby 
increasing image contrast.8 11 Photoreceptors with 
relatively intact outer segments waveguide some 
incident light, and backscatter a very small frac-
tion (less than 0.1%), which is used for imaging.12 
When collecting that light in a confocal detector, 
the cone8 13 14 and perifoveal rod8 15 16 mosaics can 
be resolved. Several systems have been developed 
including both custom-built and commercially 
available devices.

The non-confocal backscattered light can also 
be exploited to reveal the photoreceptor inner 
segment mosaic. For example, the split detection 
(SD) technique (SD-AOSLO) does so by subtracting 
images created by capturing the light to the left of 
the confocal aperture with one detector and the 
light to the right of it with a different one.17 This 
recent development was transformational because 
cones with compromised outer segments (as would 
be anticipated in the majority of IRDs) can now be 
reliably identified for the first time. This has major 
implications for patient stratification and targeting 
of intervention.18–25

Due to light safety restrictions, each individual 
AOSLO raw frame is captured using very low illu-
mination power (~100 µW at the pupil) and thus 
the resulting images are inherently noisy. There-
fore, AOSLO image sequences are captured at each 
retinal location of interest, and used to create a 
higher signal-to-noise ratio (SNR) image by aver-
aging a few of these frames after correcting for 
eye motion and scanning distortions.26 These high 
SNR images are then stitched together to create 
a larger montage (figure 1). A range of photore-
ceptor metrics have been employed to date, with 
cone density for a given eccentricity being the most 
widely used, and usually compared with normative 
data from histology27 or imaging studies.13 28 29 
Other metrics include (1) cone spacing—average 
distance between cells in a given location, (2) 
Voronoi analysis (figure 1) which involves counting 
the number of neighbouring cells based on the 
distance between them, thereby assessing mosaic 
geometry,28 (3) reflectivity,18 and (4) metrics for 
the preferred orientation of cones and local spatial 
anisotropy.30

The combination of OCT and AO (AO-OCT) 
is an evolving field, aiming for 3D reconstruction 
and offers greater axial resolution compared with 
AOSLO.31
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figure 1 Adaptive optics scanning laser ophthalmoscopy (AOSLO) imaging of a healthy subject and cone quantification. (A) Colour fundus 
photograph (30°) of a healthy subject (MM_0136), with AOSLO montage superimposed. The white square encompasses the foveal avascular zone 
(region of interest, ROI), which is magnified in (B). (B) Confocal AOSLO of the ROI, the estimated foveal centre is marked with a white cross and 
the 55 μm×55 μm area of sampling for cone counting with a white box at 0.35° from the foveal centre. Scale bar=100 μm. (C) Magnified view of 
the sampled area. (D) The sampled area with cones marked. (E) The sampled area with Voronoi domains. (F) The Voronoi representation coloured 
according to the number of neighbouring cells. Green represents six-sided bound cones. Scale bar for (C–F)=20 μm.

Irds And Ao reTInAl ophThAlmosCopy
The selected conditions below have been prioritised based on the 
ability of published AO ophthalmoscopy studies to demonstrate 
clinical, research or trial utility. There are inherent limitations 
due to the often small cohorts reported to date. These are usually 
small due to the vast genetic and phenotypic heterogeneity of 
IRDs, the low prevalence of each genotype and due to the diffi-
culty of establishing multicentre studies given the limited avail-
ability of AOSLO. However, similar limitations are often faced 
by other studies using other modes of high-resolution imaging. 
For clarity, we have included the number of subjects in each 
study we describe and whether the patients were molecularly 
confirmed (online supplementary table 1).

macular dystrophies
Stargardt disease
Stargardt disease (STGD1) is the most common form of hered-
itary macular dystrophy.32 Confocal AOSLO (cAOSLO) has 
demonstrated abnormal and decreased cone spacing in regions 
corresponding to areas of reduced and irregular fundus auto-
fluorescence (FAF), in predominantly late-onset/foveal sparing 
molecularly proven patients (11 of 12 patients).33 Moreover, 
foveal retinal pigment epithelium (RPE) cells were imaged in 
areas where the photoreceptor mosaic appeared disrupted in 
confocal reflectance imaging, suggesting photoreceptor loss 
preceding RPE cell loss—although the application of SD-AOSLO 
would address whether there are in fact cone inner segments 
present.33 Song et al also reported increased photoreceptor 
spacing, in genetically proven STGD1 (n=2), in otherwise 
normal appearing areas on OCT and FAF imaging; also consis-
tent with photoreceptor loss preceding clinically detectable RPE 
disease.34 Interestingly, SD-AOSLO derived cone density has 
been shown to correlate well with OCT measurements of outer 
nuclear layer thickness and retinal sensitivity (n=14; all molec-
ularly confirmed), demonstrating a valuable structure-function 
association, even though the extent of atrophic changes was not 
corresponding to visual aquity.19 Using cAOSLO and SD-AOSLO, 
Tanna et al investigated the reliability and repeatability of cone 
counting in patients with STGD1 (n=12), suggesting superior 
reliability and repeatability with SD-AOSLO.35

Longitudinal imaging studies of the photoreceptor and RPE 
mosaic in large molecularly proven specific STGD1 cohorts 
(ie, childhood-onset, adult-onset and late-onset/foveal sparing) 

are needed to evaluate cellular disease progression and poten-
tially identify the most suitable participants for ongoing and 
multiple planned gene therapy and pharmacological interven-
tions.19 33 34 36 AO ophthalmoscopy may be a useful method of 
monitoring in trials, since ‘classic’ parameters of ophthalmolog-
ical examination including best corrected visual acuity (BCVA) 
are not sufficiently sensitive outcome measures for conditions 
such as STGD1.37

Best disease
Normal photoreceptor structure and cone densities in areas 
adjacent to clinically visible lesions have been reported, with 
persistent photoreceptor structure overlying stage 1 and 2 vitel-
liform Best disease lesions, in keeping with relatively intact 
visual acuity (VA).38 Using cAOSLO and SD-AOSLO, variable 
photoreceptor architecture has been observed to be associated 
with different stages of the disease and the location within the 
lesions, including reduced cone density, due to major discontinu-
ities/gaps in the mosaic, and cone inner segment enlargement.23

X-linked retinoschisis
Duncan et al39 have reported increased and irregular cone 
spacing within the foveal schisis characterising X-linked reti-
noschisis. Interestingly, cone spacing was normal and regular 
elsewhere. The preserved waveguiding cones at the fovea and 
eccentric macular regions may indicate increased likelihood of 
successful rescue with intervention—and could also be helpful 
in patient selection.

stationary dysfunction syndromes
Cone dysfunction syndromes
This group of disorders has been reviewed in detail previously40 
(figure 2).

Achromatopsia
Early investigations with cAOSLO identified ‘dark spaces’ 
in the cone mosaic, increased cone spacing and/or decreased 
cone density in patients with achromatopsia (ACHM) 16 18 41 42 
(figure 2: 1C and 2C). Marked variability in the cone mosaic 
has been observed across patients; with no significant differ-
ence between the two most common genotypes, CNGA3 and 
CNGB342 43 ; and the rarer GNAT2 genotype associated with 

P
rotected by copyright.

 on N
ovem

ber 11, 2019 at U
C

L Library S
ervices.

http://bjo.bm
j.com

/
B

r J O
phthalm

ol: first published as 10.1136/bjophthalm
ol-2017-311328 on 15 N

ovem
ber 2017. D

ow
nloaded from

 

https://dx.doi.org/10.1136/bjophthalmol-2017-311328
http://bjo.bmj.com/


1030 Georgiou M, et al. Br J Ophthalmol 2018;102:1028–1035. doi:10.1136/bjophthalmol-2017-311328

review

figure 2 Adaptive optics scanning laser ophthalmoscopy (AOSLO) imaging of the cone dysfunction syndromes. Column (A) shows the infrared 
reflectance (IR) fundus photographs for each subject (1, 2, 3, 4). The green arrow represents the section in which the optical coherence tomography 
(OCT) (Spectralis HRA+OCT, Heidelberg Engineering, Heidelberg, Germany) presented in column (B) is taken; the black square represents the 450 
μm×300 μm region of interest imaged with AOSLO which is presented in columns (C) and (D). Column (B) shows OCT horizontal scans through the 
fovea and the white arrows mark the corresponding AOSLO area (450 μm wide). Column (C) depicts confocal AOSLO (cAOSLO) and column (D) split 
detection (SD) AOSLO. Subjects (1) and (2) have achromatopsia associated with CNGB3 and CNGA3 gene mutations, respectively. (1C/2C) Dark 
spaces are observed, due to loss of cone waveguiding properties, which correspond to visible foveal cone inner segments in (1D/2D), respectively, 
with a substantial difference in cone numerosity between the two subjects. (3) A molecularly confirmed subject with blue cone monochromacy. 
(3C) Dark foveal centre, with a sparse array of large bright spots, which are believed to be S cones, immediately surrounding it. (3D) Remnant inner 
segment structure. (4) A molecularly confirmed subject with Bornholm eye disease (LIAVA haplotype). (4C) All cones are resolved in cAOSLO, with 
a few apparent non-waveguiding cones (dark spaces). (4D) SD-AOSLO does not resolve foveal inner segments due to the better preserved mosaic 
(smaller cone diameters and tighter packing geometry) compared with the other cone dysfunction syndromes. All AOSLO images were acquired using 
a custom-built AOSLO housed at University College London/Moorfields Eye Hospital, London. Scale bar=50 μm.

the relatively least disrupted photoreceptor mosaic.18 44 Until 
the advent of SD-AOSLO, it was unknown if these ‘dark spaces’ 
harboured non-waveguiding cones or indicated loss of cones—
with the presence or absence of cones being directly related 
to potential rescue with intervention. Simultaneous cAOSLO 
and SD-AOSLO have allowed the identification of cone inner 
segment structure in these spaces,17 24 25 45 with transformational 
implications on our understanding of ACHM and participant 
selection for ongoing CNGA3-ACHM and CNGB3-ACHM 
gene therapy trials (figure 2: 1D and 2D). Given the potential 
disconnect between OCT and AO measures of cone integrity 
and the ability of AO to directly visualise the target cones for 
gene replacement, non-confocal SD-AOSLO imaging would be 
the modality of choice to identify patients most likely to benefit 
from cone-directed rescue.

In the largest AO ophthalmoscopy ACHM study to date 
(n=52), significantly decreased peak foveal cone densities and 
increased spacing, using SD-AOSLO in CNGB3-ACHM has 
been reported.45 Interestingly, the peak foveal density ranges 
were shown to overlap between the previously described OCT 
grades,43 in keeping with the aforementioned disconnect.

Reduced reflectivity in the majority of residual cones in 
CNGA3 and CNGB3 has also been noted, with relative preser-
vation in GNAT2. Changes in cone reflectivity could potentially 
provide a clinical trial outcome metric.18 42

Directly relevant to the ongoing debate on whether ACHM is 
significantly progressive,40 based on serial OCT and AOSLO, a 
longitudinal study of CNGB3-ACHM, with follow-up of 6–26 
months, showed little or no detectable change in foveal cone 
structure over time.24

Blue cone monochromacy
Blue cone monochromacy (BCM) is associated with a range 
of opsin array genotypes, affecting both L and M cones.40 The 
condition is X-linked, and despite female carriers being asymp-
tomatic, cAOSLO has demonstrated variably reduced cone 
density, increased spacing and disrupted organisation, with 
phenotypic variability likely relating to random X-chromosome 
inactivation.46 Affected men have a more severe phenotype, 
although the degree of cone mosaic disruption is also highly vari-
able and may be partly related to specific genotype group.47 The 
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L/M interchange haplotypes have been associated with signifi-
cantly greater residual parafoveal cone structure, with localised 
loss of waveguiding cones at the fovea. In contrast, the inac-
tivating Cys203Arg missense mutation genotype group is asso-
ciated with greater loss of waveguiding L/M cones. cAOSLO 
images of the cone mosaic typically show a dark foveal centre, 
with a sparse array of large bright spots, which are believed to 
be S cones, immediately surrounding it (figure 2C).47 48 It is 
possible to estimate with reasonable confidence the number of 
L and M cones in the parafovea, as they appear as dark gaps 
within the rod mosaic.46 cAOSLO has demonstrated a reduced 
number of cones in the parafovea (both reflective S cones and 
non-reflective L cones and M cones) to that of about 25% of 
normal, with evidence of even greater loss of cone cells in the 
locus control region deletion genotype group of BCM. More-
over, SD-AOSLO images have revealed remnant inner segment 
structure (figure 2B) both at the fovea and the parafovea.48 
Importantly, however, despite low cone density in BCM, the 
number is higher than that expected for the S cone submosaic, in 
keeping with remnant L/M cones.27 49 50

Overall, these AOSLO imaging studies have identified signif-
icant intersubject variability in cone mosaic integrity and illus-
trate the importance of cellular imaging in the identification of 
remnant cones that have the potential to be rescued in planned 
interventions.

Oligocone trichromacy and RGS9/R9AP-associated retinopathy 
(‘Bradyopsia’)
The cone photoreceptor mosaic in three patients with typical 
oligocone trichromacy has been investigated, and in keeping 
with the original disease mechanism hypothesis, a decreased 
number (‘oligocone’) of otherwise normal appearing foveal cones 
(thereby permitting ‘trichromacy’) were observed, with absence 
of visible structure beyond the central fovea.51RGS9/R9AP-as-
sociated retinopathy is clinically indistinguishable from oligo-
cone trichromacy, but can be discerned using non-standard 
extended electrophysiological assessment or molecular genetic 
testing. However, unlike in oligocone trichromacy, cAOSLO has 
revealed a normal cone photoreceptor mosaic in subjects with 
RGS9/R9AP retinopathy,51 52 which is in agreement with the  
electroretinography (ERG) findings of normal initial response 
in dark-adapted flicker ERGs performed with a dim stimulus.53 
Cellular phenotyping is therefore able to readily differentiate 
between these two conditions with common clinical features—
with an intact photoreceptor mosaic in bradyopsia and disrup-
tion in oligocone trichromacy.

Bornholm eye disease
Similar to BCM, Bornholm eye disease (BED) is an X-linked 
cone dysfunction syndrome that is associated with mutations in 
the L/M gene array.54–58 Predominantly due to the heterogeneity 
in the underlying genotype (predominantly L/M interchange 
haplotypes), the degree of photoreceptor mosaic disruption in 
affected men is highly variable, with cone density ranging from 
near normal to more than 75% reduction59 (figure 2: 4C and 
4D). However, there is also high variability in the appearance 
of the cone mosaic within brothers who share the same geno-
type, likely owing to variations in L:M cone ratio.59 60 Cone 
density has been found to correlate with both axial length and 
the degree of myopia60; however, systematic analysis of the 
relationship between these factors and the specific underlying 
L/M opsin variant is lacking, due to small numbers of subjects 
within each genotype group to date. Additionally, previous 

investigations employing AOSLO imaging have been cross-sec-
tional, so there is a need for longitudinal studies to track larger 
genetically confirmed cohorts, both for BED and BCM, to deter-
mine natural history and thereby better establish the potential 
for intervention.

Rod dysfunction syndromes
Congenital stationary night blindness
Godara et al reported retinal structure in three patients with 
GRM6-associated congenital stationary night blindness.61 They 
identified a contiguous cone mosaic and normal cone densities 
with cAOSLO, in keeping with previous histopathology. They 
identified photoreceptor mosaic integrity and reported thinning 
of inner retinal layers on OCT, suggesting a functional defect 
in retinal neurotransmission, rather than a structural photore-
ceptor defect.61

Oguchi disease
Oguchi disease is a very rare form of night blindness having 
the unusual distinguishing features of the Mizuo-Nakamura 
phenomenon: diffuse fundus discoloration and return to normal 
colour after prolonged dark adaption.62 To probe the underlying 
basis of this intriguing phenomenon, the photoreceptor mosaic 
has been investigated, both in light and dark-adapted conditions, 
in two molecularly confirmed siblings.61 Normal photoreceptor 
densities were identified; however, rod reflectivity (unlike cone) 
was shown to increase over time, changing from scotopic to 
photopic conditions, suggesting that rods are responsible for the 
unique fundus findings in Oguchi disease.63

Fundus albipunctatus
Using fluorescence AOSLO and cAOSLO, Song et al have 
reported decreased foveal cone density and increased cone 
spacing at 10° of eccentricity, despite this predominantly being 
a rod disorder.64 No photoreceptors or RPE cells were visual-
ised within the albipunctate spots. Another study also identified 
decreased perifoveal cone density and mosaic disruption using 
cAOSLO in RDH5-associated fundus albipunctatus.65

progressive retinal dystrophies
Rod-cone dystrophies
Non-syndromic retinitis pigmentosa
In X-linked RPGR-associated retinopathy, there is a pheno-
typic heterogeneity (both intrafamilial and interfamilial) among 
affected men.66 Female carriers’ phenotypes can vary widely, 
ranging from asymptomatic to severely affected (although not 
to the extent of affected men) and almost always present with 
a radial pattern of increased retinal reflectivity, the so-called 
tapetal-like reflex.67 The patchy appearance of rods and cones 
observed both ex vivo and in vivo (mosaicism) is believed to be 
due to random X-chromosome inactivation.

Several studies have reported a decrease in cone density and/
or increased cone spacing using cAOSLO in patients with reti-
nitis pigmentosa (RP), with approximately half of the subjects 
having an established genetic diagnosis68–73 (figure 3). Sun et al21 
examined both patients with RP and Usher syndrome (USH) (see 
below) using cAOSLO and SD-AOSLO, and found that foveal 
cone density was reduced by up to 38% before VA was affected, 
without any visible findings on OCT (however, increased cone 
spacing was not identified in isolated RP cases). This was in 
keeping with a previous study reporting normal VA and retinal 
sensitivity in patients with up to 62% reduction in peak cone 
density.73 These studies illustrate the remarkable redundancy in 

P
rotected by copyright.

 on N
ovem

ber 11, 2019 at U
C

L Library S
ervices.

http://bjo.bm
j.com

/
B

r J O
phthalm

ol: first published as 10.1136/bjophthalm
ol-2017-311328 on 15 N

ovem
ber 2017. D

ow
nloaded from

 

http://bjo.bmj.com/


1032 Georgiou M, et al. Br J Ophthalmol 2018;102:1028–1035. doi:10.1136/bjophthalmol-2017-311328

review

figure 3 Multimodal imaging of retinitis pigmentosa. (A) Infrared reflectance (IR) fundus photograph of a subject (MM_0205) with X-linked 
retinitis pigmentosa associated with RPGR gene. The white arrow represents the section of the optical coherence tomography (OCT) presented in 
(B). (B) Horizontal transfoveal OCT line scan, with the white arrows indicating the width of the corresponding AOSLO imaged area in (D). (C) Fundus 
autofluorescence imaging, with the confocal AOSLO (cAOSLO) imaged area (D) superimposed over the foveal avascular zone and the white arrow 
represents the section presented in the OCT scan (B). (D) cAOSLO imaging revealing a disrupted waveguiding mosaic, not as uniform in appearance 
as in a healthy subject (figure 1). (E) Magnification of cAOSLO over the estimated foveal centre (marked with a white dashed square in (D)) shows 
irregularly waveguiding cones, which appear dim (some are indicated with white arrows); and (F) the corresponding split detection AOSLO in exact 
spatial registration showing relatively healthy-appearing cone inner segments, the white arrows indicate the corresponding inner segments for the 
irregularly waveguiding cones identified with white arrows in (E).

cone populations, the importance of multimodal imaging and the 
disconnect between retinal structure and function, with major 
implications for gene therapy, and also stem cell replacement 
strategies—including the potential need to successfully integrate 
smaller numbers of cones than previously believed.

A phase II/III trial has been undertaken with intravitreal 
implants of encapsulated human RPE cells engineered to contin-
uously secrete ciliary neurotrophic factor (CNTF) protein in 
patients with early-stage and late-stage RP.74 Patients were 
randomly assigned to receive a high-dose or low-dose implant in 
one eye and sham surgery in the fellow eye. Primary endpoints 
were change in BCVA at 12 months for late-stage RP and change 
in visual field sensitivity at 12 months for early RP. Neither 
study showed a therapeutic benefit. However, a pilot study using 
AOSLO in three patients with CNTF implants over a 24-month 
period found that cone density remained stable in eyes with 
a CNTF implant, whereas there was continued cone loss in 
untreated fellow eyes, suggesting that more sensitive metrics 

are needed as primary outcome measures in progressive diseases 
such as RP.71

Usher syndrome
AOSLO has been previously undertaken in one patient with USH 
type II, and three patients with USH type III.71 75 In USH-III, a 
relative preservation of foveal cone density was observed, with 
loss of cone structure in areas of absent retinal sensitivity.75 Using 
cAOSLO and SD-AOSLO as complementary modalities, Sun 
et al21 identified lower foveal and parafoveal cone densities in 
USH-II (n=4, USH2A) compared with non-syndromic RP (n=9 
(2 X-linked RP RPGR; 3 autosomal recessive RP=2 USH2A and 
1 EYS; 4 autosomal dominant RP=3 RHO and 1 RP1)) despite 
the normal appearance of interdigitation (IZ) and ellipsoid 
zones (EZ) on OCT, which was attributed by the authors to the 
decreased number of normal waveguiding cones (outer segment 
defects), possibly a result of the different molecular pathways 
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affected in each condition and the localisation of the affected 
protein either in the connecting cilium or outer segment.21

Cone and cone-rod dystrophies
Cone-rod dystrophy
Using an AO flood-illuminated ophthalmoscope,76 one subject 
has been imaged showing a lack of waveguiding cones within 
clinically apparent atrophic regions and a contiguous cone 
mosaic elsewhere with enlarged cones and reduced peak cone 
densities. A correlation was observed between cone densities and 
multifocal ERG (mfERG) peak amplitudes. Similar observations, 
including structure-function correlation with mfERG, have been 
observed in three further studies of nine subjects in total.69 77 78 
AOSLO cone spacing measurements also correlated significantly 
with mfERG amplitude, retinal sensitivity and VA.69 76–78

Cone dystrophy with supernormal rod responses
Vincent et al assessed macular morphology in cone dystrophy 
with supernormal rod responses with cAOSLO and reported 
decreased cone densities and a disrupted mosaic, with cones in 
groups, surrounded by patches of absent or non-waveguiding 
cones.79 It will be of interest to further investigate subjects with 
SD-AOSLO to probe whether the non-waveguiding cones are 
indeed absent or whether inner segments are present.

Chorioretinal dystrophies
Choroideremia
Patchy cone loss in symptomatic carriers and a normal photo-
receptor mosaic in asymptomatic carriers have been observed.80 
Disrupted parafoveal mosaics, with increased cone spacing, 
were seen in affected men, with more regular spacing near the 
borders of atrophy.80 In combination with OCT findings, likely 
simultaneous degeneration of the RPE and photoreceptors was 
suggested. The largest multimodal study to date including the 
use of cAOSLO81 describes a relatively intact central retina with 
a normal or reduced cone density at 0.5 mm eccentricity; and 
an abrupt loss of cones at the border of RPE atrophy, as well 
as hyper-reflective clumps of cones in younger patients (<30 
years) and bubble-like lesions within the choroid; findings also 
identified by Sun et al.22 No RPE cells were visible in areas of 
cone loss, with IZ dropout preceding EZ disruption.81 Investi-
gators thereby proposed that choroideremia (CHM) is primarily 
an RPE disorder followed by photoreceptor degeneration, with 
implications for intervention and the ongoing debate on cellular 
pathogenesis of CHM.

Only by using non-confocal SD-AOSLO22 has reliable visual-
isation of cones been possible in the bordering areas of atrophy, 
with abnormal and heterogeneous morphology, density and 
diameter. The cone mosaic terminates sharply before those 
areas, in direct contrast to previously reported RP transition 
zone imaging, which may relate to the likely primary RPE 
pathology in CHM. This study also concluded that RPE degen-
eration precedes photoreceptor loss.

These studies have resulted in AOSLO being incorporated 
in many ongoing CHM gene therapy trials and natural history 
studies.22 80 81

dIsCussIon And fuTure possIbIlITIes
IRDs are the most genetically and phenotypically heterogeneous 
conditions in medicine, with certain genotypes being extremely 
rare making it challenging to establish large informative cohorts, 
suggesting the need for multicentre studies. Many of the studies 
incorporated in our review highlight the need for longitudinal 

monitoring. Insights into disease progression are of great value 
including identification of the optimal therapeutic window and 
participant stratification.

AO ophthalmoscopy offers invaluable identification of struc-
tural detail on a cellular level, with several studies described 
herein exploring correlation between structure and function. 
Evolving AO-guided retinal sensitivity assessments (‘nanoper-
imerty’) will better allow correlation between cellular imaging 
and functional testing with exquisite retinotopic precision.82–84

One major common limitation is the challenge in imaging 
patients with nystagmus (eg, ACHM) and/or poor fixation (eg, 
STGD). Eye tracking systems incorporated into AO systems85–87 
can allow imaging of more subjects and improve data acquisition. 
Moreover, image processing and analysis are substantial bottle-
necks that developments in, for example, machine learning, will 
hopefully solve in the near future, thereby allowing a broader 
application of AO technology.

While our review concentrates on IRDs, AO has been applied 
to many other conditions including albinism,14 age-related 
macular degeneration,88 89 diabetic retinopathy90 and auto-
immune retinopathy,91 and also in basic and applied research, 
including facilitating insights in visual system neurophysiology.92

ConClusIons
AO is a rapidly evolving field, which has a place in diagnosis, 
advice on prognosis, monitoring and management of IRDs. It can 
also probe underlying pathophysiology and facilitate improved 
understanding of cellular retinal anatomy and biology. We antic-
ipate an increasing use of AO systems in the future due to the 
complementary information they provide compared with other 
imaging modalities and the ability to target functional measure-
ments on individual cells, with particular application in longitu-
dinal natural history studies and ongoing/planned interventional 
trials both for participant selection and monitoring treatment 
safety and efficacy.

meThods of lITerATure seArCh
PubMed was searched for articles related to AO and IRDs up 
to June 2017 with key words: Adaptive Optics, AO, AOSLO, 
Retinal Imaging individually and in combination with the condi-
tions’ name (eg, Achromatopsia) as well as their abbreviations 
(eg, ACHM).
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AbsTrACT
Macular dystrophies (MDs) consist of a heterogeneous 
group of disorders that are characterised by bilateral 
symmetrical central visual loss. Advances in genetic 
testing over the last decade have led to improved 
knowledge of the underlying molecular basis. The 
developments in high- resolution multimodal retinal 
imaging have also transformed our ability to make 
accurate and more timely diagnoses and more sensitive 
quantitative assessment of disease progression, and 
allowed the design of optimised clinical trial endpoints 
for novel therapeutic interventions. The aim of this review 
was to provide an update on MDs, including Stargardt 
disease, Best disease, X- linked r etinoschisis, pattern 
dystrophy, Sorsby fundus dystrophy and autosomal 
dominant drusen. It highlights the range of innovations 
in retinal imaging, genotype–phenotype and structure–
function associations, animal models of disease and the 
multiple treatment strategies that are currently in clinical 
trial or planned in the near future, which are anticipated 
to lead to significant changes in the management of 
patients with MDs.

InTroduCTIon
Macular dystrophies (MDs) are a group of inher-
ited retinal disorders that cause significant visual 
loss, most often as a result of progressive macular 
atrophy. They are characterised by bilateral, rela-
tively symmetrical macular abnormalities that 
significantly impair central visual function.1 While 
the fundus findings may be predominantly located 
at the central retina, in the vast majority of MDs 
there is psychophysical, electrophysiological or 
histopathological evidence of more widespread, 
generalised retinal involvement. Over the last 
decade, there have been multiple advances that now 
provide us a better understanding of the genetic 
mechanisms and associated pathophysiology under-
lying each subtype of MD. This has thereby facil-
itated the development of therapeutic strategies 
to slow/halt progressive visual loss or potentially 
restore a degree of visual function.2

This review provides an update on monogenic 
MD and discusses the the most common subtypes, 
including Stargardt disease (STGD), Best disease 
(BD), X- linked retinoschisis (XLRS), autosomal 
dominant drusen (ADD), Sorsby fundus dystrophy 
(SFD) and pattern dystrophy (PD). For each 
subtype, detailed clinical features, retinal imaging, 
molecular genetics, and ongoing or planned clin-
ical trials, including gene therapy, cellular therapy 
and pharmacological treatments, are discussed. In 
the online supplementary table, we summarise the 

genetics and the novel interventions in trial for the 
presented diseases. Developmental macular disor-
ders are not included in this review but have been 
described in detail previously.3

stargardt disease
STGD is the most common MD, affecting 1:8000 
to 1:10 000 people worldwide.4 It is characterised 
by the widespread deposition of lipofuscin (bisreti-
noids) in the retinal pigment epithelium (RPE), 
which gives rise to the classical fundus appear-
ance of retinal flecks. The spectrum of disease is 
highly variable, in terms of the age of onset, clinical 
features, rate of progression and extent of retinal 
involvement, ranging from isolated macular disease 
(figure 1A,B) to generalised cone and rod system 
involvement.5–10

Clinical features
The classical presenting phenotype of STGD is of 
retinal flecks, predominantly located around the 
macula, with variable midperipheral distribution, 
most clearly visualised with fundus autofluores-
cence (FAF) imaging. Over time, macular atrophy 
develops, causing increasing visual impairment with 
disease progression. Patients typically present with 
reduced central visual function, with highly vari-
able visual acuity (VA), depending on the degree 
of foveal involvement.8 Colour vision abnormal-
ities, photophobia and slow dark adaptation are 
also common clinical presentations. The severity of 
visual impairment is also dependent on the age of 
disease onset; that is, early- onset STGD is associ-
ated with more severely compromised vision and 
poorer outcomes.7 9 11 Onset is most common in 
childhood, with the next peak being early adult-
hood, and least frequently in later adulthood (late- 
onset/foveal- sparing STGD).5–8 12 There is slow 
progressive loss of retinal structure and function 
over time; however, there is marked variability both 
within and between families, suggesting that other 
important factors influence phenotype, including 
genetic modifiers and the environment.6–8

The electrophysiological phenotype is variable 
and has been categorised into three groups based 
on the full- field electroretinography (ffERG) with 
all patients having an abnormal pattern electro-
retinography (ERG) indicative of macular dysfunc-
tion.13 Group 1 is characterised by normal ffERG, 
in keeping with isolated macular dysfunction; 
patients in group 2 have abnormal cone ERGs and 
normal rod ERGs, indicative of generalised cone 
system dysfunction; and patients in group 3 have 
both abnormal cone and rod ERGs, indicating 
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Figure 1 Multimodal imaging of a 16- year- old adolescent with molecularly confirmed STGD. (A,B) Fundus autofluorescence images showing a 
central area of decreased signal at the macula. (C,D) Corresponding horizontal transfoveal optical coherence tomography scans showing central loss 
of the ellipsoid zone. (A–D) Findings are symmetrical between the eyes. (E,F) Adaptive optics scanning light ophthalmoscopy of the right eye. Confocal 
detection (A) and split detection (B) over the foveal lesion in exact coregistration. The white box of 55×55 µm denotes regions of interest in the exact 
same locations in the two images. Cones are more reliably identified using split detection (B) due to the poor waveguiding of the outer segments in 
confocal imaging (A). VA, STGD, Stargardt disease; VA, visual acuity.

generalised cone and rod system dysfunction. These ERG groups 
have been shown to have prognostic value in STGD, with group 
1 being associated with a more favourable prognosis (and an 
80% likelihood of not developing generalised retinal dysfunc-
tion over a 10- year period) than groups 2 and 3, with group 3 
associated with the worst prognosis, with inexorable progression 
resulting in worse VA and additional peripheral visual loss.14 15 
In addition to ERG, function has been shown to be impaired 
with scotopic microperimetry.16

Retinal imaging
A characteristic pattern of areas of increased and decreased 
signals on FAF imaging is seen in STGD. Fundus fluorescein 
angiography (FFA) demonstrates a dark choroidal phase due 
to masking from lipofuscin deposition in the RPE but has been 
superseded by FAF and optical coherence tomography (OCT). 
Autofluorescence imaging may serve as a monitoring tool, and 
decreased autofluorescence area measurements can be used as a 
structural outcome for interventional clinical trials that aim to 
slow disease progression.17 Ultrawide field FAF has now allowed 
for the classification of the posterior pole and peripheral fundus 
FAF findings in STGD.18–21 OCT is an invaluable modality in all 

macular diseases, which in STGD identifies and sensitively quan-
tifies the degree and extent of outer retinal loss (photoreceptor 
layers) and RPE atrophy (figure 1C,D). Moreover, it can identify 
childhood- onset STGD before symptoms are noted by demon-
strating hyper- reflectivity at the base of the foveal outer nuclear 
layer.5 It also demonstrates excellent visualisation of the anatom-
ical level of the retinal flecks that may correlate with visual func-
tion.8 9 22–26 Flecks are not present in the fovea, suggesting an 
alternative mechanism for central cone death; cones recycle 
vitamin A via Muller cells, and in in early stages, yellow (intra-
retinal) dots are observed. The earliest signs of atrophy appear 
to spare the foveola and are juxtafoveal, even in childhood- onset 
cases (where this very early stage has been seen).5

The application of multimodal imaging, using FAF, OCT 
and optical coherence tomography–angiography (OCTA), has 
advanced our understanding of pathogenesis and elucidated the 
outer retinal cellular sequential loss in STGD, with profound 
implications for therapeutic targets, treatment strategies, and 
both clinical trial design and endpoints.27 28 For example, by 
employing en face OCT and OCTA, and detailed assessment of 
progression using both FAF and OCT in large well- characterised 
cohorts, it has been shown that photoreceptor loss is likely to 
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precede RPE degeneration, both of which contribute to chorio-
capillaris loss.5 6 29 Cellular imaging in vivo using adaptive 
optics (AO) has identified increased photoreceptor spacing and 
reduced cone densities30 31; moreover, it has shown that cones 
can be accurately visualised, counted and tracked over time 
(figure 1E,F).32

Genetics
While ABCA4- associated STGD (STGD1, OMIM #248200) is 
an autosomal recessive condition, there are two autosomal domi-
nant MDs that have phenotypical features that can overlap with 
some of the presentations of STGD1 (including bull's- eye macu-
lopathy). The first is due to disease- causing variants in ELOVL4 
(STGD3, OMIM #600110), and the second is more common 
and due to variants in PROM1 (STGD4, OMIM #603786).

ABCA4 is part of the ATP- binding cassette family that is 
involved in the active transport of various substrates across 
cellular membranes. The pathophysiology of STGD is a result 
of defective ABCA4 transport of retinoids (as part of the visual 
cycle), resulting in an abnormal accumulation of lipofuscin and 
related toxic by- products (including A2E) in the RPE and photo-
receptors, with subsequent cell dysfunction and death over-
time.33 The abca4−/− knockout mouse model has been critical 
in elucidating this sequence of events and has also served as a 
model to test therapeutic approaches (see further).34

The degree of ABCA4 inactivation relates to the ABCA4 
disease spectrum, with STGD associated with milder sequence 
variants and thereby often milder inactivation of ABCA4 and a 
milder phenotype, compared with severe variants, resulting in he 
complete absence of ABCA4 function and thereby more severe 
disease, such as cone and rod dystrophy. The vast allelic hetero-
geneity (more than 1000 disease- causing ABCA4 variants) makes 
genotype–phenotype correlations challenging.35 However, there 
is increasing evidence that onset relates to the severity of the 
underlying ABCA4 variants, with childhood- onset STGD being 
associated with more deleterious variants (including nonsense 
variants) compared with adult- onset or the later onset foveal- 
sparing STGD (more frequently missense variants).

Management and avenues of intervention
Patients are offered low- vision aids/assistive technologies to help 
optimise their vision, provided with adequate social support 
and advised on healthy living/diet, including not to take vitamin 
A supplements and to reduce UV exposure to potentially slow 
progression.

Pharmacotherapy directly or indirectly targeting the visual 
cycle has been developed, including the complement- mediated 
response to accumulated by- products of the visual cycle.36 Drugs 
such as soraprazan, emixustat, ALK-001, STG-001, fenretinide 
and A1120 are visual cycle modulators that impede formation of 
A2E and lipofuscin either by slowing the rate of vitamin A dime-
risation (ALK-001) or by competitive inhibitory mechanisms on 
the retinal binding protein-4 (STG-001, fenretinide and A1120), 
or by modulating the activity of RPE65 (emixustat). Many of these 
drugs are in phase I/II or III trials (emixustat: NCT03772665 
and NCT03033108, ALK-001: NCT02402660). Avacincaptad 
pegol, a complement C5 inhibitor, is also being investigated in 
a phase II trial (NCT03364153), as is antioxidant supplementa-
tion (saffron) (NCT01278277).

Preclinical studies in gene replacement that showed pheno-
typical improvement in abca4−/− mice have encouraged the 
development of human gene therapy clinical trials,37 38 with 
ongoing trials employing a lentiviral vector (NCT01736592 

and NCT01367444).39 Adeno- associated virus (AAV) has many 
advantages over lentiviral vectors but has limited cargo capacity; 
several strategies are being explored to try and accommodate 
the large ABCA4 gene and thereby commence AAV- based gene 
therapy trials.37 39

In advanced disease, cell replacement strategies offer poten-
tial benefit. The only phase I/II clinical trial (NCT01469832) 
of human embryonic stem cell (hESC)- derived RPE cells in 
STGD has been completed.40 41 Findings from the UK site of 
this trial identified subretinal hyperpigmentation consistent 
with the survival of viable transplanted hESC- derived RPE cells. 
Borderline improvements in VA were noted in 4 of 12 patients; 
however, microperimetry did not demonstrate evidence of 
functional benefit at 12 months. Further trials are anticipated, 
including evaluation of combined RPE and photoreceptor trans-
plants, which are derived from either hESCs or induced plurip-
otent stem cells (iPSCs).

best disease
BD is the second most common MD, affecting approximately 1 
in 10 000.4 BD is an autosomal dominant condition associated 
with disease- causing variants in BEST1.42 BEST1 sequence vari-
ants also account for at least four other phenotypes, including 
adult vitelliform MD,43 autosomal dominant vitreochoroidop-
athy,44 autosomal recessive bestrophinopathy (ARB)45 and reti-
nitis pigmentosa.46

Clinical features
The onset of BD is generally in early childhood up to late teenage 
years.47 It is important to note that BD is often associated with 
hypermetropia, which needs correction in childhood to reduce 
the likelihood of amblyopia, with ARB typically associated with a 
greater degree of hypermetropia and a high risk of angle- closure 
glaucoma, thereby often necessitating prophylactic intervention 
to prevent acute angle closure. The classical appearance of BD 
is the single, bilateral symmetrical egg yolk- like (vitelliform) 
lesion at the fovea (stage 2, figure 2B). Stage 1 is characterised 
by a normal fundus or minimal RPE changes (previtelliform) 
(figure 2A). Over time, this lesion can start to undergo resorp-
tion, progressing to a 'pseudohypopyon' appearance, with the 
subretinal yellow material gravitating inferiorly within the lesion 
(stage 3, figure 2C). Stages 1 and 2 are associated with normal VA, 
and patients can be identified coincidentally or during a family 
survey, with VA reduction starting from stage 3 onwards. Further 
progression can result in a 'vitelliruptive stage' due to further 
breakdown of subretinal material (stage 4, figure 2D). End- stage 
disease (stage 5) is characterised by either atrophy (figure 2E),48 
sub- RPE fibrosis or choroidal neovascularisation (CNV). Even 
though fundus features can be classified into different stages, 
there is rarely a predictable progression from one to the other, 
with the prognosis often being relatively good in many patients, 
despite a marked intrafamilial variability.4 Uniocular cases of BD 
have been also described.49

Diagnosis can be most reliably confirmed with molecular 
genetic testing. The electro- oculogram (EOG) can also be 
helpful, demonstrating a light peak to dark trough ratio of less 
than 1.5. Patients with BD have normal full- field ERGs, unlike in 
ARB. However, rarely, the EOG may be normal in both BD and 
ARB, further highlighting the importance of genetic testing.50

Retinal imaging
OCT best identifies the subretinal vitelliform lesion, which 
is associated with a high signal on FAF imaging (figure 2).51 

by copyright.
 on N

ovem
ber 25, 2019 at U

C
L Library S

ervices. P
rotected

http://bjo.bm
j.com

/
B

r J O
phthalm

ol: first published as 10.1136/bjophthalm
ol-2019-315086 on 8 N

ovem
ber 2019. D

ow
nloaded from

 

http://bjo.bmj.com/


4 Rahman N, et al. Br J Ophthalmol 2019;0:1–10. doi:10.1136/bjophthalmol-2019-315086

review

Figure 2 BD (BEST1) fundus autofluorescence imaging of four patients at different stages. (A) Stage 1: normal previtelliform presentation. (B) Stage 
2: vitelliform lesion, classical appearance of a single, symmetrical egg yolk- like lesion at the fovea. (C) Stage 3: pseudohypopyon, material gravitates 
inferiorly within the vitelliform lesion. (D) Stage 4: vitelliruptive stage, the material ‘scrambles’. (B and D) Images are from the same patient over 4.4 
years of follow- up. (E) Stage 5: macular atrophy. BD, Best disease; VA, visual acuity.

Subretinal fluid (SRF), which waxes and wanes over time, is 
also common. The increased signal on FAF can help to distin-
guish inherited causes of vitelliform lesion compared with non- 
inherited acquired disorders. The fibrosis that can occur in 
advanced BD has been described as resembling a ‘circus tent’ 
due to its exaggerated height and unusual height to base ratio.52 
OCTA has suggested this fibrosis to have a neovascular origin.53 
Fibrotic lesions appear hypoautofluorescent on FAF. OCTA is 
particularly useful in identifying CNV in vitelliform disorders, 
including BD, where FFA can be very challenging to interpret.

Genetics
Disease- causing missense variants in BEST1 (OMIM #607854) 
most commonly underlie BD. Most of the variants identified 
occur in the first half of the gene. Haploinsufficiency of those 
variants is tolerated and is not associated with the BD pheno-
type. Specific variants are reported to cause less severe pheno-
type than others (eg, Ala243Val).54

BEST1 encodes bestrophin-1, a protein localised to the baso-
lateral membrane of RPE cells. One of the critical functions of 
bestrophin-1, a calcium- sensitive chloride channel, is to regu-
late the ionic environment in the RPE and/or subretinal space. 
Dysregulation of this function, in part due to an alteration in 
the adhesiveness of the interphotoreceptor matrix to the RPE, 
results in the vitelliform deposition seen in BD.55–58 Variants in 
other genes can also result in a similar vitelliform phenotype as 
seen in BD, including PRPH2, IMPG159 60 and IMPG2.59

In ARB, compound heterozygous null variants in BEST1 are 
observed. Unlike dominant diseases, ARB is characterised by 
multifocal vitelliform deposits, often associated with SRF and/or 
cystoid macular oedema.

Progression and management
Prognosis can often be relatively good in BD, although associated 
with marked intrafamilial and interfamilial variabilities. However, 

progressive resorption of subretinal material can be associated 
with slow central visual deterioration, unless BD is complicated 
by CNV, which can result in acute marked visual loss. Acute visual 
loss/metamorphopsia, retinal haemorrhage and intraretinal fluid 
should raise suspicion of CNV and investigation; SRF is unhelpful, 
given it is often observed in BD not complicated by CNV (thereby, 
SRF is also not a useful indicator of CNV treatment response). 
Intravitreal bevacizumab has been found to be very effective, with 
improvement in structural and functional measurements, in direct 
contrast to observation alone.61 Unlike other causes of CNV, those 
associated with inherited retinal disease often require limited injec-
tions; usually one or two are sufficient.

Avenues of intervention
Canine models of ARB have been successfully rescued with AAV- 
mediated gene replacement.62 63 Research avenues for BEST1- 
dominant disease are at present limited.

X-linked retinoschisis
XLRS is the most common form of juvenile- onset retinal degen-
eration in male adolescents. Female carriers are almost always 
unaffected, with only a single case report of a symptomatic girl.64

Clinical features
XLRS typically presents in the first to second decade in a variety 
of ways, including with poor VA, strabismus, anisometropia 
and 'unexplained visual loss'. Prognosis is variable but can 
be relatively good in childhood if not complicated by retinal 
detachment (RD) or vitreous haemorrhage (VH), which are 
both associated with a poor prognosis in childhood or adult-
hood.4 65 Older adults may experience slow VA loss due to 
the development of macular atrophy. ‘Spoke- wheel’ folds of 
the macula (macular schisis) are the hallmark feature of XLRS 
(figure 3A–D). Approximately 50% of male adolescents also 
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Figure 3 XLRS (RS1) multimodal imaging of a 25- year- old patient with XLRS. (A,B) Fundus autofluorescence imaging, with a central decreased 
signal over the macula and a rim of increased signal, absent signal in a ‘spoke wheel’ pattern over the central fovea in both eyes, shown in greater 
magnification in (E) for the right eye. (C,D) Colour fundus photographs with the same pattern as (A,B). (F) Greater magnification of the foveal centre 
of the right eye. (G,H) Transfoveal optical coherence tomography scans showing the extent of schisis cavities in the outer retina. VA, visual acuity; 
XLRS, X- linked retinoschisis.

have peripheral retinal changes, including schisis, metallic 
sheen, pigmentary disturbance, white spiculations, vitreous 
veils and neovascularisation. Patients with peripheral reti-
noschisis have an increased risk of VH and RD.66 Bullous 
XLRS can be congenital or may develop soon after birth, with 
strabismus being the most common presenting feature. Such 
cases can be complicated later in life by RD, which may be 
tractional or a Coats- like exudative detachment.67

The ERG in XLRS typically shows a reduced b:a- wave 
ratio during dark- adapted bright flash recording, also known 

as an ‘electronegative ERG’. There appears to be a strong 
correlation between anatomical (OCT) and functional (ERG) 
measures between eyes in XLRS; often both can be relatively 
stable over time, in keeping with a relatively stationary natural 
history in many patients.68

Retinal imaging
Macular schisis can be easily missed on clinical examination, 
making multimodal imaging invaluable. OCT can readily identify 
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splitting of the inner and outer retinal layers (figure 3E,F), and 
FAF imaging shows a spoke- wheel appearance of concentric areas 
of high- signal and low- signal intensity. Rarely macular OCT can 
be normal/near normal, and peripheral changes are then the only 
clue to clinical diagnosis. Vascular abnormalities such as vascular 
sheathing and neovascularisation have been described in XLRS, 
and ultrawide field imaging with FFA and OCTA may thereby 
be helpful.69 AO imaging has identified increased and irregular 
cone spacing within the foveal schisis; however, the presence of 
preserved waveguiding cones at the fovea and macular regions 
may indicate a good potential for successful rescue with inter-
vention.27 70

Genetics
Disease- causing variants in RS1 (OMIM #312700) underlie 
XLRS, with the encoded cell- surface protein, retinoschisin-1, 
expressed in photoreceptors and bipolar cells, having a role in 
retinal cell adhesion. RS1 variants disrupt the subunit assembly 
of the protein and lead to alteration of normal retinal cell 
adhesion, thus resulting in splitting of the neural layers of the 
retina. Molecular screening of RS1 is needed to identify female 
carriers, given their lack of retinal phenotype, which is unusual 
in X- linked retinal disorders.

Progression and management
Carbonic anhydrase inhibitors (CAIs) have been shown to be 
useful in managing schisis in XLRS. The first study that reported 
the use of CAIs in XLRS treated eight patients with topical CAI 
(2% dorzolamide) and observed a reduction in foveal thickness 
in seven of the eight patients, with five also having VA improve-
ment ≥7 letters.71 Similar results were seen in 66% of patients 
in a cohort of 36 treated with either topical or oral CAIs.72 
There has also been a disconnect reported between VA improve-
ment and lack of structural change.73 It has been proposed that 
CAIs may alter the fluid- transport mechanism across the RPE, 
resulting in a reduction of fluid contained within the macular 
schisis.74

Avenues of intervention
Intravitreal RS1 gene replacement in knockout mice has resulted 
in functional ERG improvement.75 76 This has led to two phase I/
II XLRS gene therapy trials (NCT02416622 and NCT02317887) 
delivering gene replacement intravitreally. The former trial has 
ceased due to marked ocular inflammation associated with intra-
vitreal delivery, while the latter has added additional agents to 
the standard oral steroids used in subretinal gene supplementa-
tion trials to address the uveitis adverse events.

Pattern dystrophy
PD describes a group of disorders characterised by variable distri-
butions of pigment deposition at the level of the RPE (figure 4I 
A,B).

Clinical features
Patients with PD often present in the fourth to fifth decades, 
either following routine optometry review or having noticed 
a mild limitation in the central vision. PD is usually associ-
ated with a good prognosis, unless rarely complicated by CNV 
(highly responsive to anti- VEGF agents). Several different fundus 
appearances have been described based on the variable patterns 
of deposition, including butterfly- shaped pigment dystrophy and 
reticular dystrophy. ERGs in PD are generally normal or only 
mildly subnormal.

Retinal imaging
The deposits in PD are typically hyperautofluorescent on FAF 
(figure 4I C,D) and may result in a characteristic speckled 
pattern.77 As these changes are at the level of RPE, subretinal 
hyper- reflective material is seen on OCT (figure 4I E,F).

Genetics
PD is an autosomal dominant condition most often due to vari-
ants in PRPH2 (OMIM #169150). Other genes such as BEST178 
and CTNNA179 have also been associated with PD phenotypes. 
PRPH2 encodes peripherin-2, a multimeric structural protein 
that establishes and maintains the morphology of photoreceptor 
outer segment (OS) discs.80 Abnormal peripherin-2 found in 
patients with PD results in an ultrastructural alteration of OS discs 
with an abnormal whorl- like arrangement histopathologically.81

Progression and management
Given that PD typically has a later age of onset, it can be misdi-
agnosed as age- related macular degeneration (AMD). Retinal 
imaging, including FAF, OCT and OCTA, is helpful to distin-
guish between PD and AMD in order to ensure the appropriate 
management is followed. PD has increased parafoveal superficial 
and deep vessel densities on OCTA, hyper- reflective material in 
the subretinal space on OCT and hyperautofluorescence on FAF 
imaging.82 83

Avenues of intervention
Successful integration and material transfer of donor- derived 
or stem cell- derived cone photoreceptors in Prph2rd2/rd2 murine 
models of the disease are promising.84

sorsby fundus dystrophy
SFD is a rare ADD- associated MD often leading to bilateral 
central visual loss in the fifth decade of life.

Clinical features
Early signs of SFD are the macular yellowish- grey drusen- like 
deposits at the level of the Bruch membrane, which preferen-
tially accumulate along the temporal arcades (figure 4II A–D). 
Patients may be asymptomatic at this stage; however, difficulty 
with dark adaptation can be an early symptom. The deposits 
progress over time to include the central macula. Visual loss can 
be secondary to slow atrophic degeneration at the macula, which 
can also extend peripherally. CNV is a common complication, 
often resulting in severe VA loss (figure 4II C–F).

Retinal imaging
FAF imaging may identify a broad ill- defined increase in signal in 
the peripheral macula in early disease, with subretinal drusenoid 
deposits, reticular pseudodrusen, that spare the central fovea, 
clearly depicted on infrared imaging (figure 4II). OCT may iden-
tify drusen- like deposits and delineate Bruch membrane thick-
ening and is valuable in the diagnosis of CNV. OCTA has also 
been shown to capture early CNV changes without the need for 
FFA.85

Genetics
SFD is associated with missense variants in the tissue inhib-
itor of metalloproteinase-3 (TIMP3) gene (OMIM #188826). 
These substitutions usually create a new cysteine residue, with 
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Figure 4 PD (PRPH2) and SFD (TIMP3). (I) PD (A,B): colour fundus photographs with bull’s- eye maculopathy- like retinal pigment epithelial changes 
and fine mottled symmetrical depigmentation of the macula. (C,D) FAF imaging displays a florid speckled appearance with areas of increased and 
decreased macular autofluorescence. The white arrowheads denote the location of the optical coherence tomography line scans shown in (E) and (F). 
(E,F) Extensive disruption of the ellipsoid zone and retinal pigment epithelium hypertrophy in both eyes. II. SFD (A,B): colour fundus photographs with 
fine symmetrical drusen- like deposits at the posterior pole. (C) FAF imaging of the left eye displays patchy ill- defined increased autofluorescence. (D) 
Infrared image over the same location as (C) readily depicting the drusen- like deposits. (E) FAF image after 6.5 years of follow- up showing a superior 
area of CNV. (F) Fundus fluorescein angiography showing an inactive CNV. CNV, choroidal neovascularisation; FAF, fundus autofluorescence; PD, 
pattern dystrophy; SFD, Sorsby fundus dystrophy; VA, visual acuity.

p.Ser204Cys being the the most common. TIMP3 is an inhib-
itor of matrix metalloproteinases, which play an important 
role in the regulation of extracellular matrix (ECM) turnover. 
Mutant TIMP3 accumulates within Bruch membrane, disrupting 
the homeostasis of ECM remodelling and interfering with the 
normal critical functions of Bruch membrane, choroid and 
RPE.86

Progression and management
Prognosis in SFD is generally poor due to development of atrophy 
and/or CNV (figure 4II E,F). Prompt use of anti- VEGF injections 
may improve outcome for SFD complicated by CNV.87–90

Avenues of intervention
Early attempts at treating SFD involved oral vitamin A at 
50 000 IU/day, with a short‐term reversal of night blindness in 

patients at early stages of disease.91 Due to the potential toxicity 
of long- term high- dose vitamin A and reports of lack of efficacy 
at lower doses (15 000 IU/day) in advanced disease, vitamin A 
is not a widely used treatment.92 Currently, no animal or cell 
culture model capable of recapitulating human SFD is avail-
able.93 Patient- derived iPSC–RPE models can provide a suitable 
platform for investigating SFD.94

Autosomal dominant drusen
ADD is an autosomal dominant condition characterised by 
drusen- like deposits at the macula, which may be in a radiating 
or honeycomb- like appearance.

Clinical features
ADD encompasses both 'Doyne honeycomb retinal dystrophy' 
and 'Malattia Leventinese', with the latter associated with a 
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Figure 5 ADD (EFEMP1) multimodal imaging of a 44- year- old patient. (A,B) Colour fundus photographs with characteristic radial distribution of 
macular drusen. Note the CNV in the right eye (A). (C,D) Fundus autofluorescence images with the drusen associated with an increased signal. The 
black dashes denote the location of the OCT line scans shown in (E) and (F). (E,F) In both eyes hyper- reflective thickening of the retinal pigment 
epithelium- Bruch membrane complex, with disrupted photoreceptor integrity. (E) CNV is seen associated with a reduction in VA. ADD, autosomal 
dominant drusen; CNV, choroidal neovascularisation; EFEMP1, EGF- containing fibulin- like extracellular matrix protein-1; VA, visual acuity.

characteristic radial distribution of macular drusen (figure 5A,B). 
The drusen in ADD typically abut the optic nerve head.95 Visual 
loss may occur in ADD due to the development of a variable 
degree of central atrophy or, rarely, can be complicated by CNV 
(figure 5A,C and E).95 There is marked interfamilial and intra-
familial variabilities observed in terms of retinal appearance, 
severity and progression.95

Retinal imaging
In contrast to drusen in AMD, the drusen- like deposits in ADD 
are hyperautofluorescent on FAF (figure 5C,D).95 96 On OCT, 
drusen- like deposits are seen as a hyper- reflective thickening of 
the RPE–Bruch membrane complex,97 with disrupted photore-
ceptor integrity (figure 5F).98 OCTA can be valuable to diagnose 
CNV in ADD.99

Genetics
A single missense variant, p.Arg345Trp, in EGF- containing 
fibulin- like extracellular matrix protein-1 (EFEMP1) (OMIM 

#601548) is responsible for ADD. EFEMP1 is a member of the 
fibulin family that encodes for fibulin-3 (F3). The p.Arg345Trp 
substitution in F3 results in a sub- RPE membranous accumula-
tion of debris associated with signs of complement activation 
and RPE atrophy in a mouse model of ADD.100

Progression and management
Progression is highly variable and some patients maintain useful 
reading vision until later in life. Progression is usually slow and 
secondary to macular atrophy. When rarely complicated by 
CNV, anti- VEGF agents are highly effective.

Avenues of intervention
Similar to SFD, no animal or cell culture model capable of 
recapitulating human ADD is available, with patient- derived 
iPSC–RPE models also being explored for investigating ADD.94 
Efemp1 knockout mice do not develop sub- RPE deposits 
following exposure to environmental stressors (high- fat diet/
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laser or high- fat diet/cigarette smoke), which may suggest that 
deletion of Efemp1 may have a protective role in ADD.101

ConClusIons
Our understanding of MD has significantly evolved over the 
last decade, resulting in improved diagnosis (both more accurate 
and at earlier stages of disease), better advice on prognosis and 
therapeutic opportunities. These advancements have been based 
on the availability of novel high- resolution multimodal imaging 
and better molecular genetic testing. While multiple therapeutic 
avenues are being explored in autosomal recessive STGD and XL 
recessive XLRS (summarised in online supplementary table), far 
less progress has been made in the autosomal dominant disorders 
BD and PD, which together account for a significant burden of 
disease. This is most likely due to the greater challenges associated 
with developing genetic therapies for AD disease, compared with 
the gene replacement approach required in AR/XL disorders. This 
unmet need is likely to be addressed in the next decade with the 
rapid evolution of gene silencing/editing technology.
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AbsTrACT
Progressive cone and cone-rod dystrophies are a clinically 
and genetically heterogeneous group of inherited 
retinal diseases characterised by cone photoreceptor 
degeneration, which may be followed by subsequent 
rod photoreceptor loss. These disorders typically present 
with progressive loss of central vision, colour vision 
disturbance and photophobia. Considerable progress 
has been made in elucidating the molecular genetics 
and genotype–phenotype correlations associated with 
these dystrophies, with mutations in at least 30 genes 
implicated in this group of disorders. We discuss the 
genetics, and clinical, psychophysical, electrophysiological 
and retinal imaging characteristics of cone and cone-rod 
dystrophies, focusing particularly on four of the most 
common disease-associated genes: GUCA1A, PRPH2, 
ABCA4 and RPGR. Additionally, we briefly review 
the current management of these disorders and the 
prospects for novel therapies.

InTroduCTIon
Inherited retinal diseases (IRDs) are a large group of 
clinically and genetically heterogeneous conditions 
which constitute the leading cause of legal blindness 
in England and Wales among working-age adults, 
and the second most common in childhood.1 One 
subgroup of IRDs is the progressive cone dystro-
phies (CODs) and cone-rod dystrophies (CORDs), 
characterised by the primary degeneration of cone 
photoreceptors often with later rod involvement. 
Their estimated incidence ranges from 1 in 20 
000–100 000.2 3

Inherited disorders of cone function are clas-
sically divided into two subtypes: stationary4 and 
progressive.5 The stationary cone disorders (cone 
dysfunction syndromes) are congenital/early-infan-
tile onset and give rise to purely cone dysfunction, 
whereas progressive cone dystrophies are of later 
onset and usually also involve rod photoreceptors. 
There may, however, be overlap as some forms 
of cone dysfunction syndrome, such as achroma-
topsia,4 6 7 are associated with limited progression 
over time in a minority of subjects.

Recent advances in molecular genetics, partic-
ularly next-generation sequencing (NGS), have 
greatly improved molecular diagnosis, as the 
underlying causative genes and mutations can be 
identified in a large proportion of patients with 
COD and CORD. Many of these genes encode 

proteins involved in photoreceptor structure, or the 
phototransduction cascade.

PhoToreCePTIon And The 
PhoToTrAnsduCTIon CAsCAde
Rod photoreceptors contain rhodopsin phot-
opigment, whereas cone photoreceptors contain 
one of three types of opsin: S-cone, M-cone or 
L-cone opsin. Disease-causing sequence variants 
in the genes encoding the latter two cone opsins 
(OPN1MW and OPN1LW, respectively) are impli-
cated in X linked (XL) Bornholm eye disease and 
S-cone monochromatism.8 The latter disorder, 
although usually stationary, may show a progressive 
phenotype.

