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Genotypic spectrum and phenotype correlations
of ABCA4-associated disease in patients
of south Asian descent

Winston Lee1, Kaspar Schuerch1, Jana Zernant1, Frederick T Collison2, Srilaxmi Bearelly1, Gerald A Fishman2,
Stephen H Tsang1,3, Janet R Sparrow1,3 and Rando Allikmets*,1,3

Variants in the ABCA4 gene are the most common cause of juvenile-onset blindness affecting close to 1 in 10 000 people

worldwide. Disease severity varies largely according to genotype, which can be specific to ethnic and racial groups. Here we

investigate the spectrum of ABCA4 variation and its phenotypic expression in 38 patients of South Asian descent, notably from

India, Pakistan, Bangladesh and Sri Lanka. Sequencing of all exons and flanking intronic sequences of ABCA4 revealed disease-

causing variants in all patients: 3 in 2.6%, 2 in 81.6% and 1 in 15.8%. Altogether, 36 distinct variants were identified,

including 9 previously not described. The most frequent variant c.5882G4A, p.(G1961E) was found in half the patients, the

highest ever reported in a single study cohort. The South Asian founder variant c.859-9T4C was identified along with other

founder variants ascribed to Danish, Chinese, Mexican and African patients. Patients carrying c.5882G4A, p.(G1961E)

exhibited a consistently confined disease phenotype, normal quantitative autofluorescence (qAF) levels and preserved full-field

ERG (ffERG) while c.859-9T4C resulted in widespread disease, significantly elevated qAF and reduced to non-detectable

ffERG. South Asian patients present with a relatively unique ABCA4 profile comprised of various ethnic founder variants

resulting in two or three major retinal phenotypes.
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INTRODUCTION

The ABCA4-associated disease spectrum encompasses large, hetero-
geneous groups of recessive retinal dystrophies including Stargardt
disease1 (STGD1; MIM 248200), cone-rod dystrophy (CRD)2,3 and
retinitis pigmentosa-like phenotypes.2,4,5 Genotypic heterogeneity also
exists within these groups as currently over 800 ABCA4 (MIM 601691,
NM_000350.2) variants have been identified.6 Although precise
genotype–phenotype correlations amongst even the most frequent
variants are scarcely understood, the ethnic and geographic origin of
several variants have been described. Founder variants broadly
attributed to the Western European population include c.2588G4C,
p.[(G863A,G863del)];7 although more specifically, variants associated
with specific ethnicities include the c.[1622T4C;3113C4T],
p.[L541P;A1038V] complex allele in individuals of predominantly
German descent,3,8 c.3386G4T, p.(R1129L) in individuals of Spanish
descent9 and c.2894A4G, p.(N965S) in individuals of Danish
descent.10 Populations outside of Europe are comparatively less well-
characterized; however, another founder variant, c.5318C4T,
p.(A1773V), was recently identified in Mexico11 and the
c.6320G4A, p.(R2107H) variant was found to be significantly over-
represented in a large cohort of African-American patients diagnosed
with STGD1.12 Rigorous analyses of disease phenotypes corresponding
to these ethnicity-specific variants are limited with the exception of
p.[L541P;A1038V], which was shown to impart an accelerated onset of
retinopathy in patients13 and rapid accumulation of bisretinoid

lipofuscin in the RPE in the homozygous knock-in mouse model
(AbcaPV/PV).14 Increased lipofuscin accumulation in patients with
p.[L541P;A1038V] has also been demonstrated by quantitative auto-
fluorescence (qAF) imaging in patients,15 though only when p.[L541P;
A1038V] is not in combination with the c.5882G4A, p.(G1961E)
variant, which itself contrastingly results in a less pronounced
accumulation of lipofuscin and the absence of a dark choroid
on fluorescein angiography.15,16 In reporting the c.6320G4A,
p.(R2107H) variant in Africa Americans, we also noted that patients
in this cohort experienced a significantly later onset and milder
severity of disease symptoms as compared to affected Caucasian
patients.12

The proper management of patients harboring genetically well-
characterized disease alleles in ABCA4 is inadequate without a
comprehensive understanding of their corresponding disease pheno-
types. Recently, we reported an intronic variant, c.859-9T4C, that is
highly frequent in Asian Indian patients (ethnic descent from Pakistan,
India and Bangladesh) but rare in the ethnically matched general
population.17 This study describes the phenotypic spectrum and
genotypic composition of South Asian patients diagnosed with
ABCA4-associated disease.

