Macular maldevelopment in ATF6-mediated retinal dysfunction 
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Abstract
Background: Achromatopsia has been previously associated with mutations in the ATF6 gene. Rod-monochromatism, foveal hypoplasia and disruption of the subfoveal photoreceptor layer are described as phenotypical features. We report detailed structural and electrophysiological assessment of 2 patients from 2 families, one manifesting severe macular maldevelopment and one with foveal hypoplasia.
Materials and methods: The patients underwent a complete ophthalmic examination including electroretinography (ERG), spectral domain optical coherence tomography (SD-OCT),  fundus autofluorescence, and fundus photography.  Genetic testing was performed by next generation sequencing.
Results: In one patient, fundoscopy and SD-OCT revealed well demarcated coloboma-like excavated lesions at the central macula of both eyes. Genetic analysis identified a novel homozygous p.Asp140Ter mutation in the ATF6 gene. The second patient had foveal hypoplasia in association with a homozygous ATF6 mutation affecting a splice donor site (c.1187+5G>C). In both patients, electrophysiological assessment showed normal rod-specific (DA 0.01) and dark-adapted bright white-flash ERGs (DA 10.0). 30Hz flicker ERGs were undetectable. There were low-amplitude single-flash photopic ERGs (LA 3.0) with timing and shape suggesting S-cone origin. 
Conclusions: The findings, particularly a case with severe macular maldevelopment, may expand on the phenotype previously associated with ATF6-mediated achromatopsia. In addition, comprehensive electrophysiological assessment suggests that preserved S-cone activity can be detected in this particular molecular sub-type of cone dysfunction. 
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Introduction 
Achromatopsia (ACHM) is a rare autosomal recessive inherited retinal disorder with an incidence of approximately 1 in 30,000 (1). Currently, six genes have been linked to ACHM. Five genes, CNGA3, CNGB3, GNAT2, PDE6C, and PDE6H, encode components of the cone phototransduction cascade. Mutations in those genes result in dysfunction of all three cone types (S, M, and L). Mutations in the CNGA3 and CNGB3 genes account for approximately 80% of all complete ACHM cases (1-3). More recently, mutations in the ATF6 gene (encoding activating transcription factor 6A; MIM 605537) have also been associated with ACHM (4) suggesting a crucial role of ATF6 in human foveal development and cone function. 
The previously described patients with ATF6-associated ACHM presented with nystagmus and photophobia, similar to other patients with ACHM at birth or early infancy. Ophthalmological examination revealed reduced visual acuity and very poor or absent colour vision. The clinical diagnosis was determined based on typical functional findings including absent cone responses and normal rod responses on full field electroretinography (ERG).  There was severe foveal hypoplasia with a poorly formed or absent foveal pit. This was regarded as a hallmark of ATF6-related disease, and distinguished it from other forms of ACHM. However, examples of varying degrees of foveal hypoplasia have been reported in about 50% of patients with different forms of ACHM (5).  
Herein, we report detailed structural and electrophysiological assessment of 2 patients from 2 families with confirmed ATF6-related disease, one manifesting severe macular maldevelopment and one with foveal hypoplasia, and with detailed electrophysiological findings suggesting preserved S-cone function.

Materials and methods
Patients
Patients were ascertained from the inherited retinal clinics of Moorfields Eye Hospital. Informed written consent and peripheral blood samples were obtained for genetic analysis from participants according to the protocols approved by the Research Management Committees of Moorfields Eye Hospital in agreement with the Declaration of Helsinki (6). A detailed family history of both patients was recorded and they underwent a complete ophthalmic examination, including best-corrected visual acuity, slit-lamp biomicroscopy and dilated fundus examination. Fundus photographs and green light fundus autofluorescence (FAF) images were obtained in patient No 1 by ultra-wide field (up to 200°) confocal laser scanning ophthalmoscopy (Optos plc). Retinal fundus images in patient 2 were obtained by conventional 35° fundus color photographs (Topcon Great Britain Ltd) and blue light FAF imaging (30°) performed with a confocal scanning laser ophthalmoscope (HRA+OCT Spectralis; Heidelberg Engineering Ltd). Spectral-domain optical coherence tomography (OCT) was performed in both patients using a HRA+OCT Spectralis.  Full-field electroretinography (ERG) (both patients) and pattern ERG (PERG) (patient 1) were performed to incorporate the International Society for Clinical Electrophysiology of Vision Standards. (7,8) Normative ERG values have been previously published. (9) The patients were unable to accurately see the test plates on attempted Ishihara and HRR (Hardy Rand and Rittler) colour assessment.