Photoreceptor activation
The first stage of phototransduction involves the 
light-induced activation of rhodopsin, in which 
its bound chromophore, 11-cis-retinal, is isomer-
ised into all-trans-retinol (figure 1).9 The resulting 
conformational change allows rhodopsin to interact 
with transducin, a guanine nucleotide-binding 
protein, to trigger dissociation of its α-subunit. In 
turn, the transducin α-subunit activates cyclic guano-
sine monophosphate (cGMP)-phosphodiesterase 
(PDE) by removal of its inhibitory γ-subunits, thus 
reducing intracellular cGMP levels and inducing 
closure of cGMP-gated (CNG) cation channels. As 
the membrane Na+-Ca2+-K+ exchanger channels 
remain active with ongoing ion exchange, the CNG 
channel closure leads to decreased intracellular 
cation levels and cell hyperpolarisation.10

Recessive variants in PDE6C and PDE6H, which 
encode the cone photoreceptor PDE α-subunits 
and γ-subunits, respectively, are associated with 
autosomal recessive (AR)-COD.11 12 Similarly, 
disease-causing variants in CNGA3 and CNGB3, 
which encode the CNG channel α-subunit and 
ß-subunit, respectively, impair the CNG-mediated 
dark current that is normally modulated by light 
inputs. These sequence variants typically result in 
achromatopsia, although some variants may cause 
an AR-COD or CORD phenotype.6 7 13

Photoreceptor deactivation
Following their activation, the phototransduc-
tion molecules enter a refractory period during 
which intracellular mechanisms return the photo-
receptor to its dark state. The activated phot-
opigment (rhodopsin) is phosphorylated by a 
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Figure 1 Schematic diagram of the phototransduction cascade including genes related to progressive cone dystrophies (CODs) and cone-rod 
dystrophies (CORDs). The cascade is triggered in the photoreceptor disc membrane by light-induced activation of rhodopsin, which subsequently 
activates transducin and phosphodiesterase (PDE). Activated PDE leads to cGMP hydrolysis to GMP. The decreased intracellular cGMP levels induce 
cation channel closure in the outer segment membrane and result in photoreceptor hyperpolarisation. Steps leading to photoreceptor activation 
are denoted by green arrows, whereas those causing photoreceptor deactivation are marked by red arrows. Corresponding genes for the proteins 
associated with CODs/CORDs are indicated by dashed lines. COD-associated genes are coloured in light blue and CORD-associated genes in dark blue, 
while those that can cause either phenotype are in grey. cGMP, cyclic GMP; CNG, cyclic nucleotide-gated; GCAP, guanylate cyclase-activating protein; 
GDP, guanosine diphosphate; GMP, guanosine monophosphate; GTP, guanosine triphosphate; IRBP, interphotoreceptor retinoid-binding protein; LRAT, 
lecithin retinol acyltransferase; PDE, phosphodiesterase; RDH, retinol dehydrogenase; RPE65, retinal pigment epithelium 65 kDa.

G-protein-coupled receptor kinase (rhodopsin kinase), after 
which it is preferentially bound and inactivated by arrestin. 
Another mechanism by which the photoreceptor returns to its 
basal state is via retinal guanylate cyclase (RetGC1, encoded by 
GUCY2D). This enzyme replenishes intracellular cGMP levels 
following activation by Ca2+-sensitive guanylate cyclase-acti-
vating proteins (GCAPs). The interaction of intracellular cGMP 
with membrane CNG channels mediates an open configuration 
in the latter, causing cation influx and membrane depolarisation.9

Autosomal dominant (AD)-COD and CORD phenotypes may 
be associated with variants in GUCA1A, which encodes the GCAP1 
protein. The common p.(Tyr99Cys) substitution is most associated 
with COD,14 but also with a range of other phenotypes,15 while 
the p.(Pro50Leu) variant often results in CORD.16 In contrast, 
GUCY2D variants are arguably associated with less phenotypic 
variability and result in AD-CORD.17 The degree of rod involve-
ment is, however, milder in GUCY2D single-variant families 
compared to those with complex sequence variants.18 19

GeneTIC And ClInICAl ChArACTerIsTICs oF Cod And 
Cord
Molecular pathology
To date, mutations in 32 genes are reported to cause COD or 
CORD (table 1). There are currently 6 identified genes that 
predominantly cause COD and 22 that lead to CORD. However, 

there is considerable overlap with the majority of genes associ-
ated with rod involvement over time.

The proteins encoded by these genes perform a diverse range 
of functions in the photoreceptor, including phototransduction 
(as outlined above), outer segment (OS) morphogenesis (CDHR1, 
PROM1, PRPH2),20–22 intraflagellar transport (RAB28, RPGR)23 24 
and neurotransmitter release (RIMS1, UNC119).25 26

In order to assess the relative contribution of each gene in 
each mode of inheritance (AD, AR and XL), all publicly avail-
able literature on CODs and CORDs (PubMed search November 
2018) in which unrelated probands were genetically investigated 
was analysed (online supplementary tables 1–3). The number of 
patients with COD/CORD secondary to disease-causing variants 
in a given gene was counted as a percentage of the total number 
of COD/CORD in each cohort. Using this approach, we esti-
mated that the disease-causing gene is identified in 56.3% of 
patients with COD/CORD, while the remaining 43.7% of cases 
are unsolved (figure 2A). The majority of molecularly defined 
disease is recessively inherited, with variants in the ABCA4 gene 
accounting for 62.2% of AR-COD/CORD cases. In AD-in-
herited and XL-inherited cases, variants in GUCY2D (34.6%) 
and RPGR (73.0%) constitute the most prevalent monogenic 
causes of disease, respectively, among currently identified genes 
(figure 2B–D).
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Table 1 Summary of the identified disease-causing genes in progressive cone and cone-rod dystrophy

Classification and 
inheritance pattern

Gene 
abbreviation Gene name Gene locus Potential function

other associated 
phenotypes 
(oMIM)

Progressive cone dystrophy (Cod) 

  Autosomal recessive CACNA2D4 Voltage-dependent calcium channel alpha-2/delta-4 12p13.33 Neurotransmitter release –

CNGB3 Cyclic nucleotide-gated channel beta-3 8q21.3 Phototransduction ACHM

PDE6C Cone-specific phosphodiesterase alpha subunit 10q23.33 Phototransduction ACHM

PDE6H Cone-specific phosphodiesterase gamma subunit 12p12.3 Phototransduction ACHM

  X linked OPN1LW Long-wave-sensitive opsin 1 Xq28 Phototransduction BCM, BED

OPN1MW Medium-wave-sensitive opsin 1 Xq28 Phototransduction BCM, BED

Progressive cone-rod dystrophy (Cord) 

  Autosomal dominant AIPL1 Aryl-hydrocarbon-interacting protein-like 1 17p13.2 Tissue development LCA, RP

CRX Cone-rod homeobox-containing gene 19q13.33 Tissue development LCA, MD

GUCY2D Guanylate cyclase 2D 17p13.1 Photoreceptor recovery CACD, LCA

PITPNM3 Membrane-associated phosphatidylinositol transfer 
protein 3

17p13.2-p13.1 Tyrosine kinase signalling –

PROM1 Prominin 1 4p15.32 Outer segment morphogenesis MD, RP

PRPH2 Peripherin 2 6p21.1 Outer segment morphogenesis CACD, LCA, MD, RP

RAX2 Retina and anterior neural fold homeobox 2 19p13.3 Tissue development –

RIMS1 Protein regulating synaptic membrane exocytosis 1 6q13 Neurotransmitter release RP

UNC119 Human homologue of C.elegans UNC119 protein 17q11.2 Neurotransmitter release –

  Autosomal recessive ADAM9 A disintegrin and metalloproteinase domain 9 8p11.22 Outer segment–RPE junction –

C21ORF2 Chromosome 21 open reading frame 2 21q22.3 Ciliogenesis –

C8ORF37 Chromosome eight open reading frame 37 8q22.1 Unknown RP

CDHR1 Cadherin-related family member 1 10q23.1 Outer segment morphogenesis RP

CEP78 Centrosomal protein 78-kD 9q21.2 Ciliogenesis –

CERKL Ceramide kinase-like 2q31.3 Photoreceptor survival RP

KCNV2 Potassium voltage-gated channel subfamily V 2 9p24.2 Unknown –

POC1B Proteome of the centriole 1B 12q21.33 Intraflagellar transport –

RAB28 Ras-associated protein 28 4p15.33 Intraflagellar transport –

RPGRIP1 Retinitis pigmentosa GTPase regulator protein 1 14q11.2 Intracellular trafficking LCA

SEMA4A Semaphorin 4A 1q22 Tissue development RP

TTLL5 Tubulin tyrosine ligase-like family member 5 14q24.3 Steroid receptor signalling –

  X linked CACNA1F Voltage-dependent calcium channel alpha-1F Xp11.23 Neurotransmitter release AIED, CSNB

both

  Autosomal dominant GUCA1A Guanylate cyclase activator 1A 6p21.1 Photoreceptor recovery –

  Autosomal recessive ABCA4 ATP-binding cassette subfamily A member 4 1p22.1 Retinoid cycle MD, STGD

CNGA3 Cyclic nucleotide-gated channel alpha-3 2q11.2 Phototransduction ACHM

  X linked RPGR Retinitis pigmentosa GTPase regulator Xp11.4 Intraflagellar transport MD, RP

ACHM, achromatopsia; AIED, Aland Island eye disease; BCM, blue cone monochromacy; BED, Bornholm eye disease; CACD, central areolar choroidal dystrophy; CSNB, congenital 
stationary night blindness; LCA, Leber congenital amaurosis; MD, macular dystrophy; OMIM, online Mendelian inheritance in man; RP, retinitis pigmentosa; RPE, retinal pigment 
epithelium; STGD, Stargardt disease.

Clinical presentation
COD presents with loss of central vision, photophobia and 
colour vision disturbance. Since cone function is usually initially 
normal, nystagmus is often absent. COD is distinguishable 
from CORD by the absence of early nyctalopia, which occurs 
in the latter due to concomitant rod degeneration. However, 
the majority of patients with COD develop rod dysfunction or 
loss as the disease progresses.4 In most cases, CODs and CORDs 
affect colour discrimination in all three colour axes due to 
parallel cone degeneration of the three opsin subtypes. Kellner 
et al27 and Went et al28 present notable exceptions to this with 
preferential degeneration of L-opsin and S-opsin cones, respec-
tively, thereby causing a protan or tritan defect.

A longitudinal study by Thiadens et al29 demonstrated earlier 
symptomatic onset in CORD than COD (12 vs 16 years), as well 
as a more severe disease course based on psychophysical testing. 
Visual acuity in more than half of patients with CORD (n=83) 

deteriorated to legal blindness by the age of 23 years, compared 
with 48 years in COD (n=98), although there was a large degree 
of individual variability and overlap.

Clinical investigation
Psychophysical assessment
Reduced visual acuity is the earliest manifestation of COD/
CORD, generally occurring in the first decade of life and not 
significantly improved by spectacle wear.2 The presence of 
an isolated central scotoma on visual field testing is typical in 
patients with COD, but cannot be used alone for discriminating 
the diagnosis from CORD. A significant proportion of patients 
with CORD retain peripheral vision at the time of disease 
onset, and develop a peripheral scotoma up to 10 years later.29 
In general, CODs and CORDs lead to marked visual loss at an 
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Figure 2 Frequency of disease-causing genetic variants leading to progressive cone dystrophies (CODs) and cone-rod dystrophies (CORDs), using 
studies with clearly indicated cohort sizes (listed in online supplementary tables 1-3). (A) Prevalence of the mode of inheritance for CODs and CORDs. 
The underlying disease-causing gene is identified in 56.3% of COD/CORD cases, of which most (43.2%) are of autosomal recessive (AR) inheritance. 
This is followed by autosomal dominant (AD) inheritance (12.2%) and X linked (XL) inheritance (0.9%) patterns. The remaining 43.7% of patients are 
unsolved with regard to molecular causation. (B) AD inheritance of CODs and CORDs. Mutations in 10 genes are currently associated with AD-COD/
CORD, over 75% of which are accounted for by GUCY2D, PRPH2, CRX and GUCA1A. (C) AR inheritance of CODs and CORDs. Mutations in 18 genes 
are currently associated with AR-COD/CORD, of which ABCA4 is by far the most common (62.2%). (D) XL inheritance of CODs and CORDs. Mutations 
in 4 genes are currently associated with XL-COD/CORD, of which RPGR accounts for 73.0% of cases.

earlier age than retinitis pigmentosa (RP), a rod-cone dystrophy, 
and are thus arguably more severe conditions.2

Electroretinography
The earliest electroretinography (ERG) finding in COD/CORD 
is a delayed 30 Hz flicker ERG implicit time, which selectively 
assesses cone response.2 This is followed by deterioration of the 
30 Hz flicker ERG amplitude, and reduced a-wave and b-wave 
amplitudes of the single flash photopic ERG. Scotopic func-
tion is preserved in early disease, but is usually affected in late 
disease. In corroboration with psychophysical findings, longi-
tudinal ERG in CORD shows a faster rate of cone functional 
decline than in patients with COD.30

In one disorder, KCNV2-associated retinopathy, the ERG find-
ings are characteristic and diagnostic; there is an abnormal cone 
ERG with ‘supernormal’ rod responses.31 Despite its nomencla-
ture, this disorder is not associated with enhanced rod function 
measured psychophysically.32

Retinal imaging
Funduscopy in COD classically reveals a bull’s eye maculopathy, 
but may more often identify bilateral and relatively symmet-
rical retinal pigment epithelium (RPE) disturbance/atrophy 

with progression over time.5 Peripheral RPE atrophy and bone 
spicule pigmentation are observed in advanced stages of CORD, 
whereas the retinal periphery is typically normal in CODs due 
to rod preservation. White flecks have, however, been described 
at the level of the RPE,33 with such cases likely to develop rod 
dysfunction over time. Other reported findings include a dark 
choroid sign on fluorescein angiography34 and a tapetal-like 
sheen in XL-CORD.35

Fundus autofluorescence (FAF) and optical coherence tomog-
raphy (OCT) imaging have greatly improved the characterisation 
of IRDs. Using wide-field FAF, Oishi et al36 demonstrated an 
association between abnormal AF and the severity of functional 
impairment in COD/CORD, also correlating the extent of reduced 
autofluorescence with symptom duration.37 These findings are 
substantiated by their correlation with ERG abnormalities.38 On 
OCT, an absent interdigitation zone is an early occurrence in COD 
and CORD, which is a band representing the interaction between 
apical processes of the RPE and the photoreceptor OS. Progressive 
disruption and loss of the ellipsoid zone (EZ) is another notable 
finding, which corresponds to the ellipsoid portion of the photo-
receptor inner segment.39 40 Reduction in EZ band reflectance may 
also be seen in some CODs and CORDs.41 42 In advanced disease, 
outer retinal atrophy including the RPE is observed.
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Figure 3 Longitudinal analysis of phenotypically heterogeneous GUCA1A-associated retinopathy (p.(Tyr99Cys) substitution). Fundus 
autofluorescence (FAF) and optical coherence tomography (OCT) imaging in unrelated subjects (A and B) harbouring the p.(Tyr99Cys) (Y99C) variant 
in GUCA1A. The left column shows FAF at baseline, and the right column that at the same location on follow-up. Red arrowheads point to the 
transfoveal OCT line scan at the location denoted by red dashes on FAF. Subject (A): presented with cone dystrophy (A-I baseline) which progressed 
over a follow-up period of 8 years (A-I follow-up). High magnification (×5) of the same location in the foveal centre (A–II) at baseline and follow-up 
(left and right, respectively) shows a greater degree of disruption to the ellipsoid zone (EZ) in the latter (black arrows). Subject (B): presented with 
isolated macular dystrophy which progressed over a 4-year follow-up period. FAF and OCT scans are in the same scale; scale bar=200 µm.

Exploration of phenotypic diversity in COD and CORD has 
been transformed over the last decade with the application of 
adaptive optics (AO) in retinal imaging.42 43 This technique has 
enabled imaging of the human retina at a cellular resolution by 
real-time measurement and correction of individual optical aber-
rations. Usually integrated with scanning light ophthalmoscopy 
(SLO), AO imaging has been used to characterise and quantify the 
central macular photoreceptor mosaic in multiple COD/CORD 
cohorts. In GUCY2D-associated AD-CORD,44 for example, 
residual cone inner segments were visualised at the fovea which 
were undetected by other imaging modalities. Longitudinal AO 
imaging thus offers utility in measuring the rate of cone cell loss 
in progressive disease with precision.45

sPeCIFIC exAMPles oF Cod And Cord
Autosomal dominant GUCA1A-associated Cod/Cord
Molecular genetics
GUCA1A is a four-exon gene encoding GCAP1, which is required 
for RetGC activation and cGMP regeneration.46 Since it requires 
regulation in a Ca2+-dependent manner, GCAP1 contains three 
Ca2+-binding EF-hand motifs, structural alterations to which 
occur in most disease-causing GUCA1A sequence variants.47 
These include the gain-in-function variants p.(Tyr99Cys),16 
p.(Glu155Gly)48 and p.(Asp100Gly).49 These result in persistent 
stimulation of RetGC, excess cGMP levels in the dark and 
photoreceptor apoptosis secondary to Ca2+ dysregulation.50 51

The phenotypic variability in patients harbouring identical 
GUCA1A mutations is noteworthy. In an intrafamilial example, 
Michaelides et al15 demonstrated the p.(Tyr99Cys) missense 
variant resulting in three different dominantly inherited pheno-
types in a non-consanguineous British family: COD, CORD and 
isolated macular dystrophy (figure 3). Similarly, another study 
identified a p.(Arg120Leu) substitution as the cause of clinically 
heterogeneous macular dystrophy in a Chinese family, with 
whole exome sequencing (WES) excluding mutations in other 
IRD genes.52

Clinical assessment
Symptomatic onset usually occurs between the second and third 
decade with reduced central vision, photophobia and generalised 
dyschromatopsia. ERG studies characteristically show reduced 
cone single-flash and flicker amplitudes with a normal implicit 
time (an unusual finding in generalised retinal disease). Rod func-
tion typically remains normal, although dysfunction may occur 
over time in COD or be reduced at presentation in CORD. The 
relative preservation of rod responses in most GUCA1A-associ-
ated progressive retinal dystrophies is attributed to greater GCAP1 
expression in cones.53
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Figure 4 Fundus photography, fundus autofluorescence (FAF) and optical coherence tomography (OCT) imaging in unrelated patients with PRPH2-
associated and RPGR-associated cone-rod dystrophy (CORD). Subjects (A) and (B) possess the p.(Arg172Trp) (R172W) variant in PRPH2. Subject 
(C) possesses the c.2847_2848delinsCT, p.(E950*) variant in RPGR. Subject (A): fundus photographs of both eyes (I–II) show bilateral bull’s eye 
maculopathy-like retinal pigment epithelial (RPE) changes. FAF imaging of the left eye at baseline (III) and on 11-year follow-up (IV) displays a florid 
speckled appearance with areas of increased and decreased macular autofluorescence. The area of affected retina is substantially increased in (IV), 
with red dashes denoting the location of the OCT scan (V). The inner segment ellipsoid photoreceptor-derived layer (the ellipsoid zone, EZ) between 
the red arrows in (V) is absent. Subject (B): fundus photographs of both eyes (VI–VII) showing marked bilateral macular atrophy, peripheral areas of 
RPE atrophy and pigmentation. Corresponding FAF images are shown in (VIII–IX). This patient has severe CORD with an acuity of counting fingers 
bilaterally and constricted peripheral visual fields. Subject (C): fundus photographs of both eyes (X–XI) showing bilateral macular atrophy, which 
corresponds to the areas of decreased macular autofluorescence. FAF imaging of the right eye at baseline (XII) and on 7-year follow-up (XIII) shows 
an increase in the hypoautofluorescent area and surrounding hyperautofluorescent ring.88 The red dashes in (XIII) denote the location of the OCT scan 
(XIV), in which the temporal border of the photoreceptor layer is marked with a red arrow. At its nasal aspect, the integrity of the photoreceptor layer 
is disrupted.

Retinal imaging
Funduscopy findings are varied, ranging from mild RPE distur-
bance to extensive macular atrophy. FAF is useful in investigating 
macular abnormalities, although both areas of hypoautofluores-
cence and hyperautofluorescence have correlated with retinal 
atrophy; an increased signal at the fovea may be seen in early 
disease.5 15 52 AOSLO has identified cellular variability between two 
related patients harbouring a single 428delTinsACAC insertion/
deletion variant.54 Despite similar clinical findings, they signifi-
cantly differed in the degree of photoreceptor mosaic disruption, 
suggesting that other genetic (or environmental) factors influence 
the effect of the primary disease-causing variant.

Autosomal dominant PRPH2-associated Cord
Molecular genetics
PRPH2 is a five-exon gene encoding peripherin-2, a cell surface 
glycoprotein in the OS with an essential role in disc morpho-
genesis.55 Interactions of peripherin-2 with ROM1 and glutamic 
acid-rich domains of CNG channels support its function in disc 
stabilisation and maintenance of rim curvature.21 CORD-associ-
ated variants in PRPH2 can be attributed to the region encoding 
the second intradiscal loop between its four transmembrane 
components. This contains cysteine residues essential for intrapro-
tein folding and interprotein interactions.56 Identified missense 
variants in this region include p.(Asn244His),57 p.(Val200Glu)58 
and p.(Arg172Trp).59

Families harbouring the p.(Asn244His) or p.(Val200Glu) variant 
present with early central RPE atrophy that advances peripherally 
on disease progression, with little intrafamilial variability.57 58 In 

contrast, clinical phenotypes associated with p.(Arg172Trp) can 
vary substantially, ranging from non-penetrance to severe CORD 
(figure 4A,B).59 In addition to CORD, the p.(Arg172Trp) substi-
tution is associated with other phenotypes, including RP, macular 
dystrophy and central areolar choroidal dystrophy.59–62

Clinical assessment
PRPH2-associated CORD usually presents in the second to third 
decade with reduced central vision, photophobia and nyctalopia. 
Certain genotype–phenotype correlations have been observed, 
including p.(Arg172Trp)-PRPH2 retinopathy being associated with 
faster loss of visual acuity than the p.(Arg172Gln) variant.62

Retinal imaging
Patients vary considerably in their funduscopic appearance, 
ranging from a bull’s eye maculopathy (figure 4A) to macular 
atrophy (figure 4B). However, FAF in PRPH2-associated disease, 
including the p.(Arg172Trp) variant, demonstrates a character-
istic speckled macular appearance in most patients (figure 4A, 
III–IV).59 AOSLO imaging in p.(Arg172Trp)-associated CORD 
revealed increased cone spacing throughout the macula with 
corresponding loss of outer retinal structures on OCT.63 However, 
intrafamilial analysis of p.(Arg172Gln)-associated disease has 
shown marked variability, similar to that seen in GUCA1A-as-
sociated CORD; one family member had a completely normal 
photoreceptor mosaic, whereas two others had variable parafo-
veal cone loss.64
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Autosomal recessive ABCA4-associated Cod/Cord
Molecular genetics
ABCA4 is a 50-exon gene that encodes a retina-specific ATP-de-
pendent cassette transporter located in the curved rim of the OS 
disc membrane.65 This protein has an essential role in the removal 
of N-retinylidene-phosphatidylethanolamine (PE) from the 
luminal to cytoplasmic aspect of the OS disc membrane, which is 
produced from the reaction of PE with excess chromophores.9 If 
not exported and dissociated, N-retinylidene-PE can accumulate 
in the OS to form the toxic fluorophore, N-retinylidene-N-ret-
inylethanolamine (A2E), a component of lipofuscin.

ABCA4 is one of the most common genetic causes of IRD and 
is associated with vast phenotypic variability. Over 1000 disease-
causing variants in ABCA4 have been identified to date, with 
the resulting phenotype varying between COD, CORD and 
Stargardt disease (STGD).66 In general, biallelic null variants are 
more commonly associated with severe and earlier onset CORD 
and childhood-onset STGD,67 68 whereas biallelic missense 
variants are associated with milder disease such as later onset 
and foveal-sparing forms of STGD.69 70 Functional outcome is 
dependent on both the variant itself and interaction with other 
ABCA4 variants (and other genetic modifiers). For example, 
p.(Gly1961Glu) in the homozygous state typically results in 
a milder phenotype,71 but can be associated with more severe 
disease when combined with other variants.72

Clinical assessment
Symptomatic onset usually occurs in childhood with a central 
scotoma and rapidly progressing macular atrophy.68 The majority 
of patients have rod involvement at presentation (CORD), which 
is associated with a worse prognosis.73

Retinal imaging
Funduscopy may initially reveal a normal fundus or mild retinal 
abnormalities (such as loss of foveal reflex), as peripheral degen-
erative changes occur in later disease.74 Diagnosis can therefore 
be delayed unless FAF or OCT imaging is undertaken.68 FAF 
findings include a bull’s eye maculopathy-like appearance with 
yellow-white retinal flecks and increasing macular atrophy over 
time.73 75 OCT reveals loss of outer retinal architecture at the 
central macula.76 Longitudinal increase in abnormal AF regions 
correlates with both visual functional decline and abnormal cone 
spacing on AOSLO.77 However, cone mosaic abnormalities are 
known to precede abnormal psychophysical testing and FAF 
(figure 5).78

x linked RPGR-associated Cod/Cord
Molecular genetics
RPGR is a 19-exon gene that gives rise to two alternatively spliced 
retinal isoforms, encoded by exons 1–19 and 1–15 (+ part of 
intron 15), respectively.79 The latter isoform, also known as exon 
open reading frame 15 (ORF15), is the most highly expressed 
retinal variant and a mutational hot spot that accounts for most 
XL COD and CORD cases.5 80 The function of the C-terminal 
ORF15 sequence requires further elucidation, but is implicated 
in intraflagellar protein transport in view of its localisation at the 
photoreceptor connecting cilium.24

Most disease-causing variants in RPGR result in RP,81 but 
those leading to COD/CORD are preferentially sequestered at 
the 3’ end of the ORF15 region.82 In keeping with the majority 
of IRD, identical intrafamilial sequence variants in RPGR may 
lead to distinctly different phenotypes.83 This is exemplified 
by a Chinese family harbouring a 2403_04delAG deletion that 

resulted in both XL-RP and XL-CORD in affected men, reaf-
firming the importance of disease-modifying factors.84

Clinical assessment
RPGR-associated CORD is characterised by central visual loss, 
mild photophobia and myopia, and presents in the second to 
fourth decade in affected men.85 A longitudinal study reported 
significantly higher levels of legal blindness among RPGR-as-
sociated COD/CORD compared with RPGR-associated RP by 
the age of 40 years; high myopia was predictive of faster visual 
decline in this study.86

Retinal imaging
FAF imaging often reveals parafoveal rings of increased signal in 
RPGR-associated COD/CORD. Unlike RP, these increase in size 
with disease progression (figure 4C, XII–XIII) and are inversely 
related to ERG amplitude.87 88 They are, therefore, a potential 
endpoint in clinical trials.

MAnAGeMenT oF Cod And Cord
At present, there are no proven treatments for COD/CORD 
that halt progression or restore lost vision. Current management 
consists of symptomatic alleviation, including refractive correc-
tion, use of tinted spectacles/contact lenses for photophobia and 
low vision aids. An accurate diagnosis using molecular genetics 
is an important step to facilitate genetic counselling, advice on 
prognosis and participation in anticipated clinical trials.89

Patients with specific forms of COD/CORD can be advised 
to adopt strategies to try to slow degeneration, based on a 
knowledge of gene function or investigation of animal models. 
In GUCA1A-associated retinopathy, sleeping with the lights on 
is advocated by some clinicians for preventing accumulation of 
cGMP, which otherwise occurs at night and causes photoreceptor 
damage. In contrast, light avoidance using tinted spectacles may 
confer benefit in ABCA4-associated retinopathy by inhibiting 
A2E production,90 which produces DNA-damaging epoxides.91 
Vitamin A should also be avoided in ABCA4-associated retinop-
athy as it may enhance A2E production and, therefore, disease 
progression.92

Recent evidence has demonstrated the potential of gene 
therapy for long-term improvement in COD/CORD visual 
outcomes. Animal models of disease (murine and canine) in 
GUCA1A,93 PRPH2,94 ABCA495 and RPGR96 have shown signif-
icant increase in photoreceptor survival following gene-based 
therapies. Gene therapy encompasses multiple techniques, 
including gene replacement, gene editing and gene silencing, 
with treatment choice dependent on whether the associated 
sequence variant(s) leads to a loss or gain in function.97 Human 
treatment trials of gene replacement therapy are already under 
way for retinal disease associated with mutations in ABCA4 ( 
ClinicalTrials. gov identifier: NCT01367444) and RPGR 
(NCT03252847, NCT03116113 and NCT03316560), with 
results keenly awaited.

lIMITATIons oF GeneTIC TesTInG
While therapeutic options are on the horizon for COD/CORD 
secondary to identified disease-causing genes, the outlook 
for patients without a molecular diagnosis is more limited. 
NGS-based approaches, typically using WES, have revolution-
ised genomic analysis, but not all pathogenic mutations can be 
detected.98 Complex changes, such as inversions, translocations 
and trinucleotide repeat expansions, are mostly undetected with 
WES, and variants in deep intronic or regulatory regions are not 
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Figure 5 Fundus autofluorescence (FAF) and adaptive optics (AO) imaging in ABCA4-associated cone-rod dystrophy (CORD). (A) FAF image 
at baseline showing a central region of hypoautofluorescence surrounded by increased signal, and (B) aligned FAF image on 2-year follow-up 
demonstrating disease progression with an increased area of hypoautofluorescence. The red square signifies the superimposed adaptive optics 
scanning light ophthalmoscopy (AOSLO) montage acquired from that region on follow-up. (C) Confocal AOSLO image (photoreceptor outer segments) 
and (D) split-detection AOSLO image (photoreceptor inner segments) over the transition zone between less affected and more affected retina. For 
comparison, the side bars on the left show AOSLO images of an unaffected control at similar retinal eccentricity. Cone photoreceptors (green arrows) 
can be more reliably identified using split-detection imaging due to the poor wave guiding ability of outer segments in the confocal modality. The 
border of the transition zone (red arrows) in (C) corresponds to the presence of remnant cone inner segments in (D). The photoreceptor mosaic in 
CORD is disorganised, with altered regularity and reflectance compared to that of an unaffected eye. The number of cones is decreased in areas that 
appear healthy on FAF, demonstrating a disconnect between imaging modalities and supporting the utility of multimodal imaging. AOSLO images 
were acquired using a custom-built AOSLO housed at University College London (UCL) / Moorfields Eye Hospital (MEH); scale bar=200 µm.

sequenced. Whole genome sequencing (WGS) offers a compre-
hensive alternative. However, there still remain a proportion of 
patients who are unsolved despite WGS, due to more complex 
genetic causes that remain challenging to identify and prove 
definitively. These include rearrangements and variants in 
distant promoter/enhancer regions. Over time, improvements in 
technology and understanding will gradually reduce the number 
of patients without a genetic diagnosis.99

ConCludInG reMArks And FuTure ProsPeCTs
Advances in molecular genetic techniques, particularly NGS, 
have greatly simplified molecular diagnosis. It is hoped that the 
majority of patients will be able to have a precise molecular diag-
nosis in the future as the remaining causative genes and sequence 

variants in CODs and CORDs are identified. Similarly, advances 
in visual function testing and retinal imaging have improved 
knowledge of the relationship between genotype and pheno-
type, which is key to identifying treatment effects in clinical 
trials of novel therapies. The remaining challenge is to develop 
novel therapies that will slow degeneration or improve function, 
and it is encouraging that gene-based approaches to therapy are 
increasingly in clinical trial with the first Food and Drug Admin-
istration-approved gene therapy for LCA-RPE65 now available.
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Achromatopsia: clinical features, molecular genetics, animal models and therapeutic
options
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ABSTRACT
Achromatopsia is an autosomal recessive condition, characterised by reduced visual acuity, impaired
colour vision, photophobia and nystagmus. The symptoms can be profoundly disabling, and there is no
cure currently available. However, the recent development of gene-based interventions may lead to
improved outcomes in the future. This article aims to provide a comprehensive review of the clinical
features of the condition, its genetic basis and the underlying pathogenesis. We also explore the insights
derived from animal models, including the implications for gene supplementation approaches. Finally,
we discuss current human gene therapy trials.
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Genetics
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PURPOSE. To investigate retinal structure in subjects with CNGA3-associated achromatopsia
and evaluate disease symmetry and intrafamilial variability.

METHODS. Thirty-eight molecularly confirmed subjects underwent ocular examination, optical
coherence tomography (OCT), and nonconfocal split-detection adaptive optics scanning light
ophthalmoscopy (AOSLO). OCT scans were used for evaluating foveal hypoplasia, grading
foveal ellipsoid zone (EZ) disruption, and measuring outer nuclear layer (ONL) thickness.
AOSLO images were used to quantify peak foveal cone density, intercell distance (ICD), and
the coefficient of variation (CV) of ICD.

RESULTS. Mean (6SD) age was 25.9 (613.1) years. Mean (6 SD) best corrected visual acuity
(BCVA) was 0.87 (60.14) logarithm of the minimum angle of resolution. Examination with
OCT showed variable disruption or loss of the EZ. Seven subjects were evaluated for disease
symmetry, with peak foveal cone density, ICD, CV, ONL thickness, and BCVA not differing
significantly between eyes. A cross-sectional evaluation of AOSLO imaging showed a mean
(6SD) peak foveal cone density of 19,844 (613,046) cones/mm2. There was a weak negative
association between age and peak foveal cone density (r ¼ �0.397, P ¼ 0.102), as well as
between EZ grade and age (P ¼ 0.086).

CONCLUSIONS. The remnant cone mosaics were irregular and variably disrupted, with
significantly lower peak foveal cone density than unaffected individuals. Variability was also
seen among subjects with identical mutations. Therefore, subjects should be considered on
an individual basis for stratification in clinical trials. Interocular symmetry suggests that both
eyes have comparable therapeutic potential and the fellow eye can serve as a valid control.
Longitudinal studies are needed, to further examine the weak negative association between
age and foveal cone structure observed here.

Keywords: adaptive optics, retinal phenotyping, retinal diseases, inherited retinal diseases,
genetics, CNGA3, cone, cone dysfunction, achromatopsia

Achromatopsia (ACHM) presents from birth or early infancy,
with poor visual acuity, pendular nystagmus, photophobia,

and color vision loss in all three axes.1,2 Absent cone
electroretinogram responses is the hallmark of disease, with
normal rod function or uncommonly mildly reduced rod
responses.3–5 ACHM is an autosomal recessive disorder with a
heterogeneous genetic background. Disease-causing sequence
variants have been reported in CNGA3 (ACHM2, Online
Mendelian Inheritance in Man [OMIM] 600053),6,7

CNGB3

(ACHM3, OMIM 605080),8 GNAT2 (ACHM4, OMIM 139340),9,10

ATF6 (ACHM7, OMIM 616517),11
PDE6H (ACHM6, OMIM

I610024),12 and PDE6C (ACHM5, OMIM 600827).1

CNGA3 encodes the a subunit of the cGMP-gated cation
channel,13 located in cone outer segments, categorizing
CNGA3-associated ACHM as a ‘‘channelopathy.’’14 It has been
shown in vitro that a subunits can create functional channels in

the absence of b subunits, a property not shared by the b
subunits.15

CNGA3 variants have a far greater allelic heteroge-
neity than CNGB3.16,17 In a large cross-sectional study of
CNGA3-ACHM (n¼ 36), Zobor et al.18 reported a lack of robust
association between age and morphologic (optical coherence
tomography [OCT]) and/or functional (microperimetry) chang-
es, in agreement with a previous cross-sectional study of ACHM
by Sundaram et al.19 (n ¼ 40, with 18 having CNGA3-ACHM).
Aboshiha et al.,20 in a prospective longitudinal study (n ¼ 40,
with 18 having CNGA3-ACHM) using OCT and fundus
autofluorescence imaging, identified a slow and subtle pro-
gression of disease in a minority of subjects. These studies were
limited by the relatively low resolution of the imaging tools
used.

Adaptive optics (AO) has been used for in-depth phenotyp-
ing in inherited retinal diseases for two decades,21 by allowing
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the noninvasive visualization of the photoreceptor mosaic22–24

through the correction of the eye’s monochromatic aberra-
tions.24,25 Confocal detection of reflected light has been shown
to reflect the waveguiding ability of intact photorecep-
tors.23,26,27 Early investigations in ACHM with flood illumina-
tion-AO and confocal adaptive optics scanning light
ophthalmoscopy (AOSLO) identified dark spaces in the cone
mosaic, increased cone spacing, and/or decreased cone density
(Fig. 1A).28–31 Marked variability in the cone mosaic has been
observed across individuals; while no obvious difference has
been reported between the two most common genotypes
(CNGA3 and CNGB3), the rarer GNAT2 genotype is associated
with a significantly less-disrupted photoreceptor mosaic.30,32

Reduced reflectivity (i.e., altered waveguiding) in the majority
of remnant cones in CNGA3 and CNGB3 has also been noted,
with relative preservation in GNAT2.30 Until the advent of
nonconfocal split-detection AOSLO, it was unknown if these
dark spaces harbored nonwaveguiding cones or indicated the
loss of cones, an important question for defining the presence
of a therapeutic target. Simultaneous confocal and split-
detection AOSLO has allowed for the identification of cone
inner segment structure in these spaces (Fig. 1B)33–36 and
transformed our understanding of ACHM and participant
selection for planned and ongoing CNGA3- and CNGB3-ACHM

gene therapy trials. In confocal AOSLO imaging outside the

foveal center, due to waveguiding rods surrounding the
nonreflective dark cones, the cones can be identified (Fig.

1A). This is in contrast to the fovea, where the lack of
surrounding rods makes the identification and quantification of

cones impossible (Fig. 1C) and split-detection AOSLO is
necessary (Fig. 1D). Given the potential disconnect between

OCT and AOSLO measures of cone integrity37 and the ability of
AOSLO to directly visualize the target cones for gene

replacement, nonconfocal split-detection AOSLO imaging is
the modality of choice to identify patients most likely to benefit

from cone-directed rescue.

The current literature for CNGA3-ACHM and split-detection

AOSLO imaging is limited, with most studies focusing on the
more common CNGB3 phenotype and/or only using confocal

AOSLO. The purpose of this study was to use OCT and split-
detection AOSLO to explore the structural phenotype of

patients with molecularly-confirmed CNGA3-ACHM, and lay
the groundwork for a CNGA3 longitudinal AOSLO study to

define the cellular natural history of this disorder, in light of the
ongoing and upcoming gene therapy trials. In addition, we

examined disease symmetry at the cellular level and investi-

gated intrafamilial variability. We compared our observations

FIGURE 1. Adaptive optics scanning light ophthalmoscopy imaging in CNGA3-associated ACHM. At 28 eccentricity: (A) confocal image, with red

dots marking the dark cones. Cones are surrounded by waveguiding rods. (B) Split-detection image over the exact same region with overlying red

dots showing the cones marked in panel A, which colocalize with cone inner segments, surrounded by rods. Foveal center: (C) confocal image at
the foveal center, where the dark cones are not visible because no rods are present to delineate the dark spaces. (D) Split-detection image over the
exact same region, with visible and quantifiable cone inner segments. All images are from the same retinal montage. Scale bar: 20 lm.
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with published CNGB3-ACHM data obtained using similar
methodology.36

MATERIALS AND METHODS

The study was approved by the Ethics Committees of
Moorfields Eye Hospital and the Medical College of Wisconsin.
Written informed consent was obtained from all subjects after
explanation of the nature and possible consequences of the
study. The research followed the tenets of the Declaration of
Helsinki.

Participants

Thirty-eight ACHM subjects with likely disease-causing se-
quence variants in CNGA3 were recruited from Moorfields Eye
Hospital, London, UK, and the Medical College of Wisconsin,
Milwaukee, USA.

Ocular Examination

A full clinical history assessment and ocular examination was
carried out in 32 of the subjects, including best corrected
visual acuity (BCVA) using the Early Treatment Diabetic
Retinopathy Study chart. Axial length was obtained with the
Zeiss IOLMaster (Carl Zeiss Meditec, Jena, Germany) in order
to scale the AOSLO retinal images and the OCT scans for all
subjects.

Optical Coherence Tomography (OCT)

All subjects were imaged using the Bioptigen spectral domain
OCT (Leica Microsystems, Research Triangle Park, NC, USA)
bilaterally. Pupil dilation and cycloplegia were achieved by
instilling one drop of phenylephrine hydrochloride (2.5%) and
tropicamide (1%) in each eye prior to imaging (OCT/AOSLO).
The scanning window covered a nominal 7 3 7-mm retinal area
and vertical and horizontal scans centered at the fovea with a
nominal 7-mm scan length (120 B scans) were recorded. In
order to increase the signal-to-noise ratio, the maximum
number (n > 5) of line scans including the fovea were aligned,
registered, and averaged using ImageJ and the StackReg plugin
(National Institutes of Health).38

The outer nuclear layer (ONL) thickness was calculated at the
fovea for all subjects based on the longitudinal reflectivity profile
(LRP), as described by Huang et al.39 The LRP was 5 pixels wide
and positioned at the center of the foveal depression, and the
foveal ONL thickness was calculated as the distance between the
hyperreflective peaks of the posterior outer plexiform layer and
external limiting membrane for subjects with foveal hypoplasia.
In subjects with normal foveal excavation, the ONL thickness
was measured as the distance between the hyperreflective peaks
corresponding to the internal limiting membrane and the
external limiting membrane. A similar approach has been used
in several ACHM studies.19,36,40

The transfoveal line scans were then categorized into five
grades according to the previously reported grading system by
Sundaram et al.,19 based upon the integrity of the ellipsoid
zone (EZ): (1) continuous EZ, (2) EZ disruption, (3) EZ
absence, (4) presence of a hyporeflective zone (HRZ), and (5)
outer retinal atrophy including retinal pigment epithelium
(RPE) loss (Fig. 2). This grading allows meaningful compari-
sons with other recently published ACHM cohorts.18,36 The
nomenclature used follows the International Nomenclature for
Optical Coherence Tomography Consensus.41 Confirmation of
the aforementioned grading was established by examining
additional OCT scans acquired using the Spectralis spectral

domain OCT system (Heidelberg Engineering Inc., Heidelberg,
Germany). The grading was done by two observers indepen-
dently (MG, CSL) and any discrepancies were resolved with
consensus from a third grader (NH). The scans were also
examined for the presence of foveal hypoplasia, defined as the
presence of one or more inner retinal layers at the foveal
center.19 Both eyes were imaged for each subject, though one
eye was chosen randomly for quantitative analysis (except for
EZ grade and hypoplasia, which were assessed bilaterally).

AOSLO Imaging of the Photoreceptor Mosaic

All subjects were imaged using one of two identical AOSLO
systems, as previously described,42 at Moorfields Eye Hospital,
London, United Kingdom, and the Medical College of
Wisconsin, Milwaukee, United States. Imaging with confocal
and split-detector modes was performed, with simultaneous
acquisition, in absolute spatial and temporal registration. Split-
detection AOSLO allows for the visualization of cone inner
segments in ACHM based on a differential phase technique.33

The imaging light source was a 790-nm super-luminescent
diode (SLD; Superlum, Carrigtohill, Cork, Ireland). Image
sequences were recorded as AVI files, of 150 frames, either
at 18 and/or 1.58 square field of view (FOV). A desinusoiding
algorithm was applied to each image sequence and individual
frames were selected,43 registered,44 and averaged to increase
the signal-to-noise ratio for subsequent analysis. Images were
obtained over the fovea. The final images were combined into a
single montage (Adobe Photoshop, Adobe Systems Inc., San
Jose, CA, USA), with images from each modality overlaid on
one another, manually and/or using a custom-built automated
software.45 Images taken with a 18 FOV were analyzed
preferentially, due to the higher resolution.

The scale in degrees per pixel of each FOV was determined
using a Ronchi ruling of known spacing after each imaging
session. Then, the value was linearly scaled using the subject’s
axial length and the final micron per pixel scale was obtained
by multiplying by the retinal magnification factor of 291 lm/
degree. The AOSLO montages were aligned to color fundus
images and OCT images using common blood vessel patterns
(Adobe Photoshop). The position of the anatomic foveal center
was estimated on the AOSLO images using the aligned OCT
images. The rod-free area surrounding the foveal center was
used for further AOSLO analysis.

The eligibility criteria for AOSLO analysis were strict; low-
quality images (due to involuntary eye motion/nystagmus or
low signal-to-noise ratio), noncontiguous montages, and
montages not covering the entire rod-free area were excluded
from further analysis.

In some subjects (n ¼ 7), bilateral AOSLO images were
available for evaluating disease symmetry. The low number of
subjects with adequate bilateral data was either due to time
constraints or incomplete imaging of the fovea, in the second
eye. For each subject, the eye with the better image quality
(least eye motion, higher signal-to-noise ratio), was selected for
cross-sectional evaluation of AOSLO data.

Cone coordinates from every given foveal image were
extracted following manual annotation by a single grader (MG).
The coordinate arrays were used to assess the peak foveal cone
density (cones/mm2). A 55 3 55-lm sampling window was
used to determine the density at each pixel of the coordinate
array. The pixel location with the greatest value was the
location of peak foveal cone density, by dividing the total
number of cones by the area. In addition, the mean intercell
distance (ICD, defined as the average distance of a cone from
all its immediate neighbors) and its coefficient of variation (CV,
defined as the standard deviation of ICD divided by the mean of
ICD) were calculated for the rod-free area for all subjects with
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FIGURE 2. Remnant cone structure in different OCT EZ grades of CNGA3-associated ACHM. Left column: horizontal transfoveal OCT scans of four
subjects with different OCT EZ grades. Grade 1: Continuous EZ, grade 2: EZ disruption, grade 3: EZ absence, and grade 4: presence of a
hyporeflective zone. The red horizontal bars mark the 300-lm area represented on the AOSLO images in the right column. Right column: split-
detection AOSLO images for each subject. The red cross represents the location of peak foveal cone density.
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analyzable split-detection AOSLO, as metrics of remnant foveal
cone packing.

Statistical Methods

Statistical analysis was performed with GraphPad Prism
(version 8.0.1; GraphPad Software, San Diego, CA, USA).
Parametric and nonparametric tests were used depending on
normality tests (Shapiro-Wilk normality test), as well as
correlation coefficients (either Pearson or Spearman, respec-
tively).

RESULTS

Demographics

Thirty-eight subjects from 30 families were recruited, including
21 males (55%) and 17 females (45%), with a mean (range,

6SD) age, in years, of 25.9 (10–64, 613.1). Ten subjects were
children (under 16 years old), with a mean (range, 6SD) age,

in years, of 12.1 (10–14, 61.7). Demographics are summarized

in Table 1.

Genetics

All subjects harbored likely disease-causing sequence variants

in CNGA3, with 12 (32%) being homozygous and 24 (63%)

compound heterozygous. The remaining two of the 38

subjects (MM_0008 and MM_0009, siblings) harbored a single

heterozygous variant and were shown to have no variants in

CNGB3, with a typical ACHM phenotype. In one subject

(KS_10337), an additional CNGB3 sequence variant was

identified. In total, 33 different variants were observed in our

cohort, with 4 not previously reported to the best of our

knowledge (Table 1, marked in bold).

TABLE 1. Demographics and Genotype Summary

Subject Sex

Age,

y

Variant 1 Variant 2

cDNA

Change

AA

Change

cDNA

Change

AA

Change

MM_0002* F 41 1443-1444insC Ile482His fs*6 1706G>A Arg569His

MM_0008* F 11 536T>A Val179Asp ND† ND†

MM_0009* F 14 536T>A Val179Asp ND† ND†

MM_0014* F 35 848G>A Arg283Gln 667C>T Arg223Trp

MM_0015* F 28 848G>A Arg283Gln 667C>T Arg223Trp

MM_0016* M 30 848G>A Arg283Gln 667C>T Arg223Trp

MM_0064* F 23 1694C>T Thr565Met 661C>T Arg221Ter

MM_0164* F 35 1641C>A Phe547Leu 1641C>A Phe547Leu

MM_0165* M 13 1641C>A Phe547Leu 1641C>A Phe547Leu

MM_0167* F 28 847C>T Arg283Trp 1279C>T Arg427Cys

MM_0168* M 39 661C>T Arg221Ter 848G>A Arg283Gln

MM_0169* M 14 485A>T Asp162Val 485A>T Asp162Val

MM_0170* M 16 1642G>A Gly548Arg 67C>T Arg23Ter

MM_0171* M 22 1001C>T Ser334Phe 1360A>T Lys454Ter

MM_0239* M 37 848G>A Arg283Gln 667C>T Arg223Trp

MM_0251* F 33 661C>T Arg221Ter 661C>T Arg221Ter

MM_0358 M 10 1641C>A Phe547Leu 1641C>A Phe547Leu

MM_0385 M 37 1228C>G Arg410Trp 1228C>G Arg410Trp

MM_0386 F 22 1580T>G Leu527Arg 1805G>A Gly602Glu

MM_0387 M 18 1580T>G Leu527Arg 1805G>A Gly602Glu

MM_0396 M 27 1306C>T Arg436Trp 1279C>T Arg427Cys

MM_0397 M 18 1306C>T Arg436Trp 1279C>T Arg427Cys

MM_0398 F 14 811C>T Pro271Ser 829C>T Arg277Cys

MM_0412 M 13 1286T>C Val429Ala 608G>A Trp203Cys fs*29

MM_0418 M 18 661C>T Arg221Ter 661C>T Arg221Ter

MM_0445 M 10 1641C>A Phe547Leu 1641C>A Phe547Leu

MM_0446* F 50 67C>T Arg23Ter 67C>T Arg23Ter

JC_0578 M 32 1687C>T Arg563Cys 778G>A Asp260Asn

JC_0615 M 43 1306C>T Arg436Trp 1306C>T Arg436Trp

JC_0626 F 20 1641C>A Phe547Leu 1641C>A Phe547Leu

JC_0674 M 46 985G>T Gly329Cys 985G>T Gly329Cys

JC_0698 M 43 848G>A Arg283Gln 1228C>T Arg410Trp

JC_1240* F 24 1351dupG Val451Gly fs*3 1279C>T Arg427Cys

JC_10008 F 12 829C>T Arg277Cys 1641C>A Phe547Leu

JC_10069* M 18 847C>T Arg283Trp 542A>G Tyr181Cys

KS_10088* F 64 450-1G>A splice defect 1557G>A Met519Ile

KS_10337‡ F 17 940_942delATC Ile314del 1114C>T Pro372Ser

JC_10551 M 10 1228C>T Arg410Trp 1319G>C Trp440Ser

In bold are the previously unreported sequence variants. ND, no data; F, female; M, male; AA, amino acid.
* Subjects previously reported.19,20,30,33,76

† Only one variant identified. Phenotype consistent with CNGA3-ACHM. No variants found in CNGB3.
‡ Subject harbors an additional variant in CNGB3: c.473C>A: p.Pro158His.
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The majority of the variants resulted in single amino acid
substitutions (25/33, 76%). In addition, three different nucle-
otide changes introduced translation termination codons, three
more introduced frame shift changes, one was an intronic
change disrupting splicing, and one was a 3-base pair deletion.
The most common was c.1641C>A (p.Phe547Leu; 11 alleles,
three pedigrees), followed by c.848G>A (p.Arg283Gln; six
alleles, three pedigrees) and c.661C>T (p.Arg221Ter; six
alleles, four pedigrees). All sequence variants and protein
alterations are reported in Table 1.

Ocular Examination

The mean (range, 6SD) axial length, in mm, for all 76 eyes was
24.21 (21.46–29.61, 61.85); the mean (6SD) axial length, in
mm, for the right and left eyes was 24.25 (61.91) and 24.17
(61.81), respectively. No significant difference was noted
between eyes (P ¼ 0.344, Wilcoxon matched-pairs test). The
mean (6SD) axial length, in mm, for male and female subjects
was 24.07 (61.66) and 24.46 (62.21), respectively. No
significant difference in axial length was noted between sexes
(P¼ 0.586, Mann-Whitney test). The age, in years, of male and
female subcohorts also did not differ significantly (P ¼ 0.508,
Mann-Whitney test), with mean (6SD) 24.48 (612.28) and
27.71 (614.29), respectively.

BCVA was documented for 32 of 38 subjects. One subject
(MM_0386) had congenital light perception in one eye,
without the presence of other sequence variants or eye disease
after thorough clinical investigation, had a BCVA of 0.98
logMAR in the other eye, and was excluded from further BCVA
analysis. The mean (range, 6SD) BCVA was 0.87 logarithm of
the minimum angle of resolution (LogMAR; 0.40–1.18, 60.14).
The mean (6SD) BCVA was 0.85 LogMAR (60.14) and 0.88
LogMAR (60.15) for right and left eyes, respectively; with no
significant difference (P¼0.327, Wilcoxon matched-pairs test).
BCVA and axial length for all subjects are shown in Table 2.

OCT Imaging

Retinal Morphology. OCT revealed a variable degree of
disruption or loss of the foveal EZ and was graded as previously
published (Fig. 2).19 All subjects (n ¼ 38) had the same EZ
grade bilaterally. Four subjects (10.5%) had continuous EZ
(grade 1), 19 subjects (50.0%) had EZ disruption (grade 2), 3
subjects (7.9%) had EZ absence (grade 3), and 12 subjects
(31.6%) had presence of an HRZ (grade 4; Fig. 3A). None of the
subjects included in the study had outer retinal atrophy
including RPE loss (grade 5). In our cohort, the distribution of
age was the same across the different OCT grades (P¼ 0.086,
Kruskal-Wallis test).

Foveal ONL Thickness. The mean (6SD) ONL thickness,
in lm, for grade 1 was 92.74 (616.22), grade 2 was 78.69
(625.12), grade 3 was 64.93 (615.41), and grade 4 was 63.15
(611.57). The mean (range, 6SD) ONL thickness, in lm, for
all subjects was 74.18 (27.52–123.85, 6 21.80) (Table 2, Fig.
3B). Previously reported mean 6 SD from unaffected controls
for ONL thickness is 110.6 6 15.7 lm, with an n¼ 38 (mean
age 6 SD; 28.8 6 10.9 years);46 these values are significantly
higher than our reported values for CNGA3-ACHM (P <
0.0001, t ¼ 8.37, df ¼ 74). ONL thickness at the fovea was
measured with standard OCT. The residual Henle fiber layer
(HFL) may have been included within the ONL measurement,
but given the foveal location, only a small degree of error is
expected. The HFL comprised only 17.5% of the measured
HFLþONL thickness (range, 11.4%–24.8%) at the fovea of
healthy controls.47 Due to a small number of subjects with
grade 1 and 3 EZ, the data were not further statistically
analyzed. Grade 2 subjects had a significantly greater ONL

thickness than grade 4 subjects (P¼ 0.054, t¼ 2.005, df¼ 29).
Despite the trend toward decreasing ONL thickness with
increasing EZ grade (i.e., increasing EZ disruption/loss), there
is overlap between grades (Fig. 3C).

Foveal Hypoplasia. Hypoplasia was observed bilaterally in
25 subjects (65.8%) to variable degrees. There was no
significant difference in ONL thickness between individuals
with foveal hypoplasia and those with normal excavation of
inner retinal layers (P ¼ 0.861, Mann-Whitney test) (Table 2).
No association was found between foveal hypoplasia and EZ
grade (P ¼ 0.199, chi-square test). Subjects with foveal
hypoplasia (n ¼ 19, BCVA ¼ 0.86 LogMAR, SD ¼ 0.13) had
similar BCVA compared to subjects without foveal hypoplasia
(n¼ 12, mean BCVA¼ 0.87 LogMAR, SD¼ 0.19; P¼ 0.924, t¼
0.096, df ¼ 29).

Photoreceptor Mosaic Assessed With AOSLO
Imaging

AOSLO imaging was attempted in all recruited subjects (n ¼
38). Eighteen (47.4%) had good-quality images and met the
aforementioned eligibility criteria. If bilateral data were
available, the eye with the better image quality was included
for further analysis in all subjects. Foveal hypoplasia did not
correlate with successful AOSLO imaging (P ¼ 0.506, Fisher’s
exact test), with the main limiting factor in AOSLO acquisition
being the severity of nystagmus.

Peak Foveal Cone Density. The mean peak foveal cone
density was 19,844 cones/mm2, ranging from 6,574 cones/
mm2 to 54,785 cones/mm2 (Table 2). There was marked
variability between subjects with a SD of 13,046 cones/mm2

(Table 2); however, as expected, these values do not overlap
with previously reported normative values (range, 84,733–
247,064 cones/mm2).48,49

There was no significant difference in peak foveal cone
density between individuals with foveal hypoplasia and those
with normal excavation of inner retinal layers (P ¼ 0.974, t ¼
0.0334, df ¼ 16), a finding that has also been previously
reported for CNGB3-ACHM.36 Peak foveal cone density was
available for two subjects with EZ grade 1 and only for one
subject with EZ grade 3 and, therefore, were excluded from
statistical evaluation. There was no significant difference in
peak foveal cone density between individuals with a grade 2 EZ
and those with a grade 4 EZ (P¼ 0.129, t¼ 1.619, df¼ 13). All
peak cone density data are plotted in Figure 3D. In contrast, in
the aforementioned CNGB3 study, peak foveal cone density,
and EZ grade were significantly associated.36 Peak foveal cone
density and ONL thickness were not correlated (P¼ 0.927, r¼
0.023, Pearson correlation), in keeping with the previous
CNGB3 study.36 There was a weak negative association
between age and peak foveal cone density (P ¼ 0.102, r ¼
�0.397, Pearson correlation) (Figs. 3E).