MATERIALS AND METHODS

Patients and clinical evaluation
All study subjects were consented before participating in the study under the
protocols #AAAI9906 approved by the Institutional Review Board at Columbia
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University and #20130770 by the Western Institutional Review Board at the
Chicago Lighthouse. The study adhered to tenets established in the Declaration
of Helsinki. Complete ophthalmic examinations were provided by a retinal
specialist (SHT, GF, SB), including slit-lamp and dilated fundus examinations.
Vision was assessed by the measurement of best-corrected visual acuity (BCVA;
Snellen or Feinbloom charts), while further clinical assessments were made
from color fundus photographs, 488 and 787 nm excitation autofluorescence
images and spectral domain-optical coherence tomography scans and full-field
electroretinogram results.

Clinical data acquisition and analysis
Spectral domain-optical coherence tomography (SD-OCT) scans and corre-
sponding infrared reflectance fundus images were acquired using a Spectralis
HRA+OCT (or HRA+OCT; Heidelberg Engineering, Heidelberg, Germany).
Fundus autofluorescence images were obtained using a confocal scanning laser
ophthalmoscope (cSLO, Heidelberg Retina Angiograph 2, Heidelberg Engineer-
ing, Dossenheim, Germany) Fundus AF images were acquired by illuminating
the fundus with an argon laser source (488 nm excitation) and viewing the
resultant fluorescence through a band pass filter with a short wavelength cutoff
at 495 nm. Color fundus photos were obtained with a FF 450plus Fundus
Camera (Carl Zeiss Meditec AG, Jena, Germany) and CR-1 Mark II Fundus
Camera (Canon, Tokyo, Japan).
Full-field electroretinograms (ffERG), available in 12 patients, were recorded

using the Diagnosys Espion Electrophysiology System (Diagnosys LLC,
Littleton, MA, USA). Prior to acquisition, pupils were maximally dilated and
measured before ffERG recording using tropicamide (1%) and phenylephrine
hydrochloride (2.5%); and the corneas were anesthetized with proparacaine
0.5%. Silver impregnated fiber electrodes (DTL; Diagnosys LLC, Littleton, MA)
and Burian-Allen contact lens were used with a ground electrode on the
forehead. Normative amplitude and implicit time ranges for each stimulus were
provided by the Diagnosys system software. All procedures were performed
using extended testing protocols outlined by the International Society for
Clinical Electrophysiology of Vision standard.18

Quantitative autofluorescence (qAF) was performed and analyzed in 25 eyes
of 14 patients (Table 1). Protocols for the acquisition of AF images that meet
the quality standards necessary for quantification have been previously
described.15,19 Fundus AF images (30°; 488 nm excitation) were acquired using
a confocal scanning laser ophthalmoscope (Spectralis HRA+OCT; Heidelberg
Engineering, Heidelberg, Germany) modified by the insertion of an internal
fluorescent reference to account for variations in laser power and detector gain.
The barrier filter in the device transmitted light from 500 to 680 nm. Prior to
acquisition, the fundus was exposed to the AF light for 20 to 30 s to bleach
rhodopsin, while at the same time, focus and alignment were refined to
produce a maximum and uniform signal over the entire field.
Fundus AF images were analyzed with a dedicated image analysis software

written in IGOR (WaveMetrics, Lake Oswego, OR, USA) to determine qAF.
The software recorded the mean GLs of the internal reference and of eight
circularly arranged segments positioned at an eccentricity of approximately 7°
to 9°. Segments were scaled to the horizontal distance between the fovea and
the temporal edge of the optic disc. Control values used in this study consisted
of previously published data from 277 healthy subjects (374 eyes; age range,
5–60 years) without a family history of retinal dystrophy.20

Sequencing and variant analyses
All 50 exons and exon–intron boundaries of the ABCA4 gene (MIM 601691,
NM_000350.2) were amplified using Illumina TruSeq Custom Amplicon
protocol (Illumina, San Diego, CA, USA), followed by sequencing on Illumina
MiSeq platform. The next-generation sequencing reads were analyzed and
compared to the ABCA4 reference sequence NG 009073.1, using the variant
discovery software NextGENe (SoftGenetics LLC, State College, PA, USA). All
detected possibly disease-associated variants were confirmed by Sanger sequen-
cing. Nucleotide positions and protein translation correspond to CCDS747.1
and NP 000341.2, respectively. Nucleotide numbering uses the A of the ATG
translation initiation start site as nucleotide 1. The allele frequencies of all
variants were compared to the Exome Aggregation Consortium (ExAC)
database (Cambridge, MA, USA; http://exac.broadinstitute.org; accessed

September 2016). All ABCA4 variants and patients reported in this manuscript
were submitted to the Leiden Open Variation Database 3.0 (http://www.lovd.nl/
ABCA4). Segregation of the new variants with the disease was analyzed in
families if family members were available (Table 1). The possible effect of all
ABCA4 variants was assessed using the combination of following prediction
programs (Table 2): Polyphen-2,21 Align-GVGD,22 SIFT,23 MutationTaster,24

SpliceSiteFinder,25 MaxEntScan,26 NNSPLICE,27 GeneSplicer,28 and Human
Splicing Finder.29 All of these algorithms except for Polyphen-2 were accessed
via Alamut software version 2.2 (Interactive Biosoftware, Rouen, France; http://
www.interactive-biosoftware.com), using automated computation of this soft-
ware version. Polyphen-2 results were retrieved from the single entry Web form
(http://genetics.bwh.harvard.edu/pph2/) with the HumDiv-model and version
2.2.2 of the software. Predictions are included as supporting data to the
conclusions that are based on different frequencies of the variants between the
patients and general population.