Molecular Investigation
Genomic DNA was isolated from peripheral blood lymphocytes (Puregene kit; Gentra Puregene Blood Extraction Kit; QIAGEN). Genetic testing was performed by next generation sequencing. Patient 1 underwent whole-genome sequencing as previously described in Carss et al (10). Patient 2 underwent exome-sequencing and is reported in reference 4 (4). 
Results
Patient 1
This 27-year-old female patient had nystagmus and poor vision noted at the age of two months. She had never been able to name colours. No other general medical condition was reported. The patient is one of three children to first cousin parents from South Asian descent. There was no family history of eye disease. 
Ocular examination
Best-corrected visual acuity was 6/60 bilaterally. The patient was noted to be mildly myopic. The anterior segment was unremarkable with a clear visual axis. Fundoscopy revealed symmetrical, well demarcated excavated lesions at the central macula of both eyes. The peripheral retina was unremarkable. On FAF imaging, the macular lesions were hypoautofluorescent with a mildly hyperautofluorescent border (fig 1). OCT images showed deep, excavated lesions with loss of inner and outer retinal layers in both eyes; the left eye possibly had an associated scleral protrusion. On electrophysiological examination (Fig. 2), Rod-specific (DA 0.01) and bright flash dark-adapted (DA 10.0) ERGs showed no clinically significant abnormality; there was a mildly subnormal DA 10.0 a-wave amplitude, not uncommon in patients lacking a cone photoreceptor contribution to the dark-adapted a-wave. The 30-Hz flicker ERGs were undetectable. There were detectable low-amplitude single-flash photopic ERGs (LA 3.0) with the b-wave timing (approximately 50ms) and shape suggestive of an S-cone origin. PERGs showed severe reduction in both eyes, indicating severe macular dysfunction.
Genetics
Following whole genome sequencing (WGS), the patient (GC20498) had 534 coding (±8bp splice region) rare variants (Minor allele frequency ≤0.01in the Exome Aggregation Consortium database, ExAC) and passing standard quality filters. Assuming autosomal recessive inheritance and considering parental consanguinity, 22 genes contained homozygous variants (supplementary table), 2 of which were predicted to cause loss of function (LOF).  One was a predicted splice site variant in the predicted non-coding RNA (RP11-10M2.1) and although rare, was interpreted as unlikely to be contributing to disease. The other was identified in ATF6. The variant, a frameshifting single nucleotide duplication: GRCh37 (hg19) chr1:g.161761260dupT NM_007348.3: c.417dupT, p.(Asn140*); was absent from gnomAD. The variant p.(Asn140*) on exon 5 of 16 was expected to act as a true null since the transcript is likely to undergo nonsense mediated decay (NMD). All other IRD genes and variants which may account for this phenotype were excluded based on rarity, genotype, variant effect and phenotypic fit, including variants known to be associated with North Carolina Macular Dystrophy (NCMD). 
Patient 2
The second patient (GC4040) was a 28-years-old Asian-Indian female who was reported to have reduced vision, photophobia, no colour perception and a very mild degree of nystagmus since early childhood. Her sister was similarly affected (not available for detailed examination).