Intercell Distance. The mean (l) and SD (r) of the ICD for
each subject (n¼18) was evaluated, as well as the CV (CV¼r/
l), to measure the overall variability of ICD independent of the
value, which, as expected, varied widely. The mean ICD
(range, 6SD), in lm, was 13.40 (6.07–27.86, 65.74). As
expected, the mean ICD in CNGA3-ACHM was greater (P <
0.0001, Mann-Whitney test) than in unaffected controls (n¼ 6;
ICD mean 6 SD, 3.61 6 0.22 lm).36

Our cohort had a CV (mean 6 SD) of 0.32 6 0.1, which
was significantly higher (P ¼ 0.0002, t ¼ 4.537, df ¼ 22) than
healthy controls (n¼ 6; CV mean 6 SD, 0.13 6 0.014).36

Structural Disease Symmetry. In seven subjects, bilateral
OCT and AOSLO imaging data were obtained (one male, six
females; age (mean 6 SD), 32.6 6 11.9 years) (Table 2; Fig. 4).
All subjects had the same bilateral EZ grade; three subjects had
grade 2 and four had grade 4. Six (85.7%) subjects had bilateral
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TABLE 2. Retinal Phenotype–Optical Coherence Tomography and Adaptive Optics Imaging Summary

Subject Eye

Axial

Length,

mm

BCVA,

LogMAR

Foveal

Hypoplasia

EZ

Grade

ONL

Thickness,

lm

PFD,

Cones/mm2

ICD

Mean,

lm

ICD

SD (r)

ICD

CV

MM_0002 OD 24.4 0.74 Yes 2 76.67 16,801 13.04 3.61 0.28

OS 24.38 0.82 Yes 2 82.56 13,148 12.85 3.46 0.27

MM_0008 OD 23.14 1.06 No 2 72.74 ND ND ND ND

OS 23.08 1 No 2 ND ND ND ND ND

MM_0009 OD 21.53 0.98 No 2 72.74 22,644 9.31 2.63 0.28

OS 21.46 1 No 2 ND ND ND ND ND

MM_0014 OD 25.33 0.76 Yes 4 73.12 6,574 24.35 7.43 0.31

OS 25.54 0.72 Yes 4 75.48 7,305 25.24 8.06 0.32

MM_0015 OD 25.2 0.84 Yes 4 60.94 24,835 15.66 6.57 0.42

OS 24.75 0.78 Yes 4 49.15 32,140 10.19 4.32 0.42

MM_0016 OD 24.38 0.9 Yes 4 ND ND ND ND ND

OS 24.57 1.18 Yes 4 48.36 13,148 14.96 4.82 0.32

MM_0064 OD 22.46 0.78 No 2 27.52 9,496 11.41 2.88 0.25

OS 22.51 0.8 No 2 29.49 7,305 11.10 2.12 0.19

MM_0164 OD 25.56 0.92 Yes 2 123.85 ND ND ND ND

OS 25.83 0.8 Yes 2 ND ND ND ND ND

MM_0165 OD 24.99 0.84 Yes 4 60.94 16,801 13.36 4.12 0.31

OS 24.88 0.7 Yes 4 ND ND ND ND ND

MM_0167 OD 24.96 1.06 No 1 ND ND ND ND ND

OS 25.04 1.16 No 1 110.09 10,957 12.89 6.62 0.51

MM_0168 OD 28.74 0.8 No 2 68.80 ND ND ND ND

OS 28.24 0.92 No 2 ND ND ND ND ND

MM_0169 OD 24.77 0.74 No 1 92.39 ND ND ND ND

OS 24.19 1.12 No 1 ND ND ND ND ND

MM_0170 OD 21.79 0.78 Yes 2 55.04 27,757 8.42 1.74 0.21

OS 21.71 0.76 Yes 2 ND ND ND ND ND

MM_0171 OD 22.87 0.7 Yes 3 47.18 25,566 12.18 6.01 0.49

OS 22.74 0.76 Yes 3 ND ND ND ND ND

MM_0239 OD 23.33 0.72 Yes 4 66.84 16,070 18.00 6.56 0.36

OS 23.23 0.9 Yes 4 58.40 13,148 17.09 6.44 0.38

MM_0251 OD 29.61 0.72 Yes 3 72.73 ND ND ND ND

OS 29.51 0.66 Yes 3 ND ND ND ND ND

MM_0358 OD 23.62 0.82 No 2 94.36 ND ND ND ND

OS 23.52 0.88 No 2 ND ND ND ND ND

MM_0385 OD 24.41 0.8 No 4 ND ND ND ND ND

OS 24.35 0.8 No 4 39.32 2,191 27.86 13.81 0.50

MM_0386 OD 24.1 0.98 Yes 2 94.36 13,148 12.93 3.85 0.30

OS 23.38 LP Yes 2 ND ND ND ND ND

MM_0387 OD 22.89 0.84 Yes 4 74.7 ND ND ND ND

OS 22.88 0.88 Yes 4 ND ND ND ND ND

MM_0396 OD 23.63 1 Yes 2 ND ND ND ND ND

OS 23.6 1.02 Yes 2 90.12 ND ND ND ND

MM_0397 OD 22.15 0.96 No 2 96.33 ND ND ND ND

OS 21.92 0.96 No 2 ND ND ND ND ND

MM_0398 OD 23.18 1 Yes 2 53.08 20,453 8.68 1.69 0.20

OS 23.49 1.12 Yes 2 49.15 19,722 8.44 1.42 0.17

MM_0412 OD 23.36 1 Yes 2 57.01 ND ND ND ND

OS 23.37 1.02 Yes 2 ND ND ND ND ND

MM_0418 OD 24.2 0.9 No 2 64.04 ND ND ND ND

OS 24.36 0.8 No 2 ND ND ND ND ND

MM_0445 OD 22.72 1 Yes 2 62.91 ND ND ND ND

OS 22.87 1 Yes 2 ND ND ND ND ND

MM_0446 OD 24.81 0.76 Yes 4 70.76 6,574 18.90 6.45 0.34

OS 24.91 0.7 Yes 4 73.32 5,844 20.69 7.18 0.35

JC_0578 OD 27.21 ND Yes 2 79.87 ND ND ND ND

OS 26.47 ND Yes 2 ND ND ND ND ND

JC_0615 OD 25.63 ND No 3 ND ND ND ND ND

OS 25.65 ND No 3 74.88 ND ND ND ND

JC_0626 OD 28.85 ND Yes 2 114.82 ND ND ND ND

OS 28.35 ND Yes 2 ND ND ND ND ND

JC_0674 OD 25.02 ND Yes 4 ND ND ND ND ND

OS 24.36 ND Yes 4 64.90 ND ND ND ND
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foveal hypoplasia. The absolute difference in ONL thickness
between right and left eyes (mean 6 SD) was 4.16 6 2.31 lm.
ONL thickness did not differ significantly between eyes (P ¼
0.754, t¼ 0.329, df ¼ 6), with mean (6SD) ONL thickness, in
lm, of 59.03 (617.92) and 59.65 (618.68) for right and left
eyes, respectively.

Peak foveal cone density was also comparable bilaterally (P
¼ 0.829, t¼ 0.225, df¼ 6), with mean 6 SD of 14,400 6 7,078
cones/mm2 and 14,087 6 9,304 cones/mm2 for the right and
left eyes, respectively. The difference in peak foveal cone
density (mean 6 SD) between eyes was 2,609 6 2,380 cones/
mm2. ICDs were also similar bilaterally (P¼ 0.496, t¼ 0.725, df
¼ 6), with mean 6 SD of 15.72 6 5.25 lm and 15.09 6 6.16
lm for right and left eyes, respectively. The mean 6 SD of CV
was 0.31 6 0.07 and 0.30 6 0.09 for right and left eyes,
respectively; indicating that mosaic topography was similar
between eyes (P ¼ 0.448, t ¼ 0.812, df ¼ 6).

Intrafamilial Variability. We recruited three pairs of
siblings (Tables 1 and 2; MM_0008-MM_0009, MM_0386-
MM_0387, and MM_0396-MM_0397), four siblings
(MM_0014, MM_0015, MM_0016, and MM_0239), and a
mother with two sons (MM_0164, MM_0165, and MM_0445,
respectively) (Tables 1, 2). Two pairs of siblings (MM_0008-
MM_0009 and MM_0396-MM_0397) had the same EZ grade
and comparable ONL thickness (mean difference among
siblings of 3 lm). AOSLO data were analyzable in only one of
those four subjects. The four siblings (MM_0014, MM_0015,
MM_0016, and MM_0239) had substantial variability of their
cone mosaics even though their EZ grade was the same (grade
4). AOSLO imaging was available for all four siblings (three
bilaterally) (Fig. 5A). The cone mosaic was variably disrupted,
without any specific pattern among these subjects. Despite the
differences in remnant cone structure, the subject with the
lowest peak foveal cone density (right/left eye, 6,574 and
7,305 cones/mm2, respectively) had the best BCVA among his
siblings. For the last pair of siblings and the family with the
three affected members, only one cone mosaic per family
could be analyzed and no conclusion about the intrafamilial
variability of their mosaics could be drawn. However, in both
families there was a notable difference in the disruption of the
photoreceptor mosaic on OCT; the two siblings MM_0386 and
MM_0387 had grade 2 and 4 EZs, respectively, and from the
other pedigree, two subjects had grade 2 and one grade 4 EZs

(Fig. 5B). BCVA was comparable among these subjects (Table
2).

DISCUSSION

The foveal cone mosaic in CNGA3-ACHM was irregular,
variably disrupted, and showed significantly lower peak foveal
cone density than unaffected individuals. A striking structural
feature that was clear in our cohort was the irregular size and
shape of the remnant inner segments (Figs. 2, 4, 5).
Irregularities in shape and size have been described in the
limited number of histology reports in patients with
ACHM.50–52 In all three reports, the patients were well
phenotyped but not genotyped, because it was before the
discovery of the ACHM genes. The unusual shape of the inner
segments was attributed to the presence of ectopic nuclei.50–52

Using OCT imaging, Genead et al.29 previously reported a
substantial variation in phenotype even in subjects with the
same genotype. Our subjects with CNGA3-ACHM had a
significantly thinner ONL than unaffected individuals, although
there was significant variability between subjects. No correla-
tion was found between peak foveal cone density and ONL
thickness. Our findings are in keeping with previous reports
for CNGB3-ACHM.36 There was a broad range of cone densities
within each EZ grade. This dissociation between OCT and peak
foveal cone density highlights the value of AOSLO for patient
stratification and evaluation of retinal potential for therapy
trials. Notable examples are subjects MM_0015 (Fig. 5) and
MM_0171 (Fig. 2), who despite being graded as 4 and 3,
respectively, have a peak foveal cone density higher than the
average for the cohort and may thus be good candidates for an
intervention. However, it is still unclear what should be
considered as a threshold and which metric will best correlate
with outcome. We will certainly be in a better position to
address these questions when the results of the current gene
therapy trials using AOSLO are released.

Despite the vast variability among subjects, interocular
symmetry was observed in all aspects examined, including
axial length, BCVA, EZ grade, presence of foveal hypoplasia,
ONL thickness, peak foveal cone density, and mosaic geometry
(ICD and CV). This information is of high value both for eye
selection for an intervention, as well as for longitudinal
evaluation of the outcome of ongoing and upcoming trials, in
which the nontreated eye can serve as a control. Overall,

TABLE 2. Continued

Subject Eye

Axial

Length,

mm

BCVA,

LogMAR

Foveal

Hypoplasia

EZ

Grade

ONL

Thickness,

lm

PFD,

Cones/mm2

ICD

Mean,

lm

ICD

SD (r)

ICD

CV

JC_0698 OD 24.27 0.9 Yes 4 ND ND ND ND ND

OS 23.79 0.9 Yes 4 73.63 ND ND ND ND

JC_1240 OD 21.62 0.4 No 4 64.90 ND ND ND ND

OS 21.72 0.54 No 4 ND ND ND ND ND

JC_10008 OD 22.62 ND Yes 4 71.14 ND ND ND ND

OS 22.76 ND Yes 4 ND ND ND ND ND

JC_10069 OD 23.13 0.8 Yes 2 67.39 40,906 7.10 1.29 0.18

OS 23.59 0.8 Yes 2 ND ND ND ND ND

KS_10088 OD 25.19 ND Yes 2 123.55 21,183 11.56 3.80 0.33

OS 25.34 ND Yes 2 ND ND ND ND ND

KS_10337 OD 23.29 1.0 No 1 71.14 54,785 6.07 1.28 0.21

OS 23.78 0.88 No 1 ND ND ND ND ND

JC_10551 OD 22.46 0.9 Yes 1 ND ND ND ND ND

OS 22.39 0.9 Yes 1 97.34 ND ND ND ND

ND, no data; BCVA, best corrected visual acuity; EZ, ellipsoid zone; PFD, peak foveal cone density; ICD, intercell distance; SD, standard deviation;
CV, coefficient of variation; ONL, outer nuclear layer; LP, light perception.
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FIGURE 3. Results summary and graphical representation. (A) Distribution of our cohort according to OCT grading, with the vast majority having
either grade 2 or 4. (B) Scatter plot of ONL thickness and age. No correlation was found. (C) Stacked scatterplot of ONL thickness and OCT EZ
grade, showing the vast variability within and between grades, as well as a trend of decreasing ONL thickness with increasing grade. (D) Stacked
scatterplot of peak cone density and OCT EZ showing the overlap between grades. In (C) and (D), individual data points within each EZ grade are
displaced horizontally for better visibility. (E) Peak cone densities of all subjects with CNGA3-ACHM included in this study plotted against age. (F)
Peak cone densities of all subjects with CNGB3-ACHM previously reported by Langlo et al.36 plotted against age on the same scale as (E). The
CNGA3 cohort plotted on (E) shows a weak negative correlation between peak cone density and age (Pearson r ¼�0.397, P ¼ 0.102).
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CNGA3-ACHM appears to be a structurally symmetric disease
in keeping with previous literature that did not use AOSLO.19

Many subjects had a variable degree of foveal hypoplasia,
which is consistent with previous studies both for CNGA3 and
CNGB3.19,29,36 No difference in BCVA was noted between eyes
with and without foveal hypoplasia, in contrast to previous
studies that suggested better19 or worse40 BCVA in the
presence of foveal hypoplasia. As previously suggested by
Thomas et al.,53 incomplete centrifugal displacement of the
inner retinal layers is a common finding. No current literature
has investigated the mechanism/molecular basis of foveal
hypoplasia in ACHM.

The majority of subjects had missense sequence variants,
suggesting little tolerance for substitutions, in agreement with
the high degree of evolutionary conservation of the CNGA3

gene.17 There was marked genetic variability, although no

genotype-phenotype correlation could be observed. There is a
notable intrafamilial variability of the cone mosaic topography
and of the peak foveal cone density (Fig. 5). EZ grade and ONL
thickness were far less sensitive in detecting structural
differences, which again illustrates a disconnect between
OCT and AOSLO. In other cases, intrafamilial variability was
also clear on OCT. The observed marked intrafamilial variability
in CNGA3-ACHM shows a lack of genotype-phenotype
correlation in ACHM caused by CNGA3 variants, with specific
genetic variants not being predictive of remnant cone
structure.

Thiadens et al.54 and Thomas et al.40 suggested an age-
dependent ONL thinning.54 In contrast, Sundaram et al.19 and
Aboshiha et al.20 did not identify such a relationship. Langlo et
al.35 in a longitudinal CNGB3 assessment reported increasing
ONL thickness over time (6–26 months). In our cohort, no

FIGURE 4. Disease symmetry in CNGA3-associated ACHM. Left and right column: split-detection AOSLO images of the right and left eye respectively
of three subjects with CNGA3-ACHM. Middle column: horizontal transfoveal OCT scans of the same subjects. White arrowheads point to the
respective AOSLO image. The red horizontal bars mark the 300-lm area represented in the AOSLO images. There is substantial variability in foveal
photoreceptor mosaic between the three subjects. There are structural similarities in the mosaic pattern of the right and left eyes of each subject;
MM_0002 and MM_0064 have noncontiguous sparse foveal mosaics and MM_0398 has a relatively contiguous mosaic. MM_0002 has OCT grade 4
bilaterally with foveal hypoplasia. MM_0064 and MM_0398 have EZ grade 2 bilaterally.
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correlation between ONL thickness and age was found.
Previously Sundaram et al.19 suggested a wider window of
opportunity for intervention in ACHM and no age-dependent
association in retinal structure disruption, identifying the need
for the specific measurement of remnant photoreceptor
structure, with SD-OCT and AOSLO imaging for stratification
of patients and evaluating intervention efficacy.

While there was no association between age and ONL
thickness, we observed a weak negative association between
age and peak foveal cone density (Fig. 3E) as well as age and EZ
grade. While a similar cross-sectional study of CNGB3-ACHM
showed an association between age and EZ grade,36 that study
reported no relationship between age and peak foveal cone
density (Fig. 3F). In the aforementioned CNGB3 study, the
subcohort imaged successfully with AOSLO had a mean age
(6SD), in years, of 23.4 (610.3) and our cohort had a mean age

(6SD) of 28.3 (613.8), with the age distribution not differing
significantly among the two studies (P ¼ 0.186, t ¼ 1.35, df ¼
42). The mean peak foveal cone density is also similar between
the two studies (P¼ 0.71, Mann-Whitney test). No distinguish-
ing phenotypic characteristics could be identified for our
CNGA3 genotype compared to the current literature for
CNGB3. Similarity in CNGA3- and CNGB3-associated ACHM
was also observed in the data from microperimetry, fundus
autofluorescence, and OCT by Aboshiha et al.20 and Sundaram
et al.19

The proteins encoded by CNGA3 and CNGB3 have been
well characterized, and differences in their function may relate
to the age-dependent decline that we observed in our CNGA3

cohort, in contrast to the previously well characterized CNGB3

cohort using the same methodology.36 It has been shown than
the a subunits expressed by CNGA3 are responsible for the ion-

FIGURE 5. Intrafamilial variability in CNGA3-associated ACHM. (A) Split-detection AOSLO images of four siblings with CNGA3-ACHM. MM_0016
(VA, 0.86 LogMAR) and MM_0239 (VA, 0.90 LogMAR) are males, 30 and 37 years old, respectively. MM_0015 (VA, 0.84 LogMAR) and MM_0014 (VA,
0.74 LogMAR) are females, 28 and 35 years old, respectively. There is substantial variability in foveal photoreceptor mosaic across the four subjects,
which is independent of sex or age. All four siblings have EZ grade 4 bilaterally with foveal hypoplasia. The identification of 40 cones within the 553
55-lm sampling window resulted in a density of 13,148 cones/mm2 for both siblings, MM_0016 and MM_0239. However, other parameters such as
the ICD were different, reflecting the geometry of cones over the foveal center; MM_0239 had greater mean ICD due to a sparser mosaic in the
inferior fovea. The red cross marks the location of peak foveal cone density. (B) Transfoveal OCT scans of subjects MM_0164, MM_0165, and
MM_0445, from a single family. Female subject MM_0164 (VA, 0.92 LogMAR, mother of the male siblings MM_0165 and MM_0445) has a better
preserved EZ than the 25 year younger subject MM_0165 (VA, 0.84 LogMAR); and subject MM_0445 (VA, 1.0 LogMAR) has a nearly continuous EZ.
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conducting activity of the cation channel and the b subunits
modulate the activity.55,56 It has also been shown in CNGA3

�/�

mice that the loss of CNGA3 expression impairs the correct
localization of cone opsins as well as the expression of other
proteins of the visual cycle, with this inducing apoptotic cell
death in cones.57 In the CNGB3

�/� mice, a downregulation of
CNGA3 gene expression of ~90% has been observed.58 The
residual CNGA3 expression may account for the preservation
of remnant cones in CNGB3-ACHM. By extension, the
complete absence/greater reduction of CNGA3 expression
may lead to an age-dependent decline of remnant cones in
CNGA3-ACHM (as we observe), also bearing in mind that a
subunits in vitro can form channels in the absence of b
subunits, a property not shared by b subunits.59

However, given the limitations of the cross-sectional nature
of this study, a longitudinal assessment and further evaluation
of the progressive or stationary nature of CNGA3-ACHM would
be invaluable. Longitudinal studies are necessary to properly
address the question of cone loss over time. The lack of studies
using AOSLO in age-matched subjects in order to investigate
possible age-related decline in healthy eyes makes it challeng-
ing to put our findings in context. The current literature in
healthy eyes is inconclusive for possible age-dependent
changes in peak foveal cone density, either using histology or
AO retinal imaging.60–63 Nevertheless, in agreement with
previous reports,29,36,59 all of the subjects in the present study
had remnant cone structure (across the entire age range
studied). However, no functional assessment of those cones
was possible, which will be interesting both in terms of disease
natural history and for assessing the outcomes of any
intervention.64 Despite the observed decrease of peak foveal
cone density with age, there were several notable exceptions,
with high peak foveal cone density in older subjects and no
clear age cutoff identified. This shows that despite the
statistical relationship, there is still great variability in cone
populations across all ages and, thus, the need for longitudinal
studies.

Analyzable AOSLO was achieved in only 18/38 subjects and
can be attributed to nystagmus in the vast majority of subjects,
as well as to poor optical media and high myopia in some.
Nystagmus (or absence thereof) has not been correlated with
either lower or higher remnant photoreceptor structure in the
current literature. Nystagmus in ACHM has previously been
reported to improve over time,65,66 and given the stationary, or
only slowly progressive, natural history of the condition, our
reported peak foveal cone densities are likely representative of
the CNGA3 genotype. In this study, subjects with strong
nystagmus, in which AOSLO was not analyzable, had a range
of EZ grades on OCT, further supporting that nystagmus is not
representative of the structural severity of the disease or
remnant cone architecture. We anticipate that the challenge
nystagmus poses to imaging quality will be ameliorated with the
use of eye tracking in the near future.67–69 In addition to the low
successful acquisition rate, several other factors should be taken
into account when considering using AOSLO in research studies
or even clinical practice; acquisition time is considerable and
requires the participation of two investigators for our custom-
built system, with processing, montaging, and analysis being
substantial bottlenecks. Newly developed software for simplify-
ing the steps of the process are of high value for the field, such
as montaging45,70 and cone counting.71–75

In conclusion, CNGA3-ACHM retinas can be successfully
imaged with split-detection AOSLO, with most findings in
keeping with CNGB3-ACHM. To the best of our knowledge, we
report the largest CNGA3-ACHM study to include split-
detection AOSLO imaging. There is a need for prospective
longitudinal studies of large cohorts of molecularly confirmed
CNGA3 subjects to improve our understanding of the cellular

natural history.76 Given the large variability in cone mosaics,
subjects with ACHM should be assessed on an individual basis
for selection in future and ongoing clinical trials.
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ABSTRACT
Purpose: To determine the interocular symmetry of foveal cone topography in achromatopsia (ACHM)
using non-confocal split-detection adaptive optics scanning light ophthalmoscopy (AOSLO).
Methods: Split-detector AOSLO images of the foveal cone mosaic were acquired from both eyes of 26
subjects (mean age 24.3 years; range 8–44 years, 14 females) with genetically confirmed CNGA3- or
CNGB3-associated ACHM. Cones were identified within a manually delineated rod-free zone. Peak cone
density (PCD) was determined using an 80 × 80 μm sampling window within the rod-free zone. The
mean and standard deviation (SD) of inter-cell distance (ICD) were calculated to derive the coefficient of
variation (CV). Cone density difference maps were generated to compare cone topography between
eyes.
Results: PCD (mean ± SD) was 17,530 ± 9,614 cones/mm2 and 17,638 ± 9,753 cones/mm2 for right and
left eyes, respectively (p = .677, Wilcoxon test). The mean (± SD) for ICD was 9.05 ± 2.55 µm and
9.24 ± 2.55 µm for right and left eyes, respectively (p = .410, paired t-test). The mean (± SD) for CV of ICD
was 0.16 ± 0.03 µm and 0.16 ± 0.04 µm for right and left eyes, respectively (p = .562, paired t-test). Cone
density maps demonstrated that cone topography of the ACHM fovea is non-uniform with local
variations in cone density between eyes.
Conclusions: These results demonstrate the interocular symmetry of the foveal cone mosaic (both
density and packing) in ACHM. As cone topography can differ between eyes of a subject, PCD does not
completely describe the foveal cone mosaic in ACHM. Nonetheless, these findings are of value in
longitudinal monitoring of patients during treatment trials and further suggest that both eyes of
a given subject may have similar therapeutic potential and non-study eye can be used as a control.
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PURPOSE. To longitudinally characterize structural retinal changes in achromatopsia (ACHM)
over extended follow-up.

METHODS. Fifty molecularly confirmed ACHM subjects underwent serial spectral-domain
optical coherence tomography (SD-OCT) and fundus autofluorescence (FAF) imaging. Foveal
structure on SD-OCT was graded and compared for evidence of progression, and foveal total
retinal thickness (FTRT) and outer nuclear layer (ONL) thickness were serially measured. FAF
patterns were characterized and compared over time.

RESULTS. Mean SD-OCT follow-up was 61.6 months (age range at baseline, 6–52 years). Forty-
five of the subjects had serial FAF (mean follow-up: 48.5 months). Only 6 (12%) of the subjects
demonstrated qualitative change on serial foveal SD-OCT scans. Among the entire cohort,
there was no statistically significant change over time in FTRT (P ¼ 0.2459) or hyporeflective
zone (HRZ) diameter (P ¼ 0.3737). There was a small—but statistically significant—increase
in ONL thickness (P ¼ 0.0084). Three different FAF patterns were observed: centrally
increased FAF (13/45), normal FAF (14/45), and well-demarcated reduced FAF (18/45), with
the latter group displaying a small gradual increase in the area of reduced FAF of 0.055 mm2

over 43.4 months (P ¼ 0.0011).

CONCLUSIONS. This longitudinal study of retinal structure in ACHM represents the largest
cohort and longest follow-up period to date. Our findings support the presiding notion that
ACHM is essentially a stationary condition regarding retinal structure, and any change over
time is likely to be small, slow, and variable across patients. This may potentially afford a wider
window for therapeutic intervention.

Keywords: achromatopsia, gene therapy, optical coherence tomography, retinal dystrophy

Achromatopsia (ACHM) is an autosomal recessive cone
dysfunction disorder affecting approximately one in

30,000 live births worldwide1,2 and is characterized by lack
of function of all three classes of cone photoreceptor. Six
causative genes are considered responsible for over 90% of
cases: CNGA3, CNGB3, GNAT2, PDE6H, PDE6C, and ATF6.3

Affected individuals display marked photophobia and pendular
nystagmus from birth or early infancy, associated with reduced
visual acuity, deficient or absent color vision, and central
scotomata.4 At present, there are no curative treatments
available, with current management aiming to minimize the
effects of symptoms and optimize residual visual function.
However, promising results from studies investigating gene-
replacement therapy to restore cone function in animal models
with ACHM has led to the recent establishment of a number of
human clinical trials, evaluating the safety and efficacy of gene
supplementation in ACHM.4 Assessment of retinal structure and
knowledge of the natural history of ACHM is key to identifying
subjects potentially suitable for this intervention and also for
subsequently monitoring the effects of treatment.

ACHM has classically been described as a stationary
condition. Sundaram et al.5 evaluated 40 individuals with
ACHM aged between 6 and 52 years, and found no significant

correlation of deterioration in visual acuity, contrast sensitivity,
or reading acuity with advancing age. Optical coherence
tomography (OCT) has demonstrated variable outer retinal
structure at the central macula, including at the level of the
photoreceptor inner segment ellipsoid layer (ISe) and retinal
pigment epithelium (RPE).5–8 In their study, Sundaram et al.5

found that the variable spectral-domain OCT (SD-OCT)
appearances did not correlate with age or genotype and that
total foveal retinal thickness (FTRT), foveal outer nuclear layer
(ONL) thickness, and ISe intensity were not age-dependent.
Given these results supporting a stationary natural history, the
authors purported that there may potentially be a wide window
of opportunity for therapeutic intervention. In contrast, other
work has alluded to progressive cone photoreceptor loss in
ACHM.6–8 However, these studies have often been limited by
their cross-sectional nature and small sample size. To address
this, a larger prospective structural and functional ACHM study
(n¼38) has been conducted by Aboshiha et al.9 with the aim of
performing statistical analysis on the data acquired to draw
more definitive conclusions about the frequency and rate of any
disease progression. The authors reported essentially stable SD-
OCT findings over time. There is a relative paucity of studies
investigating fundus autofluorescence (FAF) in ACHM and, in
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particular, over time.10 Therefore, Aboshiha et al. 9 additionally
investigated this parameter. The authors concluded that the
retinal parameters they assessed either remained stable or
changed minimally in a small proportion of patients. However,
it is not inconceivable that monitoring patients over a longer
period may identify a greater proportion of individuals who
develop progressive changes. Since an understanding of the
natural history of ACHM is key to the planning and selection of
appropriate candidates for such therapeutic interventions as
gene therapy, we have performed serial assessment of SD-OCT
and FAF in a longitudinal study of subjects with molecularly
proven ACHM, with a larger cohort size and longer follow-up
duration than previously conducted.9 Our aim was to further
examine structural progression in ACHM, thereby making
inferences about the optimal timing for treatment.

METHODS

Subjects

Fifty subjects with ACHM, characterized phenotypically and
genotypically, were prospectively seen between 32 and 86
months after baseline assessment. All subjects were partici-
pants of the ACHM natural history study conducted at
Moorfields Eye Hospital. The study protocol adhered to the
tenets of the Declaration of Helsinki and was approved by the
Moorfields Eye Hospital Ethics Committee. Informed consent
was obtained from all subjects prior to their entry to the study.

Clinical Assessments

Best-corrected visual acuity (BCVA) and contrast sensitivity
were measured at baseline and follow-up assessments using an
Early Treatment Diabetic Retinopathy Study chart and Pelli-
Robson chart at 1 meter, respectively.

Spectral-Domain OCT (SD-OCT)

SD-OCT imaging was performed on both eyes following
pupillary dilation with tropicamide 1% and phenylephrine
2.5% eye drops. Line and volume scans were acquired with the
Spectralis device (Heidelberg Engineering, Inc., Heidelberg,
Germany) using the same protocol as that employed by
Aboshiha et al.9 At follow-up visits, the device was switched to
follow-up mode so the same scanning location was used both
at baseline and follow-up. This enabled comparable measure-
ments to be made between the two visits for a given subject
but may not have been entirely possible in individuals with
significant nystagmus. The transverse scale of each image was
calculated using the axial length of the corresponding eye. This
was measured using the Zeiss IOL Master (Carl Zeiss Meditec,
Inc., Jena, Germany).

Qualitative assessment of foveal structure was performed by
grading SD-OCT images into one of five categories: (1)
continuous ISe, (2) ISe disruption, (3) ISe absence, (4)
presence of an HRZ, or (5) outer retinal atrophy. For each
subject, both right and left eyes were graded at baseline and
follow-up. Consensus grading was established by three
independent observers (NH, MG, and MM). Measurements of
FTRT (internal limiting membrane to RPE distance), foveal
ONL thickness and, where applicable, HRZ diameter at
baseline and follow-up were made, as in the previous
longitudinal study.9 All measurements were made by a single
examiner (NH) using the digital calipers built into the software
(Heidelberg Eye Explorer; Heidelberg Engineering), and a 1-
pixel:1-lm display with maximum magnification. Where
appropriate, measurements were corrected for axial length
by normalizing relative to the average axial length of a healthy

adult human eye. The mean of three measurements was
calculated and recorded for each parameter in each subject and
at each visit. The presence/absence of foveal hypoplasia was
also noted, defined as the persistence of one or more inner
retinal layers (outer plexiform layer, inner nuclear layer, inner
plexiform layer or ganglion cell layer) through the fovea.5

Fundus Autofluorescence (FAF)

FAF imaging was performed bilaterally at baseline and follow-
up, as per the protocol utilized by Aboshiha et al.9 Briefly,
assessments were performed using the AF mode on the
Spectralis device (Heidelberg Engineering) following pupillary
dilation as previously described and after SD-OCT image
acquisition. In subjects displaying a well-demarcated region
of reduced autofluorescence at both visits, the area was
measured by tracing around the circumference of the hypo-
autofluorescent region with a mouse-driven cursor and
recording the area within, as calculated by the in-built image
analysis software (Heidelberg Eye Explorer; Heidelberg Engi-
neering). All FAF measurements were made by the same
examiner (NH). For each FAF image, the mean of three area
measurements was calculated and used for further analysis.

Data Analysis Methods

The D’Agostino-Pearson Omnibus Test was used to verify the
normality of data before using any parametric tests. The
distribution of FTRT, ONL thickness, and HRZ diameter values
did not demonstrate normality; therefore, nonparametric tests
were used throughout for statistical analysis. Statistical tests
were performed using GraphPad Prism, version 5 (GraphPad
Software, Inc., La Jolla, CA, USA). Qualitative changes in
foveal structure on SD-OCT were evaluated in both eyes for
each subject. Sundaram et al.5 found no significant differences
in measured parameters between the two eyes of subjects in
their cross-sectional study of ACHM, and therefore selected
the left eye for further quantitative analysis; this was
replicated by Aboshiha et al.9 in their subsequent longitudinal
study. In keeping with these previous studies, we also utilized
the left eye for more detailed analysis of quantitative
parameters.

RESULTS

Fifty patients with greater than 24 months follow-up who had
interpretable transfoveal SD-OCT scans at baseline and follow-
up were included in the study. Twenty-six patients were male
(52%) and 24 were female (48%). The mean age of the cohort
at baseline was 23.9 years (range, 7–52 years). Forty-five
subjects (90%) had baseline and follow-up FAF. Of these 50
subjects, 32 had previously been described by Sundaram et al.5

Table 1 summarizes the age at baseline, follow-up interval, and
structural parameters in our cohort over time. Supplementary
Table S1 cross-references our subjects to those included in the
study by Sundaram et al.5 and demonstrates the detailed
genotype of each patient. Supplementary Table S2 shows the
absolute FTRT and ONL measurements for the left eye of each
subject, at baseline and follow-up.

SD-OCT

Comparable foveal SD-OCT scans were obtained at baseline
and follow-up in all 50 subjects. Six of these subjects (12%)
showed qualitative progression bilaterally on SD-OCT between
baseline and follow-up. Patients 2, 24, 37, and 38 progressed
from category 1 (continuous ISe layer) at baseline to category 2
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(ISe disruption) over 64-, 42-, 52-, and 59-month follow-up

periods, respectively. Patients 15 and 30 progressed from

category 2 (ISe disruption) at baseline to category 4 (HRZ) at

follow-up, over 69- and 66-month periods, respectively (Fig. 1).

In the remaining 44 subjects, SD-OCT grade was identical

bilaterally at baseline and remained unchanged in both eyes at

follow-up. Thus, there was no evidence of qualitative

progression in these subjects (Fig. 2).

Thirty-seven subjects (74%) showed foveal hypoplasia

bilaterally at baseline, and no change in the presence or

absence of this feature in either eye was found between

baseline and follow-up in any patient.

TABLE 1. Summary of Patient Characteristics and Clinical Findings

Patient

No.

Age at

Baseline,

y Genotype

SD-OCT

f/u

Interval,

mo

SD-OCT

Category

b f/u

Change

in FTRT

Between

Assessments,

lm

Change

in ONL

Thickness

Between

Assessments,

lm

Change

in HRZ

Diameter

Between

Assessments,

lm

FAF f/u

Interval,

mo

Central

FAF

Pattern

at Both

Assessments

Change

in Area

of

Reduced

FAF,

mm2

Foveal

Hypoplasia?

1 10 CNGA3 39 3 3 þ3 þ2 n/a no f/u n/a n/a Yes

2 10 CNGA3 64 1 2 þ7 þ5 n/a 37 Normal n/a Yes

3 11 CNGA3 58 1 1 þ9 þ8 n/a 54 Reduced 0 Yes

4 11 CNGA3 55 2 2 �6 �7 n/a 55 Increased n/a No

5 17 CNGA3 63 4 4 �7 �7 þ237 51 Reduced þ0.01 Yes

6 19 CNGA3 68 2 2 0 �2 n/a 14 Reduced 0 No

7 22 CNGA3 66 2 2 �3 �4 n/a 14 Normal n/a Yes

8 21 CNGA3 67 4 4 �2 �4 þ150 51 Normal n/a Yes

9 24 CNGA3 74 4 4 �2 �1 þ25 74 Normal n/a Yes

10 25 CNGA3 60 5 5 �5 n/a n/a 60 Reduced þ0.2 Yes

11 30 CNGA3 53 3 3 þ4 �3 n/a 53 Reduced þ0.02 Yes

12 29 CNGA3 67 4 4 �4 �7 �140 36 Reduced þ0.03 Yes

13 31 CNGA3 73 4 4 þ4 þ4 þ43 62 Increased n/a Yes

14 34 CNGA3 73 2 2 þ5 þ3 n/a no f/u n/a n/a Yes

15 35 CNGA3 69 2 4 �10 �8 n/a 45 Normal n/a No

16 8 CNGA3 55 2 2 �1 �2 n/a 45 Increased n/a No

17 32 CNGA3 76 2 2 �6 �6 n/a 19 Reduced þ0.01 Yes

18 46 CNGA3 57 4 4 þ2 þ2 þ4 58 Reduced þ0.01 Yes

19 30 CNGA3 86 4 4 �7 �5 þ21 76 Normal n/a No

20 8 CNGA3 62 1 1 �10 �10 n/a 62 Increased n/a No

21 10 CNGB3 81 4 4 þ5 þ6 þ59 38 Reduced þ0.03 Yes

22 11 CNGB3 54 2 2 �1 �3 n/a 54 Increased n/a Yes

23 12 CNGB3 66 3 3 �3 �2 n/a 66 Increased n/a Yes

24 12 CNGB3 70 2 2 þ1 �2 n/a 70 Normal n/a Yes

25 13 CNGB3 68 1 1 þ2 �1 n/a 54 Increased n/a No

26 18 CNGB3 71 4 4 þ3 þ2 �91 36 Reduced þ0.01 Yes

27 18 CNGB3 66 4 4 þ1 �3 �22 59 Increased n/a Yes

28 22 CNGB3 74 5 5 �9 n/a n/a 23 Reduced þ0.06 Yes

29 26 CNGB3 48 1 1 �4 �3 n/a 48 Increased n/a No

30 33 CNGB3 66 2 4 þ9 �8 n/a 19 Reduced þ0.01 Yes

31 47 CNGB3 63 4 4 �2 �4 �4 31 Reduced þ0.02 No

32 15 CNGB3 32 2 2 þ5 þ4 n/a 32 Normal n/a Yes

33 23 CNGB3 62 3 3 �3 �4 n/a no f/u n/a n/a Yes

34 26 CNGB3 42 1 2 þ3 þ5 n/a 42 Reduced þ0.06 Yes

35 26 CNGB3 43 2 2 0 þ4 n/a 43 Reduced 0 Yes

36 29 CNGB3 38 2 2 �4 �1 n/a 26 Normal n/a No

37 25 CNGB3 52 1 2 þ2 �2 n/a 52 Increased n/a Yes

38 7 CNGB3 59 1 2 �4 �5 n/a no f/u n/a n/a No

39 35 CNGB3 73 2 2 �4 �4 n/a 73 Increased n/a Yes

40 7 CNGB3 57 2 2 þ4 þ1 n/a 5 Normal n/a Yes

41 29 CNGB3 39 2 2 0 �1 n/a 39 Normal n/a Yes

42 18 CNGB3 42 1 1 þ1 �3 n/a 42 Normal n/a Yes

43 12 CNGB3 48 3 3 �3 �1 n/a 14 Normal n/a Yes

44 43 GNAT2 79 1 1 �4 �3 n/a 79 Reduced þ0.05 No

45 52 GNAT2 79 1 1 �3 �3 n/a 129 Normal n/a No

46 43 PDE6C 79 5 5 �3 n/a n/a 104 Reduced þ0.47 Yes

47 19 ATF6 75 3 3 �1 �5 n/a 46 Increased n/a Yes

48 23 ATF6 70 3 3 0 �6 n/a 70 Increased n/a Yes

49 44 ATF6 54 3 3 �9 �5 n/a 21 Reduced 0 Yes

50 44 ATF6 44 4 4 þ3 �4 þ54 no f/u n/a n/a Yes

n/a, not applicable;þ, increase in metric over time;�, decrease in metric over time.
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FTRT, ONL Thickness and HRZ Diameter

FTRT was measured in all 50 subjects at baseline and follow-up.
Mean change in absolute FTRT (i.e., FTRT at follow-up minus
FTRT at baseline) was �0.94 lm (range, �10 to þ9 lm). The
change in absolute FTRT between visits in the cohort was not
statistically significant (Wilcoxon signed-rank test; P¼ 0.2459).
Mean percentage change in FTRT between baseline and follow-
up was �0.98% (range, �8.55% to þ6.12%). The percentage
change in FTRT within the cohort was also not statistically
significant (Wilcoxon signed-rank test; P¼ 0.0732). There was
no significant correlation between age and change in FTRT
(Spearman’s correlation coefficient¼�0.17; P¼0.2336). There
was, however, a positive correlation between starting FTRT
and change in FTRT, where subjects with a lower FTRT at
baseline showed greater reduction over time (Spearman’s
correlation coefficient ¼ 0.41; P ¼ 0.0029). This suggests that
the less the initial FTRT, the greater the degree of central
retinal thinning over time.

Three (8%) of the 37 subjects with foveal hypoplasia
(patients 10, 28, and 46) did not have a structurally distinct
ONL that could be accurately measured and were excluded
from ONL thickness analysis. The mean change in absolute
ONL thickness in the remaining 47 subjects (i.e., ONL
thickness at follow-up minus ONL thickness at baseline) was
þ1.98 lm (range,�10 toþ8 lm). This change was statistically
significant between assessments (Wilcoxon signed-rank test; P

¼ 0.0084). Mean percentage change in ONL thickness between
baseline and follow-up was þ2.19% (range, �14.29% to
þ8.08%). The percentage change in ONL thickness within the
cohort was also statistically significant (Wilcoxon signed-rank
test; P ¼ 0.0031).

Five of the 12 patients who had an HRZ at both baseline and
follow-up had a starting absolute FTRT greater than the average
of the entire cohort. There was no statistically significant
change in the diameter of the HRZ over a mean follow-up
interval of 67 months among these 12 patients (Wilcoxon
signed-rank test; P ¼ 0.3737). Mean change in absolute FTRT

FIGURE 1. Longitudinal SD-OCT imaging of ACHM cases with structural changes. The left column shows baseline transfoveal SD-OCT imaging and
the right column shows follow-up images over the same location. The middle column depicts33 magnification of the foveal ellipsoid zone from the
corresponding SD-OCT (white arrows). Both subjects (A) and (B), with 69 and 66 months of follow-up, respectively, progressed from category 2
(disrupted ISe layer) to category 4 (presence of HRZ) bilaterally. BS, baseline; FU, follow-up; yo, years old. Scale bar: 200 lm.
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within this smaller cohort was�0.50 lm (range,�7 toþ5 lm),

that is, smaller than the mean reduction in absolute FTRT

noted in the entire cohort over time.

Figure 3 demonstrates the range of changes in structural

parameters, observed over time within our cohort.

FAF

Forty-five subjects (90%) had baseline and follow-up FAF (Table
1). As in the study by Aboshiha et al.,9 three distinct FAF
patterns were observed in our subjects at baseline: (1) a
normal FAF pattern, seen in 14 patients (31%); (2) an abnormal

FIGURE 2. Longitudinal SD-OCT imaging of stationary ACHM cases. The left column shows baseline transfoveal SD-OCT imaging and the right

column shows follow-up images over the same location. The middle column depicts 33 magnification of the foveal ellipsoid zone from the
corresponding SD-OCT (white arrows). Five subjects (A–E) with five different ACHM genotypes (GNAT2, CNGA3, CNGB3, ATF6, PDE6C) and five
different categories of SD-OCT, respectively, showed no structural change over a follow-up period of 54 to 86 months, with an age range at baseline
of 11 to 52 years old. Scale bar: 200 lm.
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central increase in FAF, seen in 13 patients (29%); and (3) a

well-demarcated central reduction in FAF, seen in 18 patients

(40%). No subject demonstrated a change in FAF pattern over

time. The area of reduced FAF was measured at baseline and

follow-up in those individuals demonstrating this phenotype,

since this feature was amenable to quantification. Ten of these

subjects had a starting absolute FTRT smaller than the average

of the entire cohort. Mean increase in the area of reduced FAF

was 0.055 mm2, over a mean follow-up interval of 43 months.

The change in FAF between baseline and follow-up was

statistically significant (Wilcoxon signed-rank test; P¼ 0.0011).

Mean change in absolute FTRT within the 18 subjects

demonstrating reduced FAF was �0.78 lm (range, �9 to þ9

lm), smaller than the mean reduction in absolute FTRT noted

in the entire cohort over time.

Genotype-Phenotype Correlation

CNGA3 and CNGB3 subgroups were analyzed separately, and

no statistically significant difference was noted between the

two cohorts regarding change in FTRT (Mann-Whitney U test;

P¼0.5187) or change in ONL thickness (Mann-Whitney U test;

P ¼ 0.5986). Comparisons could not be made with GNAT2,

PDE6C, and ATF6 subgroups, given the small numbers of

individuals within these groups. Similarly, statistical compari-

sons could not be made between CNGA3 and CNGB3

FIGURE 3. Longitudinal SD-OCT imaging and retinal structure measurements. The left column shows baseline transfoveal SD-OCT imaging and the
right column shows follow-up images over the same location for five subjects (A–E). ONL thickness is marked with orange lines. Subject (B) had the
greatest HRZ width increase in the cohort. Subject (C) had a minimal change in HRZ width. In (A, B, D), a change was identified in the ONL
thickness (7–10 lm); in contrast with (C, E) in whom there was no significant difference. Scale bar: 200 lm.
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subgroups regarding change in HRZ diameter and area of

reduced FAF, again due to small sample sizes.

BCVA and Contrast Sensitivity

Table 2 displays the BCVA and contrast sensitivities of the
subjects at baseline and follow-up. For consistency, only data

from the left eye were analyzed. The mean BCVA at baseline
was 0.91 logMAR (range, 0.68–1.32 logMAR), and this was
significantly different from the mean BCVA at follow-up, which

measured 0.87 logMAR (range, 0.60–1.20 logMAR; paired t-test;

P ¼ 0.014). However, the mean of the logarithm of contrast
sensitivity (logCS) at baseline of 1.16 logCS (range, 0.5–1.55
logCS) was not significantly different from that measured at
follow-up of 1.15 logCS (range, 0.25–1.65 logCS; paired t-test; P

¼ 0.681), where higher logCS values indicate better contrast
sensitivity.

DISCUSSION

The natural history of ACHM has been the center of some
debate, with several studies suggesting it is a progressive

TABLE 2. Summary of BCVA and Contrast Sensitivity at Baseline and Follow-up

Patient

No.

Age at

Baseline, y Genotype

SD-OCT f/u

Interval, mo

BCVA,

logMAR b f/u

Contrast Sensitivity,

logCS b f/u

1 10 CNGA3 39 0.86 0.72 1.40 1.35

2 10 CNGA3 64 0.80 0.78 1.25 1.35

3 11 CNGA3 58 1.08 0.96 0.90 1.30

4 11 CNGA3 55 0.94 0.90 1.05 n/a

5 17 CNGA3 63 0.88 0.76 1.20 1.20

6 19 CNGA3 68 0.80 1.02 0.65 0.25

7 22 CNGA3 66 1.16 1.16 1.05 0.90

8 21 CNGA3 67 0.92 0.84 1.35 1.30

9 24 CNGA3 74 0.86 0.90 1.35 1.30

10 25 CNGA3 60 0.84 0.80 1.35 n/a

11 30 CNGA3 53 0.76 0.72 1.55 1.30

12 29 CNGA3 67 0.74 0.76 1.20 1.35

13 31 CNGA3 73 0.90 0.90 1.45 1.15

14 34 CNGA3 73 0.90 0.82 1.20 1.40

15 35 CNGA3 69 0.96 0.96 1.00 1.05

16 8 CNGA3 55 1.00 0.90 1.05 n/a

17 32 CNGA3 76 0.84 0.74 1.25 1.35

18 46 CNGA3 57 0.80 0.70 1.30 1.45

19 30 CNGA3 86 1.00 0.80 n/a 1.20

20 8 CNGA3 62 1.00 1.02 n/a 1.05

21 10 CNGB3 81 0.82 0.82 1.05 0.85

22 11 CNGB3 54 0.90 0.82 1.35 1.35

23 12 CNGB3 66 0.90 0.92 1.00 1.05

24 12 CNGB3 70 0.76 0.76 1.30 1.45

25 13 CNGB3 68 0.90 0.84 1.30 1.35

26 18 CNGB3 71 0.74 0.70 1.25 1.20

27 18 CNGB3 66 0.86 0.76 1.35 1.35

28 22 CNGB3 74 0.76 0.86 1.25 1.05

29 26 CNGB3 48 0.90 0.82 1.45 1.40

30 33 CNGB3 66 0.96 0.84 0.90 1.00

31 47 CNGB3 63 0.96 0.98 1.10 0.95

32 15 CNGB3 32 0.84 0.60 1.55 1.40

33 23 CNGB3 62 0.96 1.06 1.00 0.95

34 26 CNGB3 42 1.00 1.04 0.70 0.30

35 26 CNGB3 43 0.84 0.92 1.10 1.00

36 29 CNGB3 38 0.84 0.76 1.35 1.20

37 25 CNGB3 52 0.92 0.94 1.20 1.40

38 7 CNGB3 59 1.04 1.02 0.90 1.10

39 35 CNGB3 73 1.10 1.08 1.10 0.85

40 7 CNGB3 57 1.04 0.92 0.80 1.15

41 29 CNGB3 39 0.92 0.88 1.35 1.35

42 18 CNGB3 42 0.68 0.82 1.40 1.00

43 12 CNGB3 48 0.88 0.88 1.30 1.00

44 43 GNAT2 79 1.10 1.04 0.70 0.85

45 52 GNAT2 79 1.00 1.20 0.50 0.75

46 43 PDE6C 79 1.32 0.94 1.05 1.10

47 19 ATF6 75 0.96 0.90 1.45 1.35

48 23 ATF6 70 0.86 0.74 1.20 1.35

49 44 ATF6 54 1.04 0.94 1.10 1.15

50 44 ATF6 44 0.70 0.74 1.30 1.65

Longitudinal Review of Retinal Structure in Achromatopsia IOVS j December 2018 j Vol. 59 j No. 15 j 5741

Downloaded from iovs.arvojournals.org on 11/11/2019



condition. Thiadens et al.6 investigated 40 subjects with
achromatopsia cross-sectionally with SD-OCT and proposed
that cone cell decay began in early childhood, with retinal
thinning correlating with age. Thomas et al.8 found in their
study of 13 individuals with ACHM that the presence of a HRZ
and ONL thinning were also age-dependent. However, a
significant limitation of these studies is their cross-sectional
nature. To identify cone loss over time, there is a need for
longitudinal assessment.

Thomas et al. followed 8 subjects with ACHM over a mean
period of 16 months.7 They found that the 5 younger subjects
(<10 years) showed progressive morphological ISe changes
between visits 1 and 2. However, the three older subjects (aged
over 40 years) did not show any changes. They concluded that
dynamic retinal changes in younger patients provided evidence
that ACHM is a progressive disorder. However, due to the small
sample size, the group was unable to statistically evaluate the
significance of the reported changes. Aboshiha et al.9 sought to
address this with their longitudinal investigation of 38 subjects
with ACHM. They reported retinal structure to be largely stable
over time regarding SD-OCT. Only 2 subjects showed
qualitative evidence of progression, as evidenced by advancing
OCT grade bilaterally. There was no statistically significant
change in the quantitative SD-OCT parameters assessed, for
instance, FTRT and ONL thickness. Furthermore, there was no
statistically significant change in HRZ diameter in the 9
subjects with an HRZ at baseline and follow-up visits. With
regard to FAF, Aboshiha and colleagues did not observe a
change in FAF pattern between baseline and follow-up visits, or
between eyes, in the 30 subjects for whom this parameter
could be assessed.9 In those subjects with a reduced FAF
pattern at baseline and follow-up (n ¼ 15), a small but
statistically significant reduction in the median area of reduced
FAF was noted between visits. However, the mean follow-up
period of their cohort was 19.5 months (range, 13–24 months),
and it is possible that retinal change may occur over longer
periods.

More recently, and consistent with our data, Triantafylla et
al. reported no changes in FTRT and only minor changes in
ONL thickness in their study of 10 subjects with ACHM, with a
mean follow-up period of 65.9 months (Triantafylla et al., IOVS

2018;59:ARVO E-Abstract 5205). However, they reported a 2.5-
fold increase in HRZ width, which we did not observe in our
data. Interestingly, 6 of their 10 patients were children under
the age of 10, while 7 of our 50 subjects were 10 years old or
younger. Thus, we cannot rule out the idea that there is some
progression very early in the disease that stabilizes later in the
first decade. Consistent with this, the 2 subjects in our study
with the greatest ONL thickness change were 10 and 11 years
of age. This highlights the need to begin natural history studies
in even younger populations as well as the availability of
handheld OCT as useful in these efforts.11

To our knowledge, our work represents the largest
longitudinal study of retinal structure in ACHM. The large
patient sample size allows for statistical analysis of the
significance of any change over time. Our cohort showed no
statistically significant change in FTRT over time nor in HRZ
diameter in those subjects where this feature was present at
the baseline assessment. This is consistent with the results of
the longitudinal study undertaken by Aboshiha et al.9 and
supports the notion that ACHM is a predominantly stable
condition with regard to retinal structure. The increase in ONL
thickness over time was statistically significant. However, this
change was small (less than 2 lm on average). Thus, while the
change in this parameter may be statistically significant, its
clinical relevance is questionable. Indeed, retinal thickness has
been shown to change with age. Nieves-Moreno et al.12

reported a reduction in retinal thickness for each year of

increased age in healthy subjects, concluding that the
thickness of most retinal layers varies with age. Our
measurements of change in retinal thickness are within those
expected for normal aging, suggesting that they do not
represent true disease progression.

With regard to qualitative analysis, 6 subjects (12%) showed
evidence of progression to higher (i.e., worse) SD-OCT grades.
Similar changes were noted in both eyes, suggesting that this
likely represented real disease progression. Two of these
subjects were of the CNGA3 genotype and 4 were CNGB3,
suggesting that qualitative progression may be an uncommon
feature of both these most frequent genotypes. The mean age
of these subjects was 20.3 years (range, 7–35 years), and mean
SD-OCT follow-up interval was 63.6 months (range, 52–70
months). These values are not dissimilar to those of the entire
cohort, which had a mean age at baseline of 23.9 years and
mean SD-OCT follow-up interval of 61.6 months. Therefore, it
would seem unlikely that age at baseline and duration of
follow-up are factors that influence any qualitative progression
observed on SD-OCT. Interestingly however, these subjects
displaying qualitative category progression did not display a
reduction in FTRT or ONL thickness of greater than 10 lm, and
indeed some subjects who demonstrated more thinning
quantitatively did not show change in SD-OCT category over
time. Thus, there appears to be a discordance between
quantitative change in terms of retinal thickness and qualitative
change in terms of foveal morphology on SD-OCT. In part, this
may be attributable to a limitation of this study: There are often
difficulties in scanning exactly the same location through the
fovea at each visit for a given patient. The Spectralis SD-OCT
device (Heidelberg Engineering) sets the baseline scan as the
reference scan, and the in-built software attempts to direct the
SD-OCT fixation target to a position that corresponds to the
same retinal location during subsequent image acquisition.
However, this is not always possible in ACHM patients with
severe nystagmus and poor fixation. A follow-up scan may
therefore be centered at a slightly different position, and this
may contribute subtle variations in the quantitative and
qualitative results recorded compared to baseline. This
suggests that there may be a role for collecting multiple
representative scans at baseline.

In showing qualitative change, we reported a higher
proportion of subjects (12%) than did the work of Aboshiha
et al.,9 who described this in 5% of their cohort. However, their
study had a mean follow-up period of only 19.5 months and
fewer subjects (38 compared to our 50). By contrast, the
subjects in our study showing qualitative change all had follow-
up periods of greater than 40 months. Therefore, it may be that
foveal appearances do gradually deteriorate in a small
proportion of patients, given sufficient time. Further work
assessing retinal function in patients who have been followed-
up over extended periods may shed light on any potential
functional consequences of such changes. Aboshiha et al.9

found that patients demonstrating qualitative change did not
show significant associated changes in functional parameters.
SD-OCT changes, however, may predate change in visual
function, and extended follow-up could allow these delayed
functional changes to manifest.

With regard to FAF, we identified three distinct patterns in
our cohort, as per previous work.9,10 The three patterns were
present in relatively equal proportions among our cohort and
did not change in any subject between baseline and follow-up.
In those patients with reduced FAF at baseline, there was a
statistically significant increase in the area of reduced signal
over time; however, this rate of increase was very small (0.015
mm2 per year). This is very similar to the rate of 0.02 mm2 per
year identified by Aboshiha et al.9 A range of retinal
mechanisms can result in variations in the observed FAF
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pattern. Of note, our results show no particular relationship
between the observed pattern of FAF and qualitative SD-OCT
appearances for subjects with SD-OCT categories 1 through 4.
Thus, all three FAF patterns were observed across these
categories. However, all 3 subjects with SD-OCT category 5
scans at baseline and follow-up demonstrated a pattern of
reduced FAF. This is because of the atrophic retinal changes
seen in this SD-OCT phenotype, which in turn are associated
with a reduced density of the fluorophore lipofuscin in the
affected regions. Finer quantitative methods of FAF analysis are
available,13,14 and it may be that further work using these
techniques may identify more subtle changes in FAF patterns.
However, the clinical significance of FAF in ACHM remains
poorly established, and we would predict that any progression
in this parameter is likely to be slow and small in magnitude.
Interestingly, recent work by Matet et al.15 has advocated the
role of near-infrared autofluorescence (NIR-AF) in the investi-
gation of ACHM. While the Spectralis device performs short-
wavelength autofluorescence (SW-AF) imaging, NIR-AF is a less
frequently used imaging modality. In subjects with ACHM, the
authors correlated NIR-AF with SW-AF features and structural
alterations on SD-OCT. Patients with a central hypo-autofluo-
rescence on NIR-AF were older and displayed more advanced
structural abnormalities at the fovea than did those with
normal NIR-AF, while SW-AF was not correlated to other
multimodal findings. This suggests a potential role for NIR-AF
as an imaging biomarker in ACHM.15

In summary, our findings from a larger cohort and longer
follow-up of individuals with ACHM provide further support to
the presiding notion that this is essentially a stable condition
regarding retinal structure and that any change over time is
likely to be small, slow, and occur in only a limited proportion
of patients. Of note, Zein et al.16 recently studied the effect of
ciliary neurotrophic factor (CNTF) in 5 subjects with CNGB3-
ACHM, all of whom had an HRZ on SD-OCT at baseline. CNTF
is thought to have a neurotrophic effect on human cone
photoreceptors. The group demonstrated a sustained filling or
collapse of the HRZ in all treated eyes. They proposed that
CNTF was responsible for the changes in retinal foveal
morphology since they were not seen in untreated eyes. Our
findings lend support to the idea that marked changes in retinal
morphology observed following the therapeutic interventions
tested to date can be attributed to the treatment rather than to
disease progression since we have demonstrated that structural
changes in the natural history are negligible and very slow.

Further work using more detailed imaging techniques, such
as adaptive optics scanning light ophthalmoscopy (AOSLO),
may better demonstrate the earliest indicators of any structural
progression in ACHM.17 AOSLO allows visualization of
individual rod and cone cells in vivo18,19 and has confirmed
the presence of cone photoreceptors in all patients with
ACHM, albeit reduced in number compared to the unaffected
retina, with a wide range of cone densities, and often a
disconnect with SD-OCT appearance.20 With regard to
assessing progression of ACHM with AOSLO, Langlo et al.21

demonstrated that foveal cone structure showed little or no
change in their cohort of patients with CNGB3-ACHM over a
follow-up period of 6 to 26 months. However, extending
follow-up (as in our study of SD-OCT and FAF imaging) may
provide new insights into very gradual retinal changes
occurring at the microscopic level.

Interestingly, while Aboshiha et al.9 demonstrated stability
of functional parameters in conjunction with structural
stability, the results from our cohort show a small but clinically
significant improvement in mean BCVA over time, though no
significant change in contrast sensitivity. The change in BCVA
may partially be explained by the fact that 7 subjects within
our cohort were age 10 years or younger at presentation. In

these individuals, the transition from childhood toward
adulthood over prolonged follow-up may have enabled more
accurate assessment of visual acuity at follow-up, thus leading
to an apparent improvement in this parameter. Furthermore,
nystagmus in children with ACHM may lessen with age.22 The
improved fixation associated with this could potentially lead to
a mild improvement in visual acuity. Nevertheless, while the
increase in BCVA within our cohort over time was statistically
significant, it was small in magnitude and thus likely to be of
minimal clinical significance.

For now, our work suggests that disease progression for the
majority of our cohort is negligible. Thus, there may potentially
be a wide window for therapeutic intervention, and gene
replacement therapy may be a viable option for affected adults
as well as children. However, the functional benefit derived by
older individuals may be limited by abnormal organization of
the visual cortex. Baseler et al.23 described reorganization of
the visual cortex from birth onward in ACHM in response to
abnormal visual experience. The authors attributed this to
visual system plasticity, postulating that this may result from a
range of mechanisms, including reorganization of neural
connectivity and changes in the efficacy of established
connections. Plasticity of the brain is maximal in the first few
years of life, reducing with advancing years.24 Thus, while it is
conceivable that older subjects may show some improvement
following treatment, it is likely that earlier intervention in
children, when anomalous visual processing pathways are less
developed, may yield optimal results. Our work supporting the
largely nonprogressive nature of ACHM is also valuable when
evaluating the effects of potential interventions in a clinical
trial setting. Knowledge of the condition’s relative stability
enables structural and functional changes occurring post-
treatment to be attributed to the intervention rather than to
the natural disease process, allowing for better recognition of
the specific effects of the treatment itself. Indeed, trial
regulatory bodies will often seek evidence confirming the
disease’s stationary nature prior to approving a study, and our
results may aid in the establishment of future interventional
studies for ACHM.
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PURPOSE. The purpose of this study was to report GNAT2-associated achromatopsia
(GNAT2-ACHM) natural history, characterize photoreceptor mosaic, and determine a ther-
apeutic window for potential intervention.

METHODS. Patients with GNAT2-ACHM were recruited from a single tertiary referral eye
center (Moorfields Eye Hospital, London, UK). We performed longitudinal clinical eval-
uation and ophthalmic examination, and multimodal retinal imaging, including adaptive
optics scanning light ophthalmoscopy, quantitative analysis of the cone mosaic, and outer
nuclear layer (ONL) thickness, including cone densities evaluation in selected regions of
interest and comparison with reported healthy controls.