Ocular examination
Best-corrected visual acuity was 6/60 in both eyes. The patient was noted to be mildly myopic. No abnormalities of the anterior segment were detected. Fundoscopy revealed blunted foveal reflexes in both eyes. SD-OCTs showed an absent foveal depression, persistence of inner retinal layers through the foveal center and subfoveal disruption of the photoreceptor layers (commonly described as foveal cavitation; Fig 3). FAF showed a small oval shaped sub-foveal area of reduced autofluorescence in both eyes corresponding to the subfoveal cavitation observed on OCT. In each eye the areas of reduced FAF was surrounded by an hyperautofluorescent ring. Full field ERG findings showed normal rod-specific (DA 0.01) and dark-adapted bright white-flash ERGs (DA 10.0), the values falling well within the normal range. Dark-adapted red flash ERGs showed no detectable cone component but a preserved rod component. 30-Hz flicker ERGs were undetectable (Fig.4). The very low-amplitude single-flash photopic ERGs with b-waves at approximately 50ms are suggestive of an S-cone derived ERG.
Genetics
The patient and her sister harboured a homozygous disease-causing variant in the ATF6 gene affecting a canonical splice donor site:  c.1187+5G>C. This patient’s mutational data have previously been reported (4).
Discussion
This study demonstrates that mutations in ATF6 can be associated with severe macular maldevelopment. It further demonstrates that electrophysiological investigation may reveal preserved S-cone function. 
The previously published studies on ATF6 describe rod-monochromacy as the functional phenotype of ATF6 disease. However, patient 1, with severe macular maldevelopment, has detectable single flash photopic ERGs, responses which are not detectable in rod monochromats, with the b-wave timing of 50ms consistent with an S-cone origin (11-13). The ERGs in patient 2 show a similar electrophysiological phenotype but are associated with the more typical macular phenotype of severe foveal hypoplasia. The genetics on that patient were included in the first report describing ATF6-associated ACHM (4). However, preserved S-cone ERGs have also been reported in GNAT2-associated ACHM (12), where preserved tritan colour discrimination was also demonstrated; the preservation of S-cone function is not diagnostic for ATF6-associated ACHM. 
The structural changes are worthy of comment.  Greenberg et al categorized ACHM into 5 stages on SD-OCT (14). Findings in patient 2 are consistent with stage 4 showing presence of an optically empty space with minimal retinal pigment epithelium disruption indicated by mild choroidal hyperreflectance. The sharply demarcated optically empty space with disruption of the inner segment ellipsoid was assumed a sign of cone photoreceptor degeneration (14-16). SD-OCTs show also severe foveal hypoplasia as defined previously in ACHM as persistence of inner retinal layers through the foveal center (5). Although foveal hypoplasia has previously been described in ATF6-associated ACHM, the severe with bilateral atrophic macular maldevelopment with excavation down to the sclera in patient 1 is a novel observation. A similar appearance has been reported in a patient with CNGA3-associated ACHM (14). Those authors described the appearance as bilateral coloboma-like macular lesions and compared it to macular colobomata described in other retinal dystrophies, including Leber congenital amaurosis, cone-rod dystrophy, adult-onset vitelliform dystrophy and North Carolina macular dystrophy (17-19). Other authors reported macular colobomata in patients with Down syndrome (20-22), DHX38-associated retinitis pigmentosa (23) and secondary to CLDN19 mutations (24) or a variant in IDH3A (25). Recently, macular colobomata were suggested to be characteristic features of NMNAT1-associated Leber congenital amaurosis.  NMNAT1 encodes for the enzyme Nicotinamide nucleotide adenylyltransferase 1 essential for nicotinamide adenine dinucleotide biosynthesis, and mutations in the gene result in a severe, early-onset neurodegeneration (26).
However, since the mechanisms of macular coloboma formation are still unclear, it may also be considered an independent phenotype coexisting in the same patient. It has been proposed that macular colobomata are a consequence of arcuate bundles along the horizontal raphe undergoing incomplete differentiation (27), with the authors emphasizing that although such lesions have been termed “colobomas”, they are not related to failure of the embryonic fissure to close during embryogenesis. Macular coloboma has also been associated with ocular or systemic abnormalities and may result from either a developmental abnormality or intrauterine inflammation, (17) but no embryonic or infectious explanation was revealed in that patient (14). Previous studies on FAF imaging in ACHM showed variable pathologic features, correlating with morphologic changes observed on SD-OCT (14,16). Patient 2 demonstrates reduced foveal autofluorescence corresponding to the foveal disruption of the inner segment ellipsoid on SD-OCT. The ring shaped area with increased autofluorescence in the perifoveal region is suggestive of progressive retinal degeneration. In contrast, patients 1 shows nearly absent autofluorescence in the area of the coloboma-like macular lesions with only a narrow hyperautofluorescent margin indicating limited progression.
The variant associated with the severe macular abnormality, a frameshift insertion on exon 5, is expected to act as a true null allele since the transcript is likely to undergo NMD. However, since loss of function mutations have also been reported in less severe ATF6 phenotypes (4,28), this patient may represent a broader spectrum of ATF6 disease or other modifiers may play a role. That there is a common electrophysiological phenotype between the two patients in the present report suggests a crucial role of ATF6A in human foveal development and cone function. This is surprising as ATF6 encodes the ubiquitously expressed activating transcription factor 6, a key regulator of the unfolded protein response (UPR), and a key component of cellular endoplasmic reticulum (ER) homeostasis. It therefore adds ATF6 to the list of genes that, despite ubiquitous expression, when mutated can result in an isolated retinal phenotype such as splicing factor PRPF31, NMNAT1, PRPF8 or HK1 (29-32). 
In conclusion, the findings may expand the phenotype associated with ATF6-mediated ACHM by reporting novel findings of severe macular maldevelopment and the possibility of preserved S-cone function. 

Acknowledgements / Funding
[bookmark: _GoBack]The work was supported by the NIHR Biomedical Research Centre at Moorfields Eye Hospital and UCL Institute of Ophthalmology. Patient 1 underwent sequencing as part of the NIHR-Bioresource for Rare disease. The molecular analysis on patient 2 was undertaken from grants from the Moorfields Eye Charity. GA is supported by a Fight for Sight Early Career Investigator Award.

Declaration of interest statement
There is no potential conflict of interest. 









References 	
1. Aboshiha J, Dubis AM, Carroll J, Hardcastle AJ, Michaelides M. The cone dysfunction syndromes. Br J Ophthalmol. 2016;100(1):115-21. doi:10.1136/bjophthalmol-2014-306505. Cited in PubMed; PMID: 25770143