RESULTS. All nine subjects (3 women) presented with nystagmus, decreased visual acuity
(VA), light sensitivity, and highly variable color vision loss. One patient had normal color
vision and better VA. Mean VA was 1.01 (±0.10) logarithms of the minimal angle of reso-
lution (LogMAR) at baseline, and 1.04 (±0.10) LogMAR after a mean follow-up (range)
of 7.6 years (1.7−12.8 years). Optical coherence tomography showed preservation of
the foveal ellipsoid zone (EZ; n = 8; 88.9%), and EZ disruption (n = 1; 11.1%). Mean
ONL thickness (range, ± SD) was 84.72 μm (28.57−113.33, ± 25.46 μm) and 86.47 μm
(28.57−113.33, ± 24.65 μm) for right and left eyes, respectively. Mean cone densities
(±SD) at 190 μm, 350 μm, and 500 μm from the foveal center, were 48.4 (±24.6), 37.8
(±14.7), and 30.7 (±9.9), ×103 cones/mm2, respectively. Mean cone densities were lower
than these of unaffected individuals, but with an overlap.

CONCLUSIONS. The cone mosaic in GNAT2-ACHM is relatively well preserved, potentially
allowing for a wide therapeutic window for cone-directed interventions.

Keywords: adaptive optics, retinal phenotyping, inherited retinal diseases, genetics,
GNAT2, achromatopsia

GNAT2 (ACHM4, OMIM139340) autosomal recessive
variants can cause both complete achromatopsia

(cACHM),1,2 and incomplete achromatopsia (iACHM).3,4

Patients with GNAT2-related achromatopsia (GNAT2-ACHM)
exhibit nystagmus beginning at birth / early infancy, photo-
phobia, abnormal color vision, and poor visual acuity (VA).5

Color vision testing is usually abnormal, with no color
discrimination observed in most patients6–9; although some
patients may retain some color vision.3,7 A study suggested
that the retention of color vision may be related to variants
that result in some functional protein product.3

Fundoscopy usually reveals a normal retinal appear-
ance, although some patients exhibit an abnormal foveal
reflex or atrophy.7 Full-field ERG testing typically reveals
absent/markedly reduced cone function, albeit variable
between patients, along with preserved rod function. The
rod-specific ERG components are typically normal, although
the scotopic strong flash ERG a-waves may be mildly subnor-

mal,7 reflecting loss of dark adapted cone system contri-
bution. Spectral domain optical coherence tomography
(SD-OCT) usually reveals relatively well-maintained foveal
architecture without hypoplasia, but may exhibit a hypore-
flective zone at the fovea.10,11 Longitudinal optical coherence
tomography (OCT) assessment of GNAT2-ACHM has been
reported in only four subjects, from a single pedigree, over
a period of 2 years.11

Adaptive optics provides the opportunity of
advanced retinal imaging for in-depth phenotyping in
inherited retinal diseases, with cellular resolution of the
photoreceptor mosaic.12 Adaptive optics corrects for the
eye’s monochromatic aberrations.13,14 A confocal detector
enables visualization of cones based on their waveguiding
ability.15,16 The waveguiding ability is thought to require
intact outer segments.17 Early investigations with confocal
adaptive optics scanning light ophthalmoscopy (AOSLO)
identified increased cone spacing and decreased cone
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density in patients with ACHM, although these cones
appeared as “dark spaces.”18–21 Marked variability in the
cone mosaic has been observed across patients; among the
two most common genotypes, CNGA3 and CNGB3.10,19,22

In contrast, in ATF6-ACHM and PDE6C-ACHM, few if any
residual foveal cones were identified.23,24 The GNAT2-ACHM
genotype is associated with the relatively least disrupted
photoreceptor mosaic.6,20 Simultaneous confocal and split-
detection AOSLO has allowed the identification of cone
inner segment structure in the previously described “dark
spaces.”25–28 GNAT2-ACHM was only investigated with
confocal AOSLO imaging in two pedigrees to date.6,20

CNGB3 and CNGA3 are responsible for 70% of
the reported ACHM cases and are the most well
studied genotypes, with on-going gene therapy trials
(ClinicalTrials.gov numbers: NCT03758404, NCT02935517
NCT03001310, NCT02599922, and NCT02610582). Three
homologous mouse models of GNAT2-ACHM have been
described to date.29–31 In the Gnat2cpfl3 mouse model, gene
supplementation was observed to improve cone-mediated
ERGs and restoring visual acuity (optomotor behavior).32

A recent study from Felden et al. estimated the preva-
lence of GNAT2-ACHM to be 1.7%, in a cohort of 1116
independent ACHM families.8 Due to its low prevalence,
a limited number of studies have focused on phenotyping
GNAT2-ACHM, despite the advancements in the field of gene
therapy.

As cone photoreceptors are the target for gene replace-
ment therapies in ACHM, it is important to assess how the
cones are affected by GNAT2 sequence variants, to thereby
better understand the potential for future functional rescue.
In this study, subjects with disease-causing sequence vari-
ants in GNAT2 underwent detailed longitudinal phenotyp-
ing.

METHODS AND MATERIALS

This study was approved by the Ethics Committee of Moor-
fields Eye Hospital. Written informed consent was obtained
from all subjects attending research appointments after
explanation of the nature and possible consequences of the
study. The research followed the tenets of the Declaration of
Helsinki.

Subjects

Nine subjects (3 women; 33%) from four pedigrees, with
likely disease-causing sequence variants in GNAT2, were
identified in the genetics database of Moorfields Eye Hospi-
tal, London, UK. All subjects were invited for a research
appointment, including AOSLO imaging. Six subjects were
recruited and attended a detailed research visit, and all
available data of all nine subjects were used for evaluating
disease natural history. Five of the patients were previously
published (Supplementary Table S1).

Genetics

All patients harbored previously reported GNAT2 vari-
ants.1,8,34 Two pedigrees harbor nonsense mutations, lead-
ing to premature termination of translation, one pedigree
harbored a missense mutation, and one pedigree a 4-bp
insertion leading to a frameshift. Demographics and genetics
are summarized in Supplementary Table S1.

Ocular Examination

All patients are under the care of a medical retina and ocular
genetics consultant (M.M. and A.R.W.) in a single tertiary
referral center (Moorfields, Eye Hospital, London, UK). All
available notes and clinical data are reviewed.

Spectral-Domain OCT

SD-OCT imaging was performed in both eyes, following
cycloplegia and pupillary dilation with tropicamide 1% and
phenylephrine 2.5% eye drops. Horizontal line and volume
scans were acquired with the Spectralis device (Heidel-
berg Engineering, Heidelberg, Germany), using the same
protocol as that used by Aboshiha et al.11 To address chal-
lenges due to nystagmus, the device was used in follow-
up mode, so that the same scanning location was imaged
at follow-up and baseline, and if this was not possible,
the method described by Tee et al. was used, to ensure
serial analysis of the same subject-specific retinal location.35

The outer nuclear layer (ONL) thickness was calculated
as the distance between the internal limiting membrane
and the external limiting membrane, using the longitudi-
nal reflectivity profiles on ImageJ, as previously described
by Langlo et al.28 Qualitative assessment of foveal struc-
ture was performed by grading SD-OCT images into one
of five categories, as previously reported by Sundaram
et al.: (1) continuous ellipsoid zone (EZ), (2) EZ disrup-
tion, (3) EZ absence, (4) presence of a hyporeflective
zone, or (5) outer retinal atrophy.10 For each subject, both
right and left eyes were graded at baseline and follow-up
visits. The presence/absence of foveal hypoplasia was also
noted, defined as the persistence of one or more inner
retinal layers (outer plexiform layer, inner nuclear layer,
inner plexiform layer, or ganglion cell layer) through the
fovea.

AOSLO Imaging of the Photoreceptor Mosaic

High-resolution imaging was attempted in six subjects using
a previously described custom-built AOSLO,36 at Moorfields
Eye Hospital/UCL Institute of Ophthalmology, London, UK.
Imaging with confocal and split-detection (non-confocal)
was performed.

Pupil dilation and cycloplegia was achieved similarly to
OCT imaging. Images were obtained over the central retina,
and in strips extending from the fovea to 10 degrees in the
temporal meridian, when time allowed. Image sequences
were recorded as AVI files, of 150 frames, either at 1° or/and
1.5° square field of view. A desinusoiding algorithm was
applied to each image sequence and individual frames were
selected,37 registered,38 and averaged, to increase signal-to-
noise ratio, for subsequent analysis. The final images were
combined into a single montage (Adobe Photoshop, Adobe
Systems Inc., San Jose, CA, USA) in layers for the differ-
ent detection schemes using a custom-built automated soft-
ware.39 The scale was determined first in degrees per pixel
in an image of a Ronchi ruling of known spacing after each
imaging session. Then, the value was linearly scaled using
the subject’s axial length. Axial length was measured using
the Zeiss IOL Master (IOL Master; Carl Zeiss Meditec, Dublin,
CA, USA).

Cone densities were used for quantitative assessment
of AOSLO imaging, as previously described.40 The foveal
center was too dense in all subjects to be analyzed, with
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the location of the foveal center defined as the center of
the nonanalyzable area (crossing point of maximum height
and width). Eighty-five microns square regions of inter-
est (ROIs) were marked in the cone mosaic at regular
intervals from the foveal center in the temporal merid-
ian. The distances measured from the center of the ROIs
to the foveal center were: 190 μm (R1), 350 μm (R2),
500 μm (R3), 900 μm (R4), 1500 μm (R5), 2000 μm (R6),
and 2500 μm (R7). ROIs R4 to R7 were available only
for one subject. The R1 ROIs were cropped and imported
into a semi-automated custom software for cone count-
ing by a single experienced grader (M.G.). Automated
cone identification was achieved by the software, finding
local maxima in image brightness, based on previously
described algorithms for R1 to R3 confocal images.41,42

The grader was able to automatically remove identified
cones or manually add cones, and could adjust the bright-
ness and contrast of the confocal image on both linear
and log scale. For R4 to R7, split-detection imaging was
used for manual cone counting with the software due
to the ambiguity between rod and cone photoreceptors
present in confocal imaging. Bound cone density was
then calculated by dividing the total number of bound
Voronoi cells in an ROI by the total bound Voronoi area
within the ROI, as previously described.40,43 The afore-
mentioned approach, with the exception of use of split-
detection, is similar to the recently reported study in
the literature by Jackson et al.,40 in order to compare
with their normative data acquired with a similar AOSLO
system.

Color Vision Testing

Hardy-Rand-Rittler pseudoisochromatic plates (AO-HRR, 4th
edition; Richmond Products, Inc., Albuquerque, NM, USA)
were presented under a Daylight Illuminator (Richmond
Products, Inc.) and scored using the accompanying work-
sheet.

A commercially available low vision version of the
Cambridge Colour Test (lvvCCT) trivector version was
performed using the Metropsis system (Cambridge Research
Systems Ltd., Rochester, Kent, UK). The test stimuli were
presented on a calibrated 32-inch monitor, with a refresh rate
of 120 Hz, 1920 × 1080 pixels spatial resolution, and up to
16-bit (per channel) color resolution. The stimuli consisted
of four homogeneous discs presented simultaneously on a
2-cd/m2 neutral background in a diamond-shaped array.
Each disc subtended 4 degrees, and was separated by 2.5
degrees from the adjacent discs. The viewing distance was
150 cm. On each presentation, one of the discs differed
in chromaticity from the remaining three, which remained
of neutral hue. The patient was instructed to report which
of the four discs was different in color,44 by pressing the
corresponding key on a five-key RB-540 Cedrus response
box (Cedrus, San Pedro, CA, USA). Color discrimination
was probed along the Protan, Deutan, and Tritan confu-
sion axes. For each axis, the corresponding saturation of
the color disc would decrease or increase according to
whether the patient answered correctly or incorrectly to the
previous trial, respectively. On completion of the test, the
lvvCCT returned the saturation threshold along each confu-
sion axis, which represents the minimum saturation required
to discriminate the color disc from the achromatic discs. Both
color vision tests were performed monocularly.

Statistical Methods

Statistical analysis was performed with IBM SPSS Statistics
for Windows (version 22.0; IBM Corp., Armonk, NY, USA).

RESULTS

Clinical Presentation

All subjects presented with nystagmus, decreased VA, light
sensitivity, and highly variable color vision loss. The fundus
appearance was unchanged over time with abnormal foveal
reflex, but without any evidence of frank atrophy or pigmen-
tation. Only in one patient (P6), subtle foveal changes were
observed, without evidence of progression. Fundoscopy
findings were documented in six patients with color fundus
photography (Supplementary Fig. S1).

Color vision testing was reported in detail by Michaelides
et al. for subjects P6 to P9, with evidence of some resid-
ual color discrimination in three of the four patients (P6,
P8, and P9).7 Patients P1, P2, and P3 showed no residual
color discrimination on testing with HRR pseudoisochro-
matic plates. Interestingly, patient P4 was able to name
colors and correctly identified all the pseudoisochromatic
plates. On further testing with lvvCCT trivector version,44,45

color discrimination was probed along the Protan, Deutan,
and Tritan confusion axes, with nearly normal saturation
thresholds, thereby suggesting no color deficit.

Longitudinal VA data were available for all patients (mean
age at baseline [range], 26.3 [6.4−48.9] years old, and mean
follow-up [range],: 7.6 years [1.7−12.8 years]). Patient P4,
with normal color discrimination, also had the best VA in
the cohort; 0.60 LogMAR at baseline and stable at 0.61
LogMAR after 8 years of follow-up. Mean VA (±SD) for
both eyes at baseline was 1.01 LogMAR (±0.05), ranging
from 0.90 LogMAR to 1.10 LogMAR, and at follow-up it was
1.04 LogMAR (±0.10), ranging from 0.90 LogMAR to 1.36
LogMAR for the rest of the subjects. Patient P5 had all assess-
ments and analyses done monocularly due to congenital
cataract and amblyopia in the right eye, complicated later in
life with subretinal exudates similar to Coats’ disease, lead-
ing to exudative retinal detachment, and hand movement
vision. For the rest of the cohort, best-corrected VA was simi-
lar between eyes both at baseline (P = 0.921;, t = 0.103, and
df = 7) and follow-up (P=0.608, t = 0.537, and df = 7). VA
was stable over time (P = 0.399, t = 0.899, and df = 7), over
a mean follow-up of 7.5 years (range, 1.7−12.8). All patients
reported stable vision, with no new visual complaints over
time. The spherical equivalent varies greatly among subjects
from -10.0 D to +5.75 D.

Retinal Morphology: SD-OCT

Mean age ± SD at baseline OCT was 28.6 ± 15.4 years,
mean follow-up time (range) was 4.9 years (1.7−10.5 years).
Eight patients had a continuous EZ (grade 1; Fig. 1) and
one patient (P6) had a hyporeflective zone at the fovea
(grade 4; Fig. 3). Mean ONL thickness (range, ± SD)
was 84.72 μm (28.57−113.33, ± 25.46 μm) and 86.47 μm
(28.57−113.33, ± 24.65 μm) for the right and left eyes,
respectively. The ONL thickness was similar between eyes
(P= 0.903, t= 0.126, and df= 8; Fig. 2A). The mean baseline
ONL thickness for right eyes did not correlate with subject
age (P = 0.744, r = -0.127, Pearson correlation; Fig. 2B).
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FIGURE 1. Spectral domain optical coherence tomography (SD-OCT) in cases with continuous ellipsoid zone (EZ). Longitudinal transfoveal
OCT line scans for both eyes are presented for patients P1, P2, P3, P4, P7, and P9. Patient P5 had imaging data only for the left eye. For the
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young siblings, patients P2 and P3, vertical scans are presented; because horizontal transfoveal scans could not be obtained due to strong
nystagmus. For the rest of the patients, scans are horizontally orientated to the fovea. No evidence of progression was present in any of
the patients. EZ appears continuous and thickened with increased reflectivity. A transfoveal OCT scan of a healthy subject is provided for
comparison. R, right eye; L, left eye; yo, years old; y, years.

FIGURE 2. Quantitative imaging analysis graphs. (A) High interocular agreement was observed between the outer nuclear layer (ONL)
thicknesses between eyes. (B) The ONL thickness is not correlated with age. ONL thicknesses for the left eyes are presented, because the
left eye was only available for patient P5. The blue score on A and B represents patient P6; the only patient in the cohort with disrupted
foveal ellipsoid zone. Previously reported mean (± SD) foveal ONL thickness for subjects with CNGB3- and CNGA3-ACHM was 79.2 ±
18.7 μm and 112.1 ± 13.9 μm for healthy controls.47 (C) Mean (± SD) cone densities per eccentricity for patients with GNAT2 of our cohort
and healthy controls reported by Jackson et al.40 Cone densities were lower, on average, for subjects with GNAT2 compared to healthy
controls in all three parafoveal eccentricities (190 μm, 350 μm, and 500 μm), but a small overlap was observed. (D) Cone densities per
eccentricity of all individuals and mean of healthy controls. Patient P4, with the best visual acuity and normal color vision, had the lowest
cone densities at all eccentricities. Patient P2, the youngest patient in the cohort, had cone densities similar to the average cone densities
for healthy controls. Patients P7 and P9, the oldest in the cohort, showed lower cone densities.

At follow-up visits, mean ONL thickness (range, ± SD)
was 85.99 μm (28.57−113.33, ± 25.46 μm) and 86.67 μm
(28.57−123.08, ± 26.15 μm) for the right and left eyes,
respectively. No change was observed throughout follow-up,
without any evidence of progression in any of the patients
(Figs. 1, 3). ONL thickness (mean ± SD) of 105 ± 12.2 μm
(mean age ± SD; 29 ± 8 years) has previously been reported
in unaffected controls (n = 93).46 There is overlap between
this normative data and our cohort, both at baseline and

follow-up. For CNGA3- and CNGB3-ACHM ONL thickness
(mean ±SD) of 79.2 ± 18.7 μm (mean age ± SD; 24 ± 14
years) has previously been reported.47 Of note, patient P6
has significant ONL thinning compared to the rest of the
cohort (Figs. 2A,B, Fig. 3), and outside of the limits of the
normative data. No foveal hypoplasia was observed in any of
the patients (Figs. 1, 3). OCT and additional FAF findings are
summarized in Supplementary Table S2 and Supplementary
Figure S2.
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FIGURE 3. Spectral domain optical coherence tomography (SD-OCT) and fundus autofluorescence (FAF) Imaging in the patient with foveal
photoreceptor disruption. FAF and corresponding transfoveal horizontal OCT scans of both eyes at baseline (A) and 2 years follow-up (B).
Focal foveal mottling with increased/decreased autofluorescence signal is observed without evidence of progression. White arrow heads
mark the border of the OCT line scan presented below each corresponding FAF image; with prominent foveal thinning and foveal disruption
of the ellipsoid zone (EZ) in both eyes. Beyond the foveal center, the EZ was thickened and hyper-reflective, in keeping with the rest of the
cohort, and without any progression between visits. yo, years old.

Photoreceptor Mosaic Assessed with AOSLO
Imaging

Six subjects underwent AOSLO imaging (patients P2−P5,
P7, and P9). Axial length was measured for those subjects
and was used to scale the final photoreceptor mosaic. Mean
axial length for right and left eyes (range, ± SD) was 24.18
(±2.54, 21.64−29.23) mm and 24.15 (±2.55, 21.70−29.27)
mm, respectively. Mean age (range, ± SD) for the GNAT2
subjects with analyzable AOSLO images was 35 (±17, 8−59)
years and for the previously reported healthy controls was
28 (±11, 18−54) years.40 Patient P4 (normal color vision)
and patients P5, P7, and P9 were successfully imaged, and
the photoreceptor mosaic was available for quantitative anal-

ysis (Fig. 4). Siblings P2 to P3 were the most challeng-
ing to image due to their young age (8.1 and 10.5 years
old), and strong nystagmus, not only for AOSLO, but also
for OCT, albeit to a lesser extent for the latter. Analyzable
high quality images were achieved only from sibling P2;
however, the exact location of those images was difficult
to identify because the final montage was not centered on
the fovea, and due to a lack of major anatomic landmarks
(e.g., blood vessels) that could allow alignment with other
imaging modalities.We tried to analyze ROIs maintaining the
same distances as the rest of the cohort measuring from the
center of the denser area of the mosaic. Cone densities at the
ROIs for patient P2 were the highest in the cohort and match
those from unaffected individuals for a given eccentricity
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FIGURE 4. Adaptive optics scanning light ophthalmoscopy (AOSLO) imaging in GNAT2-ACHM. The white cross marks the foveal center and
the orange line the temporal meridian. The regions of interest (ROIs) are marked with semi-transparent orange 85 μm squares. (A) Patient
P4 has extensive imaging data up to 2500 μm (R7) temporally to the foveal center. First row: Confocal AOSLO image with marked ROIs
shown in the third row in greater magnification. Second row: Co-localized split-detection image, with marked ROIs shown on the fourth
row. For R1 to R3, cone counting was done using confocal detection. For R4 to R7, split-detection was more informative of the cone mosaic
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due to interference of rods on confocal imaging. (B) Foveal photoreceptor mosaic of the left eye of patient P5. Top: Confocal AOSLO image
with ROIs presented in higher magnification on the third row. Second row: Split-detection image with ROIs presented on the fourth row.
The mosaic was regularly organized and cone densities were at the lower limit of the normal range. (C) ROIs for patients P2, P7, and P9 (R1:
190 μm, R2: 350 μm, and R3: 500 μm). (C-I) Patient P2 is the youngest patient of the cohort and had cone densities similar to the average
cone densities in unaffected individuals. Due to the high density, split-detection imaging was not informative at those locations, hence is
not shown. (C-II, III) Patients P7 and P9 are the oldest in the cohort and have a sparser mosaic. Scale bars = 50 μm.

TABLE. Cone Density Measurements

Cone Density (× 103 cones/mm2)

R1‡ R2 R3 R4 R5 R6 R7
Patient* (190 µm) (350 µm) (500 µm) (900 µm) (1500 µm) (2000 µm) (2500 µm)

P2 88.4 60.3 44.0 NA NA NA NA
P4 19.6 17.8 14.8 13.2 11.1 10.4 6.5
P5 61.1 42.4 31.7 NA NA NA NA
P7 27.6 26.2 26.2 NA NA NA NA
P9 45.2 42.1 36.8 NA NA NA NA
Mean for the cohort (± SD) 48.4 (±24.6) 37.8 (±14.7) 30.7 (±9.9) NA NA NA NA
Normative Data† (± SD) 87.3 (±17.6) 62.2 (±11.2) 45.5 (±6.0) 28.7 (±6.0) 18.2 (±4.2) NA NA

Additional information (sex, age, spherical equivalent, visual acuity) are presented In Supplementary Table S3.
* All patients have normal fundus autofluorescence appearance and intact ellipsoid zone on OCT.
‡ Regions of interest (R1 to R7; distance from foveal center).
† From Reference 40.

(Fig. 2D, Figs. 4C−I). Analyzable ROIs for 190 μm (R1),
350 μm (R2), and 500 μm (R3) away from the fovea were
available for all 5 patients (Fig. 4). For subject P4, data out
to 2500 μm temporal to the foveal center were available
(Fig. 4A). Cone densities for all ROIs and mean cone densi-
ties per eccentricity are presented in the Table and plotted
in Figures 2C,D.

DISCUSSION

In this study, we assessed photoreceptor structure in a series
of patients with the ultra-rare form of GNAT2-associated
ACHM, including cross-sectional and longitudinal analyses
of structural and functional features. The findings indicate
that GNAT2-retinopathy has distinct features that differ
from other forms of ACHM, with a dissociation between
the observed photoreceptor mosaic and function, rele-
vant to potential future therapeutic gene supplementation
interventions.

Foveal hypoplasia is a common feature in ACHM cohorts:
all reported subjects with ATF6-ACHM,23 and two thirds
of the reported CNGA3- and CNGB3-ACHM subjects, have
foveal hypoplasia.10,22,28 In our cohort of GNAT2-ACHM, no
case of foveal hypoplasia was observed, a finding simi-
lar to PDE6C-ACHM.24 GNAT2 encodes guanine nucleotide-
binding protein G(t) subunit alpha-2, which is part of the
transducin complex, a G-protein participating in the visual
cycle.48,49 The α-subunit is released from βγ subunits after
the interaction with light activated photopigment in cone
cells and the exchange of GDP for GTP. The released α-
subunit activates the cGMP phosphodiesterase (PDE6C),
which lowers the cGMP and hyperpolarizes photorecep-
tors.50 Interestingly, despite both molecules being involved
in a sequential path in the phototransduction cascade and
both causing ACHM, PDE6C-ACHM presents with far more
severe structural defects than GNAT2-ACHM.24 Structural
integrity of the EZ on OCT was evident in all GNAT2 subjects

(Fig. 1), with the exception of subject P6 (Fig. 3) - repre-
senting an example of the structural intrafamilial variabil-
ity commonplace in inherited retinal diseases.49 The other
four affected individuals from the same pedigree showed
a continuous EZ, with three of the subjects being older.
Functional intrafamilial variability has also been reported in
the same pedigree.7 Similar structural intrafamilial variability
has also been reported in pedigrees of CNGA3-ACHM.22 Due
to the recessive inheritance and the rarity of ACHM, data for
intrafamilial variability are limited. The above finding of loss
of foveal EZ in patient P6, combined with the stable imag-
ing findings over follow-up (Fig. 3), supports the notion that
major EZ loss is an event during early childhood,51 rather
than a progressive phenomenon later in life.52 In the on-
going debate about the stationary or progressive nature of
ACHM, different genotypes should be studied individually.
PDE6C-ACHM was recently reported as a slowly progressive
maculopathy.24 ACHM studies with different proportions of
patients with GNAT2 and PDE6C have shown conflicting
results.52,53 Thiadens et al., in a cohort with five patients
with PDE6C (20%) and no GNAT2, concluded that ACHM
was often a progressive disease.53 Hirji et al., in a cohort with
one subject with PDE6C (2%) and two subjects with GNAT2
(4%), concluded that ACHM was predominantly station-
ary.52

In the current study we extend the phenotypic spec-
trum of GNAT2-retinopathy. Patient P4 had color vision, the
best acuity among this cohort (albeit decreased) and the
thickest foveal ONL, despite low parafoveal cone densities.
The milder phenotype can be attributed to the homozygous
missense variant, which may translate into a protein prod-
uct with residual function, in contrast to the rest of the
cohort harboring null variants (Supplementary Table S1).
Felden et al. in their genotyping study, reported a patient
(CHRO768-II:1) with the same homozygous variant, without,
however, any color vision or ERG data available.8 Interest-
ingly, this patient had undetectable standard light-adapted
(LA30Hz; LA3) ERGs, when tested with International-
standard full-field ERGs,54 and undetectable pattern ERG.55
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The recording to short wavelength flashes on an amber back-
ground (S-cone ERG; stimulus duration 5 ms)56 was simpli-
fied and subnormal bilaterally (Supplementary Fig. S3). The
observed color vision in our patient was better than previ-
ously reported residual color vision in GNAT2,3,6,8 includ-
ing the previously reported pedigree included in our study.7

Despite the milder phenotype observed in patient P4, cone
densities at all ROIs were the lowest in the cohort (Fig. 2D),
that might suggest a different disease mechanism than the
rest of the subjects, with cones with residual function but
decreased in number.

There was an overlap between the range of cone densi-
ties in our cohort and healthy controls, in all three locations
near the fovea (R1−R3),40 with greater variability observed
in subjects with GNAT2 (Fig. 2C, Table). The youngest patient
of the cohort had the best-preserved mosaic and the high-
est densities (Figs. 4,C−I). However, with increasing age,
there was a trend for lower densities. In all subjects, EZ
was continuous on OCT (Fig. 1). The focal disruptions or
increased spacing of the mosaic, leading to lower cone densi-
ties, were easier to identify with AOSLO compared to OCT
(Fig. 1). Peak cone density could not be estimated in any of
the subjects with GNAT2 due to the unresolvable, densely
packed mosaic at the foveal center. In contrast, in CNGA3-
and CNGB3-ACHM, peak cone density is severely reduced,
with mean densities lower than the reported values for R1
(190 μm away from the fovea) in our cohort.22,28 Scotoma
on mesopic microperimetry was reported in all examined
patients with GNAT2 (4/4), whereas only in 1 of 33 subjects
examined with CNGA3- and CNGB3-ACHM.10 In addition,
BCVA, contrast sensitivity, reading acuity, and mean sensi-
tivity were lower in the GNAT2 compared with the CNGA3
or CNGB3 groups.10 The structure and reflectivity of the
photoreceptor mosaic is better preserved in patients with
GNAT2-ACHM compared to other ACHM genotypes.20 In
contrast to this disconnect, recent studies have shown cone
spacing evaluated with AOSLO may correlate with functional
assessments in patients with other inherited retinal degen-
erations, albeit with functioning photoreceptors.57,58 This
emphasizes the potential efficacy of gene replacement ther-
apeutic intervention in subjects with GNAT2.

Limitations

AOSLO insights into disease progression are of great value,
including identification of the optimal therapeutic window
and participant stratification. In the current study, GNAT2
subjects had cross-sectional AOSLO assessment. Longitudi-
nal studies will be in a better position to evaluate evidence
of progression. In addition, the functional and anatomic
dissociation may be further investigated with scotopic test-
ing using chromatic ERG full-field stimulus threshold, cone
and rod specific microperimetry assessment protocols, and
the evolving AOSLO-guided retinal sensitivity assessments
(“nanoperimetry”).59–61

CONCLUSIONS

This is the first in-depth analysis and longitudinal study
of photoreceptor structure in GNAT2-associated ACHM. The
data presented herein describe a potentially greater ther-
apeutic window, compared to all other forms of ACHM
reported to date (CNGA3, CNGB3, PDE6C, and ATF6).
AOSLO imaging allows for a more sensitive assessment

of the photoreceptor mosaic than OCT, despite the lower
successful acquisition rate. Any age-dependent changes
are subtle, with relative preservation of the cone mosaic
observed until late adulthood.
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PURPOSE. To perform deep phenotyping of subjects with PDE6C achromatopsia and examine
disease natural history.

METHODS. Eight subjects with disease-causing variants in PDE6C were assessed in detail,
including clinical phenotype, best-corrected visual acuity, fundus autofluorescence, and
optical coherence tomography. Six subjects also had confocal and nonconfocal adaptive
optics scanning light ophthalmoscopy, axial length, international standard pattern and full-
field electroretinography (ERG), short-wavelength flash (S-cone) ERGs, and color vision
testing.

RESULTS. All subjects presented with early-onset nystagmus, decreased best-corrected visual
acuity, light sensitivity, and severe color vision loss, and five of them had high myopia. We
identified three novel disease-causing variants and provide phenotype data associated with
nine variants for the first time. No subjects had foveal hypoplasia or residual ellipsoid zone
(EZ) at the foveal center; one had an absent EZ, three had a hyporeflective zone, and four had
outer retinal atrophy. The mean width of the central EZ lesion on optical coherence
tomography at baseline was 1923 lm. The mean annual increase in EZ lesion size was 48.3
lm. Fundus autofluorescence revealed a central hypoautofluorescence with a surrounding
ring of increased signal (n ¼ 5). The mean hypoautofluorescent area at baseline was 3.33
mm2 and increased in size by a mean of 0.13 mm2/year. Nonconfocal adaptive optics scanning
light ophthalmoscopy revealed residual foveal cones in only one of two cases. Full-field ERGs
were consistent with severe generalized cone system dysfunction but with relative
preservation of S-cone sensitivity.

CONCLUSIONS. PDE6C retinopathy is a severe cone dysfunction syndrome often presenting as
typical achromatopsia but without foveal hypoplasia. Myopia and slowly progressive
maculopathy are common features. There are few (if any) residual foveal cones for
intervention in older adults.

Keywords: adaptive optics, ophthalmoscopy, retinal phenotyping, inherited retinal diseases,
genetics, PDE6C, achromatopsia, ACHM5

Achromatopsia (ACHM) is an autosomal recessive condition
and clinically presents from birth or early infancy with poor

visual acuity (VA), pendular nystagmus, photophobia, and
reduced or absent color vision loss along all three axes.1,2

Disease-causing sequence variants have been reported in
CNGA3 (ACHM2, OMIM600053),3,4

CNGB3 (ACHM3,
OMIM605080),5 GNAT2 (ACHM4, OMIM139340),6,7

ATF6

(ACHM7, OMIM616517),8 PDE6H
9 (ACHM6, OMIMI610024),

and PDE6C
10 (ACHM5, OMIM600827). CNGB3 and CNGA3 are

responsible for 70% of the reported cases and are the most well-
studied genotypes, with on-going gene therapy trials (Clinical-
Tr ia ls .gov numbers NCT03758404, NCT02935517,
NCT03001310, NCT02599922, and NCT02610582). A recent
study by Weisschuh et al.11 estimated the prevalence of the
PDE6C genotype to be 2.4% in a cohort of 1074 independent
ACHM families. Due to its low prevalence, a limited number of

studies have focused on PDE6C-ACHM. In this study, subjects
with disease-causing sequence variants in PDE6C underwent
detailed phenotyping.

The PDE6C gene encodes the catalytic alpha subunit of the
cone photoreceptor phosphodiesterase, a key regulatory
component in cone phototransduction. A homologous mouse
model for PDE6C-associated ACHM is the spontaneous mouse
mutant cpfl1, featuring a lack of cone function and rapid, early
cone photoreceptor degeneration.10 In humans, PDE6C vari-
ants have been reported to cause both complete and
incomplete ACHM, cone dystrophy, and cone-rod dystrophy
(CORD) in cross-sectional studies.11–13 Few subjects have been
studied longitudinally either as case reports14 or as part of large
genetically heterogeneous cohorts of ACHM/cone dystrophy/
CORD.15–17 No longitudinal study investigating the natural
history of PDE6C retinopathy has been published to date.
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As cone photoreceptors are the target for gene replacement
therapies in other forms of ACHM, it is important to assess how
the cones are affected by PDE6C sequence variants to thereby
better understand the potential for future functional rescue. A
variety of noninvasive imaging tools are available for examining
retinal structure, and they have been applied extensively to the
more common forms of ACHM.18–20 Optical coherence
tomography (OCT) provides visualization of retinal lamination,
enabling measurements of the integrity of the ellipsoid zone
(EZ) and individual layer thickness. In the cone dysfunction
syndromes, of particular interest are the hyperreflective (EZ
and interdigitation zone) and hyporeflective (outer nuclear
layer [ONL]) bands associated with photoreceptors.21,22 In
patients with CNGA3- or CNGB3-ACHM, the EZ band is
disrupted or absent in about 70% of cases.19,20 The thickness
of the ONL is also significantly reduced in CNGA3- and CNGB3-
ACHM, although there is substantial variability between
subjects.20,23 No study to date has longitudinally investigated
OCT structure in a cohort of PDE6C-ACHM.

Confocal and nonconfocal adaptive optics scanning light
ophthalmoscopy (AOSLO) have been used for in-depth
phenotyping in inherited retinal diseases.24 AOSLO allows for
noninvasive, cellular-resolution imaging of the rod and cone
photoreceptor mosaic.25–27 In patients with CNGA3 or
CNGB3-ACHM, there is an absence of normally waveguiding
cone photoreceptors in confocal AOSLO (presenting as ‘‘dark
spaces’’),18,20 although the rod photoreceptor mosaic appears
normal (Patterson E, et al. IOVS 2018;59:ARVO E-Abstract 652).
Using a nonconfocal AOSLO technique, a remnant inner
segment structure has been observed in these patients that
spatially coincides with the nonwaveguiding cones seen in the
confocal image.20,28 Nonconfocal AOSLO has thereby allowed
the identification of a cone inner segment structure in these
spaces.29,30 This identification of cellular targets has under-
pinned the design and participant selection for planned and
on-going gene therapy trials of CNGA3 and CNGB3-ACHM.
Despite the characterization of CNGA3-, CNGB3-, and the rare
ATF6- and GNAT2-ACHM, there are no reports of AOSLO data
from patients with PDE6C-ACHM. The current study aims to
examine the foveal cone mosaic, possible perifoveal rod
involvement, and variation between patients using AOSLO.

In addition to the limited structural characterization of
PDE6C-ACHM, investigations of the functional phenotype have
also been limited. Comprehensive data are lacking on
electroretinography (ERG), color vision, and natural history.
This study details these phenotypic characteristics and
examines the potential for functional rescue compared with
other forms of ACHM.

METHODS AND MATERIALS

The study was approved by the ethics committee of Moorfields
Eye Hospital. Written informed consent was obtained from all
subjects attending the research appointment after explanation
of the nature and possible consequences of the study. The
research followed the tenets of the Declaration of Helsinki.

Subjects

Eight subjects from eight independent pedigrees with likely
disease-causing sequence variants in PDE6C were identified in
the genetics database of Moorfields Eye Hospital, London, UK.
All subjects were invited for a research appointment including
AOSLO imaging. One subject could not attend due to unrelated
healthcare problems and another was based abroad. Six of the
subjects were recruited and attended a detailed research visit,

and the available data of all eight subjects were used for
evaluating the natural history of the condition.

Genetics

All eight patients were screened for 176 genes associated with
retinal dystrophy by next-generation sequencing; PDE6C

var i an ts were confirmed by Sanger sequenc ing
(OMIM*600827) in the Manchester Centre for Genomic
Medicine, Manchester, United Kingdom.

Spectral-Domain OCT (SD-OCT)

SD-OCT imaging was performed on both eyes, following
cycloplegia and pupillary dilation with 1% tropicamide and
2.5% phenylephrine eye drops. Horizontal line and volume
scans were acquired with the Spectralis device (Heidelberg
Engineering, Heidelberg, Germany) by using the same protocol
as that used by Aboshiha et al.16 In addition, the device was
used in follow-up mode so that the same scanning location was
imaged at follow-up and baseline. To address difficulties caused
by nystagmus, the methods described by Tee et al.31 were used
to ensure serial analysis of the same subject-specific retinal
location. The foveal center is identified on the baseline
transfoveal OCT image, and the corresponding point is marked
on the accompanying baseline near infrared reflectance (NIR-
R) fundus image. The baseline NIR-R overlay was copied and
pasted on the final NIR-R fundus image as per vendor software
after aligning them. The vertical OCT marker position on the
final image is then adjusted to correspond to that shown on the
final NIR-R image so the line scan over the exact same location
is identified.

The extent of the central EZ disruption was measured after
marking the nasal and temporal boundaries of the EZ lesion by
using digital callipers (Heidelberg Eye Explorer; Heidelberg
Engineering) and a 1-lm:1-lm display with maximum magni-
fication. All OCT measurements were performed by the same
examiner (MG). The transverse scale of each image was
calculated using the axial length of the corresponding eye
when available. This was measured using the Zeiss IOL Master
(Carl Zeiss Meditec, Dublin, CA, USA) for the six subjects who
attended a research appointment. The same axial length
measured on the last follow-up was used also to correct the
baseline scans (all subjects were adults at baseline imaging, and
axial length was therefore assumed to be constant). The ONL
thickness was calculated as the distance between the internal
limiting membrane and the external limiting membrane also by
using the digital callipers.

Qualitative assessment of the foveal structure was per-
formed by grading SD-OCT images into one of five categories as
previously reported by Sundaram et al.19: (1) continuous EZ,
(2) EZ disruption, (3) EZ absence, (4) presence of a
hyporeflective zone, or (5) outer retinal atrophy. For each
subject, both right and left eyes were graded at baseline and
follow-up. Consensus grading was established by three
independent observers (NH, MG, and MM). The presence/
absence of foveal hypoplasia was also noted and defined as the
persistence of one or more inner retinal layers (outer plexiform
layer, inner nuclear layer, inner plexiform layer, or ganglion cell
layer) through the fovea.32 The prevalence of foveal hypoplasia
was compared with the reported prevalence in the literature.

Fundus Autofluorescence (FAF)

The earliest and the latest available FAF imaging for each eye
were used as baseline and follow-up, respectively. FAF imaging
was performed using the FAF mode on the Spectralis device
(Heidelberg Engineering), following pupillary dilation and after
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SD-OCT image acquisition. All FAF images were examined for
the pattern of autofluorescence and the presence of a
hyperautofluorescent ring. In subjects displaying a well-
demarcated region of reduced autofluorescence, the area was
measured by tracing the circumference of the hypoautofluo-
rescent central region with a mouse-driven cursor and
recording the area within, as calculated by image analysis
software (Heidelberg Eye Explorer; Heidelberg Engineering).
The ring area of the increased signal was calculated by
subtracting from the area delineated by the outer border of the
hyperautofluorescent ring the aforementioned central area of
reduced autofluorescence. All FAF measurements were made
by a single observer (MG).

Electroretinography

Six patients (age range, 20–42 years) had undergone interna-
tional standard full-field ERG and pattern ERG testing33,34 and
five had additional short-wavelength flash (S-cone) ERG testing
(stimulus duration 5 ms)35 at Moorfields Eye Hospital. All
available ERG data were reviewed by a consultant electrophys-
iologist (AGR).

Color Vision Tests

Patients underwent testing with Hardy-Rand-Rittler pseudoiso-
chromatic plates (AO-HRR, 4th edition; Richmond Products,
Inc., Albuquerque, NM, USA). AO-HRR plates were presented
under a Daylight Illuminator (Richmond Products, Inc.) and
scored using the accompanying worksheet.

A commercially available low-vision version of the Cam-
bridge Colour Test (lvvCCT) trivector version was performed
using the Metropsis system (Cambridge Research Systems Ltd.,
Rochester, Kent, UK). The test stimuli were presented on a
calibrated 32-inch monitor, with a refresh rate of 120 Hz, 1920
3 1080-pixel spatial resolution, and up to 16-bit (per channel)
color resolution. The stimuli consisted of four homogeneous
discs presented simultaneously on a 2-cd/m2 neutral back-
ground in a diamond-shaped array. Each disc subtended 4
degrees and was separated by 2.5 degrees from the adjacent
discs. The viewing distance was 150 cm. On each presentation,
one of the discs differed in chromaticity from the remaining
three, which remained of neutral hue. The patient was
instructed to report which of the four discs was different in
color36 by pressing the corresponding key on a five-key RB-540
Cedrus response box (Cedrus, San Pedro, CA, USA). Color
discrimination was probed along the protan, deutan, and tritan
confusion axes. For each axis, the corresponding saturation of
the color disc would decrease or increase according to
whether the patient answered correctly or incorrectly to the
previous trial, respectively. More information on the adaptive
procedure used by the lvvCCT is described in Simunovic et
al.36 On completion of the test, the lvvCCT returned the
saturation threshold along each confusion axis, which repre-
sents the minimum saturation required to discriminate the
color disc from the achromatic discs. Both color vision tests
were performed monocularly.

AOSLO Imaging of the Photoreceptor Mosaic

High-resolution imaging was attempted in six subjects by using
a previously described custom-built AOSLO37 at Moorfields Eye
Hospital/UCL Institute of Ophthalmology, London, UK. Imag-
ing with confocal, split detection (nonconfocal), and dark field
was performed.

Pupil dilation and cycloplegia were achieved as described
for OCT. Images were obtained over the central retina and in
strips extending from the fovea to 10 degrees in the temporal

and superior directions. Image sequences were recorded as AVI
files of 150 frames, either at a 18 and/or 1.58 square field of
view. A desinusoiding algorithm was applied to each image
sequence, and individual frames were selected,38 registered,39

and averaged to increase the signal-to-noise ratio for subse-
quent analysis. The final images were combined into a single
montage (Adobe Photoshop; Adobe Systems, Inc., San Jose,
CA, USA) in layers for the different detection schemes by using
a custom-built automated software.40 The scale was deter-
mined first in degrees per pixel in an image of a Ronchi ruling
of known spacing, after each imaging session. Then, the value
was linearly scaled by using the subject’s axial length. Peak
cone density was used for quantitative assessment of AOSLO
imaging as previously described,23 and the mosaics were also
qualitatively characterized.

Statistical Methods

Statistical analysis was performed with IBM SPSS Statistics for
Windows (version 22.0; IBM Corp., Armonk, NY, USA).

RESULTS

Demographics and Genetics

Eight subjects were ascertained, of which seven were female.
All subjects were unrelated and represent independent
pedigrees. Five of the subjects had homozygous variants and
were from consanguineous pedigrees. Ten different variants
were identified, with only one splicing defect (c.864þ1G>A)
being identified in two pedigrees (homozygous and compound
heterozygous). Of the 10 variants, 2 were nonsense, 6
missense, and 2 insertions leading to splicing defects. The
Combined Annotation Dependent Depletion score is above 20
for all variants, indicative of pathogenicity (Supplementary
Material).41 Three variants, namely, p.(Glu109Val), p.(Leu298-
His), and p.(Gly835Ter), are novel, not found in gnomAD
exomes/genomes despite good coverage, and not reported in
Clinvar. To the best of our knowledge, only one of the variants
has been previously subject to a published phenotype study
[p.(Arg102Trp)].11,19 No other homozygous or heterozygous
variants likely to modify or influence the retinal phenotype
were identified, and none were found in any other genes
associated with ACHM. The age of baseline examination was
not the same for all tests, and follow-up periods varied
(baseline data were obtained retrospectively). For each test,
the mean age, age range, and follow-up time are reported
individually. Demographics and genetics are summarized in the
Table.

Clinical Presentation

All subjects presented with early-onset fine nystagmus,
decreased VA, light sensitivity, and severe color vision loss.
None of the patients could recall any color discrimination. A
common feature for all subjects was refractive error, with high
myopia (>6 diopters) in five patients (62.5%), mild hyperopia
in two patients (25%), and myopic astigmatism in one patient
(12.5%). Axial length was available for the subjects who
underwent AOSLO imaging (n ¼ 6). The four subjects with
high myopia had a mean axial length of 27.29 mm (range,
26.85–27.67 mm) and the remaining two had mild hyperopia
with a mean axial length of 22.72 mm (range, 22.53–22.91
mm).

Mean baseline age (6SD, range) was 30 years (610.7, 10–
45) and mean follow-up (range) was 10 years (1.7–15.9 years).
Longitudinal VA data were available for all patients. Mean VA
(6SD) for both eyes at baseline was 0.92 LogMAR (60.11),
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ranging from 0.72 LogMAR to 1.0 LogMAR and at follow-up was

0.89 LogMAR (60.14), ranging from 0.72 LogMAR to 1.0

LogMAR. Best-corrected VA was stable over time (P¼0.399, t¼
0.899, df¼ 7). Six patients (P1–P6) reported stable vision with

no new visual complaints. Two patients (P7 and P8) reported

worsening of their central vision in their mid-40s. Patient P6

also reported a reduction in central vision in her late 20s, with

worsening photoaversion and a preference for darker tinted

spectacles.

Spectral-Domain OCT

No subject had a residual EZ at the foveal center; one subject
had an absent EZ (grade 3), three had a hyporeflective zone
(grade 4), and four had outer retinal atrophy. The width of the
EZ lesion at baseline was 1923 lm (range, 6 SD; 503–4087
lm, 61359 lm). Mean age 6 SD at baseline OCT was 36 6 8
years. One patient (P1) attended only once with only the OCT
from the right eye included for quantification; nystagmus
precluded accurate scanning of the left eye through the foveal
center. Foveal hypoplasia was absent in all PDE6C subjects. In
contrast, in previous ACHM cohorts, foveal hypoplasia was a
common finding. Ninety-seven of 146 previously reported
subjects with CNGA3- and CNGB3-ACHM15,18–20,42 and all 21
reported subjects with ATF6-ACHM had foveal hypoplasia
(Fisher’s exact test, P ¼ 0.0003).8,32,43

Seven patients had a mean follow-up of 5.6 years for OCT
(range, 1.7–8.3 years). The mean (range, 6 SD) annual rate of
increase in EZ lesion size was 48.3 lm (1.7–178, 661.7), with
all subjects progressing at highly variable rates. Patients P2, P4,
and P6 showed minimal if any change (Fig. 1; Table). In
contrast patients P3, P5, P7, and P8 progressed, however, at
different rates, with the two younger subjects (P3 and P5; Fig.
2, P3) progressing faster than the two older subjects (P7 and
P8; Fig. 2, P7). The rate of progression was similar between
eyes (P ¼ 0.123, t ¼ �1.794, df ¼ 6). Reduced foveal ONL
thickness was observed in all four subjects without atrophy
(mean ONL thickness 6 SD; 51.75 6 6.98 lm for the right eye
of patients P1, P2, P4, and P6 at last follow-up; Fig. 1). No
further thinning was observed over time (Fig. 1, P2, P4, and
P6). The Table summarizes OCT-related measurements.

FIGURE 1. Spectral-domain optical coherence tomography (SD-OCT)
in cases with minimal change over time. For all patients, both baseline
and follow-up horizontal transfoveal scans are presented at the same
scale. The central area marked with a dashed white rectangle is
magnified (33), below each scan. All three subjects had a grade 4 EZ
(presence of hyporeflective zone) both at baseline and follow-up,
confined to the fovea, with minimal increase in the EZ lesion size of
3.54/8.87, 2.01/0.68, and 1.65/2.76 lm/year for right/left eyes of P2,
P4, and P6, respectively. BL-R, baseline right eye; BL-L, baseline left eye;
FU-R, follow-up right eye; FU-L, follow-up left eye; y, years; yo, years
old.

FIGURE 2. Spectral-domain optical coherence tomography (SD-OCT)
in cases with progression over time. The nasal and temporal border of
the EZ lesion are marked with blue arrows and in the extent of the
lesion reported in orange numbers. The size of the EZ lesion increased
in P3 and P7 at rates (right eye/left eye) of 102.02/106.71 lm/year and
42.52/53.67 lm/year, respectively. Scale bars ¼ 200 microns, with all
scans at the same scale.
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Fundus Autofluorescence

Previously, Aboshiha et al.16 reported three patterns of FAF in
ACHM: (1) reduced central signal, (2) normal, and (3)
increased central signal. In this cohort, FAF was available for
all patients and none of the patients had increased signal
centrally. Three patients had normal FAF (P1, P4, and P6).
Patients P4 and P6, as mentioned previously, also had relatively
stable OCT findings; and P1 was the only patient with a grade 3
EZ on OCT.

A central well-defined area of hypoautofluorescence with a
surrounding ring of increased signal was present in five
subjects (P2, P3, P5, P7, and P8; mean age 6 SD, 34 6 7.8
years) who had a mean follow-up of 6.5 years (Fig. 3). The
mean hypoautofluorescent area at baseline was 3.33 mm2 and

3.78 mm2 for right and left eye, respectively, and increased in
size by a mean of 0.13 mm2/year and 0.15 mm2/year,
respectively. Both the baseline area of hypoautofluorescence
(P ¼ 0.135, t ¼ �1.869, df ¼ 4) and the annual rate of
progression (P ¼ 0.977, t ¼ �0.031, df ¼ 4) were similar
between eyes. The mean area of the hyperautofluorescent ring
at baseline was 2.03 mm2 and 2.21 mm2 for right and left eye,
respectively, and increased centrifugally at a similar rate (P ¼
1.66, t¼�1.692, df¼ 4) of 0.14 mm2/year and 0.10 mm2/year,
respectively. Both the area of atrophy and the ring of increased
AF expanded at comparable rates from the foveal center to the
periphery. The rate, however, was variable between subjects,
with patients P2 and P7 progressing minimally if at all. For P7,
one of the oldest patients in the cohort, the rate of OCT
progression was also minimal. The other patient that had

FIGURE 3. Fundus autofluorescence (FAF) images at baseline and follow-up for both eyes of six patients. P2, P3, P5, P7, and P8 have a central area of
hypoautofluorescence with a surrounding ring of increased signal. Both the area of atrophy and the ring of increased signal are expanding at
comparable rates from the foveal center to the periphery. The rate, however, was variable among subjects, with patients P2 and P7 progressing
minimally, if at all. P4 has a normal-appearing FAF at baseline and follow-up, with subtle foveal changes. All images are at the same scale. R, right eye;
L, left eye
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minimal change in OCT was P8; however, there was evidence
of progression on FAF, which may be due to the area of
decreased signal and the edge of the hyperautofluorescent ring
not being well defined on FAF images (Fig. 3, P8). The Table
summarizes the FAF measurements.

Electroretinography

Pattern ERGs were undetectable in five of five cases (age range,
20–42 years old) and technically unsatisfactory in one due to
severe nystagmus. The dark-adapted (DA) strong flash (DA10)
ERG a-waves were normal or mildly subnormal, with one older
case (P8) with the greatest axial length showing the greatest
(50%) reduction (Figs. 4 and 5A); the mean a-wave amplitude
was 33% lower than the mean for a control group of 130
unaffected individuals. The DA10 ERG a- and b-wave peak
times were within normal limits (Fig. 5B). Light-adapted (LA)
30-Hz flicker ERGs were undetectable (N¼ 5) or residual (N¼
1). Single flash cone (LA3) ERG b-waves were detectable but
delayed, and the mean amplitude was reduced by 90%
compared with that for the control group. The LA3 ERG
waveforms resembled those for S-cone ERGs (Figs. 4 and 5C).
The S-cone ERGs had a slightly simplified or monophasic
waveform shape but fell within the normal amplitude range,44

in all but one individual (P6) with a borderline response (Fig.
4).

Color Vision Tests

All patients underwent AO-HRR plate testing, and they were
able to correctly identify only the test plates. Five patients
underwent the low vision version of the Cambridge Colour
Test at the last follow-up, including three with detectable S-
cone ERGs. All of them scored the maximum or near-maximum
saturation allowed by the test. No color discrimination was
detected along any of the confusion axes in any patient.

AOSLO Imaging of the Photoreceptor Mosaic

Two of the six subjects that underwent AOSLO imaging had
montages that were analyzable and of an adequate image
quality. The confounding factors for successful image acquisi-
tion were nystagmus, high refractive error (P6, grade 4 EZ on
OCT), and a large area of atrophy in which no structure could
be identified (P3, P7, and P8; all with grade 5 EZ on OCT).
AOSLO was analyzable in patients P2 and P4. Both patients had
relatively stable disease and grade 4 EZ on OCT, with P2 having
a small hyperautofluorescent ring (Fig. 3, P2) and patient P4 a
normal FAF (Fig. 3, P4).

Patient P2 Mosaic. A central dark atrophic region was
imaged with a lack of waveguiding properties by using
confocal AOSLO, and ambiguous cellular structures (remnant
inner segments) were identified on nonconfocal split-detection
(Fig. 6). This is in direct contrast to other forms of ACHM
where inner segments are visible on split-detection over the
foveal center. Outside the foveal center, black spaces in the
confocal images corresponded to inner segments evident in
the split detection mode, as in CNGA3- and CNGB3-ACHM.
Cells along the edge of the lesion had preserved waveguiding
properties and corresponding inner segments on split-detec-
tion (Figs. 6B, 6C).

Patient P4 Mosaic. The central imaged area, including the
foveal center, was hyperreflective over most of its area, with a
small hyporeflective region temporally on confocal AOSLO
(Fig. 7A). The hyperreflective area was consistent with
atrophic changes, as previously reported for ATF6-ACHM,32

with no visible inner segments on split-detection. In contrast,
in the hyporeflective island, inner segments were identified on

split-detection, similar in appearance to CNGA3- and CNGB3-
ACHM (Fig. 7B). The peak cone density was calculated as
11,895 cone/mm2. Previous studies reported a mean peak
cone density (range) of 19,844 (6,574–54,785) cones/mm2,
21,373 (7,273–53,554) cones/mm2, and 130,508 (84,733–
165,080) cones/mm2 for CNGA3-ACHM,23

CNGB3-ACHM,20

and healthy controls,45 respectively. In the periphery, as in
patient P2, black spaces were identified on confocal imaging,
corresponding to observed inner segments on split-detection.
The signal-to-noise ratio on confocal imaging was low, but
there was evidence of some cones showing waveguiding
properties (Fig. 7).

DISCUSSION

This study details the deep phenotyping of a series of patients
with the rare form of PDE6C-associated ACHM, including
cross-sectional and longitudinal analyses of structural and
functional features. The clinical presentation, OCT, FAF, ERG,
color vision, and, uniquely for this disorder, AOSLO imaging
with confocal and split-detection were examined. The findings
indicate that PDE6C retinopathy has a distinct natural history
and features that differ from other forms of ACHM, which is of
relevance to clinical management and the potential for future
therapeutic intervention.

The full-field ERGs showed evidence of severe generalized
cone system dysfunction but with a relative preservation of
short-wavelength sensitivity, as seen previously in one other
rare form of ACHM (GNAT2),46 and resembling the findings in
blue cone monochromacy.47 The similarity of waveform shape
between the markedly reduced LA3 ERG and relatively
preserved S-cone ERG suggests a possible common origin.
The DA10 strong flash ERG abnormalities (Figs. 4, 5A) may
largely be explained by a loss of the DA cone system
contribution and high myopia, but an additional loss of rod
photoreceptor function may occur in some older individuals
(patient P8, with ERG at 38 years of age). Pattern ERG P50 was
undetectable, consistent with macular dysfunction, although it
is possible that attenuation was partly attributable to the
effects of nystagmus. In confocal AOSLO imaging, some
waveguiding cones were identified. However, the presence
of those cells and the residual S-cone ERG recordings did not
translate to residual color discrimination in any of the patients,
either with color vision testing or reported by the patients, a
finding also in common with a previously reported patient
with GNAT2-ACHM.46 A contributing factor for the color vision
findings in the PDE6C patients may be the presence of
maculopathy evident on OCT and FAF. Full-field ERGs have
minimal contribution from the central macula and reflect
generalized (peripheral) retinal function (full-field ERGs
typically remain normal if dysfunction is confined to the
macula). The lack of correlation may also relate to fundamen-
tally different test paradigms; conventional color vision tests
assess central rather than peripheral color vision and measure
color thresholds or color discrimination thresholds at the
macula, rather than suprathreshold responses from the
periphery (as for ERG). Another explanation might be that
the color vision test lacked the required sensitivity. More
detailed color vision testing will be of value to further establish
any residual color discrimination.

The FAF findings in older patients revealed areas of macular
atrophy. The atrophy extended beyond the rod-free region (Fig.
3, P5, P7, and P8). Stearns et al.48 reported a blind zebrafish
mutant with rapid degeneration of cone photoreceptors
caused by a disease-causing variant in PDE6C and a limited
amount of rod degeneration, primarily in areas with a low
density of rods. They proposed that rod photoreceptors in
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FIGURE 4. International-standard full-field ERGs and S-cone ERGs recorded from five subjects and one representative control subject for comparison
(N). Data are shown for one eye but all had symmetrical responses. Broken lines replace blink/eye movement artefacts related to nystagmus, for
clarity. Note increased amplitude scaling of LA 30 Hz and LA3 ERGs in the patients compared with the control. The DA10 ERG a-waves were normal
or mildly subnormal, with a tendency to be smaller in older subjects (P7 and P8). The mean a-wave amplitude was decreased. Single flash cone
(LA3) ERG b-waves were detectable but delayed, simplified, and reduced. The LA3 ERG and S-cone ERG waveforms were similar (see text for
details).
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areas of the retina with a high density of rods are protected
from degeneration, concluding that cell density plays a role in
determining whether rod photoreceptors degenerate as a
secondary consequence to cone degeneration. In contrast, the
homologous mutant cpfl1 mouse model for PDE6C-ACHM is
characterized by only a lack of cone function, with rapid, early
cone photoreceptor degeneration.10 Variants in PDE6C have
also now been associated with CORD in one patient in a recent
genotyping study in a large ACHM cohort.11 The reported
patient was among the oldest in that ACHM cohort (33 years

old), and the diagnosis was reclassified from ACHM to CORD.
In our cohort, all patients meet the clinical criteria of ACHM,
including decreased VA, photoaversion, no color discrimina-
tion, and nystagmus from birth/early infancy. A distinct
additional feature was refractive error observed in all patients,
with high myopia in the majority. Blue cone monochromacy
(BCM) presents similarly to ACHM, with severely reduced color
discrimination and visual acuity, photophobia, and nystagmus
in affected males (X-linked disease).2 High myopia and
relatively preserved S-cone ERGs (common features of both
PDE6C-ACHM and BCM) may mislead into the diagnosis of
BCM in male PDE6C patients. A distinguishing factor between
ACHM and BCM is that subjects with BCM have residual tritan
color discrimination.49 Molecular genetic testing will help to
confirm the correct diagnosis. Based on the findings of the
study herein, three patients can be classified as having
stationary disease (P1, P4, and P6), but cases P3, P5, P7, and
P8 showed evidence of progressive macular atrophy, with
possible peripheral rod system involvement in case P8.
Interestingly, none of our patients reported rod-related
problems (e.g., nyctalopia), all preferred mesopic conditions,
and all were photoaverse. Any rod involvement appears to be
minimal and late in the disease course.