2. Wissinger B, Gamer D, Jagle H, Giorda R, Marx T, Mayer S, Tippmann S, Broghammer M, Jurklies B, Rosenberg T, et al. CNGA3 mutations in hereditary cone photoreceptor disorders. Am J Hum Genet. 2001;69(4):722-37. doi:10.1086/323613. Cited in PubMed; PMID: 11536077
3. Kohl S, Varsanyi B, Antunes GA, Baumann B, Hoyng CB, Jagle H, Rosenberg T, Kellner U, Lorenz B, Salati R, et al. CNGB3 mutations account for 50% of all cases with autosomal recessive achromatopsia. Eur J Hum Genet. 2005;13(3):302-8. doi:10.1038/sj.ejhg.5201269. Cited in PubMed; PMID: 15657609
4. Kohl S, Zobor D, Chiang WC, Weisschuh N, Staller J, Gonzalez Menendez I, Chang S, Beck SC, Garcia Garrido M, Sothilingam V, et al. Mutations in the unfolded protein response regulator ATF6 cause the cone dysfunction disorder achromatopsia. Nat Genet. 2015;47(7):757-65. doi:10.1038/ng.3319. Cited in PubMed; PMID: 26029869
5. Sundaram V, Wilde C, Aboshiha J, Cowing J, Han C, Langlo CS, Chana R, Davidson AE, Sergouniotis PI, Bainbridge JW, et al. Retinal structure and function in achromatopsia: implications for gene therapy. Ophthalmology. 2014;121(1):234-45. doi:10.1016/j.ophtha.2013.08.017. Cited in PubMed; PMID: 24148654
6. World Medical Association Declaration of Helsinki: ethical principles for medical research involving human subjects. Jama. 2013;310(20):2191-4. doi:10.1001/jama.2013.281053. Cited in PubMed; PMID: 24141714
7. McCulloch DL, Marmor MF, Brigell MG, Hamilton R, Holder GE, Tzekov R, Bach M. ISCEV Standard for full-field clinical electroretinography (2015 update). Doc Ophthalmol. 2015;130(1):1-12. doi:10.1007/s10633-014-9473-7. Cited in PubMed; PMID: 25502644
8. Bach M, Brigell MG, Hawlina M, Holder GE, Johnson MA, McCulloch DL, Meigen T, Viswanathan S. ISCEV standard for clinical pattern electroretinography (PERG): 2012 update. Doc Ophthalmol. 2013;126(1):1-7. doi:10.1007/s10633-012-9353-y. Cited in PubMed; PMID: 23073702
9. Neveu MM, Dangour A, Allen E, Robson AG, Bird AC, Uauy R, Holder GE. Electroretinogram measures in a septuagenarian population. Doc Ophthalmol. 2011;123(2):75-81. doi:10.1007/s10633-011-9282-1. Cited in PubMed; PMID: 21814827
10. Carss KJ, Arno G, Erwood M, Stephens J, Sanchis-Juan A, Hull S, Megy K, Grozeva D, Dewhurst E, Malka S, et al. Comprehensive Rare Variant Analysis via Whole-Genome Sequencing to Determine the Molecular Pathology of Inherited Retinal Disease. Am J Hum Genet. 2017;100(1):75-90. doi:10.1016/j.ajhg.2016.12.003. Cited in PubMed; PMID: 28041643
11. Arden G, Wolf J, Berninger T, Hogg CR, Tzekov R, Holder GE. S-cone ERGs elicited by a simple technique in normals and in tritanopes. Vision Res. 1999;39(3):641-50. Cited in PubMed; PMID: 10341991
12. Michaelides M, Aligianis IA, Holder GE, Simunovic M, Mollon JD, Maher ER, Hunt DM, Moore AT. Cone dystrophy phenotype associated with a frameshift mutation (M280fsX291) in the alpha-subunit of cone specific transducin (GNAT2). Br J Ophthalmol. 2003;87(11):1317-20. Cited in PubMed; PMID: 14609822
13. Audo I, Holder GE, Moore AT. Inherited Stationary Disorders of the Retina. In: Puesch B, De Laey JJ, Holder GE, editors. Inherited Chorioretinal Dystrophies: A Textbook and Atlas: Springer-Verlag, Berlin Heidelberg; 2014. p. 77-98.
14. Greenberg JP, Sherman J, Zweifel SA, Chen RW, Duncker T, Kohl S, Baumann B, Wissinger B, Yannuzzi LA, Tsang SH. Spectral-domain optical coherence tomography staging and autofluorescence imaging in achromatopsia. JAMA Ophthalmol. 2014;132(4):437-45. doi:10.1001/jamaophthalmol.2013.7987. Cited in PubMed; PMID: 24504161
15. Thomas MG, Kumar A, Kohl S, Proudlock FA, Gottlob I. High-resolution in vivo imaging in achromatopsia. Ophthalmology. 2011;118(5):882-7. doi:10.1016/j.ophtha.2010.08.053. Cited in PubMed; PMID: 21211844
16. Zobor D, Werner A, Stanzial F, Benedicenti F, Rudolph G, Kellner U, Hamel C, Andreasson S, Zobor G, Strasser T, et al. The Clinical Phenotype of CNGA3-Related Achromatopsia: Pretreatment Characterization in Preparation of a Gene Replacement Therapy Trial. Invest Ophthalmol Vis Sci. 2017;58(2):821-832. doi:10.1167/iovs.16-20427. Cited in PubMed; PMID: 28159970
17. Heckenlively JR, Foxman SG, Parelhoff ES. Retinal dystrophy and macular coloboma. Doc Ophthalmol. 1988;68(3-4):257-71. Cited in PubMed; PMID: 3042323
18. Parmeggiani F, Milan E, Costagliola C, Giuliano M, Moro A, Steindler P, Sebastiani A. Macular coloboma in siblings affected by different phenotypes of retinitis pigmentosa. Eye (Lond). 2004;18(4):421-8. doi:10.1038/sj.eye.6700689. Cited in PubMed; PMID: 15069441
19. Panagiotidis D, Karagiannis D, Theodossiadis P, Tsoumpris I, Vergados I. Atypical macular coloboma in a patient with adult vitelliform dystrophy. Can J Ophthalmol. 2010;45(5):544-5. doi:10.3129/i09-277. Cited in PubMed; PMID: 20648068
20. Aziz HA, Ruggeri M, Berrocal AM. Intraoperative OCT of bilateral macular coloboma in a child with Down syndrome. J Pediatr Ophthalmol Strabismus. 2011;48 Online:e37-9. doi:10.3928/01913913-20110712-03. Cited in PubMed; PMID: 21766737
21. Hayasaka Y, Hayasaka S. Bilateral congenital macular coloboma in a boy with Down syndrome. Eur J Ophthalmol. 2004;14(6):565-7. Cited in PubMed; PMID: 15638109
22. Yamaguchi K, Tamai M. Congenital macular coloboma in Down syndrome. Ann Ophthalmol. 1990;22(6):222-3. Cited in PubMed; PMID: 2142386
23. Ajmal M, Khan MI, Neveling K, Khan YM, Azam M, Waheed NK, Hamel CP, Ben-Yosef T, De Baere E, Koenekoop RK, et al. A missense mutation in the splicing factor gene DHX38 is associated with early-onset retinitis pigmentosa with macular coloboma. J Med Genet. 2014;51(7):444-8. doi:10.1136/jmedgenet-2014-102316. Cited in PubMed; PMID: 24737827
24. Khan AO, Patel N, Ghazi NG, Alzahrani SS, Arold ST, Alkuraya FS. Familial non-syndromic macular pseudocoloboma secondary to homozygous CLDN19 mutation. Ophthalmic Genet. 2018;39(5):577-583. doi:10.1080/13816810.2018.1498528. Cited in PubMed; PMID: 30067419
25. Sun W, Zhang Q. A novel variant in IDH3A identified in a case with Leber congenital amaurosis accompanied by macular pseudocoloboma. Ophthalmic Genet. 2018;39(5):662-663. doi:10.1080/13816810.2018.1502788. Cited in PubMed; PMID: 30058936
26. Han IC, Critser DB, Stone EM. Swept-Source OCT of a Macular Coloboma in NMNAT1-Leber Congenital Amaurosis. Ophthalmol Retina. 2018;2(10):1040. doi:10.1016/j.oret.2018.07.009. Cited in PubMed; PMID: 31047491
27. Satorre J, Lopez JM, Martinez J, Pinera P. Dominant macular colobomata. J Pediatr Ophthalmol Strabismus. 1990;27(3):148-52. Cited in PubMed; PMID: 2366125