In the on-going debate about the stationary or progressive
nature of ACHM, PDE6C patients should be studied individu-
ally. ACHM studies with different proportions of PDE6C

patients have shown conflicting results.15,17 Thiadens et al.,15

in a cohort with five PDE6C patients (20%), concluded that
ACHM was often a progressive disease. Hirji et al.,17 in a cohort
with one PDE6C subject (2%), concluded that ACHM was
predominantly stationary. In the latter study, the single patient
with PDE6C also showed a change in the area of reduced FAF,
which was greater than the total change of the other 17
patients with decreased autofluorescence and different ACHM
genotypes (CNGA3, CNGB3, and ATF6).17 The presence of a
hyperautofluorescent ring (Fig. 3) in five patients is a feature
not previously described in PDE6C-ACHM or other ACHM
genotypes. Robson et al.50 demonstrated that increased FAF in
CORD was associated with reduced rod and cone sensitivity,

FIGURE 5. ERG graphs. (A) The mean a-wave amplitude was 33% lower
than the mean for a control group of 130 unaffected individuals. Light-
adapted (LA) 30-Hz flicker ERGs were undetectable or residual (P7). (B)
and (C) show data from right eyes. (B) The DA10 ERG a- and b-wave
peak times were within normal limits. (C) The LA3 ERG and S-cone ERG
amplitudes were similar. The lower limit of normal amplitude for the LA3
ERG is 101 lV and that for the S-cone ERG is 10 lV.44

FIGURE 6. Adaptive optics scanning light ophthalmoscopy (AOSLO) of
P2. (A) Confocal AOSLO photoreceptor mosaic scaled and superim-
posed on an FAF image. A central dark atrophic region was imaged,
revealing a lack of waveguiding properties. The white square marks
the 200-lm square in greater magnification in (B). (B) Confocal
imaging and (C) split-detection image over the same location. The top
right corner lacks waveguiding properties on (B) and ambiguous
cellular structures (blue arrow heads, remnant inner segments) are
seen on split-detection (C). A few cones at the edge of the lesion have
greater preserved reflectivity, and inner segments on split-detection
and are marked with yellow arrowheads. Scale bar for (A), 1000 lm;
and for (B, C), 100 lm
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with scotopic sensitivity reductions being milder than phot-
opic losses. Another notable difference between PDE6C and
other genotypes of ACHM is the normal inner retinal
lamination. Previous studies have found foveal hypoplasia in
all patients with ATF6-ACHM8,32,43 and in most of the patients
with CNGA3 and CNGB3-ACHM.17,20,23 The other form of
ACHM without foveal hypoplasia is GNAT2-ACHM.46 However,
GNAT2-ACHM most commonly presents with a continuous
EZ,16 in direct contrast to PDE6C-ACHM, in which all the
patients have grade 3 to 5 EZ changes.11–13

AOSLO revealed residual structure in only one of the two
patients successfully imaged with a grade 4 EZ on OCT. In
subjects with foveal atrophy (grade 5 EZ), there are unlikely to
be any residual cones in the foveal center. Interestingly, a
naturally occurring nonhuman primate with ACHM caused by a
homozygous missense variant in PDE6C p.(R565Q) showed
better preserved EZ in four macaques imaged with OCT (age
range, 2–11 years old).51 Given the loss of foveal EZ in all of our
subjects (and all the previously reported subjects in the
literature), there is likely to be a more limited therapeutic
window for intervention than in other forms of ACHM, in
which EZ can be relatively preserved in around 40% to 50% of
the cases.20,23 This highlights the need for deep phenotyping
of affected children with PDE6C-associated disease and
potentially milder cases that may be more amenable to
functional rescue. In contrast, cones in patients with BCM
can survive in reduced numbers with limited outer segment
material and without waveguiding properties, suggesting the
potential value of gene therapy for BCM.52–54

In our study, 88% of the participants were female and males
were underrepresented, without, however, any expected sex-
specific differences. The disorder is rare, with an estimated

prevalence of 1 in 1.25 million, and international multicenter
collaborative studies may be needed to corroborate our
findings and to further investigate the natural history and
phenotype.

This is the first in-depth analysis, with AOSLO, international-
standard full-field ERGs and S-cone ERG, and detailed clinical
information, and longitudinal study including FAF and OCT of a
cohort with PDE6C-associated ACHM. The data presented
herein extend the phenotypic spectrum of ACHM, detailing
some distinct features and other characteristics that are less
common in CNGA3-, CNGB3-, GNAT2-, and ATF6- associated
disease. Patients present with typical symptoms of ACHM but
associated with slowly progressive maculopathy and with little
evidence of residual macular cones in adulthood. The study
suggests a limited window of therapeutic opportunity com-
pared with cases of CNGA3- and CNGB3-ACHM.
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PURPOSE. Mutations in six genes have been associated with achromatopsia (ACHM): CNGA3,
CNGB3, PDE6H, PDE6C, GNAT2, and ATF6. ATF6 is the most recent gene to be identified,
though thorough phenotyping of this genetic subtype is lacking. Here, we sought to test the
hypothesis that ATF6-associated ACHM is a structurally distinct form of congenital ACHM.

METHODS. Seven genetically confirmed subjects from five nonconsanguineous families were
recruited. Foveal hypoplasia and the integrity of the ellipsoid zone (EZ) band (a.k.a., IS/OS)
were graded from optical coherence tomography (OCT) images. Images of the photoreceptor
mosaic were acquired using confocal and nonconfocal split-detection adaptive optics
scanning light ophthalmoscopy (AOSLO). Parafoveal cone and rod density values were
calculated and compared to published normative data as well as data from two subjects
harboring CNGA3 or CNGB3 mutations who were recruited for comparative purposes.
Additionally, nonconfocal dark-field AOSLO images of the retinal pigment epithelium were
obtained, with quantitative analysis performed in one subject with ATF6-ACHM.

RESULTS. Foveal hypoplasia was observed in all subjects with ATF6 mutations. Absence of the
EZ band within the foveal region (grade 3) or appearance of a hyporeflective zone (grade 4)
was seen in all subjects with ATF6 using OCT. There was no evidence of remnant foveal cone
structure using confocal AOSLO, although sporadic cone-like structures were seen in
nonconfocal split-detection AOSLO. There was a lack of cone structure in the parafovea, in
direct contrast to previous reports.

CONCLUSIONS. Our data demonstrate a near absence of cone structure in subjects harboring
ATF6 mutations. This implicates ATF6 as having a major role in cone development and
suggests that at least a subset of subjects with ATF6-ACHM have markedly fewer cellular
targets for cone-directed gene therapies than do subjects with CNGA3- or CNGB3-ACHM.

Keywords: ATF6, achromatopsia, foveal hypoplasia, cones

Achromatopsia (ACHM) is an autosomal recessive condition

that is characterized by a lack of cone photoreceptor

function. Subjects present at birth or early infancy with

nystagmus, reduced visual acuity, photoaversion, and reduced

or absent color vision.1,2 Disease-causing sequence variants in

the genes encoding the alpha and beta subunits of the cone-

specific cyclic nucleotide gated ion channel (CNGA3 and

CNGB3, respectively) account for approximately 70% of all

cases of ACHM,3 although variants in genes encoding for other

components of the cone phototransduction pathway (GNAT2,

PDE6H, PDE6C)4–6 have also been associated with ACHM.

Advances in genetic testing have resulted in discovery of a

genetic basis for nearly all patients with ACHM.7 Any remaining

molecularly unconfirmed cases of ACHM may actually be

misdiagnosed cases of atypical cone-rod dystrophy. That said,

additional genes cannot be ruled out. For example, mutations in

ATF6 were recently identified in some subjects with ACHM

who were negative for mutations in the aforementioned
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phototransduction genes.8–11 The ATF6 protein encodes an
endoplasmic reticulum (ER) localized transcription factor that
helps maintain ER homeostasis, as part of the unfolded protein
response (UPR). As one of three transmembrane proteins that
regulate the UPR, ATF6 is activated upon ER stress to
transcriptionally upregulate ER chaperones and ER protein
folding enzymes that help alleviate ER stress and restore
cellular homeostasis.12–14 Disease-causing sequence variants in
ATF6 result in dysfunction of this critical signaling pathway.
This seems especially detrimental to photoreceptor cells,
which are among the most metabolically active cells in the
human body.15,16

As gene replacement therapy efforts in ACHM target cone
photoreceptors, it is important to fully understand how these
cones are affected by a given genotype. A variety of
noninvasive imaging tools are available for examining retinal
structure, and these have already been applied extensively to
the more common forms of ACHM.17–21 Optical coherence
tomography (OCT) provides visualization of retinal lamination,
enabling measurements of retinal layer thickness and intensity.
Of particular interest are the hyperreflective (ellipsoid zone,
EZ, and interdigitation zone, IZ) and hyporeflective (outer
nuclear layer, ONL) bands associated with the photorecep-
tors.22,23 In subjects with CNGA3- or CNGB3-associated ACHM
(abbreviated CNGA3-ACHM and CNGB3-ACHM, respectively)
the EZ band at the fovea is disrupted or absent in
approximately 68% of cases.20,21 The thickness of the ONL is
also significantly reduced in CNGA3- and CNGB3-ACHM,
although there is substantial variability among subjects.20,21,24

Another imaging tool—adaptive optics scanning light ophthal-
moscopy (AOSLO)—enables noninvasive, cellular resolution
imaging of the rod and cone photoreceptor mosaic. In subjects
with CNGA3- or CNGB3-ACHM, there is an absence of normal
waveguiding cone photoreceptors when imaged with the
confocal modality of AOSLO,17,21 although the rod photore-
ceptors appear normal (Patterson E, et al. IOVS 2018;59:ARVO
E-Abstract 652). Using a nonconfocal split-detection AOSLO
technique, extensive remnant photoreceptor inner segment
structures have been observed in these subjects that coincide
spatially with the non-waveguiding cones seen in the confocal
images.21,25

To date, the imaging findings in ATF6-associated ACHM
(ATF6-ACHM) include bilateral loss of the foveal reflex on
fundus examination,8 and variable abnormalities in fundus
autofluorescence imaging.9 In addition, foveal hypoplasia with
minimal foveal pit formation has been observed in all subjects
with ATF6-ACHM to date.9,10 A single study used a commercial
prototype AOSLO to image one subject with ATF6-ACHM,9 and
reported supranormal cone density outside the central fovea.
This is in stark contrast to previous reports in patients with
CNGA3- or CNGB3-ACHM,17,19,21 raising questions about
possible genotype-dependent differences in cone structure as
well as highlighting the need to more fully examine cone
structure in additional subjects with ATF6-ACHM. Here, we
sought to further examine retinal structure in ATF6-ACHM
using OCT and AOSLO.

METHODS

Subjects

Seven genetically confirmed subjects from five nonconsangui-
neous families (MM_0044 and MM_0043, and MM_0147 and
MM_0152 are siblings, respectively) were recruited through
one of four sites (Table 1). Informed consent was obtained
from all participants. Three subjects were imaged at the
Medical College of Wisconsin and four subjects were imaged at
Moorfields Eye Hospital, London. Data from two additional
non-ATF6 ACHM subjects, one CNGA3-ACHM and one CNGB3-
ACHM, were included for comparison (see Table 1 for details).
This study followed the tenets of the Declaration of Helsinki
and was approved by the institutional review boards at the
Medical College of Wisconsin (PRO17439 and PRO30741) and
University College London/Moorfields Eye Hospital (UCL/
MEH).

Genetics

All seven subjects had genetic sequencing performed, with five
of the subjects previously reported in the literature (Table
1).9,10 One unreported mutation was found (TM_11446) that
deleted 1637 nucleotides and leads to a deletion of exons 2 and
3 of the ATF6 gene. This deletion is in the transcription

TABLE 1. Subject Demographics

Subject Sex Age Gene Genotype

Axial Length, mm

Right Eye Left Eye

JC_10069* M 18 CNGA3 c.847C>T / p.Arg283Trp 23.13 23.59

c.542A>G / p.Tyr181Cys

JC_10232† M 18 CNGB3 c.1148delC / p.Thr383Ile fs*13, homozygous 26.22 27.06

MM_0043‡ F 49 ATF6 c.970C>T / p.Arg324Cys, homozygous 24.33 24.38

MM_0044‡ F 44 ATF6 c.970C>T / p.Arg324Cys, homozygous 20.60 20.51

MM_0147‡ F 25 ATF6 c.1187þ5G>C / p.Asn366His fs*12, homozygous 22.59 22.58

MM_0152‡ F 26 ATF6 c.1187þ5G>C / p.Asn366His fs*12, homozygous 23.08 23.12

AV_10962 F 25 ATF6 c.1699T>A / p.Tyr567Asn, homozygous 22.60 22.55

TM_11446 M 10 ATF6 c.970C>T / p.Arg324Cys 24.42 24.51

c.(82þ1_83-2)_(247þ1_248-1_del)§

JC_11438jj F 6 ATF6 c.1126C>T / p.Arg376Ter 19.45 19.34

c.1533þ1G>C

F, female; M, male.
* Subject previously reported in multiple studies.25,39

† Subject previously reported in multiple studies as ACHM-001-CEI-001.21,47

‡ Subject reported by Kohl et al.9

§ This is a novel deletion in exons 2 and 3, which removes part of the acidic activator domain of ATF6 required for its transcriptional activator
properties.
jj Subject reported by Xu et al.10
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activation region within the cytosolic domain, and thus would
be predicted to be deleterious (though no in silico predictions
are available for this deletion). Familial testing confirmed that
this deletion was in trans to the other mutation in this subject
(c.970C>T / p.Arg324Cys), which has been previously
reported in other patients.9

OCT Imaging and Analysis

Prior to imaging, the combination of tropicamide (1%) and
phenylephrine hydrochloride (2.5%) was used for cycloplegia
and pupillary dilation in all but two subjects who were
children, and Cyclomydril (Alcon Laboratories, Fort Worth, TX,
USA) was used instead. Bioptigen SD-OCT (Leica Microsystems,
Wetzlar, Germany) was used to acquire volume and horizontal
line scans at the fovea. Horizontal line scans were obtained
with a nominal scan length of 7 or 8 mm and volume scans
were 7 3 1 and 7 3 7 mm in scan length. Images in both eyes of
all subjects were acquired, with the exception of JC_11438 in
whom only the right eye was imaged. The OCT images were
processed using ImageJ,26 and between 7 and 29 individual B-
scans were registered and averaged to improve signal-to-noise
ratio for subsequent analysis, as previously described.27 Foveal
line scans were graded for EZ disruption by one observer
(R.R.M.) using a previously established grading system.20,21 In
summary, grade 1 corresponds to a continuous EZ band, grade
2 is EZ disruption, grade 3 is the absence of the EZ band, grade
4 is the appearance of a hyporeflective zone, and grade 5 is
outer retinal atrophy. Foveal ONL thickness—defined as the
distance between the inner limiting membrane and external
limiting membrane (ELM) in the case of complete foveal
excavation or the distance between the outer plexiform layer
and ELM in the case of incomplete foveal excavation20,21—was
evaluated using OCT Reflectivity Analytics (ORA) soft-
ware.24,28 Foveal hypoplasia, defined as the presence of one
or more inner retinal layers through the fovea, was also
assessed.18,20,29 Axial length measurements (IOL Master; Carl
Zeiss Meditec, Dublin, CA, USA) were obtained in both eyes of
all subjects for use in deriving the lateral scale of the OCT and
AOSLO retinal images.

AOSLO Imaging and Analysis

High-resolution imaging was attempted in all seven subjects
using one of three previously described custom-built AOSLO
devices.25,30,31 Videos were acquired at the fovea in addition to
a strip extending from the fovea out to 108 in the temporal
direction. Since the system uses optical scanners to capture
videos, there is inherent distortion, which is made worse by
involuntary eye movements like nystagmus seen in ACHM
subjects. The AOSLO videos were registered and averaged32 to
an automatically selected reference frame.33 This method
increases the signal-to-noise ratio of the resulting processed
images. Three AOSLO modalities (confocal, split-detection, and
dark-field) are acquired simultaneously,25,34 and therefore, at
the same location. The best-quality processed images were
determined manually and imported into a program that
automatically aligned the individual AOSLO images from each
location to create a larger montage spanning the region of the
retina that was imaged.35 Upon completion, the images were
entered into Adobe Photoshop (Adobe Systems, Inc., San Jose,
CA, USA) where alignment of each image was manually
checked and adjusted as needed. Montages of different fields
of view (ranging from 1.08 3 1.08 to 3.08 3 3.08) were then
scaled and combined into a single montage for each subject for
analysis.

Two of the seven subjects had montages that extended to
approximately 108 in the temporal direction with sufficient

image quality to determine cell counts across the imaged
region. Peak cone density is typically used to aid determina-
tion of eccentricity; however, subjects with ATF6-ACHM have
minimal, if any, discernable cones in the fovea so peak cone
density could not be calculated. The foveal center was
therefore identified as the geometric center of the foveal
lesion, found from marking the outermost edges in the
vertical and horizontal directions. Measurements of eccen-
tricity were referenced to this location. Regions of interest,
100 3 100 lm in size, were selected at 58 and 108 temporal to
the foveal center using semiautomated cone counting
software (Translational Imaging Innovations).36 In ATF6-
ACHM, all objects that represented small, round structures
with an approximate Gaussian reflectivity profile within the
region of interest were counted in the confocal modality and
used to estimate cell densities.19 In CNGA3- and CNGB3-
ACHM the reflective structures seen in the confocal modality
were representative of rod photoreceptors17,21; therefore the
hyporeflective structures surrounded by hyperreflective rods
were counted to derive cone density measurements at both
eccentricities for comparison to the cell density counts of
ATF6-ACHM.

Statistics

Data analysis included statistical tests performed using Prism
version 7.0 (GraphPad Software, La Jolla, CA, USA). Normality
was assessed using the Shapiro-Wilk normality tests for all data
sets. Nonparametric tests were used to assess nonnormally
distributed data.

RESULTS

Disrupted Foveal Anatomy Observed in All
Subjects With ATF6-ACHM

Foveal hypoplasia was evident in OCT images for all subjects
(Fig. 1), and is consistent with previous reports of ATF6-
ACHM.9 All 21 reported ATF6-ACHM subjects (including those
reported here) show foveal hypoplasia,9,10 which is markedly
different when compared to the 97/146 previously reported
subjects with CNGA3- and CNGB3-ACHM (P < 0.0001, Fisher’s
exact test).17,20,21,37,38 While foveal hypoplasia is observed in
subjects with CNGA3- and CNGB3-ACHM,20 the incomplete
foveal development consistently seen in ATF6-ACHM is unusual
in comparison to the other genetic causes. In addition,
disrupted foveal lamination was observed in all subjects; either
grade 3 (Fig. 1, top row) or grade 4 (Fig. 1, bottom row) EZ
disruption.20 Interestingly, there was also evidence of other
disorganization seen at the fovea; with hyperreflective
structures of unknown origin visible within the ONL of two
subjects, MM_0043 and MM_0044, and what might be Müller
glial cells below the ELM in MM_0152 and JC_11438 (Fig. 1).
Foveal ONL thickness was highly variable in the seven cases
studied, ranging from 39.22 to 174.04 lm, and the mean 6 SD
foveal ONL thickness for ATF6-ACHM was 95.23 6 41.88 lm.
As shown in Figure 2, this was slightly lower than previously
reported values for controls (110.60 6 15.67 lm).24 However,
due to the small number of subjects with ATF6-ACHM and the
larger range in their ONL thickness, this was not significant (P
¼ 0.3215, Dunn’s multiple comparisons test). The ONL
thickness in the subjects with ATF6-ACHM, while greater,
was not significantly different from previously reported values
for CNGA3- (74.18 6 21.80 lm; P ¼ 0.6232, Dunn’s multiple
comparisons test)39 or CNGB3-ACHM (74.15 6 15.96 lm; P¼
0.5158, Dunn’s multiple comparisons test).21
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Central Foveal Lesions With Ambiguous Structures
Seen in AOSLO

We were not able to process or analyze the AOSLO images from
two of our subjects (JC_11438 and MM_0043), due to poor
image quality. However, four of the remaining five subjects had
successful imaging sessions that allowed for construction of a
complete foveal montage (five eyes total). Despite variations in
image quality, a central foveal lesion, denoted by a distinct,
dark ring in confocal AOSLO (Fig. 3), was observed in all eyes
imaged. A fifth subject (AV_10962) had good image quality in
both eyes, and while the presence of a foveal lesion could be
confirmed, the montages were incomplete and did not include
the entire lesion. Although sporadic structures were observed
within all lesions using split-detector AOSLO (Figs. 3, 4), their
appearance was highly variable and distinct from those seen in
images of CNGA3- or CNGB3-ACHM. In the CNGA3 and
CNGB3 forms of ACHM, a clear foveal cone mosaic can be
visualized using split-detection AOSLO (Figs. 3, 4), and in some
subjects the mosaic can be contiguous.21,25,39 Using confocal
AOSLO, the majority of features at the fovea of ATF6-ACHM
seemed to be retinal pigment epithelial (RPE) cells, observed as
hyporeflective, hexagonal structures that did not align to any
distinct features in the split-detection modality, but rather
directly aligned with the dark-field RPE mosaic (Fig. 4,
MM_0152). However, occasional isolated cone-like structures
were observed in the split-detection images (Fig. 4, white
arrows). Within the lesion of MM_0147, large, circular
structures were visible in the nonconfocal split-detection
images (Fig. 4), which could originate from swollen, non-
waveguiding cones, perhaps in the process of degeneration, or
from RPE cells. Additionally, the ambiguous structures congre-
gated around the edge of the lesion in MM_0044, also seen in
the nonconfocal split-detection images, could represent rods or
cones (Fig. 4). These observations are in keeping with a
general absence of foveal cone structure in ATF6-ACHM.

Subject TM_11446 had very unusual dark-field images.
Punctate structures were seen throughout the foveal region
(Fig. 4) that were unlike anything we have observed in the
other subjects with ATF6-ACHM or any previous subjects with
CNGA3- or CNGB3-ACHM. We analyzed the density of these
structures at three regions of interest (Fig. 5). The densities
were 5898, 5402, and 4888 cells/mm2, at 18, 28, and 38

FIGURE 1. Disrupted foveal structure in ATF6-ACHM visualized with SD-OCT. An SD-OCT scan at the fovea of a subject with normal vision is shown
for reference. Severe foveal hypoplasia (persistent inner retinal layers at the fovea) was observed in all seven subjects. All subjects showed
disruption of the EZ, either as a grade 3 (top three subjects) or a grade 4 (bottom four subjects). In contrast, subjects with CNGA3- or CNGB3-ACHM
have a more variable EZ phenotype, with all five EZ grades having been observed.20,21 Scale bar: 100 lm.

FIGURE 2. Variably reduced ONL thickness in ATF6-ACHM. Box plots
show the median ONL thickness (dashed horizontal line) and 25th
and 75th quartile (solid horizonal line) for each group of subjects. The
error bars represent the minimum and maximum values within each
group. A Kruskal-Wallis test revealed a significant difference between
groups (P < 0.0001), and Dunn’s multiple comparisons test was used
to examine difference between specific pairs of groups. Individual P

values are listed on the graph for clarity. The previously published
CNGA3-39 and CNGB3-ACHM subjects21 have reduced ONL thickness
compared to the published control data.24 The subjects with ATF6-

ACHM had thicker ONL compared to the CNGA3 and CNGB3 data, but
were not significantly different from the controls.
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FIGURE 3. Foveal lesions in ATF6-ACHM as seen with AOSLO. Montages of the fovea are shown in both confocal (left) and split-detection (right)
modalities. While subjects with CNGA3- or CNGB3-ACHM generally have a hyporeflective-appearing fovea with confocal AOSLO,21 the subjects with
ATF6-ACHM showed an elliptical hyperreflective lesion at the fovea. The structure within this lesion was reminiscent of RPE, as has been reported
in subjects with advanced cone-rod dystrophy.57 On split detection, the subject with CNGB3-ACHM showed numerous remnant cone structures
within the foveal region, and the extent of remnant cone structure has been reported to vary across subjects by nearly 8-fold.21 In contrast, subjects
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eccentricity, respectively. These values are in excellent
agreement with previously reported values for RPE cell
densities at similar retinal locations from histology40,41 and in
vivo AOSLO imaging.34,42–44 While this is suggestive of an RPE

origin for these structures, the appearance of the structures
seen here is unlike any of the published AOSLO images of RPE
cells, regardless of the modality used.

Parafoveal Photoreceptor Mosaic in ATF6-ACHM
Has Density Consistent With the Normal Rod, Not
Cone, Mosaic

Two subjects (MM_0044, MM_0147) had stable fixation and
good image quality that enabled reliable imaging and parafo-
veal analysis in the temporal retina. In the CNGA3 and CNGB3

forms of ACHM, both rods and cones can be easily
distinguished.21,25,39 In these subjects, the parafoveal cones
appear dark (i.e., non-waveguiding) on confocal AOSLO
surrounded by the smaller hyporeflective rods, though their
inner segments can be visualized in split-detection AOSLO (Fig.
6). In contrast, both ATF6-ACHM individuals had a contiguous
mosaic of cells of uniform size on both the confocal and split-
detector AOSLO images (Fig. 6). When the parafoveal cell
counts of MM_0044 and MM_0147 were compared to normal
rod and cone density values from imaging and histology studies
at comparable eccentricities,45,46 they were more similar to
normal rod density (Table 2). This is consistent with an
absence of cone structure in the parafovea of these two
subjects with ATF6-ACHM.

DISCUSSION

Kohl et al.9 suggested that a poorly formed or absent foveal pit
may be a hallmark of ATF6-ACHM, which is confirmed by the
high-resolution data presented here. Foveal hypoplasia was
observed in all seven subjects with ATF6-ACHM, again
consistent with previous reports.9,10 The increased prevalence
of hypoplasia may contribute to the observed ONL differences
reported in Figure 2. In addition, only grade 3 and grade 4 EZ
disruption was observed in direct contrast to CNGA3- and
CNGB3-ACHM, in which all five EZ grades were ob-
served.20,21,47 In previous work, 2% to 15% of subjects with
CNGA3- and CNGB3-ACHM had grade 3 EZ disruption and 24%
to 31% had grade 4.20,21,24 Further disorganization was
observed at the fovea including hyperreflectivity of the ONL
(MM_0043, MM_0044) and apparent thickening of the ELM
(MM_0152, JC_11438). These findings suggest that the normal
foveal development is significantly disrupted in individuals
with ATF6-ACHM, but it remains an unanswered question as to
what aberrant development is taking place. Furthermore,
nonconfocal split-detection AOSLO allowed us to observe
structures in the foveal region that appear to be RPE cells from
the appearance in the dark-field AOSLO, although the
possibility of cones being present cannot be completely
discounted. Lastly, we examined the parafoveal photoreceptor
mosaic. Kohl et al.9 reported that individuals with ATF6-ACHM
lacked cones at the fovea but had supranormal cone densities
outside the foveal region. However, in contrast, we found a
general absence of cones at the fovea and a complete absence
of cones in the parafoveal regions. Although cell counts were
higher in the parafovea, we hypothesize that these cells are
rods rather than cones, based on both density and relative size.
Commercially available AO systems, such as the one used in the
earlier study,9 are typically geared toward more clinical use.
These systems frequently have limited resolution making it
difficult to disambiguate rod from cone structure and to

FIGURE 4. Reduced foveal cone structure in ATF6-ACHM as seen with
AOSLO. Images are numbered according to the labels in Figure 3, and
the three images for each subject were acquired simultaneously and are
spatially coregistered. The CNGB3 image shows many remnant inner
segments on split detection, though these cones are not waveguiding
normally, resulting in a hyporeflective confocal image. In the subjects
with ATF6-ACHM there were isolated locations of remnant cone
structures observed in the split-detection images (e.g., arrows [6, 10]),
though they are very different in frequency than what is typically seen
in subjects with CNGA3- and CNGB3-ACHM.21,39 Within the fovea of
subjects with ATF6-ACHM, the hyporeflective structure observed with
confocal imaging aligned with structure in the dark-field image in many
cases (see MM_0152 and MM_0044 for particularly clear examples).
These images are consistent with the RPE mosaic and a general absence
of cone structure (a small group of RPE cells are outlined in the
confocal and dark-field images for MM_0152). One subject (TM_11446)
had large reflective structures in the dark-field image, in stark contrast
to the other subjects as well as previously published dark-field
images.34

Scale bar: 25 lm.

with ATF6-ACHM had few (if any) cones visible in the split-detection images. For example, MM_0044 had a sparse array of presumed cones on the
border of the foveal lesion, while MM_0147 had a few small patches of inner segments that appeared enlarged compared to the CNGB3-ACHM
retina. Numbered (1–10) squares represent locations of the images shown in Figure 4. Scale bar: 200 lm.
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reliably image foveal cones.48,49 As well, many prior studies
erroneously assume that all reflective dots in the AO-flood or
AOSLO images represent cone photoreceptors. Thus, caution
should be used when interpreting such data. Nonconfocal
imaging modalities like the split-detection AOSLO used here
can help define remnant cone structure without being reliant
on intact waveguiding properties of the cell.25,50–52 It is
important to note that next-generation commercial systems are
improving significantly, with many incorporating nonconfocal

modalities,53–55 so interpretation of AOSLO images should only
improve.

When the peripheral and foveal appearance on AOSLO are
taken together, ATF6-ACHM represents a unique phenotype.
The most frequently observed phenotype in CNGA3- and
CNGB3-ACHM is the presence of dark, non-waveguiding cones
in confocal images corresponding to remnant inner segment
structures in split-detection images, albeit highly variable in
density.21,39 Another AOSLO phenotype has been reported in

FIGURE 5. Unusual dark-field AOSLO images in a subject with ATF6-ACHM. Shown are parafoveal images from the left eye of subject TM_11446.
Images were collected at 18 (A–C), 28 (D–F), or 38 (G–I) from the foveal center. Simultaneous confocal (A, D, G), split-detector (B, E, H), and dark-
field images (C, F, I) were acquired at each location. The smaller reflective structures in the confocal images are likely rods, based on their small size
and corresponding absence of cone inner segment structure in the split-detector images (see Figs. 3 and 6 for comparison to CNGA3- and CNGB3-
ACHM). The dark-field images reveal a relatively contiguous mosaic of cell-like structures, which we propose may be RPE in origin. The densities
were 5898, 5402, and 4888 cells/mm2 at 18, 28, and 38 eccentricity, respectively. These values are consistent with ex vivo and in vivo estimates of
RPE cell density at similar retinal locations (see text). Scale bar: 50 lm.
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GNAT2-ACHM, as these individuals have contiguous foveal
cone mosaics with normal-like waveguiding behavior,19 con-
sistent with reports of remnant cone function in some patients
with GNAT2 mutations.56 However, what has been observed
here in ATF6-ACHM is certainly unique as there is a foveal
lesion with a general absence of cones in addition to solely rod
photoreceptors in the parafovea. That said, the preserved (or
even increased) ONL thickness in some subjects with ATF6-

ACHM (Fig. 2) is paradoxical given the absence of cone
structure on AOSLO. This could be due to preserved cone
nuclei or altered morphology of the remaining rod nuclei, or it
could be an artifact caused by the severe hypoplasia.

Here, the clear visibility of the foveal RPE mosaic with
confocal AOSLO in some of the subjects with ATF6-ACHM is
also consistent with a general absence of foveal cone structure
in these retinas. The RPE mosaic appearance has been reported
by Scoles et al.34 in central serious retinopathy when the retina
is detached and cross-talk between the photoreceptor layer
and RPE is minimized, which in turn allows for a clear

visualization of the RPE hexagonal mosaic. Furthermore, it has
also been observed by Roorda et al.57 in cone dystrophy where
the photoreceptors are eliminated, leaving the RPE visible.
While dark-field AOSLO images also revealed a hexagonal RPE
mosaic in some of our subjects that was similar in appearance
to previously published data from multiple AOSLO modali-
ties,34,42–44 the appearance of the dark-field AOSLO images in
subject TM_11446 is unlike anything we have seen in imaging
hundreds of patients with inherited retinal degenerations. It is
difficult to speculate why these presumed RPE cells are so
different in appearance or whether this has anything to do
with the specific (and unique) ATF6 mutation in this subject.
While we cannot confirm the cellular identity of these unusual
structures, further imaging of this patient using ICG-AOSLO,43

NIRAF- or SWAF-AOSLO,44 or even AO-OCT58,59 may aid in
interpretation.

There are important limitations to the present study. First,
the parafoveal data demonstrating a lack of cone structure are
based on data from just two of our subjects, and the qualitative
central foveal analysis was based on just five of our subjects. As
such, whether these observations are generalizable to all
subjects with ATF6-ACHM remains unknown. That said, the
striking difference we observed is consistent with such an
interpretation. More subjects should be examined to assess the
full range of retinal/photoreceptor structure associated with
these mutations. It may also be of interest to use AOSLO to
examine individuals with ATF6-associated cone-rod dystro-
phy11 to look for cellular-resolution phenotypic differences
with other forms of cone-rod dystrophy. Furthermore, the in
vivo nature of these studies precludes definitive identification
of the cellular structures in the images; however, we believe
that the interpretation we have provided represents the most
likely scenario.

This is the first in-depth analysis of retinal architecture in
ATF6-ACHM, which is molecularly different from the other five
cone phototransduction-related genetic forms of ACHM, and so
it should not be surprising that the retinal phenotype starkly
varies from the other forms. However, one of the more
puzzling aspects of this condition is why the defect appears to
be specific to cones, given the ubiquitous expression of ATF6.
The similarity of phenotype across the subjects of varying ages
supports the cone defect as being congenital and not
progressive, though longitudinal studies are needed to confirm
this. The absence (or severe reduction) of cone structure in
ATF6-ACHM suggests that these patients may not respond
positively to cone-directed gene replacement therapy. If there
is a sparse array of remnant cones in some subjects, additional
strategies involving ATF6-activating small molecules could be
explored,60–62 as current methods of gene delivery via
subretinal injection likely result in some photoreceptor
damage. It seems more likely that alternative approaches, such
as cell replacement therapy, may be worth pursuing for these
patients. The ability to quantify cone structure on an

FIGURE 6. Altered parafoveal cone structure in ATF6-ACHM. In the
subject with CNGA3-ACHM, the cones had reduced or absent
reflectivity on confocal AOSLO (top rows at each eccentricity) but
could be identified by the surrounding rod mosaic. These ‘‘dark’’ cones
aligned with remnant inner segments seen in the corresponding split-
detection image (bottom rows at each eccentricity). In contrast,
subjects with ATF6-ACHM had a mosaic of uniformly sized structures
on both confocal and split-detection AOSLO. These cells were much
smaller than the remnant cones in the CNGA3 retina, being more
similar in size to the rod photoreceptors. In addition, an analysis of cell
density showed that the ATF6 parafoveal mosaic was consistent with
normal rod density as opposed to cone density (see Table 2). Taken
together, this suggests that subjects with ATF6-ACHM have minimal, if
any, cone photoreceptors in the parafoveal region. Scale bar: 25 lm.

TABLE 2. Parafoveal Cell Counts

Subject

Cell Density, Cells/mm2

58T 108T

MM_0147 103,433 84,009

MM_0044 85,406 98,161

JC_10069 (CNGA3), cones 7,454 6,726

Normal rod density* 80,000 125,000

Normal cone density* 15,000 10,000

* Approximate values from prior histology45 and imaging studies.46
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individualized basis should be valuable for selecting the best
approach for a given patient as well as monitoring structural
changes following intervention.
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Purpose: To evaluate the reliability of ellipsoid zone (EZ) loss width and area
measurements from spectral-domain optical coherence tomography (SD-OCT) images
and track disease progression in childhood-onset Stargardt disease (STGD1).

Methods: Children with molecularly confirmed STGD1 (n ¼ 46, mean age 12.4 years)
underwent SD-OCT for the measurement of the transverse (width) loss of the EZ and
en face analysis to quantify the area of EZ loss. All scans were analyzed twice by two
graders to evaluate reliability. The annual rate of EZ width and area loss were
calculated.

Results: The intra- and intergrader reliability of transverse EZ loss and area of EZ loss
measurements at baseline for both graders was 0.99. The mean annual rate of
transverse EZ loss (6standard deviation) was 279.5 6 259.9 lm/y. The mean rate of
area of EZ loss (6standard deviation) was 1.20 6 1.29 mm2/y. The percentage
transverse EZ loss was 10.2 6 9.9%/y, which was significantly lower than the area of
EZ loss at 19.4 6 16.3%/y. High degree of interocular symmetry was observed.

Conclusions: This is a prospective study on the quantification of EZ loss in children
with STGD1 and highlights the reliability of SD-OCT in measuring EZ loss. High intra-
and intergrader reliability was observed, with good ability to detect changes over
time.

Translational Relevance: Measuring the area of EZ loss was more sensitive compared
with transverse EZ width loss measurements and will be valuable for natural history
studies and clinical trials requiring sensitive and reliable structural endpoints.

Introduction

Stargardt disease (STGD1; Online Mendelian
Inheritance in Man, 248200) is the most common
inherited macular dystrophy with a prevalence of 1 in
8000 to 10,000.1–7 Onset is most commonly in
childhood where patients present with bilateral
central visual loss and characteristic macular atrophy
with yellow–white flecks at the level of the retinal
pigment epithelium (RPE) at the posterior pole.1,2,5,8,9

STGD1 has an autosomal-recessive mode of inheri-
tance associated with disease-causing sequence vari-
ants in the ATP-binding cassette, subfamily A,

member 4 (ABCA4) gene (Mendelian Inheritance in
Man, 601691).1,10–13 ABCA4 encodes the retinal
specific transmembrane protein,14,15 which is localized
to the rim of rod and cone outer segment discs and
involved in the active transport of retinoids from
photoreceptors to RPE.14–16 ABCA4 dysfunction
results in lipofuscin accumulation in the RPE14,17,18

and toxic levels of lipofuscin in the RPE are
associated with photoreceptor degeneration and
ultimately RPE loss.19–21

A robust measurement of photoreceptor integrity
is therefore crucial for monitoring disease progression
and for the design of any treatment strategy. The
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ellipsoid zone (EZ) is a hyperreflective layer in the
outer retina and has been associated with photore-
ceptor integrity and function. Spectral-domain optical
coherence tomography (SD-OCT) enables in vivo
high-resolution cross-sectional retinal images, allow-
ing for quantitative assessments of the EZ, including
manual identification of the transverse EZ loss and
delineation of the area of EZ loss from an en face
image. The EZ has been characterized in STGD1,22–24

yet only one study has tracked progression by the
presence or absence of the EZ using en face OCT.25

Despite increasing evidence that early-onset
STGD1 belongs to the severe end of the spectrum
of ABCA4-associated retinal phenotypes,4,7,26 no
studies have assessed the EZ cross-sectionally or
longitudinally in an exclusively pediatric population.
Measuring photoreceptor layer integrity in children
would be valuable in understanding the natural
history of STGD1 in young patients and help
determine whether children have better retinal poten-
tial for therapeutic intervention. Here, we evaluate the
reliability of both the width of transverse loss of EZ
and the area of EZ loss from en face SD-OCT
analysis, as well as track disease progression to
determine whether the EZ could serve as a robust
anatomic outcome measure in children with molecu-
larly confirmed STGD1.

Methods

This prospective observational study adhered to
the tenets of the Declaration of Helsinki and was
approved by the Moorfields Eye Hospital Ethics
Committee. Informed consent and assent were
obtained from parents and children, respectively,
prior to entering the study.

Subjects

A total of 46 children (mean age at baseline, 12.4
years; range, 6–18) with molecularly confirmed
STGD1, from 39 pedigrees, including 19 males and
27 females, were included in this study. Tables 1 and 2
summarizes the demographics and genetic findings for
each subject.

SD-OCT Image Acquisition

All subjects underwent SD-OCT imaging using the
Heidelberg Spectralis (Heidelberg Engineering, Hei-
delberg, Germany). A transfoveal horizontal line scan
was acquired for the measurement of the extent of the
transverse loss of the EZ. The protocol also included

two horizontal volume scans centered at the fovea
covering a 208 3 208 area to enable an en face analysis
for the measurement of the area of EZ loss. The first
volume scan comprised 49 horizontal B-scans with
124-lm interscan spacing, and the second comprised
of 193 horizontal B-scans with 31-lm interscan
spacing. The SD-OCT scans were automatically
registered to a near-infrared reflectance (NIR-R)
fundus image, which was acquired simultaneously.
All scans were obtained using the automatic retinal
tracking (ART) mode and automatic registration was
used for all follow-up scans.

SD-OCT Image Analysis

Images for each subject were analyzed using the
Heidelberg Eye Explorer software (version 1.9.10.0;
Heidelberg Engineering) and were displayed in the
1:1-lm setting. The acquired transfoveal horizontal
line scan was used to measure the extent of the
transverse loss of the EZ. The nasal and temporal
location of the EZ loss, identified as the point where
the hyperreflective EZ was no longer discernible/
continuous, was manually demarcated with the arrow
tool. The caliper tool was then used to delineate the
width of the transverse loss of the EZ, which was
automatically calculated by the software. In all
patients, with the exception of P2, no residual EZ
structure was visible between the nasal and temporal
borders. For consistency we decided to measure the
EZW in the same way in P2 with ‘foveal sparing’, as
undertaken in the rest of the cohort.

The acquired macula volume scans and associated
NIR-R fundus image were used for en face analysis to
measure the extent of the area of EZ loss. En face
analysis was done manually by assessing each
individual B-scan. All B-scans had a quality index
greater than 25 dB. The nasal and temporal location
of the EZ loss for each consecutive B-scan was
marked and the corresponding locations were anno-
tated on the NIR-R fundus image. Once all the nasal
and temporal borders were marked, the region finder
tool was used to join the points delineating the area of
EZ loss on the NIR-R fundus image and the area
value was automatically calculated by the software.
The denser scan, when available, was preferentially
used for analysis. In a few patients the less dense scans
were used because of better image quality (more
reliable identification of EZ borders), because for the
less dense scans it was easier to keep the ART at a
higher value. In addition, having multiple scans at
both baseline and follow-up made it easier to identify
the exact same location for measuring EZW and track
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Table 1. Genetics

Subject
Number Subject ID Variant 1

P1 MM_0020 c.4918C.T;c.4222T.C p.Arg1640Trp;p.Trp1408Arg
P2 MM_0021 c.5882G.A p.Gly1961Glu
P3 MM_0058 c.5882G.A p.Gly1961Glu
P4 MM_0070 c.5882G.A;c.3758C.T p.Gly1961Glu;p.Thr1253Met
P5 MM_0090 c.3322C.T p.Arg1108Cys
P6 MM_0107 c.5161_5162delAC p.Thr1721HisfsTer65
P7 MM_0130 c.768G.T p.Val256Val, Splice site alteration
P8 MM_0138 c.5898þ2T.C Splice site alteration
P9 MM_0146 c.5196þ1137G.A Deep intronic change
P10 MM_0148 c.5461-10T.C Splice site alteration
P11 MM_0230 c.4139C.T p.Pro1380Leu
P12 MM_0227 c.6391G.A p.Glu2131Lys
P13 MM_0258 c.4793C.A p.Ala1598Asp
P14 MM_0286 c.4685T.C p.Ile1562Thr
P15 MM_0281 c.4469G.A p.Cys1490Tyr
P16 MM_0282 c.5461-10T.C Splice-site alteration
P17 MM_0284 c.1253T.C p.Phe418Ser
P18 MM_0312 c.3322C.T p.Arg1108Cys
P19 MM_0326 c.214G.A p.Gly72Arg
P20 MM_0356 c.1253T.C p.Phe418Ser
P21 MM_0291 c.1648G.A p.Gly550Arg
P22 MM_0026 c.5549T.C p.Leu1850Pro
P23 MM_0225 c.4469G.A p.Cys1490Tyr
P24 MM_0131 c.768G.T p.Val256Val, splice-site alteration
P25 MM_0360 c.214G.A p.Gly72Arg
P26 MM_0382 c.6445C.T p.Arg2149Ter
P27 MM_0399 c.1622T.C; c.3113C.T p.Leu541Pro;p.Ala1038Val
P28 MM_0421 c.4571A.G p.Asp1524Gly
P29 MM_0431 c.6320G.A p.Arg2107His
P30 MM_0432 c.4462T.C p.Cys1488Arg
P31 MM_0240 c.29_30insT p.Leu10PhefsTer44
P32 MM_0113 c.6817-2A.C Splice-site alteration
P33 MM_0185 c.4918C.T;c.4222T.C p.Arg1640Trp;p.Trp1408Arg
P34 MM_0246 c.5461-10T.C Splice-site alteration
P35 MM_0260 c.4539þ2065C.G Deep intronic change
P36 MM_0314 c.5461-10T.C Splice-site alteration
P37 MM_0108 c.5161_5162delAC p.Thr1721HisfsTer65
P38 MM_0228 c.3113C.T;c.1622T.C p.Ala1038Val;p.Leu541Pro
P39 MM_0241 c.3064G.A p.Glu1022Lys
P40 MM_0426 c.6729þ5_19delGTTGGCCCTGGGGCA Splice-site alteration
P41 MM_0433 c.6729þ5_19delGTTGGCCCTGGGGCA Splice-site alteration
P42 MM_0351 c.1253T.C p.Phe418Ser
P43 MM_0310 c.885delC p.Asp295AspfsTer5
P44 MM_0267 c.4469G.A p.Cys1490Tyr
P45 MM_0325 c.214G.A p.Gly72Arg
P46 MM_0335 c.6319C.T p.Arg2107Cys

Reference: NM_000350.2.
Novel variants are shown in italics.
Pathogenicity of novel variants was assessed with the previously reported methods.11
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Table 1. Extended

Subject
Number Variant 2 Variant 3

P1 c.247_258insCAAA p.Gln83ProfsTer17
P2 c.4793C.A p.Ala1598Asp
P3 c.454C.T p.Arg152Ter
P4 c.3364G.A p.Glu1122Lys
P5 c.3210_3211insGT p.Ser1071CysfsTer14
P6 c.2588G.C p.Gly863Ala
P7 c.634C.T p.Arg212Cys
P8 c.286A.T p.Asn96Tyr
P9 c.3364G.A p.Glu1122Lys
P10 c.3259G.A p.Glu1087Lys
P11 c.2588G.C p.Gly863Ala
P12 c.1957C.T p.Arg653Cys c.1411G.A p.Glu471Lys
P13 c.2300T.A p.Val767Asp
P14 c.4469G.A p.Cys1490Tyr c.2588G.C p.Gly863Ala
P15 c.3191-1G.T Splice site alteration
P16 c.4363T.C p.Cys1455Arg
P17 c.1253T.C p.Phe418Ser
P18 c.454C.T p.Arg152Ter
P19 c.214G.A p.Gly72Arg
P20 c.3322C.T p.Arg1108Cys
P21 c.4918C.T p.Arg1640Trp
P22 c.4469G.A p.Cys1490Tyr
P23 c.6449G.A p.Cys2150Tyr
P24 c.634C.T p.Arg212Cys
P25 c.214G.A p.Gly72Arg
P26 c.5018þ5G.A Splice-site alteration
P27 c.5714þ5G.A Splice-site alteration
P28 c.4571A.G p.Asp1524Gly
P29 c.2385C.G p.Ser795Arg
P30 c.5882G.A p.Gly1961Glu
P31
P32 c.1906C.T p.Gln636Ter
P33 c.247_250insCAAA p.Gln83ProfsTer17
P34 c.4326C.A p.Asn1442Lys
P35 c.6118C.T p.Arg2040Ter
P36 c.4139C.T p.Pro1380Leu
P37 c.2588G.C p.Gly863Ala
P38
P39 c.3064G.A p.Glu1022Lys
P40 c.6729þ5_19delGTTGGCCCTGGGGCA Splice-site alteration
P41 c.6729þ5_19delGTTGGCCCTGGGGCA Splice-site alteration
P42 c.4773þ1G.T Splice-site alteration
P43 c.1804C.T p.Arg602Trp
P44 c.5318C.A p.Ala1973Glu
P45 c.214G.A p.Gly72Arg
P46 c.5461-10T.C Splice site alteration
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rate of progression over time, especially in cases
where the single line scans were not over the same
exact location at follow-up visit.

Baseline and follow-up line and volume scans from
both eyes were analyzed twice in a masked fashion by
two graders (PT and MG) to determine the reliability
of both EZ measurements. Graders were masked to
their previous measurements, as well as the measure-
ment of the other grader. Measurements were
repeated at least 1 week apart. Both graders have
practiced the method in 10 scans (data not used for
the study). The results were comparable between
graders and so it was decided to apply the method to
the study. In terms of expertise, both graders are
postgraduate students with 3 (PT) and 1.5 (MG) years
of experience in clinical research in inherited retinal
diseases (IRDs) and retinal imaging.

All measurements, both at baseline and follow-up,
given their transverse nature, were corrected using the
ratio between the assumed axial length of the OCT
system (24 mm) and the actual axial length measure-
ment for that eye (Zeiss IOL Master; Carl Zeiss
Meditec, Dublin, CA).

Statistical Methods

The statistical analysis was carried out for trans-
verse EZ loss measurements and area of EZ loss
measurements using SPSS Statistics (Chicago). Sig-
nificance for all statistical tests was set at P , 0.05.
The Shapiro-Wilk test was used to test for normality
for all variables.

A multilevel mixed-effects model was fitted with
random grader and subject effects and intra- and
intergrader reliability were assessed by the intraclass
correlation coefficient (ICC). The annual rate of
transverse EZ loss and area of EZ loss was calculated
for each eye.

The interocular symmetry was assessed with paired
t-test for both, area and width measurements, at
baseline and follow-up as well as annual rates of EZ
loss. Interocular correlation between eyes in the
baseline measurements, follow-up measurements,
and annual rate of transverse EZ loss and annual
rate of area of EZ loss were assessed with Pearson’s
correlation coefficient.

The difference between eyes in the baseline
measurement, follow-up measurement, and the annu-
al rate of progression was assessed using the paired-
samples t-test. The correlations between eyes were
assessed with the Pearson’s correlation coefficient.
Subsequently, the strength of the correlations between
the baseline measurement and annual rate of pro-

gression, baseline measurement, and age at baseline as
well as the age at baseline and annual rate of
progression were assessed with the Pearson’s correla-
tion coefficient. Strong, moderate, and weak correla-
tion was set as r . 0.7, 0.7 . r . 0.5, and r , 0.5,
respectively.

Results

Thirty-eight subjects (P1–P38) underwent baseline
testing on both eyes and contributed to the reliability
analysis at baseline. The data from seven subjects
(P39–P45) could not be analyzed as the baseline
images showed the loss to extend beyond the SD-OCT
scan limits. In contrast, subject P46 who was
asymptomatic when recruited and was followed-up
for 15 months, showed a healthy EZ at baseline and
follow-up bilaterally, and thereby excluded from the
analysis. Twenty-two of these subjects (P1–P22) also
underwent follow-up testing on both eyes and
contributed to the reliability analysis at follow-up to
assess reliability at a later cross-section in time. Nine
subjects either did not have follow-up visits (n¼ 7) or
their EZ loss extended beyond the area imaged with
OCT (n ¼ 2), and thereby were excluded from
longitudinal analysis. In patients P32 to P38 (Table
2), missing measurements are due to the EZ loss
extending beyond the scan borders; with the exception
of P37, which was due to poor compliance at baseline
image acquisition. Some patients have only an EZW,
because technically it was easier to center the lesion
for a single line scan, and they thereby lack an EZ
area because the whole area of the lesion was not
imaged in the volume scans (e.g., P33 and P34). All
measured variables were normally distributed. Table 2
summarizes all measurements.

Intragrader and Intergrader Reliability

Data from the right eye of all subjects were used
for this analysis, after proving disease symmetry and
in order to avoid any clustering effect. At baseline, the
mean absolute difference in the transverse EZ loss on
repeat measurement for grader 1 (PT) and grader 2
(MG) was 223.2 6 178.5 and 176.4 6 196.6 lm,
respectively, and between graders after averaging
their two sets of measurements was 161.3 6 137.6
lm. The intragrader ICC at baseline for both graders
and the intergrader ICC was 0.99. At follow-up, the
mean absolute difference in the transverse EZ loss on
repeat measurement for graders 1 and 2 was 279.5 6

362.1 and 255.3 6 331.6 lm, respectively, and
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Table 2. Subject Demographics and Ellipsoid Zone Measurements

Subject
Number

Age at
Baseline,

y Sex

Follow-Up
Time,

mo

Width of Ellipsoid
Zone Loss, lm

Area of Ellipsoid
Zone Loss, mm2

Baseline Follow-up Baseline Follow-Up

Right
Eye

Left
Eye

Right
Eye

Left
Eye

Right
Eye

Left
Eye

Right
Eye

Left
Eye

P1 8 F 52 3615 3524 4152 4090 6.7 7.24 10.92 11.34
P2a 15 M 51 2118 2466 3209 2976 3.66 3.55 4.67 4.52
P3 16 M 22 1630 1678 1623 1720 0.95 1.2 1.26 1.29
P4 16 F 23 1637 1472 1931 1789 1.81 1.41 2.11 2.14
P5 14 F 38 3289 2749 3694 3674 5.68 5.86 7.99 7.33
P6 16 F 44 1235 1175 1395 1360 0.71 0.85 0.97 0.96
P7 8 M 24 984 1071 1263 1222 0.45 0.49 1.14 0.95
P8 8 M 29 3359 2553 3834 3598 6.21 6.19 8.18 7.7
P9 17 F 30 2901 2517 3546 3775 3.87 4.06 8.7 9.41
P10 15 F 27 3462 3838 4172 3860 7.97 8.55 9.07 9.46
P11 16 F 23 966 998 1019 1063 0.51 0.54 0.51 0.58
P12 14 F 25 991 1472 1420 19811 0.47 1.27 1.78 2.02
P13 15 F 12 3619 2678 3919 3302 8.24 7.76 9.38 8.52
P14 17 M 12 3413 3576 3698 3772 5.33 5.49 6.07 6.47
P15 9 F 12 3975 3953 4504 4277 9.59 9.17 12.1 12.31
P16 11 F 25 4337 3416 4664 4740 10.61 9.49 12.85 12.07
P17 12 M 24 3803 3813 3681 3827 8.04 7.74 8.33 8.28
P18 11 F 18 3611 3448 4897 4752 9.29 9.55 10.9 12.61
P19 8 M 17 4075 3830 4159 4201 9.01 8.06 10.78 9.98
P20 10 M 12 1323 1215 1469 1465 0.76 0.76 1 0.96
P21 13 M 13 1693 1972 3550 2980 3.17 3.86 4.04 4.9
P22 11 F 40 3623 3725 4022 3969 9.61 8.78 12.11 10.67
P23 8 M NA 5009 4809 NAb NAb 17.41 18.12 NAb NAb

P24 10 F NA 714 787 NAc NAc 0.24 0.21 NAc NAc

P25 8 F NA 3811 4451 NAc NAc 13.11 13.29 NAc NAc

P26 11 F NA 2829 3200 NAc NAc 4.35 4.93 NAc NAc

P27 17 F NA 5311 5767 NAc NAc 15.06 15.89 NAc NAc

P28 14 F NA 5590 5408 NAb NAb 14.98 16.19 NAb NAb

P29 17 M NA 3909 3729 NAc NAc 9.5 10.21 NAc NAc

P30 17 M NA 648 776 NAc NAc 0.29 0.28 NAc NAc

P31 10 M NA 2540 2520 NAc NAc 4.27 4.26 NAc NAc

P32 17 F 35 3336 3473 4721 5471 6.77 6.96 18.99 22.45
P33 6 F 32 4235 4536 4996 5277 9.86 10.14 17.89 NAb

P34 12 M 27 5389 4786 5509 6034 18.57 15.18 23.31 NAb

P35 12 F 27 4973 4646 NAb 5165 13.91 12.66 NAb 14.95
P36 15 F 17 4478 5074 5428 NAb 10.51 12.43 17.61 NAb

P37 12 F 44 NAb 964 1183 1184 NAb 0.58 0.58 0.69
P38 14 F 29 4972 NAb 5573 5336 15.62 NAb 20.8 19.07
P39 18 F NA NAb NAb NAb NAb NAb NAb NAb NAb

P40 8 M NA NAb NAb NAb NAb NAb NAb NAb NAb

P41 12 M NA NAb NAb NAb NAb NAb NAb NAb NAb

P42 10 M NA NAb NAb NAb NAb NAb NAb NAb NAb

P43 8 M NA NAb NAb NAb NAb NAb NAb NAb NAb
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between graders, after averaging their two sets of
measurements, was 89.6 6 79.1 lm. The intragrader
ICC at follow-up for both graders was 0.98, and
intergrader ICC was 0.99.

At baseline, the mean absolute difference in the
area of EZ loss on repeat measurement for graders 1
and 2 was 0.42 6 0.38 and 0.41 6 0.39 mm2,
respectively, and between graders, after averaging
their two sets of measurements, was 0.28 6 0.33 mm2.
The intragrader ICC at baseline for both graders and
the intergrader ICC was 0.99. At follow-up, the mean
absolute difference in the area of EZ loss on repeat
measurement for graders 1 and 2 was 0.43 6 0.38 and
0.55 6 0.76 mm2, respectively, and between graders,
after averaging their two sets of measurements, was
0.23 6 0.24 mm2. The intragrader and the intergrader
ICC at follow-up for both graders was 0.99.

Interocular Symmetry

Data from the 22 subjects (P1–P22) with baseline
and follow-up testing on both eyes were analyzed
further to assess interocular symmetry.

The mean absolute difference after averaging all
four baseline measurements (2 from each observer) of
the transverse EZ loss between eyes was 289.0 6

291.3 lm; and in the follow-up measurement was
176.4 6 168.5 lm. The mean difference in the annual
rate of transverse EZ loss between eyes was 158.9 6

194.6 lm/y. There was no statistically significant
difference between eyes in the baseline measurement
(P¼ 0.092), follow-up measurement (P ¼ 0.209), and
annual rate of EZ loss width (P¼ 0.726). There was a
strong positive correlation between eyes in the
baseline measurement (r ¼ 0.95), follow-up measure-

ment (r¼ 0.98), and annual rate of transverse EZ loss
(r ¼ 0.75).

The mean absolute difference in the baseline
measurements of the area of EZ loss between eyes
was 0.39 6 0.33 mm2 and in the follow-up measure-
ment was 0.48 6 0.46 mm2. The mean difference in
the annual rate of area of EZ loss between eyes was
0.21 6 0.22 mm2/y. There was no statistically
significant difference between eyes in the baseline
measurement (P¼ 0.75), follow-up measurement (P¼
0.923), and annual rate of area of EZ loss (P¼ 0.424).
There was a strong positive correlation between eyes
in the baseline measurement (r ¼ 0.99), follow-up
measurement (r¼0.99), and annual rate of area of EZ
loss (r¼ 0.94) (Fig. 1).

Rate of Progression

A total of 29 subjects (P1–P22, P32–P38; mean age
at baseline, 12.7 years; range, 6–17) with both baseline
and follow-up testing on at least one eye were
included to determine the annual rate of progression.
In subjects with testing on both eyes, one eye was
chosen at random, given the symmetry between eyes,
for the examined parameters. The mean follow-up
period for this subgroup was 27 months (range, 12–52
months). Figure 2 shows representative examples of
the variability in progression.

The mean annual rate of transverse EZ loss was
279.5 6 259.9 lm/y. The mean baseline measurement
of the transverse EZ loss was 2939.9 6 1294.0 lm.
There was a weak positive correlation (r ¼ 0.15)
between the baseline measurement and the annual
rate of transverse EZ loss, and a weak negative
correlation (r¼�0.21) between the baseline measure-
ment and age at baseline. There was no correlation

Table 2. Continued

Subject
Number

Age at
Baseline,

y Sex

Follow-Up
Time,

mo

Width of Ellipsoid
Zone Loss, lm

Area of Ellipsoid
Zone Loss, mm2

Baseline Follow-up Baseline Follow-Up

Right
Eye

Left
Eye

Right
Eye

Left
Eye

Right
Eye

Left
Eye

Right
Eye

Left
Eye

P44 12 M NA NAb NAb NAb NAb NAb NAb NAb NAb

P45 9 F NA NAb NAb NAb NAb NAb NAb NAb NAb

P46 14 F 15 NAb NAb NAb NAb NAb NAb NAb NAb

F, female; M, male; NA, not available.
a Foveal Sparing.
b Ellipsoid Zone loss extending beyond the border of the scans.
c No follow-up visits available.
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between the age at baseline and annual rate of
transverse EZ loss (r¼�0.01).

The mean annual rate of area of EZ loss was 1.20
6 1.29 mm2/y. The mean baseline measurement of
area of EZ loss was 6.43 6 4.67 mm2. There was a
strong moderate positive correlation (r ¼ 0.55)
between the baseline measurement and the annual
rate of area of EZ loss, and a weak negative
correlation (r¼�0.22) between the baseline measure-
ment and age at baseline. There was no correlation
between the age at baseline and annual rate of area of
EZ loss (r¼�0.03) (Fig. 2).

The mean annual rates of transverse EZ loss and

area of EZ loss were 10.2 6 9.9%/y and 19.4 6 16.3

%/y respectively, which were significantly different (P

¼ 0.004). Figure 3 illustrates the variability in the

percentage annual rate of loss.

Discussion

This is the first prospective study on the charac-

terization of the EZ in a large cohort of molecularly

confirmed children with STGD1. The high intra- and

intergrader ICCs of both the transverse EZ loss and

area of EZ loss measurements, as well as the ability to

Figure 1. Representation of interocular symmetry of EZ loss measurements of a 20 years old female (P6) with STGD1 at the 4 years
follow-up visit. The areas of EZ loss are delineated with blue lines on the NIR-R images and the area imaged in the OCT B-scan below is
represented with blue arrows. The blue arrows on the OCT images mark the boundaries of the EZ loss. The disease shows high interocular
symmetry in this individual. All images on the first two rows are at the same scale. The delineated areas with the white rectangle are
magnified (33) in the third row.
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Figure 2. Disease progression in two STGD1 patients. The areas of EZ loss are delineated with blue lines on the NIR-R images and the
section imaged in the OCT B-scan below is represented with green lines. The blue arrows on the OCT images mark the boundaries of the
EZ loss. Patient (A) is a 16-years-old female (P11) with 24 months of follow-up. The disease was relatively stable for that patient with an
annual rate of EZ area loss of 0.02 mm2 and of EZ width expansion of 33 lm/y. Patient (B) is a 14-year-old female (P5) with rapid disease
progression over 38 months, with an annual rate of EZ area loss of 0.73 mm2 and of EZ width loss of 128 lm. The delineated areas with
the white rectangles are magnified (33) in the third row of panels (A) and (B).
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detect change over time, suggests the EZ could serve
as a robust anatomic outcome measure in children.

There are no studies in children with STGD1 on
the quantification of EZ loss both cross-sectionally,
and longitudinally to determine rates of progression.
One study that characterized the baseline transverse
EZ loss in STGD1 subjects (mean age 34.4 years)
showed the mean measurement was 3911 6 1423
lm.27 In our study, although the mean age of the
cohort was notably younger (mean age 12.4 years),
the mean baseline measurement of the transverse EZ
loss was comparable (2939.9 6 1294.0 lm). However,
no studies have previously assessed rate of progres-
sion of the transverse EZ loss over time in STGD1.

Only one study has assessed the area of EZ loss
longitudinally in STGD1 subjects (mean age 33.0
years) and demonstrated a gradual expansion in the
area of EZ loss of 0.31 mm2/y, with the mean (6
standard deviation) initial area of EZ loss being 4.18
6 1.91 mm2.25 In contrast, our study identified a
higher mean baseline measurement (6.43 6 4.67
mm2), and notably the mean annual rate of area of
EZ loss was more than 3 times faster (1.20 6 1.29
mm2/year). This is likely to be due to our cohort
having earlier-onset disease associated with more
rapid progression than adult cohorts.4 This is also
supported by the relatively high proportion (52%) of
subjects harboring severe disease-causing variants in
our cohort that would be expected to affect splicing,
or to introduce a premature truncating codon in the
protein if translated.

All measurements were higher than the inherent
variability in measurements taken from Spectralis
images (lateral optical resolution¼ 14 lm). However,
the data from seven subjects (P39–P45) were excluded
as the baseline images showed the loss to extend

beyond the limits of the SD-OCT scan. Six of these
subjects were aged 12 or younger at baseline. This
indicates that the phenotype can be variable, with
highly progressive disease from early childhood,
highlighting the importance of analyzing children
and adults independently, and there is a group of
children who have very rapidly progressive disease
who would be ideal for clinical trials both in terms of
rapid readouts and also potentially deriving the most
benefit.

The inter- and intragrader reliability of EZ area
and transverse EZ measurements in this study were
consistently excellent. The annual rate of transverse
EZ loss was 10.2 6 9.9%/y and the annual rate of
area of EZ loss was significantly higher at 19.4 6

16.3%/y. Although both measurements are assessing
the EZ, measuring transverse EZ loss is considerably
quicker as only a single image is analyzed. In contrast,
EZ area measurements require several B-scans to be
analyzed and therefore the resulting value is based on
more than a single measurement. Assessing the area
of EZ loss is more time consuming yet evidently may
be twice as sensitive in measuring progression in
children compared with measuring transverse EZ loss.
Furthermore, the area of EZ loss may provide greater
statistical power to detect significant differences in a
given sample and may also be a more robust outcome
measure in observational studies or therapeutic trials.
There are other potential endpoints derived from SD-
OCT measurements under investigation in STGD1,
including total macular volume.28

The annual rate of area of EZ loss showed a
stronger correlation with the baseline measurement
compared with the annual rate of transverse EZ loss;
suggesting the area of EZ may be more valuable in
assessing prognosis—with baseline EZ area better
predictive of progression than baseline EZ width.
However, both baseline measurements showed a weak
negative correlation with age at baseline. These
findings are in keeping with younger children
presenting with larger width and area of EZ loss at
baseline, leading to a higher annual rate of EZ loss. In
other words, subjects with earlier onset present with a
severe and rapidly progressive phenotype at the
photoreceptor microstructural level, in keeping with
other clinical parameters.4 Given this greater rate of
progression in children, they represent good candi-
dates for therapeutic intervention, thereby highlight-
ing the need to initiate structural assessments in
cohorts of young children.

Interocular symmetry in terms of baseline mea-
surements, follow-up measurements, and annual rate

Figure 3. Stacked scatterplot showing the variability of the
percentage annual rate of change in transverse EZ loss and area of
EZ loss. Values represent mean 6 SD.
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of loss was observed. Although both EZ measure-
ments showed a strong correlation and no significant
difference between eyes in the baseline measurement,
follow-up measurement, and annual rate of loss, the
EZ area measurements consistently showed a higher
correlation between eyes. This is valuable for future
treatment strategies both for stratification, because
both eyes appear to have comparable potential as well
as for the use of the nontreated eye as ‘control’.

Image quality affected subsequent analysis for
both transverse and area EZ measurements. Poor
image quality makes EZ borders on line scans less
distinct. In addition, because scans for 15% of the
subjects were excluded from analysis as the initial loss
extended beyond the scan area, it is important to be
aware of this potential limitation of the testing device
for children with a severe phenotype/high rate of
progression and those at advanced stages of disease.
Widefield SD-OCT and swept-source OCT imaging
may help address this limitation.

In conclusion, this is the first prospective study on
the quantification of EZ loss in children with
molecularly confirmed STGD1 and highlights the
utility of SD-OCT in measuring EZ loss in young
subjects. In this cohort, measuring the area of EZ loss
was more sensitive compared with transverse EZ loss
measurements, and will be valuable both for moni-
toring disease progression and clinical trials requiring
a robust structural outcome measure.
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Purpose: We assess cross-sectional and longitudinal microperimetry and full-field
static perimetry-derived retinal sensitivity with conventional and volumetric indices of
retinal function in childhood-onset Stargardt disease (STGD1).

Methods: Subjects with molecularly confirmed childhood-onset STGD1 underwent
full-field static perimetry and/or microperimetry using custom designed grids. Mean
sensitivity (MS) and total volume (VTOT) were computed for each microperimetry test.
MS, VTOT, and central field volume (V30) were computed for each full-field static
perimetry test. Subjects under 18 years old at baseline were classified as children and
subjects 18 years or older as adults.

Results: A total of 43 children (mean age at baseline, 13.0 years; range, 8–17) and 13
adults (mean age at baseline, 23.1 years; range, 18–32) were included in the analysis.
For full-field static perimetry and microperimetry for both subgroups, intraclass
correlation coefficient results for MS and volumetric indices were good to excellent,
indicating strong test–retest reliability. Interocular symmetry in terms of baseline
measurements and the annual rate of progression was observed. A greater rate of
progression was observed in childhood.

Conclusions: To our knowledge, this is the first prospective study of retinal sensitivity
in a large cohort of molecularly confirmed subjects with childhood-onset STGD1
demonstrating that children with STGD1 can reliably undertake detailed functional
testing. Moreover, using custom designed grids and subsequent topographic analysis,
volumetric indices of retinal function provide a reliable measure of retinal sensitivity.

Translational Relevance: This study highlights the use of microperimetry and full-
field static perimetry, as well as volumetric indices of retinal function, in monitoring
disease progression.

Introduction

Stargardt disease (STGD1; MIM 248200) is the most
common inherited macular dystrophy in adults and
children, with a prevalence of 1 in 8000–10,000.1–7

STGD1 has an autosomal recessive mode of inheritance
associated with disease-causing mutations in the
ABCA4 gene.1,8–11 Onset is most commonly in child-

hood, with subjects presenting with bilateral central

visual loss and characteristic macular atrophy with

yellow–white flecks at the level of the retinal pigment

epithelium (RPE) at the posterior pole.1–3,5,12,13 There is

progressive loss of retinal function and structure over

time, which varies significantly within and between the

three principal groups of STGD1: namely childhood-

onset, adult-onset, and late-onset/foveal sparing
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STGD1.1,14–19 There are no proven treatments, yet
STGD1 is subject to more clinical trials than any other
inherited retinal disease; gene replacement, stem cell
therapy, and pharmacologic approaches currently are
being investigated.1,5,20–23

Identifying the most suitable method of assessing
retinal function, in particular retinal sensitivity, is
crucial for the design of any treatment strategy.
Clinical studies with a cross-sectional design have
shown that microperimetry is a reliable measure of
macular sensitivity in subjects affected by macular
diseases, including ABCA4-retinopathy.24–26 Full-
field static perimetry provides an assessment of retinal
sensitivity including and beyond the central retina.
Although the current understanding of full-field static
perimetry testing in subjects with STGD1 is limited, it
would be valuable to assess retinal sensitivity in
regions of interest outside the limits of microperim-
etry. For instance, it has been suggested that the
peripapillary area is a retinal region of interest for
monitoring the efficacy of treatments in ABCA4-
associated retinal degenerations.27 Moreover, a sig-
nificant proportion of subjects with STGD1 have
involvement beyond the central retina, including the
majority of childhood-onset STGD1 subjects who
have additional generalized retinal involvement.1,4

Reliable outcome measures also are crucial for an
accurate representation of retinal function. Micro-
perimetry and full-field static perimetry data are
summarized conventionally by a single global index,
such as mean sensitivity (MS), which simply is the
average sensitivity value of all retinal locations tested.
However, static perimetry data also can be summarized
using topographic models and volumetric indices of
function to quantify the magnitude and extent of the
visual field sensitivity.28 Topographically-derived indi-
ces represent the volume of sensitivity that is useful
when describing retinal functional progression over
time28 and, therefore, valuable for clinical management
and the design of treatment trials.

We assessed cross-sectional and longitudinal mi-
croperimetry and full-field static perimetry-derived
retinal sensitivity with conventional and volumetric
indices of retinal function in childhood-onset STGD1.
We explored test–retest reliability, interocular sym-
metry, and rate of progression over time.

Methods

This ethically approved study was undertaken at
the Clinical Research Facility at Moorfields Eye
Hospital and at the UCL Institute of Ophthalmology.

The Declaration of Helsinki was adhered to through-
out the study.

Subjects

Molecularly confirmed STGD1 subjects were
tested as part of an ongoing natural history study
whereby the study was explained and consent was
obtained. Subjects younger than 18 years at baseline
were classified as children and subjects 18 years or
older as adults. All adults had documented evidence
of childhood-onset STGD1.

Full-Field Static Perimetry

Full-field static perimetry was performed monoc-
ularly using the Octopus900 (Haag-Streit AG, Köniz,
Switzerland). Fixation was monitored by a dedicated
ophthalmic technician throughout each assessment.
Testing consisted of a 31.4 apostilbs (10 cd/m2)
background, Goldmann size V stimulus presented
for a duration of 200 ms, and the German Adaptive
Thresholding Estimation (GATE) strategy, which has
a shorter testing duration compared to conventional
full-threshold strategies.29 The customized testing grid
consisted of 185 testing locations. The grid pattern
was oriented radially, centrally condensed, and
binocularly symmetric (Supplementary Fig. S1). An
MS value was automatically computed for each test
by the manufacturer’s inbuilt software (EyeSuite).
The quality of each test was evaluated based on the
reliability factor (RF), the percentage of total catch
trials resulting in either a false-positive or false-
negative. Any test with an RF .30% was excluded.

Microperimetry

Microperimetry was performed monocularly using
the Nidek MP-1 (Nidek Technologies, Padova, Italy).
Pupils were dilated and cyclopleged using 2.5%
phenylephrine hydrochloride solution (Bausch &
Lomb, Inc., Tampa, FL) and 1% tropicamide
ophthalmic solution (Akorn, Inc., Lake Forest, IL).
Fixation was monitored by a dedicated ophthalmic
technician throughout each assessment. Before test-
ing, the Spectralis OCT (Heidelberg Engineering,
Heidelberg, Germany) was used to obtain a single
transfoveal horizontal line scan. This was imported
and used by the Nidek MP-1 manufacturer’s software
as an aid to automatically locate the anatomic fovea
to facilitate accurate foveal placement of the testing
grid. Testing consisted of a 4 apostilbs (1.27 cd/m2)
background, Goldmann size III stimulus presented
for a duration of 200 ms, and a 4 to 2 dB full-
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threshold bracketing test strategy. The customized
testing grid consisted of 44 testing locations. The grid
pattern was of radial design with centrally-condensed
spacing and covered the macular and paramacular
regions (Supplementary Fig. S2). An MS value was
computed automatically for each test by the manu-
facturer’s software.

Volumetric Indices of Retinal Function

Volumetric indices were derived from topographic
analysis using Visual Field Modelling and Analysis
(VFMA; Office of Technology Transfer & Business
Development, Portland, OR), a custom software
application.28 The volumetric indices derived included
the total volume (VTOT), which represented the entire
tested field, and the central field volume (V30), defined
by a central circle with a radius of 308. The volume
represents the total sensitivity across the solid angle of
the base of the test grid for VTOT and the solid angle of
a 308 radius circle selection for V30, and is reported in
units of decibel-steradians (dB-sr).28 Sensitivity data
from all perimetry tests were extracted for subsequent
topographic analysis. VTOT and V30 were computed for
each full-field static perimetry test. VTOT was comput-
ed for each microperimetry test.

Determination of Test–Retest Reliability,
Interocular Symmetry, Rate of Progression,
Perimetry Correlations, and Statistical
Methods Used

For full-field static perimetry and microperimetry,
the subgroup of childhood-onset STGD1 ,18 years
and the comparatively smaller childhood-onset
STGD1 subgroup aged �18 years at baseline were
analyzed separately. The statistical analysis was
performed with MS, VTOT, and V30 results for full-
field static perimetry tests, and with MS and VTOT

results for microperimetry tests.
Statistical analysis was performed using SPSS

Statistics (Chicago, IL). Significance for all statistical
tests was set at P , 0.05. The Shapiro-Wilk test was
used to test for normality for all variables. Test–retest
reliability was investigated with the intraclass corre-
lation coefficient (ICC) based on absolute agreement
and a 2-way mixed-effects model using results from
the left eye to minimize the clustering effect. The
annual rate of progression in sensitivity was calculat-
ed for each subject based on the total change in
sensitivity over the total follow-up. The difference
between eyes in the baseline measurement and the
annual rate of progression was assessed in subjects

with bilateral data using the paired t-test to evaluate
functional symmetry and the correlation between eyes
was assessed with the Pearson’s correlation coeffi-
cient. The independent t-test was used to determine if
there was a significant difference in the rate of
progression between children and adults. The corre-
lation between baseline MS and VTOT from micro-
perimetry and full-field static perimetry, for adults
and children, was tested using the Pearson correlation
coefficient.

Results

A total of 43 children (mean age at baseline, 13.0
years; range, 8–17) and 13 adults (mean age at baseline,
23.1 years; range, 18–32) with molecularly confirmed
childhood-onset STGD1 underwent full-field static
perimetry and/or microperimetry testing. Figure 1
summarizes the subject data included in the study.
All measured variables were normally distributed.

Full-Field Static Perimetry

A total of 17 children and 10 adults with
childhood-onset STGD1 underwent full-field static
perimetry testing (Fig. 1). Two children with one
baseline visit were unable to complete the full test on
both eyes. Two children and 1 adult with one baseline
visit had a RF of .30% for both eyes and, therefore,
were excluded from the analysis.

Test–Retest Reliability
Seven children (mean age at baseline, 15.3 years;

range, 13–17) underwent full-field static perimetry
testing twice at baseline. The ICC values in this
subgroup for MS, VTOT, and V30 were 0.86, 0.94, and
0.88, respectively.

Six adults with childhood-onset STGD1 (mean age
at baseline, 26.3 years; range, 18–32) underwent full-
field static perimetry testing twice at baseline. The
ICC values in this subgroup for MS, VTOT, and V30

were 0.89, 0.95, and 0.92, respectively.

Interocular Symmetry
Data from nine children (mean age at baseline,

14.7 years; range, 13–16) and seven adults (mean age
at baseline, 23.4 years; range, 18–32) with full-field
static perimetry testing at least once on each eye and a
minimum 12-month follow-up were analyzed to assess
interocular symmetry.

The subgroup of children showed a strong
correlation between eyes in the baseline measurements
of MS (r¼ 0.98), VTOT (r¼ 0.98), and V30 (r¼ 0.96).
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There also was a strong correlation between eyes in
the annual rate of progression of MS (r¼ 0.87), VTOT

(r ¼ 0.85), and V30 (r ¼ 0.71). There was no
statistically significant difference between eyes in the
baseline measurements of MS (P ¼ 0.512, paired t-
test) and annual rate of progression of MS (P¼ 0.099,
paired t-test). Figure 2A shows a representative
example of interocular symmetry.

The subgroup of adults showed a strong correlation
between eyes in the baseline measurements of MS (r¼
0.94), VTOT (r ¼ 0.95), and V30 (r ¼ 0.93). There also
was a strong correlation between eyes in the annual rate
of progression of MS (r ¼ 0.88), VTOT (r ¼ 0.89), and
V30 (r ¼ 0.76). There was no statistically significant
difference between eyes in the baseline measurements of
MS (P ¼ 0.38, paired t-test) and annual rate of
progression of MS (P¼ 0.853, paired t-test).

Rate of Progression
Given the lack of statistically significant differenc-

es and strong correlations between eyes in the baseline
measurements and annual rate of progression, sub-
jects with baseline and follow-up full-field static
perimetry testing on at least one eye were assessed
subsequently to determine the annual rate of progres-
sion. For subjects with serial testing on both eyes, one
eye was chosen at random. All subjects had a
minimum follow-up of 12 months.

Thirteen eyes of 13 children (mean age at baseline,
15.4 years; range, 13–17) were included and had a
mean follow-up of 27.1 months (range, 12–45
months). Mean baseline MS, VTOT, and V30 were
26.52 6 4.41 dB, 99.38 6 15.12 dB-sr, and 25.08 6

6.08 dB-sr, respectively. Mean annual rate of pro-

gression of MS, VTOT, and V30 was 0.65 6 0.46 dB/
year, 1.55 6 0.58 dB-sr/year, and 0.92 6 0.52 dB-sr/
year, respectively. Figure 3 shows a representative
example of disease progression.

Nine eyes of nine adults (mean age at baseline, 23.1
years; range, 18–32) were included and had a mean
follow-up of 21.9 months (range, 12–41 months).
Mean baseline MS, VTOT, and V30 was 22.11 6 4.99
dB, 91.33 6 20.18 dB-sr, and 21.89 6 3.69 dB-sr,
respectively. Mean annual rate of progression of MS,
VTOT, and V30 was 1.01 6 0.64 dB/year, 2.77 6 1.46
dB-sr/year, and 0.61 6 0.72 dB-sr/year, respectively.

There was a statistically significant difference
between children and adults in mean annual rate of
progression of VTOT (P ¼ 0.039, independent t-test)
and no statistically significant difference in mean
annual rate of progression of MS (P ¼ 0.148,
independent t-test) and V30 (P ¼ 0.259, independent
t-test). Figure 4 illustrates the variability in the annual
rate of progression in children and adults.

Microperimetry

All 43 children and 13 adults with childhood-onset
STGD1 underwent microperimetry testing. Three chil-
dren who were unable to complete the test on either eye
and three further children who completed baseline
testing on one eye only and had no longitudinal data
were excluded from analysis.

Test–Retest Reliability
A total of 23 children (mean age at baseline, 13.9

years; range, 8–17) underwent microperimetry testing
twice at baseline. The ICC values in this subgroup for
MS and VTOT were 0.94 and 0.91, respectively.

Figure 1. Flowchart summarizing assessments performed per patient subgroup. RF, reliability factor.
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Eight adults (mean age at baseline, 24.7 years;

range, 18–32) underwent microperimetry testing twice

at baseline. The ICC values in this subgroup for MS

and VTOT were 0.95 and 0.94 respectively.

Interocular Symmetry

Data from 24 children (mean age at baseline, 14.0

years; range, 8–17) and seven adults (mean age at

baseline, 22.3 years; range, 18–32) with microperim-

Figure 2. Representation of interocular symmetry of perimetry data. (A) VFMA output from full-field static perimetry testing showing
disease symmetry in a 17-year-old female with childhood-onset STGD1. Top Row: Blue circle represents V30. Middle Row: Blue outline
represents VTOT. For this subject, the right-eye/left-eye MS values were 25.6/24.7 dB, and the right-eye/left-eye VTOT and V30 volumes were
101.92/98.65 dB-sr and 19.95/19.45 dB-sr, respectively. Both plots are to the same scale. (B) VFMA output from microperimetry testing
showing disease symmetry in a 16-year-old female with childhood-onset STGD1. For this subject, MS and VTOT results for right eye/left
eye were 14.9/15.6 dB and 0.74/0.68 dB-sr, respectively. Both plots are to the same scale.
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etry testing at least once on each eye and a minimum
12-month follow-up were analyzed to assess inter-
ocular symmetry.

The subgroup of children showed a strong
correlation between eyes in measurements of MS (r
¼ 0.94) and VTOT (r ¼ 0.91). There was a strong
correlation between eyes in the annual rate of
progression of MS (r ¼ 0.86) and VTOT (r ¼ 0.80).
There was no statistically significant difference
between eyes in the baseline measurements of MS (P
¼0.12, paired t-test) and annual rate of progression of
MS (P ¼ 0.106, paired t-test). Figure 2B shows a
representative example of interocular symmetry.

The subgroup of adults showed a strong correla-
tion between eyes in measurements of MS (r ¼ 0.86)
and VTOT (r ¼ 0.85). There was a strong correlation
between eyes in the annual rate of progression of MS
(r ¼ 0.75) and VTOT (r ¼ 0.78). There was no
statistically significant difference between eyes in the
baseline measurements of MS (P ¼ 0.394, paired t-

test) and annual rate of progression of MS (P¼ 0.594,
paired t-test).

Rate of Progression
Given the lack of statistically significant differenc-

es and strong correlations between eyes in the baseline
measurements and annual rate of progression, sub-
jects with baseline and follow-up microperimetry
testing on at least one eye were assessed subsequently
to determine the annual rate of progression. For
subjects with serial testing on both eyes, one eye was
chosen at random. All subjects had a minimum
follow-up of 12 months.

A total of 37 eyes of 37 children (mean age at
baseline, 13.2 years; range, 8–17) were included and
had a mean follow-up of 24.3 months (range, 12–45
months). Mean baseline MS and VTOT was 12.57 6

4.27 dB and 0.87 6 0.39 dB-sr, respectively. Mean
annual rate of progression of MS and VTOT was 2.24
6 1.12 dB/year and 0.21 6 0.13 dB-sr/year, respec-
tively.

Figure 3. Disease progression illustrated by means of full-field static perimetry data from the right eye of a 17-year-old female at
baseline and after 29 months of follow-up. (A) Baseline and follow-up measurements of VTOT were 98.42 dB-sr and 93.03 dB-sr,
respectively. (B) Baseline and follow-up measurements of V30 were 24.06 dB-sr and 21.23 dB-sr, respectively. Color scale bar in dB-sr.
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Ten eyes of 10 adults (mean age at baseline, 23.7

years; range, 18–32) were included and had a mean

follow-up of 22.7 months (range, 12–41 months).

Mean baseline MS and VTOT was 8.15 6 4.27 and

0.52 6 0.29 dB-sr, respectively. Mean annual rate of

progression of MS and VTOT was 0.82 6 0.50 dB/year

and 0.06 6 0.05 dB-sr/year, respectively.

There was a statistically significant difference

Figure 4. Stacked scatterplot showing the variability of the annual rate of change in full-field static perimetry for children and adults.
Values represent mean 6 SD. (A) MS, (B) VTOT, (C) V30.
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between children and adults in mean annual rate of
progression of MS (P , 0.001, independent t-test)
and VTOT (P , 0.001, independent t-test). Figure 5
illustrates the variability in the annual rate of
progression in children and adults.

Correlation Between Perimetry
Measurements

The correlation between baseline MS and VTOT

from microperimetry and full-field static perimetry,
for adults and children, was tested using the Pearson
correlation coefficient. In adults and children, there
was a strong positive statistically significant correla-
tion between MS and VTOT for both tests. For full-
field static perimetry, baseline MS and VTOT showed
a strong correlation of r ¼ 0.87 and r ¼ 0.91 for
children and adults, respectively. For microperimetry
testing, the correlation between baseline MS and
VTOT was r ¼ 0.79 and r ¼ 0.88 for children and
adults, respectively.

The baseline VTOT from microperimetry testing
also was tested for correlation with V30 from full-field
static perimetry. All eyes for which both metrics were
available at baseline were used and tested using the
Pearson correlation coefficient. There was a moderate
positive statistically significant correlation between
the two metrics of r ¼ 0.52 and r ¼ 0.65 for children
and adults respectively.

Discussion

To our knowledge this is the first prospective study
of retinal sensitivity in a large cohort of molecularly
confirmed childhood-onset STGD1 subjects and
highlights the use of microperimetry and full-field
static perimetry, as well as volumetric indices of

retinal function, in monitoring disease progression.
Furthermore, this study demonstrated that children
can reliably undergo serial extensive functional
testing.

The Octopus900 and Nidek MP-1 allowed for
customizable testing grids and the ability to extract
sensitivity data for subsequent topographic analysis
using VFMA. Volumetric indices of retinal function
derived from topographic analysis provide an
alternative to MS when summarizing perimetry data
to a single outcome measure. For full-field static
perimetry and microperimetry, ICC results for MS
and the volumetric indices were good to excellent,
indicating strong test–retest reliability. Although
MS is a conventional index used to assess perimetry
results, it is simply the mathematical average
sensitivity value, whereas the decibel-steradian is a
physical unit, representing a volume of sensitivity.
Moreover, MS may not be an accurate representa-
tion of the sensitivity map in certain circumstances.
The custom testing grids were radially designed and
condensed at the region of interest (central macula).
This grid was able to better resolve fine detail in the
region of interest, yet had greater coverage com-
pared to a rectilinear grid with the same number of
test locations, but with equal intervals between test
loci.

Volumetric measures of retinal sensitivity are
robust to such custom designs; whereas when grids
with unequal spacing are used, the MS value becomes
a weighted average that is biased towards the retinal
areas with increased test locations. In addition, the
MS value can be insensitive to subtle or obvious
localized changes, such as foveal sparing. VFMA
allows for localized volumetric measurements at
specified retinal areas of interest. Three-dimension

Figure 5. Stacked scatterplot showing the variability of the annual rate of change in microperimetry for children and adults. Values
represent mean 6 SD. (A) MS, (B) VTOT.
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modeling of the hill of vision allows for an assessment
of the volumetric sensitivity and combined with
topographic mapping provides important information
from the topographic footprint over which the
sensitivity is assessed. Thus, VFMA hill of vision
modeling represents a robust and sensitive measure of
local changes compared to a single mean value.28

Despite these limitations, MS still is a reliable
measurement, and had a strong correlation with
VTOT for adults and children, and for full-field static
perimetry and microperimetry.

In our study two different tests for retinal function
were used. The metrics between the two tests are not
directly comparable given the different size of the
testing areas, and also because of the different
number, location and size of testing stimuli. The
testing strategy also is different. However, there was a
significant correlation between the V30 measured with
full-field static perimetry and VTOT measured with
microperimetry. Despite the aforementioned differ-
ences, the correlation is arguably not surprising, since
both metrics assess similar retinal areas and both are
reliable. However, the fact that the correlation was
moderate indicated that the measurements were not
essentially the same.

Full-field static perimetry data in subjects with
STGD1 is limited, possibly due to inherent difficul-
ties in testing subjects, especially children, with low
vision. Microperimetry studies also are very limited,
as most studies have either investigated microperim-
etry in heterogeneous subject cohorts, and/or co-
horts consisting almost exclusively of adults, and/or
are cross-sectional investigations. The only other
study assessing perimetry longitudinally in STGD1
showed a progressive reduction of MS, using micro-
perimetry, at an estimated rate of 1.19 dB/year (n ¼
56, mean age at baseline of 27.4 years).30 Notwith-
standing the difference in sample size, children in our
study showed a significantly higher rate of progres-
sion using microperimetry testing compared to the
aforementioned study, and also compared to the
adult subgroup in our study with childhood-onset
STGD1.

ICC results for the children cohort in our study
were consistently good to excellent, indicating strong
test–retest reliability. We demonstrated that with
appropriate support and standardization of instruc-
tions, children as young as 13 years are able to
complete full-field static perimetry testing and chil-
dren as young as 8 years are able to complete
microperimetry testing. Given the often early onset
nature of the disease, additonal investigations in

younger children would be valuable to further explore
early functional disease progression, and help deter-
mine whether children and adults require different
testing methods or outcome measures when evaluat-
ing retinal function.

Interocular symmetry in terms of baseline mea-
surements and mean annual rate of progression was
observed in children and adults with microperimetry
and full-field perimetry testing. Establishing that
retinal sensitivity progression is symmetrical between
eyes is valuable in the design of future treatment
strategies where therapeutic intervention often is
performed in one eye and compared to the fellow
‘control’ eye. In addition, given that the measure-
ments between eyes are highly correlated, there
appears to be equal therapeutic potential for both
eyes.

Based on our observation of considerable variabil-
ity within each subgroup, future studies would benefit
from a larger subject cohort, including all subjects
repeating baseline testing more than twice. Test–retest
variability is likely to vary between subjects depend-
ing on factors, such as age, disease duration and
disease severity, therefore quantifying individual test–
retest variability would ensure a more accurate
evaluation of significant changes over time. Increased
follow-ups also would provide a more representative
rate of progression in retinal sensitivity. Furthermore,
the influence of parameters, such as fixation stability
and location, also could be explored.

In conclusion, to our knowledge this is the first
prospective study of retinal sensitivity in molecularly
confirmed childhood-onset STGD1 and highlights the
use of full-field static perimetry and microperimetry in
monitoring disease progression. Using custom de-
signed grids for full-field static perimetry and micro-
perimetry testing and subsequent topographic
analysis, volumetric indices of retinal function pro-
vided a reliable measure of change in retinal
sensitivity that will be valuable in monitoring subjects
in the clinic and moreover, in planned treatment
strategies. This study indicated that children with
STGD1 can reliably undertake functional testing and
may represent good candidates for potential thera-
peutic interventions. We demonstrated good test–
retest reliability and the functional symmetry between
eyes in childhood-onset STGD1, and moreover,
provided evidence of a significantly greater rate of
progression in children compared to adults, both
within our study and compared to published data in
adults with STGD1.
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Prospective Cohort Study of Childhood-Onset
Stargardt Disease: Fundus Autofluorescence

Imaging, Progression, Comparison with Adult-
Onset Disease, and Disease Symmetry
MICHALIS GEORGIOU, THOMAS KANE, PREENA TANNA, ZAINA BOUZIA, NAVJIT SINGH,
ANGELOS KALITZEOS, RUPERT W. STRAUSS, KAORU FUJINAMI, AND MICHEL MICHAELIDES
� PURPOSE: To determine the reliability and repeat-
ability of quantitative evaluation of areas of decreased
autofluorescence (DAF) from fundus autofluorescence
(FAF) images and track disease progression in children
with Stargardt disease (STGD1), and to investigate clin-
ical and genotype correlations, disease symmetry, and
intrafamilial variability.
� DESIGN: Prospective cohort study.
� METHODS: Children and adults with molecularly
confirmed STGD1 (n [ 90) underwent longitudinal
FAF imaging with subsequent semiautomated measure-
ment of the area of DAF and calculation of the annual
rate of progression. The age of disease onset was recorded
for all subjects, as well as the electroretinography (ERG)
group at baseline (n [ 86). Patients were grouped for
analysis based on the age at baseline and age of onset,
into children (n [ 56), adults with childhood-onset
STGD1 (n [ 15), and adults with adult-onset (n [
19). Fifty FAF images were selected randomly and
analyzed by 2 observers to evaluate repeatability and
reproducibility. Differences between groups, interocular
symmetry, genotype–phenotype correlations, and intrafa-
milial variability were also investigated both for baseline
measurements as well as progression rates. We measured
visual acuity, molecular genetics, ERG group, FAF met-
rics, and their correlations.
� RESULTS: The mean age of onset ± SD was 9.6 ± 3.4
years for childhood-onset (n [ 71) and 28.3 ± 7.8 years
for adult-onset STGD1 (n[ 19). The intra- and interob-
upplemental Material available at AJO.com.
r publication Nov 8, 2019.
University College London Institute of Ophthalmology
, P.T., Z.B., N.S., A.K., R.W.S., K.F., M.M.), University
don, and Moorfields Eye Hospital (M.G., T.K., P.T., Z.B.,
, R.W.S., K.F., M.M.), London, United Kingdom;
of Ophthalmology (R.W.S.), Johannes Kepler University,
epartment of Ophthalmology (R.W.S.), Medical University
Austria; Laboratory of Visual Physiology (K.F.), Division of
arch, National Institute of Sensory Organs, National
ganization Tokyo Medical Center, and the Department of
ogy (K.F.), Keio University School of Medicine, Tokyo,

o Michel Michaelides, University College London Institute
ology, 11-43 Bath Street, London EC1V 9EL, UK; e-mail:
aelides@ucl.ac.uk

g/10.1016/j.ajo.2019.11.008
© 2019 THE AUTHOR(S). PU
server reliability of DAF quantification was excellent
(intraclass correlation coefficients 0.995 and 0.987,
respectively). DAF area was symmetric between eyes
and the mean rate of progression (SD) was 0.69 (0.72),
0.78 (0.48), and 0.40 (0.36) mm2/year for children,
adults with childhood-onset, and adults with adult-onset
disease, respectively. Patients belonging to a group 3
ERG phenotype (generalized cone and rod dysfunction)
had a significantly greater progression rate. Limited intra-
familial variability was observed.
� CONCLUSIONS: This is the first large prospective study
of FAF in a cohort of molecularly confirmed children with
STGD1. DAF area quantification was highly reliable and
may thereby serve as a robust structural endpoint. A high
rate of progression was observed in childhood-onset dis-
ease, making this subtype of STGD1 ideally suited to be
considered for prioritization in clinical trials. (Am J
Ophthalmol 2019;-:-–-. � 2019 The Author(s).
Published by Elsevier Inc. This is an open access article
under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).)

S
TARGARDT DISEASE (STGD1; OMIM 248200) IS THE

most common inherited macular dystrophy with a
prevalence of 1 in 8000 to 10,000 individuals.1–7

Onset is most frequent in childhood, where patients
present with bilateral central visual loss and characteristic
macular atrophy, often with yellow-white flecks at the level
of the retinal pigment epithelium (RPE) at the posterior
pole.1,2,5,8,9 STGD1 has an autosomal recessive mode of in-
heritance associated with disease-causing sequence
variants in the adenosine triphosphate–binding cassette,
subfamily A, member 4 (ABCA4) gene (MIM;
601691).1,10–13 ABCA4 encodes the retinal-specific trans-
membrane protein, which is localized to the rim of rod
and cone outer segment discs and is involved in the active
transport of retinoids.14–23 The lack of or inefficient
removal of N-retinylidene-phosphatidylethanolamine
from photoreceptor outer segments caused by ABCA4
dysfunction/mislocalization ultimately results in toxic
levels of phosphatidylpyridinium bisretinoid (A2PE) in
photoreceptor membranes.23–25 A2PE is hydrolyzed to
1BLISHED BY ELSEVIER INC.
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form the highly toxic metabolite A2E, which accumulates
as a component of lipofuscin in RPE cells. Over time,
A2E-associated cytotoxicity/phototoxicity is believed to
cause photoreceptor degeneration, RPE dysfunction, and
ultimately RPE loss, which are hallmarks of STGD1.26,27

Fundus autofluorescence (FAF) is a noninvasive imaging
modality that uses the autofluorescent properties of lipofus-
cin and related fluorophores, providing valuable informa-
tion on the distribution of lipofuscin in the RPE.9

Lipofuscin levels are determined largely by the activity of
ABCA4 in the photoreceptors; failure or reduced function
leads to increased bisretinoids formation.26,27 Increased
lipofuscin levels have been correlated with photoreceptor
loss.26 The abnormal accumulation of lipofuscin, the pres-
ence of active and resorbed flecks, and RPE atrophy lead to
a characteristic appearance on FAF imaging in STGD1:
low autofluorescence signals in photoreceptor and RPE at-
rophy and foci with low or high signals caused by
flecks.25,28–30 A previous cross-sectional study has shown
that FAF patterns relate to functional abnormalities28

and 2 longitudinal studies have shown an association be-
tween atrophy enlargement and electrophysiological find-
ings.29,31 Fujinami and associates characterized FAF
subtypes, demonstrating that progression of atrophy was
influenced by 2 background FAF patterns (homogeneous
and heterogeneous) and that multiple atrophic lesions at
the posterior pole were associated with more rapid func-
tional deterioration.9 Their cohort consisted of predomi-
nantly adults, including both childhood-onset and adult-
onset STGD1.

Previous studies of STGD1 progression based on area
measurements of RPE atrophy on FAF or photoreceptor
loss on optical coherence tomography (OCT) range from
0.28 mm2/year to 1.58 mm2/year.9,29,31–35 The wide range
in progression rates found in the above studies may likely
be explained by differences in the study populations—
including the age of disease onset, age of presentation,
and genetic background. In addition, only 3 studies
report repeatability and reliability metrics,9,35,36 so the pre-
cision of the measurements is not known in the majority of
studies, which could also contribute to the differences in re-
ported disease progression rates. The ongoing and up-
coming clinical trials in STGD1 create a prominent need
for further investigation of robust anatomic outcomes,
both for patient stratification as well as for monitoring
response to treatment. Quantifying measurements on
FAF in children would be valuable in understanding the
natural history of STGD1 in young patients and help deter-
mine whether children have better retinal potential for
therapeutic intervention, as well as whether FAF metrics
can serve as a structural endpoint. Despite increasing evi-
dence that childhood-onset STGD1 belongs to the severe
end of the spectrum of ABCA4-associated retinal pheno-
types,4,7,36,37 the rate of progression using FAF imaging in
a large cohort of molecularly proven children has not
been investigated.
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The purpose of this study was to investigate FAF imaging
qualitatively and quantitatively over a clinically significant
follow-up period in a large, well characterized cohort of
children with genetically confirmed STGD1, and to
explore potential correlations of progression rate with age
of disease onset, disease duration, genotype, and baseline
area of atrophy and electrophysiological group. The mea-
surement reliability and repeatability were established,
with disease symmetry and intrafamilial variability also
investigated.
METHODS

THIS PROSPECTIVE OBSERVATIONAL STUDY ADHERED TO

the tenets of the Declaration of Helsinki and was approved
by the Moorfields Eye Hospital Ethics Committee.
Informed consent and assent were obtained from guardians
and children, respectively, and consent from adult patients
was obtained before entering the study.

� PATIENTS: Ninety patients with STGD1 were recruited
from a single tertiary referral center (Moorfields Eye Hospi-
tal, London, United Kingdom) and had annual visits over 6
years. In 17 patients, previously acquired data with the
same protocol were used to extend the follow-up time.
All patients had their detailed medical history docu-
mented, including age of disease onset. For the purpose of
this study, we divided our cohort into 3 subgroups based
on age at baseline investigation and the age of disease
onset. Age of disease onset was defined as the age of the first
symptom(s), which was defined as any vision disease–
related complaint. Childhood-onset and adult-onset dis-
ease was defined as having disease onset before or after 17
years of age, respectively. All patients examined at baseline
at <17 years of age were defined as children and had
childhood-onset STGD1 (n ¼ 56). All patients >_17 years
of age at baseline were analyzed separately as adults, and
are further subdivided into adult-onset STGD1 if they
were symptomatic at >_17 years of age (n ¼ 15), or as adults
with childhood-onset STGD1 if they were symptomatic
before 17 years of age (n¼ 19). The duration of the disease
was calculated as the difference between age at onset and
age at the last follow-up examination when FAF imaging
was obtained.

� GENOTYPE CLASSIFICATION: All recruited patients
were molecularly confirmed and had either >_2 likely
disease-causing variants in ABCA4, or >_1 likely disease-
causing ABCA4 variant and a typical phenotype. In keep-
ing with previous studies, segregation analysis was possible
in a limited number of cases because of the unavailability of
other family samples. We classified patients into 4 groups
depending on the number and type of the identified vari-
ants, as previously described.3,4,9 The description of
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TABLE 1. Grading Systems

Genotype Classification ERG Group FAF Pattern

Class A: Multiple null variants

Class B: One null variant

Class C: Multiple missense variants

Class D: One missense variant and/or

uncertain effect variant(s)

Group 1: Dysfunction confined to the macula

Group 2: Macular and generalized cone

system dysfunction

Group 3: Macular and generalized cone

and rod system dysfunction

Type 1 (Figure 1, A): Localized low FAF signal at

the fovea surrounded by a homogeneous

background, with/without perifoveal foci of

high or low FAF signal

Type 2 (Figure 1, B): Localized low FAF signal at

the macula surrounded by a heterogeneous

background, and widespread foci of high or

low FAF signal extending anterior to the

vascular arcades

Type 3 (Figure 1, C): Multiple areas of low FAF

signal at the posterior pole with a

heterogeneous background, with/without

foci of high or low FAF signal

ERG ¼ electroretinography; FAF ¼ fundus autofluorescence.
genotype group classification is summarized in Table 1.
Null variants were those that would be expected to affect
splicing or to introduce a premature truncating codon in
the protein if translated.9

� BEST-CORRECTEDVISUALACUITY: Each patient under-
went a best-corrected visual acuity (BCVA) assessment us-
ing the Early Treatment Diabetic Retinopathy Study chart
at a testing distance of 4 m, 2 m, or 1 m depending on the
patient’s vision. The Early Treatment Diabetic Retinop-
athy Study chart was back-illuminated with a luminance
of 100-125 cd/m2. If prescribed, the patient’s distance
refraction was corrected for using spectacles or contact
lenses. The test was completed for each eye monocularly.
A different chart was used for the right eye and left eye,
such that the letters on the chart were varied for each
assessment. Best-corrected Snellen visual acuity was
converted to equivalent value of logarithm of minimal
angle of resolution (logMAR) unit, and visual acuity reduc-
tion was calculated as the difference between logMAR vi-
sual acuity at baseline and at follow-up.

� ELECTRORETINOGRAPHY: Patients were characterized
into 3 electroretinography (ERG) groups, as previously
described; Group 1 had dysfunction confined to the mac-
ula; Group 2 had macular and generalized cone system
dysfunction; and Group 3 had macular and generalized
both cone and rod system dysfunction.3 The ERG grouping
is summarized in Table 1. ERG testing was not conducted
as part of the study but was available from previous clinical
evaluation at the time of baseline FAF assessment.

� FUNDUS AUTOFLUORESCENCE IMAGING: FAF (short-
wavelength) imaging was obtained using the Spectralis
confocal scanning laser ophthalmoscope (Heidelberg Engi-
neering, Heidelberg, Germany; excitation light, 488 nm;
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barrier filter, 500 nm; field of view, 308 3 308), after pupil
dilation using 1 drop each of tropicamide 1% and phenyl-
ephrine 2.5%, and with automated real-time tracking
mode on. Laser power was set at 100% (conventional)
and total sensitivity was adjusted for an optimal image
exposure (‘‘freely adjusted’’) over an imaging duration of
~30 seconds.38

� FAF QUALITATIVE IMAGE ANALYSIS: Baseline and
follow-up images (n ¼ 360) were available and qualita-
tively graded for both eyes of all patients by 1 observer
(M.G.). Patients were classified into 1 of 3 types of FAF
pattern, as previously described.9,39 The 3 subtypes were
as follows: type 1, localized low FAF signal at the fovea
surrounded by a homogeneous background, with or without
perifoveal foci of high or low FAF signal (Figure 1, A); type
2, localized low FAF signal at the macula surrounded by a
heterogeneous background, and widespread foci of high
or low FAF signal extending anterior to the vascular ar-
cades (Figure 1, B); and type 3, multiple areas of low FAF
signal at the posterior pole with a heterogeneous back-
ground, with or without foci of high or low FAF signal
(Figure 1, C). Images of each FAF type are presented in
Figure 1, and Table 1 summarizes the FAF grading system.
Observer 1 (M.G.) also qualitatively assessed all images as
to whether they were fit for quantitative analysis. The rate
of progression was calculated for all 3 groups and each type
of FAF at baseline.

� REPEATABILITY AND RELIABILITY ASSESSMENT: Fifty
FAF images were randomly selected to assess the intraob-
server repeatability and interobserver reliability of the
method used for quantitative assessment. A number (1-
334) was allocated to 334 images considered for quantita-
tive analysis and 50 numbers were randomly selected using
a random number generator script (Python Software
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FIGURE 1. Fundus autofluorescence (FAF) types. (A) Type 1, localized low FAF signal at the fovea surrounded by a homogeneous
background. (B) Type 2, localized low FAF signal at the macula surrounded by a heterogeneous background, and widespread foci of
high or low FAF signal extending anterior to the vascular arcades. (C) Type 3, multiple areas of low FAF signal at the posterior pole
with a heterogeneous background, with foci of high and low FAF signal.
Foundation, version 3.5). The area of decreased autofluor-
escence (DAF) was calculated in the corresponding pic-
tures, in a masked fashion, by 2 observers, observer 1
(M.G.) and observer 2 (T.K.), to assess interobserver reli-
ability. Observer 1 also reassessed the images in a masked
fashion, at least 1 week apart, to evaluate intraobserver
repeatability. Both observers had previous experience (2
years) in analyzing retinal images of inherited retinal dis-
eases but they were naı̈ve to the method used here and
were trained before this study using 10 STGD1 FAF images
that were not included in this study.

� FAF QUANTITATIVE IMAGE ANALYSIS: The Heidelberg
Spectralis Region Finder tool was used for semiautomated
quantitative analysis of FAF images. Based on the extent
of darkness, the observers defined areas of DAF qualita-
tively as being either definitely or questionably decreased
as previously described.40,41 The reference points for deter-
mining the level of darkness of the lesions were the blood
vessels and the optic disc as the absolute level of darkness
at one end of the scale and the retinal background AF at
the other end. Areas in which DAF was close (>90% of
darkness) to the level of vessels and the optic disc were
defined as definitely decreased AF (DDAF), and the areas
of DAF between 50-90% of darkness, were defined as ques-
tionably decreased AF (QDAF).38 The level of darkness
was subjectively estimated by the observers as in previous
studies.5,40–42

The observers selected seed points within candidate
areas of atrophy by clicking on the darkest areas inside
the lesion. The software considers all the adjacent pixels
with a signal intensity equal to and below the signal inten-
sity of the seed point and outlines the region. Observers
make adjustments by changing the threshold of the
region-growing algorithm to precisely outline the region
(Figure 2, A). For multifocal lesions, the sum of all areas
of DAF was calculated (Figure 2, B). In this study, we
have used previously established conventions: 1) the min-
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imum lesion size considered as an area of DAF was defined
to have a diameter >125 mm and/or a lesion area of
0.012 mm2; 2) shadow correction was applied when the
FAF images were unevenly or inadequately illuminated;
3) manual line, circles, contours, or free-hand constraints
were used as needed to distinguish lesion boundaries and
exclude vascular structures (Figure 2, C); 4) peripapillary
atrophy was excluded from area calculation; 5) in case of
confluence of central and peripapillary atrophy, an approx-
imately vertical line constraint had to be set at the narrow-
est part (‘‘bridge’’), with atrophy quantification including
only atrophy temporal to the constraint; and 6) areas of
foveal sparing were delineated with free-hand constraints
after consulting infrared images and/or OCT obtained at
the same visit (Figure 2, D).5,35,40–43

The baseline measurement of DAF (QDAF plus DDAF)
and the rate of progression (mm2/year) were evaluated for
disease symmetry between eyes. The rate of progression
was calculated for each individual group of patients (chil-
dren, adults with childhood-onset, or adult-onset
STGD1). Correlation with age of onset, disease duration,
ERG group at baseline, baseline measurements, and rate
of progression was also investigated.

� STATISTICAL METHODS: The statistical analysis was
carried out using SPSS software (IBM Corp., Armonk,
NY). Significance for all statistical tests was set at P <
.05. The Shapiro-Wilk test was used to test for normality
for all variables. Parametric and nonparametric tests were
used as appropriate. Reliability and repeatability were
calculated as the intraclass correlation coefficient based
on a 2-way mixed-effects model, absolute agreement, and
with Bland-Altman analysis. A threshold of intraclass cor-
relation coefficient >0.90, with the lower limit of the 95%
confidence interval >0.75, was used to designate a reliable
method. The interocular symmetry was assessed with a
paired t test for DAF area, at baseline and follow-up, as
well as annual rates of change. The correlations between
--- 2019OPHTHALMOLOGY



FIGURE 2. Method of decreased autofluorescence (DAF) quantitative analysis. (A) Outlined region of DAF after threshold adjust-
ment. (B)Multifocal lesions, in which the sum of all areas of DAFwas calculated. (C)Manual line and freehand constraints were used
to distinguish lesion boundaries and to exclude vascular structures. (D) Areas of foveal sparing were delineated with freehand con-
straints after consulting the infrared images and the ring-shaped DAF was evaluated.
eyes were assessed with either the Spearman or Pearson cor-
relation coefficient as appropriate. Subsequently, the
strength of the correlations between the baseline measure-
ment and annual rate of progression, baseline measurement
and age at baseline, as well as the age at baseline and annual
rate of progression were assessed. Strong, moderate, and
weak absolute correlation was defined as r > 0.7, 0.7 > r
> 0.5, and r < 0.5, respectively.
RESULTS

� DEMOGRAPHICS: Ninety patients with STGD1 were
ascertained. Fifty-four patients were female (60%). Fifty-
six were children at baseline FAF imaging (n ¼ 56; age
range, 6.5-16.1 years; mean age 6 SD, 11.03 6 2.96 years;
mean follow-up6 SD, 3.56 1.8 years) and 34 were adults
(n ¼ 34; age range, 17.8-66.2; mean age 6 SD, 30.1 6
10.46 years). Fifteen adults had childhood-onset disease
(onset <17 years of age, n ¼ 15; age range, 17.8-64.8;
mean age, 26.3 years; mean follow-up 6 SD, 3.4 6 2.2
years), and the rest had adult-onset (onset >_17 years of
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age, n ¼ 19; age range, 20.2-48.4; mean age, 33.0 years;
mean follow-up 6 SD, 5.4 6 3.5 years). The age of onset
was documented in all subjects and was 9.6 6 3.4 years
for childhood-onset (n ¼ 71) and 28.3 6 7.8 years for
adult-onset STGD1 (n ¼ 19); with the presenting symp-
tom in all patients being increased difficulty in seeing.

� GENETICS: In documented childhood-onset disease (n¼
71), >_2 likely disease-causing variants were identified in 69
patients; with 4 patients having 3 variants and 2 siblings
having 4 variants. For 2 patients, only 1 likely disease-
causing variant was identified. In total, 148 variants were
identified in the childhood-onset cohort, of which 95
were missense (64.2%), 25 splice-site alterations (16.9%),
10 nonsense (6.8%), 6 in-frame insertions (4.1%), 7 in-
frame deletions (4.7%), and 5 disease-associated intronic
variants (3.3%). The genetic findings of 46 of our
childhood-onset patients have been previously reported.36

The genetic data are summarized in Supplemental Table
(available at AJO.com).
The variant c.5882G>A, p.(Gly1961Glu), was the most

commonly detected variant in both childhood and adult-
onset groups. Nine alleles were identified (9/142, 6.3%)
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TABLE 2. Fundus Autofluorescence Type and Rate of Progression

Type, n (%)

Children, n ¼ 56 Adults with Childhood-Onset, n ¼ 15 Adults with Adult-Onset, n ¼ 19

Baseline Follow-Up Baseline Follow-Up Baseline Follow-Up

Indeterminate 4 (7) 1 (2) 0 0 3 (16) 1 (5)

Type 1 40 (71) 31 (55) 6 (40) 4 (27) 12 (63) 12 (63)

Type 2 12 (21) 22 (39) 8 (53) 8 (53) 2 (11) 2 (11)

Type 3 0 2 (4) 1 (7) 3 (20) 2 (11) 4 (21)

Rate of progression, mm2/yeara

Indeterminate 0.94 NA 0.13

Type 1 0.61 0.46 0.41

Type 2 0.74 0.95 0.63

Type 3 NA 0.30 0.77

aBased on baseline fundus autofluorescence type.
in childhood-onset and 10 alleles in adult-onset disease (10/
38, 26.3%). All patients were classified based on the geno-
type group classification described in Table 1. The most
common classification for childhood-onset was B (n ¼ 31/
71, 43.7%) and for adult-onset was C (n ¼ 11/19, 57.9%).
By definition B, with the presence of a null variant, suggests
a more severe genetic background. At least 1 null variant
(groups A and B) was identified in 38 of 71 patients with
childhood-onset disease (53.5%) compared with 7 of 19 pa-
tients with adult-onset disease (36.8%).

� BCVA: BCVA was available for all patients both at base-
line and follow-up. BCVA at baseline was similar between
eyes (P ¼ .859, t ¼ 0.178, df ¼ 89), with a mean 6 SD of
0.68 6 0.34 and 0.68 6 0.32 logMAR for right and left
eyes, respectively. BCVA at follow-up was also similar be-
tween eyes (P¼ .870, t¼�0.164, df¼ 89), with a mean6
SD of 0.86 6 0.32 and 0.87 6 0.25 logMAR for the right
and left eyes, respectively. The mean BCVA change
(6SD) during follow-up was 0.18 6 0.20 and 0.19 6
0.19 logMAR for the right and left eyes, respectively.
This mean change corresponds to a mean loss of 9 Early
Treatment Diabetic Retinopathy Study letters over 4.2
years, and an average Snellen BCVA reduction from 20/
90 (6/27) at baseline, to 20/145 (6/44) at follow-up. For
61 subjects (49 children and 12 adults), the baseline
BCVA used in the analysis herein coincided with the
time of disease diagnosis.

� ERG GROUP: The ERG group was available for 86 pa-
tients, 67 with childhood-onset and 19 with adult-onset dis-
ease. ERG was performed as part of their clinical
investigation at or near the time of diagnosis. All patients
had the same ERG group in both eyes. For childhood-
onset disease, 39 (58.2%), 9 (13.4%), and 19 (28.4%) pa-
tients had ERG groups 1, 2, and 3, respectively. For adult-
onset disease, 16 (84.2%), 1 (5.3%), and 1 (5.3%) patient(s)
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had ERG groups 1, 2, and 3, respectively. One adult had a
pattern ERG within normal limits at the time of diagnosis
(MM_0425, at 26 years of age, presented with subtle perifo-
veal changes and a BCVA of 0.18 and 0.0 logMAR). The
childhood-onset cohort had a statistically significant greater
number of patients in ERG groups 2 and 3 compared with
the adult-onset (P ¼ .0156, x2 ¼ 5.84). ERG groups 2 and
3, describe a more extensive/severe retinal dysfunction.

� FAF QUALITATIVE GRADING: FAF images (n ¼ 360,
baseline and follow-up for both eyes) were qualitatively
graded into 1 of 3 AF types (Table 1, Figure 1). At baseline,
40 (71.4%) children had type 1 AF pattern and 12 (21.4%)
had type 2 AF pattern. No children had type 3 AF, and 4
(7.1%) were indeterminate (described below). Sixteen
(28.6%) children progressed to a more severe type during
follow-up: 2 from indeterminate to type 1 and 1 from inde-
terminate to type 2; 11 from type 1 to type 2; and 2 from type
2 to type 3. The mean follow-up was 4.3 and 3.2 years for
children with and without a change in type, respectively.
At baseline, of the 15 adults with childhood-onset dis-

ease, 6 (40.0%) had type 1, 8 (53.3%) had type 2, and 1
(6.7%) had type 3. Four (26.6%) progressed to a more se-
vere type during follow-up: 2 from type 1 to type 2, and 2
from type 2 to type 3. Of the 19 adult-onset patients, 12
(63.2%) had type 1, 2 (10.5%) had type 2, and 2 (10.5%)
had type 3. Three were indeterminate (described below).
Six (31.6%) progressed to a more severe type during
follow-up: 2 from indeterminate to type 1; 2 from type 1
to type 2; and 2 from type 2 to type 3. The mean follow-
up was 8.5 and 4.0 years for patients with and without a
change in type, respectively. The results of qualitative anal-
ysis are summarized in Table 2 and Figure 3.
Seven patients, 4 children (4/56, 7.1%) and 3 adults with

adult-onset disease (3/19, 15.8%), all of whom were
recruited at the time of initial diagnosis, had no obvious ab-
normalities or findings meeting the description of the FAF
--- 2019OPHTHALMOLOGY



FIGURE 3. Categorization of fundus autofluorescence (FAF)
by type and presentation. Colored bar charts depict the percent-
age of each type of FAF at baseline and follow-up for all 3 patient
groups. There is a trend for childhood-onset disease over time
(from baseline to follow-up and from children to adults) of a
declining percentage in type 1 and an increasing percentage in
type 2 and 3 (suggesting a worsening FAF phenotype over time).
grading system. Five of them progressed to 1 of the 3 FAF
types during follow-up (Figure 4, B and C). One child
(MM_0335; Figure 4, A) and 1 adult (MM_0425) had min-
imal signs of progression over a follow-up period of 2.9 and
1.4 years, respectively, with a small perifoveal area of DAF
only in MM_0425 (Figure 5, A). In contrast, OCT imaging
revealed perifoveal disruption at baseline with minimal, if
any, progression over time in both patients (Figure 5, A).

After qualitative grading, 26 images from 10 subjects
were excluded from additional quantitative analysis
because of absence of an area of DAF in 16 images
(DAF ¼ 0 mm2, 7 subjects, SM2-A); an area of DAF
extending beyond FAF image borders in 6 images (2 sub-
jects, SM2-C/D); and inadequate image quality for quanti-
tative analysis in 4 images (1 subject, SM2-B). Examples of
the excluded images are presented in the Supplemental
Material (Supplemental Material 2). The calculated rate
of progression for each type of FAF pattern at baseline in
all 3 groups is shown in Table 2.

� INTRAOBSERVER AND INTEROBSERVER RELIABILITY:

Fifty images were randomly selected after qualitative assess-
ment and were quantitatively assessed in a masked fashion
twice by observer 1 (M.G.) and once by observer 2 (T.K.)
to evaluate intra- and interobserver reliability, respec-
tively. Initially, all pictures were quantified and DAF
classed as either DDAF or QDAF. The area measurements
of DAF were similar for the 2 observers in most cases; how-
ever, for 21 (42%) images there were discrepancies as to
whether there was QDAF, DDAF, or both, either between
the observers or between repeat assessments by observer 1.
Even though the definitions of QDAF and DDAF are not
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complex, the decision on whether an area has 50-90% or
90-100% DAF is often subjective and variable. We there-
fore decided to only compare measurements of DAF.
The intraclass correlation coefficient was calculated as

0.995 and 0.987 for intra- and interobserver agreement,
respectively, representing excellent agreement. Bland-
Altman analysis was also performed and no bias was found
for either intra- or interobserver measurements.44 Six out-
liers were identified (of the 100 total sets of measurements)
and all represented cases with a mean area >4 mm2. For
small lesions there was a clustering effect near the origin
on Bland-Altman intra- and interobserver analysis graphs,
representing high repeatability and reproducibility in their
quantification. Reliability results are summarized in
Table 3. Bland-Altman plots are presented in Figure 6.
The mean (6SD) absolute difference was 0.29 mm2

(60.43 mm2) and 0.37 mm2 (60.44 mm2) for observer 1
and between observers, respectively. Subsequent quantita-
tive analysis in all 334 images was done by a single observer
(M.G.) given the excellent intra- and interobserver repeat-
ability agreement.