28. Ansar M, Santos-Cortez RL, Saqib MA, Zulfiqar F, Lee K, Ashraf NM, Ullah E, Wang X, Sajid S, Khan FS, et al. Mutation of ATF6 causes autosomal recessive achromatopsia. Hum Genet. 2015;134(9):941-50. doi:10.1007/s00439-015-1571-4. Cited in PubMed; PMID: 26063662
29. Vithana EN, Abu-Safieh L, Allen MJ, Carey A, Papaioannou M, Chakarova C, Al-Maghtheh M, Ebenezer ND, Willis C, Moore AT, et al. A human homolog of yeast pre-mRNA splicing gene, PRP31, underlies autosomal dominant retinitis pigmentosa on chromosome 19q13.4 (RP11). Mol Cell. 2001;8(2):375-81. Cited in PubMed; PMID: 11545739
30. Perrault I, Hanein S, Zanlonghi X, Serre V, Nicouleau M, Defoort-Delhemmes S, Delphin N, Fares-Taie L, Gerber S, Xerri O, et al. Mutations in NMNAT1 cause Leber congenital amaurosis with early-onset severe macular and optic atrophy. Nat Genet. 2012;44(9):975-7. doi:10.1038/ng.2357. Cited in PubMed; PMID: 22842229
31. McKie AB, McHale JC, Keen TJ, Tarttelin EE, Goliath R, van Lith-Verhoeven JJ, Greenberg J, Ramesar RS, Hoyng CB, Cremers FP, et al. Mutations in the pre-mRNA splicing factor gene PRPC8 in autosomal dominant retinitis pigmentosa (RP13). Hum Mol Genet. 2001;10(15):1555-62. Cited in PubMed; PMID: 11468273
32. Sullivan LS, Koboldt DC, Bowne SJ, Lang S, Blanton SH, Cadena E, Avery CE, Lewis RA, Webb-Jones K, Wheaton DH, et al. A dominant mutation in hexokinase 1 (HK1) causes retinitis pigmentosa. Invest Ophthalmol Vis Sci. 2014;55(11):7147-58. doi:10.1167/iovs.14-15419. Cited in PubMed; PMID: 25190649

















Figure captions
Figure 1 Fundus photographs (top right), fundus autofluorescence (FAF) imaging (top left), and optical coherence tomography (OCT) (bottom) for patient 1 (right eye [RE] and left eye [LE]).  Fundus photographs and FAF and OCT images show deep, coloboma-like central macular lesions in both eyes. 
Figure 2 Full-field ERGs and pattern ERGs (PERGs) in patients 1 and traces from a representative normal individual for comparison; (right eye [RE] and left eye [LE]). Rod-specific (DA 0.01) ERGs are normal, dark-adapted bright white-flash ERGs (DA10.0) contain marginally subnormal a-waves consistent with loss of the dark-adapted cone contribution. 30-Hz flicker ERGs are undetectable. There are very low amplitude single flash photopic ERGs (LA 3.0) with a peak time and shape consistent with an origin in S-cones. DA indicates dark-adapted; LA, lighted adapted. PERG is bilaterally undetectable.
Figure 3 Fundus photographs (top right), fundus autofluorescence (FAF) imaging (top left), and optical coherence tomography (OCT) (bottom) for patient 2 (right eye [RE] and left eye [LE]).  Fundus photographs show an absent or barely visible foveal pit in both eyes. OCTs indicate severe foveal hypoplasia bilaterally. FAF images show foveal areas of reduced FAF surrounded by a hyperautofluorescent ring.  
Figure 4 Full-field ERGs in patient 2 and traces from a representative normal individual for comparison; (right eye [RE] and left eye [LE]). Full field ERG findings show normal rod-specific (DA 0.01), a dark-adapted red flash ERG with a normal rod component but no detectable cone component; and normal dark-adapted bright white-flash ERGs (DA10.0). The 30-Hz flicker ERG is undetectable. There are very low amplitude single flash photopic ERGs (LA 3.0) with a peak time and shape suggesting an origin in S-cones. DA indicates dark-adapted; LA, lighted adapted.
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