� INTEROCULAR SYMMETRY: Interocular symmetry was
evaluated both for qualitative and quantitative FAF assess-
ment. FAF type was the same bilaterally in all patients both
at baseline and follow-up (Figure 4, A through E and
Figure 7, B through E), with the exception of 2 patients
with different types between eyes; 1 at baseline and 1 at
follow-up visit (Figure 7, A). Both patients were adults,
with advanced disease bilaterally (MM_0242 and
MM_0247). The only patient with a different type at base-
line had the same type in both eyes at follow-up. Examples
of AF type disease symmetry and progression are presented
in Figures 4 and 7.
Eighty-one pairs of eyes were further quantitatively

analyzed at baseline (7 pairs were excluded because of a
lack of DAF, 1 because of poor image quality and 1 because
of extensive DAF area beyond the image borders; Supple-
mental Material 2). The area of DAF (QDAF plus DDAF)
was similar between eyes (P ¼ .658, t ¼ �0.444, df ¼ 80),
with mean absolute difference (6SD) of 0.33 mm2

(61.06 mm2). Only 3 subjects (3.7%) had interocular
DAF difference >1 mm2 and were identified as outliers
(MM_0065, MM_0161, and MM_0247, with interocular
differences of 5.90, 5.22, and 5.88 mm2, respectively), with
obvious asymmetry between the eyes (Figure 7, A).
At the follow-up visit, 86 pairs of eyes were analyzed (1

pair was excluded because of a lack of DAF, 2 because of
poor image quality, and 1 because of extensive DAF area
beyond the image borders). The mean absolute difference
(6SD) between the right and left eyes was 0.57 mm2

(61.40 mm2). Even though the area of DAF was similar be-
tween the eyes (P ¼ .647, t ¼ 0.459, df ¼ 85), 2 patients
were noted to have asymmetric DAF (MM_0019 and
MM_0409, with interocular differences of 1.66 and
3.31 mm2, respectively).
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FIGURE 4. Quantitative analysis of fundus autofluorescence (FAF). FAF images from both eyes of 5 children at baseline and follow-
up. All patients have the same FAF type between eyes. (A) Indeterminate FAF at both time points. (B) Progression from indetermi-
nate to type 1. (C) Progression from indeterminate to type 2. (D) Progression from type 1 to type 2. (E) Progression from type 2 to
type 3. All images are to scale.
Finally, the rate of progression was evaluated for both
eyes of 86 patients. The mean absolute difference between
eyes (range [6SD]) was 0.13 mm2/year (0-1.71 [60.22]
mm2/year). Figure 8 presents the rate of progression for
each pair of eyes, with the line of best fit. Patient
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MM_0247 had a different rate of progression between
eyes and was an outlier (Figure 7, A, and the red square
on graph Figure 8). All patients (n ¼ 5, 5.6%) with asym-
metry at baseline, and/or follow-up, and/or rate of progres-
sion were adults with advanced disease and who had amean
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FIGURE 5. Intrafamilial variability. (A and B) First line: fundus autofluorescence (FAF) images at baseline and follow-up of both
eyes. Second line: infrared image of the right eye at baseline and follow-up; the white horizontal lines mark the corresponding location
of the optical coherence tomography (OCT) B-scan indicated by the blue arrows. (A) MM_0425 and (B) MM_0021 are siblings with
ages of disease onset at 26 and 14 years of age, respectively. The younger sibling (B) was diagnosed earlier. Electroretinography at
baseline was within normal limits for the older sister (A) and electroretinography group 1 for the younger brother (B). The patients
have a mild genotype, harbouring the missense variants p.Gly1961Glu and p.Ala1598Asp. Both siblings had foveal sparing and the
rate of progression was among the lowest in the study (0.08 and 0.21 mm2/year, respectively). Both have perifoveal ellipsoid zone
changes on OCT. FAF and OCT images are to scale within modalities. Foveal sparing is clearly visible on the infrared and OCT im-
ages. These images were used in outlining the normal decreased autofluorescence of the fovea and exclude the area [red delineated area
on (B)] when quantifying the abnormal decreased autofluorescence.
disease duration of 18.8 years (range, 5-50 years; median, 14
years). All children had symmetric disease without a signif-
icant difference between eyes at baseline (P ¼ .909,
t ¼ �0.114, df ¼ 52) and in rate of progression (P ¼
.191, t ¼ 1.33, df ¼ 52; Figure 7, B through E).

� RATE OF PROGRESSION: Data from the right eyes of all
subjects were used for this analysis, after investigating dis-
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ease symmetry and in order to avoid any clustering effect.
The mean (6SD) DAF area at baseline was 2.59 (65.58)
mm2 for children, 3.74 (64.57) for adults with
childhood-onset, and 2.15 (62.12) for adults with adult-
onset disease. The rate of progression was evaluated for
86 patients (1 patient was excluded because of a lack of
DAF, 1 because of poor image quality, and 2 because of
extensive DAF area beyond the image borders). The
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TABLE 3. Reliability Results of Fundus Autofluorescence Quantitative Analysis

Parameter Intraobserver Interobserver

ICC (95% CI) 0.995 (0.985 to 0.998) 0.987 (0.963 to 0.996)

Bland-Altman analysis, mm2

Bias (95% CI) 0.14 (0.0 to 0.28) 0.03 (�0.13 to 0.19)

Upper LOA (95% CI) 1.13 (0.89 to 1.37) 1.17 (0.89 to 1.45)

Lower LOA (95% CI) �0.85 (�1.09 to �0.61) �1.11 (�1.38 to �0.83)

CI¼ confidence interval; ICC ¼ intraclass correlation coefficient; LOA ¼ limit of agreement.
mean annual rate (6SD) of progression was calculated for
each group individually and was 0.69 (60.72) mm2/year for
children (n ¼ 53), 0.71 6 0.48 mm2/year for adults with
childhood-onset (n ¼ 15), and 0.40 6 0.36 mm2/year for
adults with adult-onset disease (n ¼ 18). The rate of pro-
gression was significantly lower for adult-onset disease
compared with adults with childhood-onset disease (P ¼
.022, U ¼ 72, n2 ¼ 18, and n3 ¼ 15). The rate of progres-
sion was similar for children and adults with childhood-
onset disease (P ¼ .315, U ¼ 330, n1 ¼ 53, and n2 ¼
15). As shown in Figures 7 and 9, the rate of progression
was highly variable within the 3 cohorts.

The rate of progression is weakly, but significantly, nega-
tively associated with age of onset (P ¼ .05, r ¼ �0.214,
n ¼ 86), and is in keeping with a slower rate of progression
with an older age of onset. Disease duration (age of onset to
last follow-up) was not associated with progression rate
(P ¼ .56, r ¼ �0.065, n ¼ 86). The rate of progression
showed a statistically significant moderate positive correla-
tion with the size of the area of DAF at baseline (P < .001,
r ¼ 0.46, n ¼ 86), indicating a faster rate of progression
with larger baseline lesion size.

Rate of progression and ERG group was available for 81
patients. The mean rate of progression 6SD was 0.48 6
0.54 mm2/year for ERG group 1 (n1 ¼ 53), 0.65 6
0.59 mm2/year for group 2 (n2 ¼ 9), and 1.11 6
0.71 mm2/year for group 3 (n3 ¼ 19). Group 3 had a statis-
tically significant faster rate of progression compared with
both group 1 (P ¼ .00012, U ¼ 202, n1 ¼ 53, and n3 ¼
19) and group 2 (P ¼ .037, U ¼ 43, n2 ¼ 9, and n3 ¼
19). There was no statistically significant difference be-
tween group 1 and group 2 (P ¼ .313, U ¼ 188, n1 ¼ 53,
and n2¼ 9). Figure 9, B presents the rates of progression be-
tween the different ERG groups.

� GENOTYPE–PHENOTYPE CORRELATIONS: Variants that
were identified in more than one patient with childhood-
onset disease and in one or more patients in the homozy-
gous state are described here.

p.(Gly72Arg). This variant was identified in 3 siblings in
the homozygous state. All 3 had childhood-onset disease
(age range, 5.8-7.9 years). Visual acuity ranged from 1.1
10 AMERICAN JOURNAL OF
logMAR for the first child to be diagnosed to 0.26
logMAR for the last child to be diagnosed at 5.8 years of
age. BCVA was 0.96-1.2 logMAR at the follow-up visit
(2.3-3.8 years of follow-up). All 3 had a homogenous
background FAF at baseline. They had 3 of the highest
progression rates in the entire cohort (0.92, 2.73, and
2.39 mm2/year; Figure 7, D and E). The young child had
no area of quantifiable DAF at baseline (Figure 7, D). All
3 children had ERG group 3. The predicted effect of this
variant has been previously described by Garces and
associates as severe, and they described 2 compound
heterozygous siblings [p.(Gly72Arg)/p.(Gly1961Glu)]
with a milder phenotype than the 3 cases herein.45

p.(Leu2027Phe). This missense variant was previously
reported to cause a mild phenotype, a smaller area of cen-
tral atrophy, and a slow rate of progression.9,39,46,47 In our
cohort a broad range of clinical phenotypes were
identified associated with this substitution. The 1 patient
homozygous for this variant had childhood-onset disease
(13 years of age) and a progression rate of 1.4 mm2/year,
which is toward the high end of the range observed in
this study. Four other patients harbored the variant in the
heterozygous state with a null variant (genotype group
B), all had childhood-onset disease (age of onset, 7-16
years) and a highly variable range of progression (0.13-
1.91 mm2/year). Two of the patients were siblings
(MM_0128 and MM_0129), diagnosed at 12 (younger
sibling; Figure 4, B) and at 7 (older sibling) years of age,
and showed minimal to slow rates of progression (0.123
and 0.55 mm2/year, respectively). The older sibling had a
normal FAF at baseline and progressed the least
(Figure 4, B). At final follow-up, both patients presented
with type 1 FAF. Interestingly, there was discordance
between the siblings, with the age of onset being 5 years
later in the younger sibling and associated with better
BCVA compared with the older sibling. Another patient
harboring the variant in the heterozygous state with
another missense variant [p.(Phe418Ser); genotype group
C] had adult-onset disease (35 years of age) with a
relatively high rate of progression (0.98 mm2/year) and
visual acuity of 1.32 logMAR at last follow-up, 15 years
after disease onset (Figure 2, B).
--- 2019OPHTHALMOLOGY



FIGURE 6. Bland-Altman reliability assessment for quantitative analysis of fundus autofluorescence. The blue line represents the
mean difference and the dashed lines represent the upper and lower standard error. The orange lines represent the upper and lower
limits of agreement, with the dashed lines around them their upper and lower confidence intervals. (A) Analysis of intraobserver
agreement. (B) Analysis of interobserver agreement. Only 6 pairs of measurements are lying outside the limits of agreement. No
bias was observed either for intra- or interobserver analysis. A1 [ first area measurements for observer 1; A2 [ second area mea-
surements for observer 1; A3 [ area measurements for observer 2.
p.(Phe418Ser). The only patient homozygous for this
variant had childhood-onset disease (7 years of age) and
a minimal progression rate of 0.039 mm2/year, which is
one of the lowest observed in this study, with the patient
being essentially stable over a follow-up time of 3.5 years.
Despite the disease stability, BCVA was already severely
reduced at baseline to 1.0/0.9 logMAR and 1.0/0.94
VOL. - FAF IN CHILDHOOD-ONS
logMAR at follow-up. The other 3 patients have a group
C genotype (missense variants only). One patient was
heterozygous for the variant with p.(Leu2027Phe) and
has been described above (Figure 2, B). One patient was
heterozygous for variant p.(Arg1108Cys) and presented
with childhood-onset disease (onset at 7 years of age) and
was stable over 2.9 years of follow-up (rate of progression,
11ET STARGARDT DISEASE



FIGURE 7. Fundus autofluorescence progression. Fundus autofluorescence images from both eyes of 5 patients with childhood-onset
disease at baseline and follow-up. Patient (A) had asymmetric disease at baseline and follow-up, and an asymmetric rate of progression.
(B-E) All patients have symmetric disease between eyes. (B and C) and (D and E) are siblings and have a similar disease course. Pa-
tients (B) and (C) have a minimal rate of progression of 0.01 and 0.06 mm2/year, respectively. Patients (D) and (E) have a rapidly
progressive disease, and are homozygous for the p.Gly72Arg variant. All images are to scale. y [ years; yo [ years old.
0.005 mm2/year). The final patient was heterozygous for
the variant p.(Gly863Ala) and presented with early
adult-onset disease (onset at 18 years of age) and foveal
sparing (Figure 2, D), with a low rate of progression
12 AMERICAN JOURNAL OF
(0.15 mm2/year) over a follow-up time of 2.9 years. The
above findings suggest that p.(Phe418Ser) is a mild allele
and is associated with milder phenotypes of often
childhood-onset disease.
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FIGURE 8. Progression symmetry. Scatter plot presenting the rate of progression for each pair of eyes, with line of best fit. The blue
dots correspond to childhood-onset patients and the orange triangles to adult-onset patients. The rate of progression was highly var-
iable from 0-3 mm2/year, with almost all patients having symmetric progression. Patient MM_0247 (Figure 7, A) has a different rate
of progression among eyes and was an outlier (red square on the graph).

FIGURE 9. Stacked scatter plots for rate of progression for patient category and electroretinography group. Blue circles represent the
progression rate for patients in the corresponding category or group and are displaced horizontally to aid visualization. Yellow dia-
monds represent the mean value. Asterisks mark statistically significant differences (P < .05). (A) Rate of progression for each
group of patients: the rate of progression was highest for adults with childhood-onset disease, followed by children with
childhood-onset disease. In all 3 categories the rate was highly variable. (B) Rate of progression for each electroretinography group:
the rate of progression was statistically significantly higher for group 3. In all 3 groups the rate was again highly variable.
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c.6729þ5_19delGTTGGCCCTGGGGCA. Three
children were homozygous for this splice site alteration.
Although the 3 patients were attributed to 3 different
pedigrees, they all originated from the same Indian-
Pakistani community and it is possible that they are
members of 1 extended family or the result of a founder
effect. The age of disease onset was between 4 and 6
years of age. At follow-up visit, BCVA was 0.9-1.10
logMAR (8.4-12.9 years of age). One patient
(MM_0426) was the only subject in this study with poor
image quality for reliable quantitative assessment
(Supplemental Material 2,B). For the other 2 patients,
the progression rate was toward the high end of the
range (0.85 and 2.34 mm2/year). All 3 patients both at
baseline and follow-up had a homogenous FAF
background. This splice site alteration appears to be a
severe allele and results in a rapidly progressive early
childhood-onset disease.

� INTRAFAMILIAL VARIABILITY: In our study we had 8
pairs and 1 triplet of siblings. There was minimal intrafami-
lial variability observed. The triplet of siblings (MM_0325,
MM_0326, and MM_0360) homozygous for p.(Gly72Arg),
and the 1 pair of siblings (MM_0128, MM_0129) heterozy-
gous for p.(Leu2027Phe) are described above in the
genotype–phenotype correlations. For the remaining 7
pairs, the age of onset differed by <2 years for 5 of them.
ERG testing was available for both siblings in 5 pairs, and
from those, 4 had the same ERG group. In the remaining
siblings, ERG data were available only for 1 patient
(MM_0020, group 3), with a rate of progression of
0.89 mm2/year. A comparable rate of 0.71 mm2/year was
observed in the younger sibling. Figure 7, B and C presents
a pair of siblings following the same course with minimal
progression.

In 1 pair (MM_0021-MM_0425; Figure 5), the age of
onset was 14 and 26 years of age for the younger and older
sibling, respectively, with the younger one being diagnosed
earlier than the older one. ERG at baseline was within
normal limits for the elder sister (MM_0425; Figure 5, A)
and group 1 for the younger brother (MM_0021;
Figure 5, B). The patients had a group C genotype
harboring the missense variants p.(Gly1961Glu) and
p.(Ala1598Asp). Both siblings had foveal sparing and the
rate of progression was among the lowest in the study
(0.08 and 0.21 mm2/year). The elder sister had a normal-
appearing FAF at baseline, with decreased BCVA in the
right eye (0.18 logMAR) at presentation and perifoveal
ellipsoid zone (EZ) changes on OCT (Figures 5, A). A
similar presentation was observed in patient MM_0335
(Supplemental Material 2,A), the sibling of MM_0336,
and over the follow-up period no DAF was observed on
FAF. The remaining pairs of siblings had the same FAF
type at baseline and followed a similar course of disease
over time.
14 AMERICAN JOURNAL OF
DISCUSSION

THIS STUDY REPORTS THE FINDINGS OF THE LARGEST PRO-

spective cohort study of children with molecularly
confirmed STGD1, including qualitative and quantitative
FAF assessment, genetic background, and clinical informa-
tion. We evaluated the reliability and repeatability of
quantitative DAF evaluation and investigated disease sym-
metry, genotype correlations, and intrafamilial variability.
In the current literature the reported rate of progression

is highly variable, ranging from 0.28-1.58 mm2/
year.9,29,31,34,41,48 There are multiple inherent limitations
of many of the studies that have reported these rates of pro-
gression, including retrospective nature, the patients not
being molecularly confirmed, small cohorts, a heteroge-
neous groups of patients in terms of both age and disease
onset (3 distinct phenotypic [and genetic] groups often
analyzed together, namely childhood-onset, adult-onset,
and late-onset), variable follow-up duration, and lack of
reliability/repeatability assessment of the method used. In
this prospective study we investigated the rate of progres-
sion by also considering the principal aforementioned lim-
itations of the previous studies, including analyzing
patients in 3 distinct molecularly confirmed and clinically
well-characterized prospective cohorts and by assessing the
reliability and repeatability of our method. After account-
ing for the limitations of previous studies, we identify a
different rate of progression for each of our groups.
The semiautomated method used in the study had excel-

lent reliability and repeatability in evaluating areas of
DAF. The distinction between questionably and definitely
decreased autofluorescence was difficult to establish in a
masked fashion, as has been reported previously.38,40 The
rate of progression was higher for childhood-onset disease
compared with adult-onset disease and was faster for adults
with childhood-onset disease compared with children with
childhood-onset disease (Figure 9). These data suggest that
patients with childhood-onset disease maintain a higher
rate of progression throughout the course of the disease,
that is, into adulthood. This higher rate compared with
the rate observed during childhood can also be attributed
to the largest baseline size of DAF area in the entire study,
which has been shown to correlate with the rate of progres-
sion both in our study and previously, with a greater rate of
progression associated with larger DAF area at baseline.9,41

Despite the mean rate of progression being notably higher
in children compared with adults with adult-onset (0.68
compared with 0.40 mm2/year), this did not reach statisti-
cal significance; this may likely be because of the high vari-
ation in the children group (SD, 0.72 mm2/year)—with
childhood-onset disease being highly heterogeneous in
terms of progression rates (Figures 7 and 9).
A recent study describes a strong correlation between

outer retinal degeneration and choriocapillaris loss in
STGD using en face OCT and OCT angiography, with an
--- 2019OPHTHALMOLOGY



EZ loss 1.6-fold greater than RPE atrophy.49 In agreement
with the aforementioned study, it is noteworthy that the ra-
tio of EZ loss reported in our recent OCT study36

(1.20 mm2/year, cohort of children with STGD1, n ¼
46) to the rate of DAF change calculated in the current
study herein (0.69 mm2/year) is comparable (1.7). These
observations also support the theory that photoreceptor
degeneration precedes RPE loss in STGD1, or that func-
tional RPE loss precedes the structural loss of RPE leading
to photoreceptor loss before structural damage becomes
apparent on FAF—this is in direct contrast to prevailing
pathogenesis descriptions alluding to RPE loss preceding
photoreceptor degeneration and may thereby necessitate
a paradigm shift.15

Khan and associates investigated the early patterns of
macular degeneration in childhood-onset STGD1 and
observed parafoveal changes detected earlier with OCT
than FAF; an observation we have also seen both in adults
(Figure 5, A) and children in this study.37 OCT is more
sensitive in identifying early changes in disease compared
with FAF (higher resolution and 3-dimensional). However,
quantifying EZ area loss using OCT can be significantly
more laborious and time consuming,50 the field of view is
smaller compared with FAF, and patients cannot be moni-
tored if the atrophy extends beyond the border of the
scan,36 a limitation that may be overcome with swept
source OCT.51 Of note, the FAF acquisition rate and
analyzable data were greater in the current study compared
with our previous OCT study in a pediatric population,
with 51 of 53 children being analyzed.36

More advanced recent variant analysis, such as poly-
merase chain reaction enrichment–based next generation
sequencing, has resulted in a higher variant detection
rate, including identifying the often ‘‘missing’’ second
ABCA4 allele, and thereby allowing more informed
genotype–phenotype correlations to be investigated. It
has been challenging in STGD1 to establish comprehen-
sive genotype–phenotype correlations because of the
highly variable phenotype and the vast allelic heterogene-
ity of ABCA4.1,3,9,52,53 The genotype–phenotype correla-
tions we draw herein are important for patient counselling
and prognosis determination. Intrafamilial variability was
minimal, with a similar age of onset and disease course be-
tween siblings. Interestingly, the 2 pairs of siblings
(MM_0021/MM_0425 and MM_0128/MM_0129)
showing a greater intrafamilial variation had milder phe-
notypes (Figure 5).

A high degree of disease symmetry both at baseline and
in terms of progression was observed between eyes, with few
exceptions, and limited to adults with advanced disease
(Figures 7 and 8). Previous studies have also described
both structural symmetry on OCT and functional
VOL. - FAF IN CHILDHOOD-ONS
symmetry with retinal sensitivity testing (microperimetry
and static perimetry) in children.36,54 Symmetry is impor-
tant for any potential intervention, for which the fellow
eye can serve as a control. Given the ongoing and up-
coming clinical trials targeting STGD1, identification of
robust endpoints is needed. BCVA was similar between
eyes, and we observed a substantial reduction over a
mean follow-up of 4.2 years. A previous study in a large
cohort reported a minimal change over a follow-up period
of 2 years.55 Plausible explanations for this difference
include the higher proportion of childhood-onset patients
in our study and the fact that the baseline BCVA often
coincided with the time of disease diagnosis (especially in
the children). In terms of prognosis, ERG groups with
generalized retinal dysfunction (groups 2 and 3) were asso-
ciated with a more rapid rate of DAF progression (Figure 9,
B), in agreement with the retrospective studies in the liter-
ature.3,28,52 The more rapid deterioration of vision in our
cohort and the greater proportion of patients with group
3 ERG in the childhood-onset cohort emphasizes the
need for any potential ‘‘rescue’’ intervention to be applied
early in the course of disease, and that children (and adults
with childhood-onset disease) will likely help establish an
efficacy signal more rapidly (compared with adult-onset
disease) given their more rapid rate of progression.
In this study we have performed a qualitative and quan-

titative analysis of the area of DAF. Additional studies are
needed to investigate the qualitative change of DAF in this
population, as well as the correlation of the area of RPE loss
using en face OCT with the area of DAF on FAF. The
nonquantitative AF assessment (FAF pattern) can be
more useful in the clinical assessment of individuals
(together with ERG group). However, for patients progress-
ing from one disease stage to another, this approach can be
challenging when trying to assign them a grade (illustrated
in Figure 4, B and C). In our cohort, we had a greater rep-
resentation of patients with childhood-onset disease.
Further investigations and comparisons between
childhood-onset disease and a larger cohort of adult-onset
disease will be valuable.
This is the largest prospective study characterizing FAF

in a cohort of molecularly confirmed children with
STGD1. The high intra- and interobserver agreement in
DAF area quantification suggests that DAF can serve as a
robust anatomic outcome measure in children. The data
in this study are in keeping with childhood-onset disease
being more severe than adult-onset disease. Rapid deterio-
ration of vision in the first years after disease onset and the
higher rates of progression were maintained into adult-
hood. Genetic background, ERG group, and intrafamilial
presentation are of value in informing counselling of pa-
tients about prognosis.
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GUCY2D-Associated Leber Congenital
Amaurosis: A Retrospective Natural History

Study in Preparation for Trials of Novel Therapies
ZAINA BOUZIA, MICHALIS GEORGIOU, SARAH HULL, ANTHONY G. ROBSON, KAORU FUJINAMI,
TRYFON ROTSOS, NIKOLAS PONTIKOS, GAVIN ARNO, ANDREW R. WEBSTER, ALISON J. HARDCASTLE,

ALESSIA FIORENTINO, AND MICHEL MICHAELIDES
� PURPOSE: To describe the natural history of Leber
congenital amaurosis (LCA) associated with GUCY2D
variants (GUCY2D-LCA) in a cohort of children and
adults, in preparation for trials of novel therapies.
� DESIGN: Retrospective case series.
� METHODS: PARTICIPANTS: Patients with GUCY2D-
LCA at a single referral center. PROCEDURES: Review of
clinical notes, retinal imaging including fundus autofluor-
escence (FAF) and optical coherence tomography
(OCT), electroretinography (ERG), and molecular ge-
netic testing. MAIN OUTCOME MEASURES: Demographic
data, symptoms at presentation, visual acuity, evidence
of progression, OCT and FAF findings, ERG assessment,
and molecular genetics.
� RESULTS: Twenty-one subjects with GUCY2D-LCA
were included, with a mean follow-up ± standard devia-
tion (SD) of 10 ± 11.85 years. Marked reduction in visual
acuity (VA) and nystagmus was documented in all pa-
tients within the first 3 years of life. Fifty-seven percent
(n [ 12) exhibited photophobia and 38% (n [ 8) had
nyctalopia. VA was worse than hand motion in 71% of
the patients (n [ 15). Longitudinal assessment of VA
showed stability in all patients, except 1 patient who expe-
rienced deterioration over a follow-up of 44 years. Hyper-
opia was reported in 13 of the 17 subjects (71%) with
available refraction data. Eighteen subjects had either
normal fundus appearance (n [ 14) or a blond fundus
(n [ 3), while only 4 of the eldest subjects had mild
retinal pigment epithelium (RPE) atrophy (mean, 49
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years; range 40-54 years). OCT data were available for
11 subjects and 4 different grades of ellipsoid zone (EZ)
integrity were identified: (1) continuous/intact EZ (n [
6), (2) focally disrupted EZ (n[ 2), (3) focally disrupted
with RPE changes (n[ 2), and (4) diffuse EZ disruption
with RPE changes (n [ 1). All examined subjects had
stable OCT findings over the long follow-up period.
Full-field ERGs showed evidence of a severe cone-rod
dystrophy in 5 of 6 patients and undetectable ERGs in
1 subject. Novel genotype-phenotype correlations are
also reported.
� CONCLUSION: GUCY2D-LCA is a severe early-onset
retinal dystrophy associated with very poor VA from
birth. Despite the severely affected photoreceptor func-
tion, the relatively preserved photoreceptor structure
based on EZ integrity until late in the disease in the major-
ity of subjects suggests a wide therapeutic window for
gene therapy trials. (Am J Ophthalmol 2020;210:
59–70. � 2019 The Author(s). Published by Elsevier
Inc. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).)

L
EBER CONGENITAL AMAUROSIS (LCA) REPRESENTS A

leading cause of autosomal recessive blindness in
children worldwide, affecting between 1 in 30,000

to 1 in 81,000 newborns annually.1–3 Clinically, LCA is
characterized by severe visual impairment at birth or
within the first months of life. Affected individuals
commonly exhibit nystagmus, the oculodigital sign (eye
poking), and extinguished or severely abnormal
electroretinography (ERG).2,4,5 LCA accounts for the
most severe form of inherited retinal disorders, and both
clinically and genetically overlaps with early-onset severe
retinal dystrophy (EOSRD), which comprises milder phe-
notypes.1,4 EOSRD presents after infancy and before the
age of 5 years. Affected individuals usually have better re-
sidual visual function than in LCA and minimal ERG sig-
nals.2,4 LCA/EOSRD is associated with disease-causing
variants in 26 genes to date.2,6 It has been reported that
certain genes are more likely to be associated with LCA,
such as GUCY2D, CEP290, NMNAT1, and AIPL1, while
variants in other genes more frequently cause EOSRD,
including RPE65 and RDH12.2 The genetic variability of
59BLISHED BY ELSEVIER INC.
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LCA and the rarity of the condition make detailed pheno-
typing in a substantial molecularly confirmed cohort of pa-
tients challenging.

GUCY2D variants commonly cause LCA/EOSRD, ac-
counting for 10%-20% of all cases.4 Different sequence var-
iants in GUCY2D are common causes of autosomal
dominant (AD) cone dystrophy (COD) and cone-rod dys-
trophy (CORD).2,7–9GUCY2D encodes the photoreceptor
enzyme guanylate cyclase 2D (GC-E), which synthesizes
the intracellular messenger of photoreceptor excitation,
cGMP, and is regulated by intracellular Ca2þ-sensor
proteins named guanylate cyclase–activating proteins
(GCAPs). To date there are 144 identified variants in
GUCY2D, with the majority reported to cause LCA/
EOSRD (127 variants, 88%) and only 13 reported to cause
AD-COD or AD-CORD. The AD-COD/CORD variants
are all located in exon 13 (around the amino acid position
838) affecting the GC-E dimerization domain. In contrast,
the variants reported to cause LCA do not have a localiza-
tion hot spot but are scattered along the full length of the
gene.7 The biochemical effect of many of the variants has
been described both in vitro and in animal models. LCA/
EOSRD-causing variants usually show either reduced abil-
ity or complete inability to synthesize the intracellular
messenger cGMP.10–12 Moreover, some LCA/EOSRD-
causing variants result in misfolding and consequent degra-
dation of the protein in the endoplasmic reticulum.12 In
contrast, COD/CORD-causing variants are functional but
cause a shift in Ca2þ sensitivity.7 Despite the rather well-
characterized genetic background of GUCY2D-LCA/
EOSRD, the number of detailed phenotyping studies is
limited.

Previous phenotyping studies identified evidence of
preserved photoreceptor structure, in contrast to the
severely affected functional findings of GUCY2D-LCA/
EOSRD.13–15 Reduced visual acuity is a life-long source
of morbidity for patients with LCA/EOSRD, with visual
impairment having been significantly associated with
increased risk of mortality.16 Gene-based approaches to
therapy are used increasingly in clinical trials, with the first
Food and Drug Administration–approved gene therapy for
RPE65-LCA now available. Gene replacement therapy for
GUCY2D-LCA/EOSRD has been investigated in animal
studies, with considerable reported therapeutic success, us-
ing a range of vectors including recombinant adeno-
associated virus serotype 2/8 (AAV2/8), adeno-associated
virus serotype 5 (AAV5), and HIV1-based lentiviral vec-
tor.2,17,18 Aguirre and associates report an intact postgeni-
culate white matter pathway in subjects with GUCY2D-
LCA/EOSRD, which provides further encouragement for
the prospect of recovery of visual function with gene
augmentation therapy.19 Jacobson and associates investi-
gated potential outcome measures such as chromatic full-
field sensitivity testing and optical coherence tomography
(OCT), used to assess photoreceptor function and struc-
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ture, respectively, concluding that any change in the disso-
ciation between structure and function after intervention
may serve as evidence of efficacy.14 Despite the planned
and upcoming trials of novel therapies, a lack of longitudi-
nal data, particularly for OCT and fundus autofluorescence
(FAF) imaging, is apparent in the literature.8,20–25

Herein, we present a retrospective natural history study
in a large cohort of adults and children with variants in
GUCY2D, which provides a detailed description of the
genotypic and phenotypic features, with a long duration
of follow-up. This information is of particular importance
for improving genetic counseling and advice on prognosis,
and provides a crucial step toward the design of a therapeu-
tic clinical trial inGUCY2D-LCA/EOSRD, as well as iden-
tifying a cohort of molecularly confirmed patients who may
participate in such future trials.
METHODS

THIS RETROSPECTIVE STUDY PROTOCOL ADHERED TO THE

tenets of the Declaration of Helsinki and received approval
from the Moorfields Eye Hospital ethics committee.
Informed consent was obtained from all adult subjects,
whereas informed consent and assent were obtained from
parents and children, respectively.

� PATIENT IDENTIFICATION: Patients were identified
from the genetic retina clinics at a single tertiary referral
center (Moorfields Eye Hospital, London, UK). In total,
22 patients with likely disease-causing variants in
GUCY2D were ascertained for detailed phenotyping.

� MOLECULAR DIAGNOSIS: Genomic DNA was isolated
from peripheral blood lymphocytes (Gentra Puregene
Blood Extraction Kit; Qiagen, Venlo, Netherlands). A
combination of Sanger sequencing and next-generation
sequencing, including a panel of retinal dystrophy genes,
whole exome sequencing (WES), and whole genome
sequencing, was used to identify variants in GUCY2D.
All patients with 1 allele identified from WES were
subjected to Sanger sequencing of the first coding exon of
the gene to check for a second allele, owing to the lack
of coverage of theGUCY2D first coding exon byWES.Mu-
tation nomenclature was assigned in accordance with
GenBank accession number NM_000180.
Minor allele frequency for the identified variants in the

general population was assessed in the Genome Aggrega-
tion Database (gnomAD) datasets (http://gnomad.
broadinstitute.org/; accessed on December 12, 2018)
(Supplementary Table 1; Supplemental Material available
at AJO.com). Prediction of pathogenicity was assessed
using the predictive algorithms of Polymorphism Pheno-
typing v2 (PolyPhen2, http://genetics.bwh.harvard.edu/
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pph2/; accessed on December 12, 2018) and Sorting Intol-
erant from Tolerant (SIFT, http://sift.jcvi.org/; accessed on
December 12, 2018) (Supplementary Table 1). Where
relevant, disruption of potential splice sites was assessed us-
ing Human Splicing Finder (http://www.umd.be/HSF3/;
accessed on December 12, 2018) (Supplementary
Table 1). Variants likely to affect function were assessed
for segregation in available family members.

� CLINICAL ASSESSMENT: All available clinical notes
were reviewed. Visual acuity (VA), refraction, funduscopy,
and slit-lamp biomicroscopy findings were extracted. All
patients were seen by medical retina specialists in the ge-
netics/medical retina clinic. Age of onset is defined as the
age at which the family first noticed any symptoms and
sought medical care. Age seen is the age at which the pa-
tient was first seen at our referral center.

Best-corrected logMAR visual acuity (BCVA) was
assessed, monocularly, with an Early Treatment Diabetic
Retinopathy Study chart. Patients were read standardized
instructions. Precision Vision lightboxes were used (Preci-
sion Vision, Woodstock, Illinois, USA) and were illumi-
nated with 2 cool daylight 20 watt fluorescent tubes, with
the overhead lights turned off, so that no more than
161.4 lux should fall at the center of the chart. LogMAR
values were calculated from the number of letters read,
where the higher the logMAR value, the worse the
BCVA. Subjective and objective refraction was under-
taken by a specialist optometrist for both adults and
children.

� ELECTROPHYSIOLOGICAL ASSESSMENT: Full-field ERG
and pattern electroretinography were performed using
gold foil corneal electrodes and incorporated the Interna-
tional Society for Clinical Electrophysiology of Vision
(ISCEV) standards,26,27 except in infants and young chil-
dren, who underwent ERG testing with skin electrodes
without mydriasis using modified protocols.28

� RETINAL IMAGING: Color fundus imaging was obtained
by conventional 35-degree fundus imaging (Topcon Great
Britain Ltd, Berkshire, UK) or ultra-widefield (200-degree)
confocal scanning laser imaging (Optos plc, Dunfermline,
UK). FAF imaging was performed using 30-degree or 55-
degree Spectralis (Heidelberg Engineering Ltd, Heidelberg,
Germany), or Optos (Optos plc) imaging. Spectral-domain
OCT scans (Spectralis; Heidelberg Engineering Ltd) were
used to assess cross-sectional and longitudinal structural
changes.
RESULTS

� DEMOGRAPHICS: The cohort included 21 patients (fe-
male n¼ 11) from 19 families, with an age range at first ex-
VOL. 210 GUCY2D-LCA/EOSRD
amination in our hospital of 0-54 years. The length of
follow-up ranged from 1 to 56 years (mean 6 standard de-
viation [SD], 10 6 11.96 years).

� MOLECULARGENETICS: Table 1 and Figure 1 summarize
the molecular findings in our cohort. Two pedigrees
contributed more than 1 patient (Patients P2A and P2B
are siblings, as well as P8A and P8B), with the remaining
17 patients being simplex cases. All patients had 2 likely
disease-causing variants in GUCY2D. Fourteen patients
were compound heterozygotes and 7 patients harbored ho-
mozygous variants. The variant minor allele frequencies in
the general population (gnomAD database) are reported in
Supplementary Table 1. The predicted effect of the vari-
ants identified in our cohort is summarized in Table 2.
Out of a total of 29 rare variants identified, 14 have not
been previously reported in retinal dystrophies. The vari-
ants identified in our cohort were scattered throughout
the full length of the gene, from exon 2 to exon 17. Thema-
jority of the variants (n ¼ 15) are missense, in agreement
with previous studies.7 Nine small insertions or deletions
that cause a frameshift or in-frame deletion and a small
number of splice site (n ¼ 3) and premature stop codon
(n ¼ 2) variants were identified.
All the missense variants were predicted to be ‘‘probably

damaging’’ or ‘‘possibly damaging’’ by PolyPhen2 and
‘‘damaging’’ by SIFT (Supplementary Table 1). The 3 var-
iants at donor or acceptor splice sites were predicted to alter
splicing by Human Splice Finder (Supplementary Table 1).
The most common variant in our cohort was
p.(Glu103Lys), present in 5 patients from 4 different fam-
ilies in the compound heterozygous state.

� SYMPTOMS AND CLINICAL EXAMINATION FINDINGS:

All patients developed nystagmus and marked reduction
of VA within the first 3 years of life, with 15 patients
(71%) having documented nystagmus in the first 3 months
of life. The primary working hypothesis for all patients was
LCA/EOSRD. In 12 patients (57%) photophobia was a
prominent symptom, and 8 patients (38%) experienced
nyctalopia. Other recorded symptoms included glare in
daylight and reduced color vision (n ¼ 5); Patients P3
and P16 failed all Ishihara color test plates, P4 scored 7
of 17 plates, and P2A and P2B reported that they had never
been able to appreciate colors.
Other presentations were also documented including

lack of eye contact or attention to faces or large toys, as
well as significant eye poking. Keratoconus (KC) was
observed in 4 patients (19%; P6, P10, P13, and P19, age
range of KC presentation 8-40 years, mean 6 SD 27.6 6
13.67 years), with P13 having a right corneal graft (second-
ary to KC). Three patients developed cataract in childhood
(P6, P8B, and P10).

� VISUAL ACUITY: BCVA at first clinic review ranged
from 0.4 logMAR to no perception of light, with an age
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TABLE 1. Variants in the GUCY2D Cohort

P Family ID Con. Hom. variant Variant 1 Protein Effect Variant Type PUV Variant 2 Protein Effect Variant Type PUV

P1 GC12356 c.307G>A� p.(Glu103Lys)� Missense c.238_252delGCCGCCG

CCCGCCTG

p.(Ala80_Leu84del) In-frame deletion

P2A GC19319 c.307G>A� p.(Glu103Lys)� Missense c.1762C>T p.(Arg 588Trp) Missense

P2B GC19319 c.307G>A� p.(Glu103Lys)� Missense c.1762C>T p.(Arg 588Trp) Missense

P3 GC1015 c.380C>T p.(Pro127Leu) Missense c.901_908delCTTCGCAG p.(Leu301Glyfs*15) Frameshift

P4 GC17851 c.553G>C p.(Ala185Pro) Missense U c.721þ5G>T Splicing U

P5 GC19719 c.307G>A� p.(Glu103Lys)� Missense c.2872A>C p.(Ser958Arg) Missense U

P6 GC3264 U c.652delA p.(Met218Trpfs*13) Frameshift U

P7 GC22697 c.2837C>A p.(Ala946Glu) Missense U c.2969G>T p.(Gly990Val) Missense U

P8A GC19606 U c.3056A>C p.(His1019Pro) Missense

P8B GC19606 U c.3056A>C p.(His1019Pro) Missense

P9 GC16211 U c.3098_3099insCGTGCTCT p.(Gly1034Valfs*15) Frameshift

P10 GC16935 c.1343C>A p.(Ser448*) Nonsense c.1958delG p.(Gly653Glufs*2) Frameshift U

P11 GC16929 c.2302C>T p.(Arg768Trp) Missense c.1978C>T p.(Arg660*) Nonsense

P12 GC18677 c.2384G>A p.(Arg795Gln) Missense c.1211T>C p.(Leu404Pro) Missense U

P13 GC1036 c.307G>A� p.(Glu103Lys)� Missense c.2849C>T p.(Ala950Val) Missense

P14 GC17418 U c.c.2120T>C p.(Leu707Pro) Missense U

P15 GC24539 U U c.3044-2A>G Splicing U

P16 GC18674 c.2944þ1delG Splicing U c.2858C>T p.(Ser953Leu) Missense U

P17 GC24284 U c.1694T>C p.(Phe565Ser) missense c.2633_2636delAAGT p.(Gln878Argfs*17) Frameshift U

P18 GC17645 U c.129_134delTCTGCT p.(Leu44_Leu45del) In-frame deletion

P19 GC17984 c.2944delG p.(Gly982Valfs*39) Frameshift c.2291delC p.(Pro764Leufs*20) Frameshift U

P and GC no ¼ patient identifier; Con. ¼ consanguinity; Hom. ¼ Homozygous; PUV ¼ previously unreported variant; � ¼ same variants; A and B denotes siblings
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FIGURE 1. GUCY2D gene and protein domains. (A) Schematic diagram showing theGUCY2D gene, protein domains, and the loca-
tion of variants identified in our cohort. (B) Predicted or experimentally determined effect of reported variants on guanylate cyclase
function. Variants in the transmembrane domain have not been experimentally investigated. Arrows indicate decrease (Y) and in-
crease ([) of the function. CCD [ cyclase catalytic domain; DD [ dimerization domain; ECD [ extracellular domain; GC-
E[ guanylate cyclase 2D; JMD[ juxtamembrane domain; KHD[ kinase homology domain; SP[ signal peptide; TMD[ trans-
membrane domain.

TABLE 2. Predicted Effect of GUCY2D Variants

Effect Na Frequency

Frameshift 9 21.4%

In-frame deletion 3 7.1%

Missense 25 59.5%

Nonsense 1 2.4%

Splicing defect 4 9.5%

aTotal n ¼ 42, 2 alleles per patient.

TABLE 3. Refraction and Visual Acuity in the GUCY2D
Cohort

N %

VA in best-seeing eye, at initial examination:

NPL 4 19%

PL 4 19%

HM 4 19%

Fixate on large objects 3 14%

0.4 logMAR 1 4%

0.48 logMAR 1 4%

0.78 logMAR 1 4%

1.2 logMAR 1 4%

1.5 logMAR 1 4%

1.56 logMAR 1 4%

Refraction:

Hyperopia 12 57%

Myopia 3 14%

Plano 2 9%

Not available 4 19%

HM ¼ hand motions; NPL ¼ no perception of light; PL ¼
perception of light; VA ¼ visual acuity.
range of 0-54 years. Only 5 patients (24%) were able to re-
cord a VA on a Snellen chart, with patient P4 having the
best BCVA at 0.40 logMAR in the right eye, 0.54 in the
left eye at 11 years of age. P3 and P5 had VA of 0.48 and
0.78 logMAR in their better-seeing eyes at the ages of 8
and 4 years, respectively. The remaining 2 of the 5 patients
had VA at 1.2 and 1.5 logMAR in their better-seeing eye,
initially measured within their fourth decade of life.
Seventy-six percent of our cohort (n ¼ 16) were severely
visually impaired, with BCVA of hand movements or
worse. BCVA is summarized in Table 3 and presented in
detail in Supplementary Table 2 (Supplemental Material
available at AJO.com).

All patients reported a subjective stability over time.
However, Patient P3 noted some deterioration in central
VOL. 210 GUCY2D-LCA/EOSRD
vision, recorded as changing from 0.78 logMAR in each
eye at initial presentation at the age of 4 years to 1.0
logMAR and 1.3 logMAR for the right and left eye,
63NATURAL HISTORY
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FIGURE 2. Color fundus photographs and fundus autofluores-
cence (FAF) imaging of the right and left eyes of 3 patients
(Optos plc, Dunfermline, UK). (A) Patient P19. Normal
fundus appearance and central foveal hyperautofluorescence
on FAF, without mid-peripheral or peripheral changes. (B) Pa-
tient P2A. Mild yellow macular atrophy, as well as fine periph-
eral pigmentary changes. Normal FAF images apart from central
small areas of hypoautofluorescence. (C) Patient P13. Extensive
peripheral retinal pigment epithelium atrophy and pigment hy-
pertrophy with large lacunae of chorioretinal atrophy in far pe-
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respectively, at the age of 47 years. Patient P4, who
presented with the best VA, maintained a stable VA of
0.48 logMAR and 0.6 logMAR for right and left eyes,
respectively, until her latest follow-up at age 23 years.

� REFRACTION: Seventeen patients had refraction data
available, with 12 (57%) being hyperopic, of whom 50%
have a refractive error of greater than þ6.5 diopters (D).
Myopia was observed only in 3 patients (14%), with P18
being highly myopic (OD: –7.00 D, OS: –8.00 D), and 2 pa-
tients did not have a significant refractive error. Refractive
error is summarized in Table 3 and presented in more detail
in Supplementary Table 2.

� FUNDUS FINDINGS: On fundus examination, 67% of pa-
tients had either normal (n ¼ 11, Figure 2A) or blond
fundus appearance (n ¼ 3); (age range 1-27 years at exam-
ination; mean 6 SD, 14.5 6 9.3 years). Four patients
(19%) had a normal fundus with disc pallor and/or attenu-
ated vessels (age range 1-34 years, mean 6 SD, 14.75 6
16.07 years). Patient P5 had only fine peripheral pigmen-
tary changes. Among the oldest patients, 3 (P2A, P2B
[Figure 2B], P3; 14%) had mild yellow macular atrophy,
as well as fine peripheral pigmentary changes, examined
at age 53, 54, and 43 years, respectively.
Longitudinal data were available for 17 patients (81%)

with documented slit-lamp examination findings and/or
color fundus imaging. Among those presenting with a
normal fundus examination (n ¼ 9), apart from 1 patient
(P14), fundus findings remained unchanged until the latest
visit, over a follow-up period ranging between 5 and 15
years. Patient P14 developed pale optic discs, attenuated
vessels, and fine pigmentary changes in the periphery,
with prominent choroidal vasculature at the age of 14
years. Patient P13 had extensive peripheral retinal pigment
epithelium (RPE) atrophy and pigment hypertrophy, with
large (2-5 disc diameter) lacunae of chorioretinal atrophy
in the far periphery in both eyes at 60 years of age. A pre-
vious normal fundus examination was documented at the
age of 30 years (Figure 2C).

� ELECTROPHYSIOLOGICAL ASSESSMENT: ISCEV-stan-
dard electrophysiological data were available for 6 subjects.
The results of full-field ERG testing are summarized in
Figure 3A and B. In older children and adults (age range
14-57 years) dark-adapted (DA) dim flash ERGs were un-
detectable in 5 patients and severely subnormal in 1 patient
(P3; 44 years). The strong flash (DA10) ERG a- and b-
riphery in both eyes. On FAF there is central early
hypoautofluorescence with small central foci of hyperautofluor-
escence and mid- to far-peripheral generalized hypoautofluores-
cence with granular hyperautofluorescence and discrete
scattered large patches of hypoautofluorescence. L [ left eye;
R [ right eye; VA; visual acuity; yo [ years old.
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FIGURE 3. Graphical representation of full-field electroretinography (ERG) findings and examples of recordings. (A) ISCEV-
standard full-field ERG amplitudes are plotted as a percentage of the lower limit of normal obtained in a control group for right
(RE) and left (LE) eyes. The findings were consistent with a severe cone-rod dystrophy (Patients P1, P2A, P2B, P3, and P4) or severe
photoreceptor dystrophy (P16; undetectable ERGs). (B) Examples of ISCEV-standard full-field ERG traces recorded from Patients
P1, P2, P3, and P4 and a representative unaffected control subject (N) for comparison. Dark-adapted (DA) ERGs are shown for flash
strengths of 0.01 and 10.0 cd.s/m2 (DA 0.01; DA 10.0). Light-adapted (LA) ERGs are shown for a flash strength of 3.0 cd.s/m2 (LA
3.0; 30 Hz and 2 Hz). Recordings are shown from 1 eye with traces superimposed to demonstrate reproducibility. Note the higher
scaling factor used to illustrate low-amplitude DA ERGs compared with the control. Broken lines replace blink artefacts that occur
after the ERG b-waves. Pattern ERGs were not recordable owing to the effects of marked nystagmus in all patients.
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waves were reduced by approximately 80%-95% in those
with a detectable response; b-waves were severely reduced
and of abnormally short peak time (24-37 ms) in all 5 cases
(P1, P2A, P2B, P3, and P4). Light-adapted (LA) ERGs
were undetectable in all but 1 case, with a residual LA
30 Hz flicker ERG in 1 eye (P4). Pattern ERGs were not
recordable owing to the effects of marked nystagmus in
all. The ERGs were stable in the 2 patients that were moni-
tored over 17 years (P3; first tested age 44 years) and 6 years
(P4; first tested age 14 years).

In the 4 infants (aged 5-14 months) and 3 children (aged
6-9 years; P5, P16, and P18) tested with skin electrodes, the
flash ERGs were undetectable under DA and LA condi-
tions (P15, P16, P18) or showed only residual responses
(P5, P8B, P9, P14), with only DA ERGs being detectable
in 2 (P9, P14).

� OPTICAL COHERENCE TOMOGRAPHY FINDINGS: OCT
imaging was available for 11 patients. Age at baseline
ranged from 7.3 to 76.3 years (mean 6 SD, 34.1 6 22.7
years). OCT findings at baseline were grouped into 4
different grades based on ellipsoid zone (EZ) integrity and
RPE changes: (1) continuous/intact EZ (n¼ 6), (2) focally
disrupted EZ (n ¼ 2), (3) focally disrupted EZ with RPE
changes (n ¼ 2), and (4) severely disrupted EZ with RPE
changes (n ¼ 1). In Figure 4 all 4 grades are represented,
at different ages and visual acuities. In Table 4 the OCT
data for all patients are summarized. The EZ was present
in all patients with available imaging. Longitudinal OCT
data were available for 9 patients over a follow-up period
between 2.0 and 13.3 years (mean, 5.2 years), without
any evidence of progression over time.

OCT was not available for the remaining 10 patients
(age range, 1-27 years), either owing to severe nystagmus
or KC or because of young age at last follow-up visit (4 pa-
tients younger than 10 years of age). Those with no OCT
images had VA of hand movements or worse and normal
or blond fundus appearance (n ¼ 8), with no fundus view
owing to severe KC in 2 patients (both aged 17 at first ex-
amination). Those subjects with OCT available (n ¼ 11)
had a similar age range (7.3-76.3) and VA range (0.48 to
light perception).

� FUNDUS AUTOFLUORESCENCE IMAGING: FAF images
were available for 11 (52%) patients (same patients as
had OCT). Patients with an intact EZ had either (1)
normal FAF appearance (n ¼ 1, P1 between 42 and 54
years of age, Figure 4A), (2) central foveal hyperautofluor-
escence (n ¼ 2; P14 between 7 and 14 years of age; P19 at
age 18 years, Figure 2A), or (3) a perimacular ring of
increased AF (n ¼ 2; P5 between 8 and 12 years of age;
P8A at age 25). No abnormal mid-peripheral or peripheral
changes were identified in these patients throughout the
follow-up period of up to 12 years. Two patients (P2A,
Figure 2B, and P2B, Figure 4C) had normal FAF images
apart from central small areas of hypoautofluorescence in
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their 50s and 60s; on OCT they had focally disrupted EZ
at the macula with RPE changes (Figure 4C). Patient P3,
who had more severely disrupted EZ on OCT, showed cen-
tral and mid-peripheral hypoautofluorescence on FAF im-
aging (Figure 4D). Those with focally disrupted EZ with
RPE changes (P4, Figure 4B, and P13, Figure 2C) had cen-
tral early hypoautofluorescence with small central foci of
hyperautofluorescence, with the latter also having mid to
far peripheral generalized hypoautofluorescence with gran-
ular hyperautofluorescence and discrete scattered large
patches of hypoautofluorescence. FAF imaging was not
available in the remaining patients for the same aforemen-
tioned reasons as per OCT imaging, with photoaversion be-
ing an additional reason challenging image acquisition.
DISCUSSION

WEDESCRIBE THE PHENOTYPE ANDNATURALHISTORY OF A

large cohort of patients of a wide range of ages with
GUCY2D-LCA/EOSRD ascertained at a single UK referral
center. The clinical presentation in our cohort is in keep-
ing with previous reports, with early-onset disease, severe
visual impairment, and a structure-function dissocia-
tion.15,20–25,29–32 All patients presented with nystagmus
and profound visual loss within the first 3 years of life.
Long-term follow-up showed stability of VA over time.
Keratoconus and early-onset cataract contributed to
further loss of VA in a minority of subjects.
Recently Stunkel and associates expanded the retinal

disease spectrum associated with autosomal recessive muta-
tions in GUCY2D, reporting 5 patients with ‘‘congenital
night blindness’’ and evidence of progression to mild reti-
nitis pigmentosa.33We did not identify any similar patients
in our cohort with autosomal recessive GUCY2D. Howev-
er, 2 patients (P4 and P5) had marked rod-related symp-
toms, without macular changes and with some residual
cone ERG activity, with stability over 7 years of follow-
up in P4. BCVA was better than the rest of the cohort
(however, it was significantly worse than the VA in the
aforementioned subjects with ‘‘congenital night blind-
ness’’) and was maintained over the follow-up period. A
ring of hyperautofluorescence in the outer macula was
observed in 1 of the 2 patients, a common finding in reti-
nitis pigmentosa.34–36 For the first 3 patients (P1, P2A,
and P2B) during their early clinic visits the differential
diagnosis included achromatopsia, since their residual
visual function was better than might be expected for
LCA. If we group the first 6 subjects (P1-P6), who arguably
have better-preserved VA, together and compare them to
the rest of the cohort, we can explore this further. As
presented in Table 1 and in Figure 1A, all 6 subjects had
1 disease-causing missense variant in exon 2 encoding
the extracellular domain, and it appears that variants in
the extracellular domain do not alter the biochemical
FEBRUARY 2020OPHTHALMOLOGY



FIGURE 4. Optical coherence tomography (OCT) and fundus autofluorescence (FAF) imaging of 4 patients (P1, P4, P2B, P3). OCT
findings at baseline were grouped into 4 different grades based on ellipsoid zone (EZ) integrity and retinal pigment epithelium (RPE)
changes: (A) grade 1: continuous/intact EZ; (B) grade 2: focally disrupted EZ; (C) grade 3: focally disrupted EZ with RPE changes;
and (D) grade 4: diffuse EZ and RPE changes. The arrowheads point to the attenuated EZ. The right column presents the corresponding
FAF images: (A) normal FAF appearance; (B) central early hypoautofluorescence with small central foci of hyperautofluorescence; (C)
normal FAF images apart from central small areas of hypoautofluorescence; and (D) central and mid-peripheral hypoautofluorescence.
The white arrows mark the border of the corresponding OCT line scans. VA[ visual acuity; yo[ years old.
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TABLE 4. Optical Coherence Tomography Findings in the GUCY2D Cohort

Patient VA (OD/OS) Age at Baseline OCT (Y)

Follow-up

Time (Y) OCT EZ Appearance at Both Baseline and Follow-up

P1 1.3/1.2 47.3 6.2 Continuous/intact EZ

P2A 1.8/1.5 59.6 4.2 Focally disrupted with RPE changes

P2B HM 54.8 4.2 Focally disrupted with RPE changes

P3 1.3/1 47.4 13.3 Diffuse EZ/RPE change

P4 0.48/0.6 20.3 3.0 Focally disrupted EZ

P5 0.48/0.62 8.0 4.0 Continuous/intact EZ

P8A HM 25.4 NA Continuous/intact EZa

P9 HM 11.3 3.0 Continuous/intact EZ

P13 HM 76.4 2.0 Focally disrupted EZ

P14 PL 7.3 6.4 Continuous/intact EZ

P19 PL 18.2 NA Continuous/intact EZa

EZ¼ ellipsoid zone; HM¼ hand motions; OCT¼ optical coherence tomography; PL¼ perception of light; RPE¼ retinal pigment epithelium;

VA ¼ visual acuity.
aNo available follow-up OCT scan.
activity of GC-E.10–12 Patients harboring variants in exon 2
seem to have a milder phenotype, characterized by better
visual acuity, which is preserved over time. However,
these patients still had severe generalized impairment of
retinal function on ERG testing.

International standard full-field ERGs showed evidence
of a severe cone-rod dystrophy in 5 of 6 patients and unde-
tectable ERGs in 1 other, in keeping with a severe photo-
receptor dystrophy. Detectable but subnormal DA 10 ERG
b-waves were of unusually short peak time; the absence of
detectable LA ERGs in 9 of 10 eyes and presence of DA
ERGs to a dim flash (below cone system threshold) in sub-
ject P3 suggests a rod-mediated origin, although the mech-
anism is uncertain. The ERGs in younger children and
infants were consistent with severe cone-rod or severe
photoreceptor dystrophy. The similarity of ERG pheno-
types across a wide range of ages and the lack of ERG dete-
rioration in serial recordings from 2 subjects suggests severe
early-onset disease but with relative stability or slow pro-
gression with age. Similar stability was also observed with
FAF and OCT imaging, and in addition in the retinal
appearance on funduscopy. The imaging findings were
not correlated with visual function; namely, despite having
profoundly reduced VA and severely abnormal full-field
ERGs, the EZ was present in the majority of patients.

These OCT findings differ from those found in the major-
ity of other forms of LCA, where patients have extensive
photoreceptor cell loss.13 OCT in GUCY2D-LCA/EOSRD
has only been reported in a few studies and these were
consistent with our findings.14,15,20 A retrospective study
included 3 patients aged between 20 and 53 years, with un-
remarkable retinal lamination, described as less well-defined
than normal.13 OCT imaging in another cohort of 11 pa-
tients, ranging in age from 6 months to 37 years, showed
that all patients had intact rod photoreceptors but abnor-
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malities in foveal cones.15 A recent study (n ¼ 28 subjects,
aged 2-59 years) reported a dissociation between structure
and function, as revealed by retinal layer abnormalities on
OCT and full-field sensitivity testing.14 In the same study,
Jacobson and associates identified outer nuclear layer thin-
ning over the fovea and decreased intensity of the EZ reflec-
tivity.14 Further evaluation of retinal structure with adaptive
optics ophthalmoscopy may be of value,37 in order to further
elucidate the photoreceptor structure in these patients at a
cellular level; however, this will likely be challenging in
many patients owing to poor fixation/nystagmus, keratoco-
nus, and early-onset cataract.
The aforementioned disconnect between structure and

function raises the potential for functional rescue and
possible amenability to gene-based therapy. A successful
therapeutic approach has been examined in theGUCY1*B
chicken model.38 In this study, a lentivirus vector deliv-
ering bovineGUCY2D was injected into chicken embryos.
Six of the 7 treated embryos exhibited improvement in VA
and ERG responses. Moreover, the retinal degeneration
was slower in comparison to the untreated chickens. How-
ever, they reported that disease development was not pre-
ventable despite delivering gene replacement at an early
stage.7,38 In another study, 3-week-old knockout mice
were injected with subretinal AAV-GUCY2D (bovine).
Although successful restoration of cone arrestin transloca-
tion was achieved 5 weeks after the injection, there was no
restoration of cone ERG responses.7,17 However, a study
delivering subretinal AAV5 containing human GUCY2D
to the knockout mouse model showed not only an efficient
transgene expression in rod and cone photoreceptors, but
also successful restoration of cone function, as well as the
activity of the GC enzyme. Moreover, this restoration of
retinal function persisted for at least 6 months. Similar re-
sults up to 6 months post injection were observed in treated
FEBRUARY 2020OPHTHALMOLOGY



Gucy2e-/- mice with rAAV2/8 vector: dose-dependent
restoration of rod and cone function and an improvement
in visual behavior.18 These promising studies have raised
the likelihood of gene-replacement trials for patients
with GUCY2D-LCA/EOSRD.7,18,39 Determining the
outcome measures, characterization of large cohorts of po-
tential participants, and defining disease natural history are
fundamental steps toward the optimal design of these gene
therapy trials.
VOL. 210 GUCY2D-LCA/EOSRD
Our study has provided valuable information about the
clinical phenotype and natural history of GUCY2D-
LCA/EOSRD, established a well-characterized cohort of
molecularly confirmed potential trial participants, and re-
ported potential genotype-phenotype correlations. It has,
in addition, highlighted the relative structural and func-
tional stability over a broad age range, thereby indicating
a wide therapeutic window to be exploited by planned
and anticipated interventional trials.
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Juvenile Batten Disease (CLN3): Detailed
Ocular Phenotype, Novel Observations,
Delayed Diagnosis, Masquerades, and
Prospects for Therapy
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Ambreen Kalhoro, FRCOphth,2 SM Kleine Holthaus, PhD,1 Nikolas Pontikos, PhD,1,2 Ngozi Oluonye, MBBS,2
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Purpose: To characterize the retinal phenotype of juvenile neuronal ceroid lipofuscinosis (JNCL), highlight
delayed and mistaken diagnosis, and propose an algorithm for early identification.

Design: Retrospective case series.
Participants: Eight children (5 female) with JNCL.
Methods: Review of clinical notes, retinal imaging including fundus autofluorescence and OCT, electroret-

inography (ERG), and both microscopy and molecular genetic testing.
Main Outcome Measurements: Demographic data, signs and symptoms, visual acuity (VA), fundus auto-

fluorescence and OCT findings, ERG phenotype, and microscopy/molecular genetics.
Results: Participants presented with rapid bilateral vision loss over 1 to 18 months, with mean VA deterio-

rating from 0.44 logarithm of the minimum angle of resolution (logMAR) (range, 0.20e1.78 logMAR) at baseline to
1.34 logMAR (0.30 logMAR - light perception) at last follow-up. Age of onset ranged from 3 to 7 years (mean, 5.3
years). The age at diagnosis of JNCL ranged from 7 to 10 years (mean, 8.3 years). Six children displayed eccentric
fixation, and 6 children had cognitive or neurologic signs at the time of diagnosis (75%). Seven patients had
bilateral bull’s-eye maculopathy at presentation. Coats-like exudative vasculopathy, not previously reported in
JNCL, was observed in 1 patient. OCT imaging revealed near complete loss of outer retinal layers and marked
atrophy of the nerve fiber and ganglion cell layers at the central macula. An electronegative ERG was present in 4
patients (50%), but with additional a-wave reduction, there was an undetectable ERG in the remaining 4 patients.
Blood film microscopy revealed vacuolated lymphocytes, and electron microscopy showed lysosomal (finger-
print) inclusions in all 8 patients.

Conclusions: In a young child with bilateral rapidly progressive vision loss and macular disturbance, blood
film microscopy to detect vacuolated lymphocytes is a rapid, readily accessible, and sensitive screening test for
JNCL. Early suspicion of JNCL can be aided by detailed directed history and high-resolution retinal imaging, with
subsequent targeted microscopy/genetic testing. Early diagnosis is critical to ensure appropriate management,
counseling, support, and social care for children and their families. Furthermore, although potential therapies for
this group of disorders are in early-phase clinical trial, realistic expectations are that successful intervention will be
most effective when initiated at the earliest stage of disease. Ophthalmology Retina 2019;-:1e13 ª 2019 by the
American Academy of Ophthalmology. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Supplemental material available at www.ophthalmologyretina.org.
The neuronal ceroid lipofuscinoses (NCLs) are a group of
inherited neurodegenerative lysosomal storage disorders that
have been associated with 13 causative genes to date.1

Prevalence is 1 in 100 000 live births.2 Traditionally, the
disease was divided into different forms dependent on the
disease onset. Because disease onset and progression can
vary substantially, genetic testing and confirmation of the
� 2019 by the American Academy of Ophthalmology
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/). Published by Elsevier Inc.
underlying sequence variant are often required for a
definite diagnosis. Consequently, a new gene-based
nomenclature was introduced to facilitate disease classifi-
cation.3 Classic CLN3 disease with juvenile disease onset,
formerly known as “juvenile neuronal ceroid
lipofuscinosis” (JNCL) and commonly referred to as
“Batten disease,” is a form of NCL caused by sequence
1https://doi.org/10.1016/j.oret.2019.11.005
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variants in the gene CLN3 (Ceroid Lipofuscinosis,
Neuronal, 3; Online Mendelian Inheritance in Man:
204200). The gene codes for a transmembrane protein of
unknown function.4,5 Presentation is typically in early
childhood with vision loss at 4 to 10 years of age,
behavioral and cognitive dysfunction at 7 to 10 years of
age, and progressive motor decline and seizures at 10 to
13 years of age, eventually leading to premature death in
the second or third decade of life.6,7 The most common
sequence variant in CLN3 is a homozygous 1 kb deletion,
accounting for approximately 85% of cases of JNCL.8,9

This deletion encompasses exons 7 to 8, resulting in a
truncated, nonfunctional protein.10 Other variants in CLN3
can cause isolated adult-onset retinal degeneration.11,12

Diagnosis of JNCL is confirmed by the presence of
vacuolated lymphocytes and lysosomal (fingerprint)
inclusions on blood film,4,13e15 alongside molecular ge-
netic testing.3

Visual impairment presents as the first symptom in more
than 80% of cases of JNCL at a mean age of 5 years.16,17

Retinal examination often shows a bull’s-eye maculopathy,
temporal optic disc pallor, peripheral retinal pigment
epithelial disturbance (including bone spicule formation),
and retinal vascular attenuation.9,18e20 In one study, fundus
imaging showed widespread atrophy of the retinal pigment
epithelium (RPE) in 93% (n¼24) of cases of confirmed
CLN3 disease.21 However, because these retinal findings
overlap with selected pathological hallmarks of more
common disorders, including retinitis pigmentosa, Stargardt
disease, and other inherited retinal diseases,22e24 the early
diagnosis of JNCL often results in significant diagnostic
challenge. Furthermore, one clinical study reported only 2 of
9 patients with molecularly confirmed CLN3-JNCL as having
bull’s-eye maculopathy,25 and another suggested that only
20% of cases present with a bull’s-eye appearance, further
highlighting the difficulties in early detection of JNCL.21

Another less well-recognized clinical feature that can be
seen in JNCL is “eccentric vision” or “overlooking,”
whereby the child will raise their eyes to overlook and fixate
on a target object, and may be secondary to a relative degree
of superior peripheral retinal sparing.26

The electroretinogram (ERG) is valuable in the diag-
nostic armamentarium for JNCL,25 with marked ERG
abnormalities invariably seen, including electronegative
waveforms.22,27,28 As the disease progresses to more
advanced stages, the ERG shows significantly reduced
cone responses and no recordable rod-specific responses.18

Cognitive and behavioral impairment, in particular mood,
memory, and attention (e.g., inability of the child to recall
and accomplish 3-step commands), usually appears
approximately 2 years after the onset of visual decline;
however, these features may be present at first onset or
occasionally in advance of visual symptoms, highlighting
the importance of careful directed history in suspected
cases.16,17 Magnetic resonance imaging may show cerebral
and cortical atrophy with demyelination.29

Timely diagnosis of JNCL is often challenging. Given
the rapidly progressive and unfavorable prognosis of the
disease, early diagnosis is important both to provide timely
clinical management and support and to prepare for
2

potential novel avenues of intervention. We describe 8 cases
of JNCL presenting at a single tertiary referral center in
detail, highlighting delayed/mistaken diagnosis and diag-
nostic challenges, providing diagnostic insights, novel ob-
servations, and recommendations. We discuss the latest
research avenues being explored and ongoing or planned
clinical trials.

Methods

Patient Identification

Patients with the diagnosis of JNCL and harboring likely disease-
causing variants in CLN3 were identified from the Moorfields Eye
Hospital Inherited Eye Disease database. Patients were included in
this database after obtaining informed consent. This retrospective
study adhered to the tenets of the Declaration of Helsinki and was
approved by the Moorfields Eye Hospital ethics committee.

Assessment

Medical notes and clinical images were reviewed, including dilated
fundoscopy, visual acuity (VA), electrophysiologic testing (ERG),
and retinal imaging, including OCT and fundus autofluorescence.

The age of disease onset was defined as the age at which the
first disease-related symptom(s)/sign(s) were apparent. Screening
for JNCL was done by microscopic evaluation of a peripheral
blood film for the presence of vacuolated lymphocytes, followed
by electron microscopy for storage (fingerprint) inclusions.
Confirmation of the diagnosis was done by molecular genetic
screening for CLN3 variants.

Methods of electrophysiologic testing were adapted according
to the age and ability of each individual to comply with testing.
Full-field electroretinography (ERG) was performed to incorporate
the International Society for Clinical Electrophysiology of Vision
standards,30 using a Ganzfeld bowl and gold foil corneal electrodes
(case 7) or lower eyelid skin electrodes (case 6). The ERGs in the
other children were performed with skin electrodes without
mydriasis, using flashes delivered by a Ganzfeld bowl (cases 3,
5, and 8) or hand-held strobe (case 4), according to a modified
protocol.31 International Society for Clinical Electrophysiology of
Vision standard pattern ERG32 was performed using gold foil
corneal (case 7) or skin electrodes.

The mean subfoveal choroidal thickness was measured by
enhanced depth imaging horizontal OCT crosshair scans (Heidel-
berg Engineering Inc, Heidelberg, Germany). Segmentation of
macular ganglion cell layer (mGCL) thickness was obtained using
the automated segmentation software for the Spectralis OCT device
(Heidelberg Engineering, software version 1.10.2.0). For retinal
thickness maps, 3 circular lines representing 1, 3, and 6 mm scan
diameters (Early Treatment Diabetic Retinopathy Study macula)
were obtained. The macular scans were performed in the 30� peri-
foveal area using a 30��25� OCT volume scan. The average of all
points within the inner 1-mm diameter circle was defined as the
central subfield thickness. The intermediate 3-mm ring was divided
into the inner superior, inner nasal, inner inferior, and inner temporal
subfields, and average values were calculated per sector in each eye.

Results

Clinical Findings

All 8 ascertained patients were first seen at Moorfields Eye hospital
over a period of 8 years (2009e2017) and received the diagnosis of



Table 1. Clinical Features

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8

Sex F F F M F M M F
Age at onset (yrs) 5 5.5 3 7 4 6 6 6
Initial clinical findings

at first evaluation
Macular atrophy,
retinal
degeneration on
OCT

Nystagmus,
reduced vision,
poor night
vision

Foveal thinning,
optic disc
pallor, bull’s-eye
maculopathy,
poor color
vision/night
vision

Bilateral macular
changes, optic disc
pallor

Visual impairment Noncorrectable
vision, poor
color vision

Unexplained poor
vision

Esotropia, left
amblyopia

VA; R, L (logMAR) 1.78, 1.78 0.60, 0.48 0.35, 0.80 0.60, 0.75 0.80, 0.80 0.70, 0.50 0.26, 0.20 0.18, 0.48
Neurologic/behavioral

signs
Speech delay,
clumsiness,

seizures

None Behavioral and
cognitive
decline
(ASD?);
clumsiness

Emotional difficulties,
cognitive decline

None None Behavioral decline Speech and
language delay

Rapid visual decline
within

6 mos 1 mo 12e18 mos 1 yr 12e18 mos 1 yr 1 yr 1 yr

Diagnosis on referral
to Moorfields Eye
Hospital

Severe retinal
dystrophy

Severe retinal
dystrophy

Molecularly
confirmed
Stargardt
disease
(ABCA4)

Severe retinal
dystrophy

Unexplained
vision loss

Unexplained
vision loss

Unexplained
vision loss

Unexplained
vision loss

Age at diagnosis (yrs) 10 7 8 9 9 7 8 8
Clinical features at

time of diagnosis
Profound macular
atrophy, optic disc
pallor, retinal
vascular
attenuation

Rotary nystagmus,
pale optic discs,
bull’s-eye
maculopathy,
bilateral ERM,
retinal vascular
attenuation

Profound loss of
inner and outer
retina, bilateral
ERM,

bull’s-eye
maculopathy

Bilateral macular
atrophy

Pale optic discs,
attenuated
vessels, bilateral
macular atrophy

Loss of central
retinal
structure,
bilateral ERM,
poor color/night
vision, pale
optic discs

Bilateral ERM,
outer retinal
loss, pale optic
discs

Bilateral macular
atrophy, foveal
sheen

VA; R, L (logMAR) PL, PL 1.35, 1.60 1.20, 1.30 1.0, 1.10 1.30, 1.23 1.20, 1.20 0.50, 0.30 1.30, 1.30
Eccentric fixation/

overlooking
✔ ✔ ✔ NR NR ✔ ✔ ✔

Neurologic/behavioral
signs

Speech delay,
clumsiness

None Behavioral and
cognitive
decline,
clumsiness

Cognitive decline None Clumsiness,
memory loss,

behavioral decline

Clumsiness,
behavioral
decline

Speech and
language delay,
poor
concentration

ASD ¼ autistic spectrum disorder; ERM ¼ epiretinal membrane; L ¼ left eye; logMAR ¼ logarithm of the minimum angle of resolution; NR ¼ not recorded; PL ¼ perception of light; R ¼ right eye.
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Figure 1. Clinical features on color fundus photography. Color fundus photographs of 5 cases with juvenile neuronal ceroid lipofuscinosis (JNCL) depicting
optic disc pallor, macular atrophy with subtle granularity of the retinal pigment epithelium (RPE), and retinal arteriolar attenuation. Note the pigmentary
changes reminiscent of bone spicules and unilateral Coats-like reaction in case 4. The second row for case 4 shows the exudation at baseline and its
improvement over a follow-up period of 12 months.
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Figure 2. Fundus autofluorescence findings. Fundus autofluorescence images showing marked foveal hypoautofluorescence with varying degrees of sur-
rounding diffuse reduction in macular autofluorescence. Cases 3 and 6: A ring of increased autofluorescence (white arrowheads). Cases 3, 5, and 6 show mild
diffuse peripheral hypoautofluorescence. Case 4 shows advanced diffuse hypoautofluorescence. Cases 1, 2, 7, and 8 show variable extent of decreased
autofluorescence between the 2 groups.

Wright et al � Juvenile Batten Disease
CLN3 disease in 6 to 18 weeks after their first visit (mean, 10.7
weeks). They were referred with poor VA, with all having expe-
rienced a period of rapid visual decline before their referral to our
tertiary center, ranging from 1 to 18 months in duration. Mean VA
(�standard deviation [SD], range) at disease onset was 0.44 log-
arithm of the minimum angle of resolution (logMAR) (�0.44,
0.20e1.78 logMAR). Mean VA (�SD, range) by the time of
diagnosis was 1.34 logMAR (�0.61, 0.30 logMAR - light
perception). The age of disease onset ranged from 3 to 7 years
(mean age, 5.3 years). The time from disease onset to diagnosis
ranged from 1.5 to 5 years (mean time, 2.9 years). Age at diagnosis
of JNCL ranged from 7 to 10 years (mean age, 8.3 years). The
medical history before first presentation in 5 children was unre-
markable (n¼5, 62.5%), 1 patient had speech delay and learning
5



Figure 3. OCT findings. Spectral-domain OCT macular scans for all patients in the cohort, at the time of diagnosis, depicting significant macular atrophy
with almost complete loss of the ellipsoid zone, hyper-reflective dots at the outer retinal level, and marked atrophy of the outer nuclear layer, outer plexiform
layer, ganglion cell layer, and nerve fiber layer (NFL). Glial fibrosis is observed at the level of the inner retina. The white arrowheads mark possible areas of
residual ellipsoid zone. The orange arrowheads mark an example of continuous, even though altered, external limiting membrane, despite the excessive loss
of the photoreceptor layer. The white borders delineate regions of interest shown in greater magnification in Figure 4.

Ophthalmology Retina Volume -, Number -, Month 2019
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Figure 4. Macular striation and degenerative changes. Striation and degenerative changes were present in all patients. High magnification of the marked
areas in Figure 3 is shown from horizontal OCT scans of the nasal fovea. Retinal radial striae within the vascular arcades were observed in cases 1, 5, 7, and 8.
Striae resembled the appearance of epiretinal membranes (ERMs) on fundoscopy and color fundus photography, but no vessel alterations are seen and no
definite membrane observed joining the tips, marked with white arrowheads, of the folds seen on OCT. Foci of increased signal, marked with yellow
arrowheads, were observed in cases 3, 4, and 6 who did not have folds in contrast to a case with folds, where the areas of increased signal were greater
in size and had a more linear distribution.

Wright et al � Juvenile Batten Disease
difficulties, and 1 patient had been hospitalized aged 8 weeks with
hypoglycemia and low cortisol. Table 1 summarizes the clinical
findings.
Six of 8 children were seen by an ophthalmologist at their local
hospital before referral to our tertiary center (n¼6, 75%). The other
2 cases (cases 6 and 7) were referrals from an orthoptist and
7
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General Practitioner, respectively. In 3 cases (n¼3, 37.5%, cases 2,
5, and 7), legal guardians had reported concerns about vision from
as early as 3 years of age (range, 3e7). In 2 cases (cases 2 and 4),
teachers had reported visual disturbance. At the time of referral, the
presumed diagnoses in the 8 cases were Stargardt disease (n¼1),
severe retinal dystrophy (n¼3), and unexplained visual loss (n¼4)
(Table 1).

Of note, 6 of 8 patients had eccentric fixation/“overlooking”
(75%) either on observation or directed history. On directed
detailed history, 6 of 8 patients had cognitive or neurologic signs
(75%), including change in mood, behavior, balance, or memory.
Magnetic resonance imaging was carried out in 3 children, and
results were unremarkable.

Retinal Imaging

As shown in Figure 1, all but 1 patient (case 7) presented with a
bull’s-eye maculopathy. Optic disc pallor, arteriolar attenuation,
and subtle granularity of the RPE were observed in all cases.
Case 4 also developed inferior peripheral exudation, in keeping
with a Coats-like vasculopathy (not previously reported in
JNCL), which spontaneously improved over 12 months (Fig 1),
and a mild mid-peripheral pigmentary retinopathy with bone
spicule formation.

Macular fundus autofluorescence images (Fig 2) depict marked
foveal hypoautofluorescence with varying degrees of surrounding
diffuse reduction in macular autofluorescence in all patients
(n¼8, 100%). In addition, a perifoveal ring of increased
autofluorescence was present in cases 3 and 6. Peripheral
autofluorescence was variably decreased among the patients,
ranging from mildly diffuse hypoautofluorescence (cases 3, 5,
and 6) to markedly diffuse hypoautofluorescence (case 4). Cases
1, 2, 7, and 8 show variable extend of decrease autofluorescence
between the 2 aforementioned groups. In cases 1 and 7, mild
RPE mottling was seen in the periphery (Fig 2). In case 4, striae
of decreased signal were observed in the periphery and
perifoveal area (Fig 2).

OCT was available for analysis in 7 cases. In all cases, OCT
imaging revealed near complete loss of photoreceptor cells, atro-
phy of the outer nuclear layer, outer plexiform layer, and marked
atrophy of the nerve fiber and ganglion cell layers (Fig 3). The
ellipsoid zone was markedly disrupted/absent, and it was difficult
to identify remnants of the photoreceptor layer because of debris.
Hyper-reflective dots were visible at the level of the expected
photoreceptor layer (Fig 3).

Mean subfoveal choroidal thickness was within age-adjusted
normal limits (mean, 336 mm right eye and 330 mm left eye).
Automated segmentation of the mGCL was performed in 4 pa-
tients (cases 1, 3, 4, and 6). The values obtained from the 1-mm
diameter central subfield area were excluded from analysis
because the mGCL in the central subfield was very thin, pre-
cluding adequate segmentation. The values corresponding to the
6-mm outer ring were excluded because they fell outside the
scanning area as the result of eccentric fixation. The average
mGCL of the intermediate 3-mm ring was 10.84 mm (SD�2.87
mm) (Supplementary Fig 1, available at
www.ophthalmologyretina.org). The average mGCL thickness
was 44.1�9.22 mm, with a mean (5the95th percentile)
normative value for children aged 5 to 17 years (n¼276) of
51.6 mm (44.43e58.25 mm).33
8

In addition to mGCL thinning, changes at the level of nerve
fiber layer (NFL) and internal limiting membrane (ILM) were
observed in all patients. Radial retinal striae were observed within
the vascular arcades in 5 cases (n¼5, 62.5%, Figs 3 and 4). Striae
(folds) resembling epiretinal membranes (ERMs), but without
vessel alterations, were seen on fundoscopy and color fundus
photography (Fig 4, case 2). No definite membrane was seen
joining the tips of the folds on OCT (Fig 4, cases 1, 5, 7, and 8).
In contrast, gliosis of the inner retina, presented as increased
reflectivity at the ILM,34 was evident in all but 1 patient (case
3). An increased, patchy (linear) signal observed at the level of
the ILM with severe disruption of the NFL appears to have led
to more prominent “folding” nasally, possibly related to greater
NFL thickness (Fig 3). Foci of increased signal, instead of
patchy linear areas, were observed in the 3 cases without folds
(Fig 4, cases 3, 4, and 6). The external limiting membrane was
present but disrupted (Fig 3), and no folds were present in these
patients, perhaps representing an earlier stage of the disease. The
mean age at the time of OCT imaging was 8.9 years for patients
with striae and 8.0 years for patients without striae.

Electrophysiologic Assessment

Full-field and flash ERGs were recorded in all patients under
photopic and scotopic conditions. Cases 1, 2, 4, and 5 had unde-
tectable ERGs, in keeping with severe rod and cone photoreceptor
dysfunction (Fig 5A). Cases 3, 6, 7, and 8 had undetectable
scotopic dim flash ERGs; strong flash ERGs were
electronegative but with additional a-wave reduction. The
photopic single flash ERGs had a low b:a ratio but with
additional a-wave reduction in cases 7 and 8. The light-adapted
30 Hz flicker ERGs were mildly delayed in all cases with a
detectable response (cases 3, 6, 7, and 8) (Fig 5A and B). The
findings were consistent with marked generalized inner retinal
dysfunction of rod (cases 3, 6, 7, and 8) and cone (cases 7 and
8) systems, with additional rod and cone photoreceptor
involvement in all cases. Pattern ERGs were undetectable in the
6 cases tested in keeping with severe macular dysfunction.

Blood Film Microscopy/Electron Microscopy

Blood film microscopy performed for all 8 patients demonstrated
vacuolated lymphocytes. Electron microscopy was done sequen-
tially in 7 patients, and all showed lysosomal (fingerprint)
inclusions.

Molecular Genetics

All patients were molecularly confirmed as harboring likely
disease-causing variants in CLN3. Six of 8 patients were homo-
zygous for the common 1.02 kb deletion. Case 8 was homozygous
for c.(962þdup). Case 7 was compound heterozygotes for
c.(1056þ3A>C) and deletion of exons 2e5. One patient (case 3)
was initially referred with molecularly confirmed Stargardt disease
for consideration of clinical trials/studies. The clinical presentation/
detailed history/imaging was not in keeping with Stargardt disease,
and so investigation was initiated for JNCL. The previously
identified compound heterozygous ABCA4 variants were further
assessed in silico, with one of the variants determined to be un-
likely to be pathogenic. Determination of disease causation of

http://www.ophthalmologyretina.org


Figure 5. Electroretinography (ERG) recorded with lower eyelid skin electrodes in cases 4, 5, 6, and 8 (A) and with corneal electrodes in case 7 (B). Note
20 ms prestimulus delay in single flash ERGs. Electrode-specific control recordings are shown for comparison but without a 20 ms prestimulus delay in B.
International Society for Clinical Electrophysiology of Vision standard stimuli were used in case 4 (without mydriasis), and in cases 6 and 7 a strobe was used
to deliver flashes in subjects unable to comply with Ganzfeld testing (dim flash rod ERG/DA0.01 ERG excluded from the protocol). International Society for
Clinical Electrophysiology of Vision standard testing (cases 6 and 7) included the dark-adapted (DA) ERGs (flash strengths 0.01 and 10.0 cd.s/m2; DA 0.01
and DA 10.0) and light-adapted (LA) ERGs for a flash strength of 3.0 cd.s/m2 (LA 3.0; 30 Hz and 2 Hz). Data are shown for 1 eye, but all had symmetrical
responses. Broken lines replace blink/eye movement artefacts occurring after ERG b-waves for clarity. Recordings from patients are superimposed to
demonstrate reproducibility. Note the small differences in scaling and format of skin ERGs (A) related to use of different recording equipment. See text for
ERG analysis.

Wright et al � Juvenile Batten Disease
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Figure 6. Diagnostic algorithm for JNCL, CLN3-associated disease. In a child with bilateral rapidly progressive vision loss, microscopy of peripheral blood
film can detect the presence of vacuolated lymphocytes, a sensitive screening test for JNCL, followed by electron microscopy for lysosomal storage inclusions.
Confirmation of the diagnosis should follow with molecular genetic testing for CLN3 variants. ERG ¼ electroretinography.
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ABCA4 variants is highly challenging given the vast allelic het-
erogeneity and highly polymorphic nature of this large gene.
Discussion

This report characterizes the early retinal phenotype of ju-
venile Batten disease, highlights the importance of early
diagnosis of CLN3 disease in young children who present
with rapid visual loss, with or without the presence of
neurologic or cognitive symptoms, and describes conditions
that can masquerade as CLN3 disease.

Our case series identified a significant delay in diagnosis
in all 8 children, with an average delay of 2.9 years from
first presentation to diagnosis, in line with previous studies
reporting a delay of 1.3 to 4 years.9,25 It is of note that in the
past, the diagnosis was often only made after the onset of
seizures despite prior visual failure,26 whereas early
diagnosis should now be possible after the advancements
in retinal imaging and molecular testing that are now
readily available.

There are several clinical symptoms (likely to require a
directed careful history, including eccentric viewing and
changes in mood/behavior/cognition/memory) and signs on
examination/detailed imaging that should warrant directed
investigations to promptly diagnose CLN3-JNCL. These
include visual loss, which is characteristically rapid, and
was present in all of our cases, most commonly reported in
the literature in those aged 6 to 8 years.9,11,25,28 Other
associated behavioral and cognitive impairments were also
present in 6 of 8 cases; however, these were often not
identified at the time of visual symptoms or not
investigated or considered pertinent to the unexplained/
otherwise explained visual loss, thereby further
contributing to delayed diagnosis.

Fundus abnormalities seen in CLN3 disease such as
“bull’s-eye” maculopathy, retinal vascular attenuation, and
optic disc pallor were present in our series, but these are also
features of other severe retinopathies.23,24 Previously,
eccentric fixation or “overlooking” has been attributed to a
degree of superior peripheral retinal sparing.26 Despite the
majority of the patients in our study having eccentric
10
fixation/overlooking (Table 1), the disease appeared
relatively symmetrical between the superior and inferior
retina on fundus autofluorescence imaging (Fig 3),
suggesting no obvious anatomic difference and no
functional difference (indirectly), although we cannot
exclude that direct functional testing may identify a
difference between superior and inferior retinal sensitivity.

Abnormalities in OCT features can be helpful in guiding
the clinician to directly investigate CLN3-disease, including
the profound degree and extent of outer retinal loss of
lamination at a relatively young age, significant inner retinal
thinning, and the presence of increased inner retinal reflec-
tivity. The increased reflectivity has been described as being
secondary to ERM formation in several reports. Hainsworth
et al21 identified ERM in 33% of their cohort (n¼24) on the
basis of fundus appearance alone. More recently, Dulz et al9

described a striation pattern without ERM in all their
patients (n¼11, mean age 14.4 years) using OCT. In our
cohort, all patients had reflectivity changes in the NFL
and ILM. Although the mean age of our cohort was lower
(average age 8.9 years), retinal striation was observed in
62.5% of the patients, distinct from typical ERM, with the
3 patients without striae being on average 1 year younger
(8 years) (Fig 4). Our findings of profound diffuse
macular ganglion cell thinning are in keeping with the
degenerative NFL and mGCL loss reported in histologic
studies.35,36

The scotopic ERGs in 4 of 4 cases with a detectable
response had electronegative waveforms, consistent with
dysfunction that is postphototransduction or inner retinal,
but with a-wave reduction indicating significant additional
loss of photoreceptor function. An electronegative ERG has
often been associated with juvenile CLN3 disease and may
prompt screening in some cases, particularly if the photopic
ERG shows a reduced b:a ratio.25 However, it is noted that
an electronegative ERG is not diagnostic and is a feature of
congenital stationary night blindness, X-linked retinoschisis,
and many other disorders.22,37e39

One patient was initially referred with molecularly
confirmed Stargardt disease for consideration of clinical
trials/studies. The clinical presentation/detailed history/im-
aging was not entirely typical of Stargardt disease, and
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investigation was initiated for JNCL. The previously iden-
tified compound heterozygous ABCA4 variants were further
assessed in silico, with one of the variants determined un-
likely to be pathogenic. Determination of disease-causation
of ABCA4 variants is highly challenging given the vast
allelic heterogeneity and highly polymorphic nature of this
large gene. This case highlights (1) that the clinician needs
to be mindful that severe ABCA4-retinopathy associated
with generalized cone-rod dystrophy at an early age can
masquerade as CLN3-JNCL; (2) the difficulties in defini-
tively ascribing disease causation to identified sequence
variants in this era of genomic ophthalmology and more
readily accessible genetic testing; and (3) further illustrates
the challenges in diagnosing CLN3 disease in a timely
fashion and the potential consequences of mistaken
diagnosis.

Early diagnosis of JNCL remains a diagnostic challenge,
particularly because other severe retinal dystrophies can
present with early-onset visual loss. Moreover, associated
nonocular symptoms/signs are often compartmentalized and
investigated separately, which can lead to further delay. We
suggest that a child with bilateral rapidly progressive vision
loss, with or without cognitive/behavioral problems at pre-
sentation, should have microscopy of a peripheral blood film
to detect the presence of vacuolated lymphocytes, which can
act as a sensitive screening test (all patients with CLN3
disease will test positive), followed by electron microscopy
for storage (fingerprint) inclusions.15 Diagnostic
confirmation should be done with molecular genetic
screening of CLN3 (Fig 6).

The most common variant in CLN3-JNCL is a 1 kb
deletion resulting in a frameshift and truncated protein
product.10 In our cohort, 75% of cases were homozygous
for this deletion and had similar clinical presentations.
Case 8, who harbored the c.(962þdup) variant
homozygously, was reported to have better VA at
presentation, but by the time of diagnosis had similar
VA to the other patients. Case 7, the only compound
heterozygote in our cohort (c.(1056þ3A>C) and deletion
of exon 2e5), had a milder ocular phenotype, with the
most preserved VA in the cohort and a degree of
residual ellipsoid zone on OCT (Fig 3). Because this
patient presented with early cognitive and behavioral
abnormalities, it could be speculated that this genetic
variant may have less deleterious effects on vision. Case
7 also had electronegative ERGs but with an altered
waveform morphology of the rod ERG, which was not
observed in any of the other subjects. The significance of
this ERG finding is uncertain. Although there is no
treatment that has been shown in a clinical trial to
benefit patients with JNCL, it is important to explain the
genetics of the disease to the parents, provide genetic
counseling, offer to follow the child yearly for routine
eye care, and offer to refer them to a pediatric
neurologist, knowledgeable pediatrician, or family
practitioner who is willing and able to help follow and
care for the child. This includes specialist knowledge of
certain medications that are more likely to induce
adverse side effects when given to a child with JNCL.
Referral to international foundations that support
research on the NCL disorders, social workers, or local
or national support groups of parents who have children
with JNCL may help parents and families cope with
issues commonly seen as the disease progresses.

To date, there are no treatments available for juvenile
CLN3 Batten disease or other forms of NCL. The majority
of studies has focused on developing therapeutic in-
terventions to combat the neurodegeneration in NCL,
including enzyme replacement therapy, gene therapy, stem
cell transplantation, and pharmacologic approaches.40,41

Most notably, patients with CLN2 disease who received
biweekly intraventricular infusion of soluble CLN2
enzyme (NCT01907087, NCT02485899) showed no
significant decline in motor or language skills, and
overall disease progression was considerably slowed
during the reporting period.41 The treatment has now
received Food and Drug Administration and European
Medicines Agency approval. A phase I/II trial has also
started for CLN6 disease using gene therapy
administered by a single intrathecal injection of adeno-
associated virus 2/9 carrying CLN6 (NCT02725580).
This study is ongoing, but data from 8 of 12 patients 2
years after vector injection are available and show prom-
ising preliminary results. On the basis of these data, a
phase I/II clinical trial has started recruiting for CLN3
disease to investigate intrathecally administered AAV2/9-
CLN3 (NCT037770572). Although these studies will pri-
marily assess treatment safety and effects on neurologic
features, they may also help to determine whether brain-
directed gene therapy has any impact on vision in CLN6
and CLN3 cases. Because CLN6 and CLN3 encode
membrane-bound proteins that are not passed on to
neighboring cells, it is more likely that gene therapy
directly targeting the eye will be more effective to prevent
retinal degeneration in both diseases. A proof-of-concept
study demonstrated that ocular gene therapy is therapeu-
tic in Cln6nclf mice, a mouse model for CLN6 disease,
when the inner retina was treated.41 Preclinical ocular gene
therapy for CLN3 disease has not been described yet.
However, a similar gene therapy approach targeting the
cells of the inner retina as used in Cln6nclf mice could be
effective in Cln3-deficient mice25 and may be relevant to
human CLN3 disease (both syndromic and nonsyndromic).
Conclusions

We have described cases of juvenile CLN3 disease in detail,
highlighting delayed or mistaken diagnosis and diagnostic
challenges; providing diagnostic insights, novel observa-
tions, and recommendations; and highlighting the latest
clinical research and ongoing/planned clinical trials. We
have also emphasized the role of the ophthalmologist and
pediatrician or primary care provider and the need for
additional continued support for the family. Although timely
diagnosis of JNCL is often challenging, given the rapidly
progressive and unfavorable prognosis of the disease, early
diagnosis is important both to provide timely clinical man-
agement and support and to facilitate access to novel ther-
apeutic interventions at the early disease stages.
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AbsTrACT
Aims To report the safety and efficacy of intravitreal 
aflibercept (Eylea) (ivA) for retinitis pigmentosa- 
associated cystoid macular oedema (RP- CMO) at 
12 months via mean central macular thickness (CMT) and 
reported adverse events.
Methods A prospective, exploratory, phase II, non- 
randomised, single- centre, open- label, 1- arm clinical trial 
involving 30 eyes of 30 patients. Serial ivA was given 
via loading dose (three injections) followed by treat and 
extend protocol over 12 months.
results Twenty- nine out of 30 (96.7%) patients 
completed 12 months of follow- up. A total of four to 
11 injections per patient were given over the 12 month 
study. No statistically significant reduction of CMT or 
visual acuity (VA) improvement was demonstrated in 
the group overall. Eleven out of 29 (37.9%) participants 
were considered as ’responders’, demonstrating at least 
an 11% reduction of CMT at 12 months on spectral 
domain optical coherence tomography compared with 
baseline. A reduction of CMT by mean (SD) 28.1% (12.9 
%) was observed in responders at 12 months, however, 
no statistically significant corresponding improvement in 
best corrected VA was seen. Baseline characteristics were 
similar between responder and non- responder groups. 
No clinically significant adverse events were deemed 
secondary to ivA.
Conclusion This first prospective exploratory study 
demonstrates both the safety and acceptability of serial 
ivA in patients with RP- CMO, effective at reducing 
CMT in 37.9% of patients. All patients demonstrating 
anatomical response did so after their first injection. 
Longer duration of CMO did not negatively affect 
response to anti- VEGF. Further study in a larger cohort of 
patients with shorter CMO duration would be valuable to 
better establish the utility of VEGF blockade in RP- CMO.
Trial registration numbers EudraCT (2015-003723-
65);  ClinicalTrials. gov (NCT02661711).

InTroduCTIon
Inherited retinal disease is the second most 
common cause of visual loss in childhood and the 
most common cause of visual loss in the working 
age population.1 Retinitis pigmentosa- associated 
cystoid macular oedema (RP- CMO) is a known 
complication of retinitis pigmentosa (RP), reported 
to occur in 10%–50% of patients with RP across 
their lifetime.2–5 One of the most commonly 

reported ocular symptoms of RP is relentless and 
progressive concentric peripheral visual field loss 
for which there is currently no cure. Complications 
of RP such as cataract and RP- CMO interfere with 
central vision and are thereby particularly debili-
tating, making effective treatments for RP- CMO 
highly valuable.

Several mechanisms have been proposed to 
explain RP- CMO, however, no single aetiology has 
been definitively established.6 These include: (i) 
breakdown of the blood- retinal barrier,7 8 (ii) failure 
(or dysfunction) of the retinal pigment epithelium 
(RPE) pump mechanism,9 (iii) Müller cell oedema 
and dysfunction,10 (iv) anti- retinal antibodies11 and 
(v) vitreous traction.12 13 Treatment approaches 
for RP- CMO have included: laser therapy, topical 
carbonic anhydrase inhibitors (CAIs), oral CAIs, 
periocular and intravitreal steroids, and intravit-
real anti- vascular endothelial growth factor (anti- 
VEGF) agents.6 The vast majority of the published 
literature is retrospective, however, involving only 
small numbers of participants with short duration 
of follow- up. RP- CMO has been associated with 
younger age but not with gender.14 RP- CMO is 
most prevalent in patients with autosomal domi-
nant (AD) inheritance (71.4% with CMO in at 
least one eye), followed by autosomal recessive 
(AR)/sporadic inheritance (58.9%) and x- linked 
(XL) inheritance (12.5%).14 Patients with epiretinal 
membrane (ERM) and cataract/pseudophakia are 
less likely to develop CMO.14

The current mainstay of treatment for RP- CMO 
is topical/oral CAIs, however, there is no level 1 
evidence supporting their use and studies have 
demonstrated highly variable efficacy. Liew et 
al carried out a 12 month retrospective review 
of 81 patients with RP- CMO at Moorfields Eye 
Hospital, UK treated with topical dorzolamide 
(64 patients, 125 eyes) or oral acetazolamide 
(17 patients, 32 eyes).15 Forty per cent of eyes 
(53.1% of patients) following treatment with 
topical dorzolamide and 28.1% of eyes (41.2% 
of patients) following treatment with oral acet-
azolamide demonstrated response (defined as a 
reduction of central macular thickness (CMT) on 
optical coherence tomography (OCT) of at least 
11% between visits).15 A cross- sectional study 
performed on this same cohort of patients (n=81) 
identified older age, earlier age of onset of symp-
toms, and thicker CMT to be associated with 
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lower visual acuity (VA). Gender and inheritance pattern were 
not found to be associated with VA.16

Several publications have observed a variable effect of anti- 
VEGFs in RP- CMO, including: pegaptanib sodium (Macugen, 
(OSI) Eyetech Pharmaceuticals/Pfizer, New York, New York, 
USA),17 bevacizumab (Avastin, Genentech/Roche, South San 
Francisco, California, USA),18 19 ranibizumab (Lucentis; Genen-
tech, South San Francisco, California, USA)20 21 and aflibercept 
(Eylea; Regeneron Pharmaceuticals, Tarrytown, New York, 
New York, USA, and Bayer Healthcare Pharmaceuticals, Berlin, 
Germany).21 22 The largest study to- date by Artunay et al enrolled 
30 eyes of 30 patients with RP- CMO refractory to treatment 
with oral acetazolamide for at least 6 months.20 Fifteen eyes of 
15 patients were treated with a single intravitreal injection of 
ranibizumab (ivR). Fifteen eyes of 15 patients that declined ivR 
were used as a control group. Thirteen out of 15 eyes (87%) 
in the treatment group demonstrated significant reduction of 
CMO at 6 months post- injection, although the definition of 
‘significant reduction’ is not stated in the paper. No statistically 
significant difference in VA was demonstrated in this cohort as 
a whole, or in subgroup analysis of responders. Moustafa and 
Moschos published a case report demonstrating improvement of 
CMT and VA following a single unilateral intravitreal injection 
of aflibercept (ivA) in a 52- year- old with RP- CMO. At baseline, 
vision was 3/10. One month post- injection, vision improved to 
4/10 and CMO resolved. Documented visual improvement was 
maintained at both 2- month and 6- month reviews.22 Our group 
subsequently published a case report regarding a 38- year- old 
patient with a 3- year history of bilateral RP- CMO. Previous 
treatment had been with topical 2% dorzolamide, oral acetazol-
amide, and ivR, which had demonstrated only minimal reduc-
tion of CMO. He had a good structural response to bilateral 
doses of ivA. He subsequently received serial ivR with further 
reduction of CMT observed. VA remained stable throughout.21

Given the aforementioned lack of high quality evidence for 
use of therapeutic options for RP- CMO, we designed a phase II 
exploratory prospective study to assess the safety and efficacy 
of ivA in a well- characterised cohort of patients with RP- CMO 
in order to help provide evidence towards this unmet medical 
need.

MeThods
Written informed consent was obtained from all patients. The 
study was undertaken at Moorfields Eye Hospital NHS Foun-
dation Trust, UK. The consort flow diagram illustrating flow of 
patients throughout the study can be found in online supplemen-
tary figure 1.

Identification of suitable patients for the trial
An electronic search was performed to identify all patients seen 
at Moorfields Eye Hospital NHS Foundation Trust, UK, between 
1st December 2012 and 30th November 2015 with the phrases 
‘retinitis pigmentosa’ and ‘cystoid macular oedema’ appearing 
in their electronic patient records. This initial search identified 
295 patients; however, after review of each electronic patient 
record and latest Spectral domain OCT (SDOCT) imaging, 165 
patients were excluded from the study for the following reasons: 
no/minimal CMO (111), visually significant ERM (17), VA too 
poor (24), VA too good (4), macular hole (2), visually significant 
cataract (2), under 16 years of age (4) and pregnant (1). Please 
refer to online supplementary information 1 for a list of inclu-
sion/exclusion criteria.

A total of 130 patients were therefore found to be potentially 
suitable participants. Patients were contacted by the dedicated 
trial fellow (SAS) at their routine medical retina clinic or by 
telephone/letter. The aims, methods, anticipated benefits and 
potential hazards of the study were explained to each patient 
and a patient information sheet provided. Patients were given a 
minimum of 24 hours to consider whether they wished to attend 
a baseline evaluation/screening visit. Of these patients: 18 could 
not be contacted/did not reply, 1 was deceased, 32 wished to 
be considered for the study, and 79 declined to participate for 
reasons including: did not want intravitreal injections (n=42), 
happy with their current treatment and/or vision (n=22), or 
unable to commit to the study visits (due to distance from the 
hospital or concerns about the impact it would have on their 
job) (n=15).

Out of 32 patients who wished to be considered for the study, 
15 patients were being treated with a topical CAI (dorzolamide 
or brinzolamide) and five patients were being treated with 
an oral CAI (acetazolamide) at time of contact. Patients were 
requested to stop using CAIs for at least 1 month in the study eye 
if being used topically, or at least 3 months if orally, before their 
screening appointment was made. Ten patients were not using 
any treatment. Two patients had no CMO at screening so were 
excluded from the trial.

recruitment period
All 30 patients were recruited over a 6- month period.

baseline evaluation/screening visit
At the screening appointment, each patient had the opportunity 
to ask further questions before written informed consent was 
taken. Baseline tests of visual function can be found in online 
supplementary information 2.

If a patient was deemed eligible to enter the trial, intra- 
ocular pressure (IOP) was measured using Goldmann tonom-
etry and their first ivA was given that day (‘Visit 1’). The IOP 
was re- checked 30 min after ivA, and appropriate treatment 
commenced if IOP was increased (≥30 mm Hg).

randomisation
The study consisted of only one- arm and all trial patients 
received the active drug, aflibercept via intravitreal injection.

Follow-up visits
At each follow- up visit, patients had their vital signs checked 
and a medication review performed. Tests of visual function 
carried out at every visit, included: best corrected VA (BCVA), 
colour vision, contrast sensitivity and SDOCT. In addition, 
microperimetry and fundus autofluorescence were undertaken 
at the 6- month and 12- month (exit) visits. IvA was administered 
every 4 weeks for the first 3 months (loading phase), followed 
by a treat and extend protocol up to 12 months. Extension 
from monthly to 6, 8, 10 and 12 week follow- up occurred when 
there was no reduction in macular oedema compared with the 
previous visit. Please refer to online supplementary table 1 for a 
schedule of assessments and online supplementary information 
3 for description of the intravitreal procedure.

Primary outcome measures
There were two primary outcome measures : (i) To report the 
safety of aflibercept in RP- CMO throughout the study via the 
documentation of adverse events (AEs) deemed related to the 
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Table 1 Primary outcome measures

Aflibercept
(n=29) 95% CI

Central macular thickness on SDOCT 
(µm),
mean (SD) at baseline

458.7 (84.6)

Central macular thickness on SDOCT 
(µm), mean (SD) at 12 months

413.4 (98.2) 376.0 to 450.7

SDOCT, Spectral domain optical coherence tomography.

Table 2 Secondary outcome measures

eylea (n=29) 95% CI

Central macular thickness on SDOCT (µm), mean (SD) at 6 months 414.8 (96.4) 378.1 to 451.4

Change in central macular thickness on SDOCT (µm), from

  Baseline to 12 months, mean (SD) −47.6 (86.6) −80.5 to −14.6

  Baseline to 6 months, mean (SD) −46.2 (108.7) −87.6 to −4.9

ETDRS BCVA (letters), mean (SD) at 6 months 66.9 (10.6) 62.8 to 70.9

ETDRS BCVA (letters), mean (SD) at 12 months 68.0 (11.1) 63.8 to 72.3

Change in ETDRS BCVA (letters) from

  Baseline to 12 months, mean (SD) 4.3 (6.9) 1.7 to 6.9

  Baseline to 6 months, mean (SD) 3.1 (6.6) 0.6 to 5.6

Macular volume on SDOCT (mm3), mean (SD) at 6 months 7.9 (0.6) 7.7 to 8.2

Macular volume on SDOCT (mm3), mean (SD) at 12 months 8.0 (0.7) 7.7 to 8.2

Change in macular volume on SDOCT (mm3) from

  Baseline to 12 months, mean (SD) −0.3 (0.7) −0.6 to −0.1

  Baseline to 6 months, mean (SD) −0.3 (0.8) −0.7 to 0.0

Retinal sensitivity (dB), mean (SD) at 6 months 4.92 (3.49) 3.56 to 6.27

Missing, n(%) 1 (3)

Retinal sensitivity (dB), mean (SD) at 12 months 4.93 (3.48) 3.55 to 6.31

Missing, n(%) 2 (6)

Change in retinal sensitivity (dB) from

  Baseline to 12 months, mean (SD) −1.09 (2.10) −1.90 to −0.27

  Baseline to 6 months, mean (SD) −1.23 (2.24) −2.10 to −0.37

Total number of injections received over the study period (12 months), median (IQR) 7 (6,9)

BCVA, best- corrected visual acuity; dB, decibels; SDOCT, spectral domain optical coherence tomography.

trial drug; (ii) To report the efficacy of aflibercept in RP- CMO 
via mean CMT on SDOCT at 12 months after baseline.

secondary outcome measures
Please refer to online supplementary information 4 for a list of 
secondary outcome measures.

sample size
No previous studies have been published for which the sample 
size could be powered. A sample size of 30 patients was therefore 
justified on the basis that 30 subjects will provide an estimate 
of the mean change in CMT from baseline to 12 months with 
reasonable precision as advocated by Browne23 and Hertzog.24

Masking
This was an open- label study and therefore no masking took 
place.

data management and statistical analysis
Please refer to online supplementary information 5 for informa-
tion on data management and statistical analysis.

resulTs
Baseline characteristics and injection frequency for all partici-
pants are summarised in supplementary tables 2–6 and supple-
mentary information 6.

outcome measures
Efficacy: analysis of all study participants
The primary and secondary efficacy outcomes for all patients 
(responders and non- responders) within the study are 
summarised in tables 1 and 2. Mean CMT at 12 months was 
413.4 µm (SD 98.2 µm, 95% CI 376.0 to 450.7 µm), corre-
sponding to a reduction in CMT of 47.6 µm (SD 86.6 µm, 
95% CI −80.5 to −14.6 µm) or 9.61% (17.56 %) between base-
line and 12 months. Mean macular volume at 12 months was 
8.0 mm3 (SD 0.7, 95% CI 7.7 to 8.2), corresponding to a change 
in macular volume of −0.3 mm3 (SD 0.7, 95% CI −0.6 to −0.1) 
between baseline and 12 months. Mean CMT at 6 months was 
similar at 414.8 µm (SD 96.4 µm, 95% CI 378.1 to 451.4 µm), 
corresponding to a reduction in CMT of 46.2 µm (SD 108.7 µm, 
95% CI −87.6 to −4.9 µm) or 8.13% (23.3%) (see supplemen-
tary figure 2) between baseline and 6 months. Mean macular 
volume at 6 months was 7.9 mm3 (SD 0.6, 95% CI 7.7 to 8.2), 
corresponding to a change in macular volume of −0.3 mm3 (SD 
0.8, 95% CI −0.7 to 0.0) between baseline and 6 months.

Mean ETDRS BCVA was 66.9 letters (SD 10.6, 95% CI 62.8 
to 70.9) at 6 months and 68.0 letters (SD 11.1, 95% CI 63.8 to 
72.3) at 12 months. This equated to a gain of 3.1 letters (SD 6.6, 
95% CI 0.6 to 5.6) and 4.3 letters (SD 6.9, 95% CI 1.7 to 6.9) 
respectively at 6 and 12 months (see supplementary figure 3). 
No patients lost ≥30 letters.

Mean retinal sensitivity at 6 months was 4.92 dB (SD 3.49, 
95% CI 3.56 to 6.27), corresponding to a change in retinal sensi-
tivity of −1.23 dB (SD 2.24, 95% CI −2.1 to −0.37). Data were 
missing for 1 (3%) patient. Mean retinal sensitivity at 12 months 
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Table 3 Descriptive statistics for responders

eylea
(n=11)

Central macular thickness on SDOCT (µm), mean (SD) at 12 months 350.3 (93.3)

Central macular thickness on SDOCT (µm), mean (SD) at 6 months 360.7 (85.2)

Change in central macular thickness on SDOCT (µm) from

  Baseline to 12 months, mean (SD) –139.5 (65.8)

  Baseline to 6 months, mean (SD) –129.1 (125.1)

ETDRS BCVA (letters), mean (SD) at 6 months 67.5 (10.1)

ETDRS BCVA (letters), mean (SD) at 12 months 68.4 (11.8)

Change in ETDRS BCVA (letters) from

  Baseline to 12 months, mean (SD) 4.7 (9.5)

  Baseline to 6 months, mean (SD) 3.8 (6.8)

Macular volume on SDOCT (mm3), mean (SD) at 6 months 8.5 (0.6)

Macular volume on SDOCT (mm3), mean (SD) at 12 months 8.5 (0.8)

Change in macular volume on SDOCT (mm3) from

  Baseline to 12 months, mean (SD) –0.6 (0.6)

  Baseline to 6 months, mean (SD) –0.6 (0.6)

Retinal sensitivity (dB), mean (SD) at 6 months 4.93 (4.06)

Retinal sensitivity (dB), mean (SD) at 12 months 4.48 (3.83)

Change in retinal sensitivity (dB) from

  Baseline to 12 months, mean (SD) –0.97 (1.92)

  Baseline to 6 months, mean (SD) –0.92 (2.03)

Total number of injections received over the study period (12 
months), median (IQR)

7 (6,10)

BCVA, best corrected visual acuity; dB, decibels; SDOCT, spectral domain optical 
coherence tomography.

Figure 1 A graph demonstrating mean change in central macular 
thickness from baseline to 6 months post- baseline, and baseline to 12 
months post- baseline in responders only (n=11).

was 4.93 dB (SD 3.48, 95% CI 3.55 to 6.31), corresponding to a 
change in retinal sensitivity of −1.09 dB (SD 2.10, 95% CI −1.9 
to −0.27). Data were missing for 2 (6%) patients.

Efficacy: subgroup analysis of responders only
The primary and secondary efficacy outcomes using descriptive 
statistics for subgroup analysis of responders within the study are 
provided in table 3, figures 1–3 and supplementary information 7.

Safety: analysis of all study participants
Ocular and non- ocular AEs and serious AEs are summarised 
in online supplementary tables 7-9 and online supplementary 
information 8.

dIsCussIon
This is the first prospective study to obtain safety and efficacy 
data over a 12- month period using serial intravitreal injections 
with aflibercept for the treatment of RP- CMO. There were 
no significant safety concerns and serial injections were well- 
tolerated. Eleven out of 29 (37.9%) patients were classified 
as responders at both 6 and 12 months having demonstrated 
a reduction of at least 11% CMT on SDOCT compared with 
baseline. These patients experienced a mean (SD) percentage 
change in CMT relative to baseline of −22.9% (29.7 %) and 
−28.1% (12.9 %) at 6 and 12 months respectively. Responders 
gained 3.8 (SD 6.8) and 4.7 (SD 9.5) ETDRS letters respec-
tively at 6 and 12 months. Responders demonstrated a greater 
change of macular volume over the study (−0.6 mm3 at 6 and 12 
months) compared with non- responders (−0.3 mm3 at 6 and 12 
months). When the cohort was analysed as a whole, the mean 
(SD) percentage change in CMT relative to baseline was −8.1% 
(23.3%) and −9.6% (17.6%) at 6 and 12 months respectively. 
An intriguing observation, unlike other disorders where anti- 
VEGF agents have been employed, is that all responders (n=11) 
achieved a notable reduction in CMO after their first injection 
(‘early- responder’, Figure 2). There were no ‘late- responders’. 
This is clinically very valuable as for the majority of patients it 
may be possible to decide at a very early stage whether injections 
should be pursued.

Responders in this study were identified across all categories 
of inheritance pattern (AD, AR and XL). There was no associ-
ation between response to anti- VEGF treatment and mode of 
inheritance. While just over half of the patients in this study 
had a confirmed molecular diagnosis, no specific genotype was 
associated with response to treatment (for example, one USH2A 
patient responded, two others did not; one PRPF31 patient 
responded, two others did not). This study included only one 
patient with XL inheritance who was deemed a responder and 
we therefore cannot draw any comparison with other patients 
with XL- RP. More advanced disease, defined as disruption of 
the ellipsoid zone within 1 mm of the fovea (seen in 27.3% of 
responders and 33.3% of non- responders) did not affect likeli-
hood of response to anti- VEGF.

The release of toxic products (including VEGF) from degen-
erating retina/RPE in patients with RP contributes to blood- 
retinal barrier weakening and RP- CMO formation.7 Anti- VEGF 
is thought to act by reversing proliferation and cell migration 
stimulated by VEGF and the delocalisation of tight junction 
proteins induced by VEGF165.25 Intriguingly, Salom et al 
observed lower aqueous levels of VEGF in eyes of patients with 
RP versus controls.26 It would be interesting to measure levels of 
VEGF in the vitreous and review whether there are significant 
differences between patients with RP versus controls, as well as 
patients with RP versus those with RP- CMO. This being an inva-
sive procedure, however, would likely prove challenging to gain 
ethical approval and is why we did not consider undertaking in 
this study.

Oxidative stress may also play a role in the development of 
CMO. In the case of diabetic retinopathy, raised circulating 
blood sugar is thought to cause dysregulation of several biochem-
ical and molecular signalling pathways leading to the produc-
tion of superoxide- free radicals and resultant oxidative stress in 
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Figure 2 Two representative examples of responders: (A) and (C) show spectral domain optical coherence tomography (SDOCT) baseline images 
of two study participants (study IDs: 04 and 14); (B) and (D) are SDOCT images taken at 1 month post- first aflibercept injection in the same two 
participants, respectively

Figure 3 A graph demonstrating mean change in central macular 
thickness from baseline to 6 months post- baseline, and baseline to 12 
months post- baseline in responders only (n=11).

retinal tissues.27 Mitochondrial dysfunction, inflammation, and 
hypoxia- driven VEGF release leads to vascular and neuronal 
apoptosis and neovascularisation and elevated vasopermeability, 
respectively.27

Animal models of RP have demonstrated increased produc-
tion of superoxide- free radicals due to elevated oxygen levels in 
the outer retina. This occurs because, despite rod photoreceptor 
death and therefore reduced oxygen requirements, the choroid 
continues to supply the retina with the same blood flow and 
oxygen delivery.28 A study by Campochiaro et al demonstrated 
ocular oxidative stress in patients with RP in the absence of 
manifestations of systemic oxidative stress and/or damage.29 It is 
therefore possible that oxidative damage- induced cone cell death 
in animal models of RP may translate to human RP. Antioxidants 

may therefore promote cone survival and function of patients 
with RP.29 They may also influence RP- CMO.

Strengths of our study include excellent patient attendance 
throughout its duration, with a 96.7% participant retention rate 
at 12 months. The study drug was well- tolerated and no cases of 
endophthalmitis occurred. The study design including an initial 
loading phase followed by a treat and- extend regime, which 
allowed for the observation of both early and (potentially) late 
responders. We also established likely disease- causing sequence 
variants in 16 of 30 (53.3%) study participants.

Patients were reluctant to receive intravitreal injections 
without first trialling topical and/or oral treatment. A limitation 
to our study was therefore being unable to include treatment- 
naive patients with shorter duration of CMO. All patients in the 
study had used topical CAI medication previously; 15 of whom 
were using topical CAI treatment up until 1 month prior to their 
screening appointment. Five of these patients were deemed 
responders. Five patients in the study were using oral CAI treat-
ment up until 3 months prior to their screening appointment; 
one patient withdrew from the study, two patients were deemed 
responders, and two patients did not respond. No obvious trend 
was demonstrated to suggest whether recent use of topical or 
oral CAIs influences response to anti- VEGF therapy.

Long- standing CMO duration was observed in many patients 
within our cohort, with the median duration being 252 weeks 
(IQR, 156–296 weeks). Interestingly, duration of CMO did 
not appear to affect anatomical response to anti- VEGF; median 
CMO duration in responders was 264 weeks (IQR 228, 416), 
compared with the group overall (252 weeks (IQR 156, 296). 
In fact, the patient with the longest- standing CMO duration of 
the cohort (20 years) had complete resolution of CMO after a 
single ivA.

Our study included patients with fairly advanced underlying 
disease as demonstrated by photoreceptor loss and outer retinal 
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thinning—features that have been shown to hinder VA improve-
ment despite reduction of CMT.30 Indeed, three of 11 (27.3%) 
responders graded as having disruption of the ellipsoid zone 
within 1 mm of the fovea on their baseline OCT scan demon-
strated no improvement of vision. Greater improvement of VA 
may be demonstrated in patients with a relatively more intact 
photoreceptor layer at baseline.

It would be valuable to repeat this study in a larger cohort 
of patients with molecularly confirmed genetic diagnosis, ideally 
naive to other treatment modalities, shorter history of CMO 
duration and relatively intact photoreceptor layer at baseline. 
Additional suggestions include: baseline fundus fluorescein 
angiogram to see whether active leakage is present and whether 
this predicts likelihood of response to aflibercept, baseline 
vitreous samples to assess VEGF levels, inclusion of a control 
group (possibly using placebo), randomisation of patients, to 
blind patients and/or clinicians and to include OCT- angiography 
as an additional imaging modality.

This phase II exploratory study demonstrates that ivA can be 
effective at reducing CMT in patients with RP- CMO, however, 
the factors predicting who is likely to respond remain to be clar-
ified. There may be a role in considering intravitreal aflibercept 
as part of the future armamentarium when selecting treatments 
for patients with RP- CMO, particular when chronic and unre-
sponsive to alternative treatments. A larger study is required to 
obtain additional safety data and further investigate the role of 
VEGF blockade in RP- CMO.
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