RESULTS

All patients included in the study (n= 38) are of South Asian descent
by both, or either maternal or paternal lineage. Thirty-three of the
patients were bi-parentally Indian, (n= 27, 71%), Pakistani (n= 4,
11%), Sri Lankan (n= 1) and Bangladeshi (n= 1). The remaining five
patients were Indian by one parent and either African, Chinese, Italian
or Moroccan by the other. The cohort also consists of two familial
pairs, P25-P21 (parent–child) and P37–P38 (siblings). Demographic
and clinical characteristics are summarized in Table 1. Mean cohort
age at clinical presentation was 35 years but ranged widely between 9
to 65 years. Disease onset also varied within the cohort with 16%
reporting visual symptoms in the first decade, 39% in the second, 18%
in the third, 13% in the fourth and 11% in the fifth and one patient
(P30) in the sixth. Measured BCVAs ranged from 20/20 to HM
(Feinbloom BCVA was measured in 5 patients, which ranged from
10/63-2 to 10/160).

Analysis of ABCA4 variants in South Asian patients
Following direct sequencing of ABCA4, disease-causing alleles were
found in all patients: two in 81%, three in 3% and one in 16%. Nine
unrelated individuals were homozygous. A total of 36 distinct ABCA4
variants were identified in the cohort (Table 2). All variants were
mostly predicted deleterious with the exception of one missense
variant, c.4217A4G, p.(H1406R), which had predicted minimal
biochemical (Align GVGD) or functional consequence (Polyphen-2
and MutationTaster). In total, 11 variants were predicted to negatively
affect exon splicing resulting in the creation, deletion or reduction
of donor and acceptor sites. Half of the patients harbored
the c.5882G4A, p.(G1961E) allele, which is consistent with the
population frequency of the allele (~1.5%) in the South Asians.
The intronic variant, c.859-9T4C, previously associated with
patients of Asian Indian descent was seen in five patients and is
predicted to affect splicing. The nine novel variants identified were
c.66G4A, c.571-2_ 575delAGTTCGC, c.3407G4T (p.(G1136V)),
c.5243G4A (p.(G1748E)), c.5313-2_ 5316delAGATGG, c.6098T4A
(p.(L2033H)), c.6191C4T (p.(A2064V)), c.6317G4A (p.(R2106H))
and c.6479+1G4A (Table 2).

Retinal phenotypes
Clinically, all patients exhibited phenotypes consistent with the
described spectrum for ABCA4-associated disease from mild to very
severe. Classically associated features were observed in autofluores-
cence imaging including central lesions of discrete atrophy or hypoAF
mottling accompanied by bright pisciform flecks arranged in a
confluent pattern across the posterior pole and a notable sparing of
the peripapillary region. The most severe, end-stage phenotypes,
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characterized by widespread RPE wipeout across the posterior pole,
were also observed in both older (P20, age 62 years) and younger
patients (P7, age 34 years).

Genotype–phenotype correlations
All patients harboring the c.5882G4A, p.(G1961E) variant (n= 19)
(age range, 9–51 years) presented with bull’s eye lesions or discrete
geographic atrophy and very few, locally confined flecks, which never
extended beyond the macula (Figure 1). The five patients (P4, P6, P16,
P30 and P31) with only bull’s eye lesions and no visible flecks were
also in the p.(G1961E) group. Patients harboring the c.859-9T4C
exhibited moderately severe to very advanced phenotypes (Figure 2).
P10 (aged 33 years), for instance, presented with a bleached-white
appearance, multiple regions of atrophy across the posterior pole on

autofluorescence imaging and an arc of densely accumulated bone-
spicule pigmentation in the mid-periphery along the superior vascular
arcades. This patient harbored 3 ABCA4 variants, including a splicing-
affecting variant c.66G4A, which was found to be in phase with
c.859-9T4C, and the stop mutation c.6658C4T, p.(Q2220*) on the
second allele. Differences in quantitative autofluorescence (qAF) levels
analyzed in 14 patients further distinguished genotypic groups. Over-
all, both elevated and normal qAF values were measured in affected
patients. The majority of p.(G1961E) eyes fell within the 95%
confidence interval for healthy eyes while P14 and P18 who were
homozygous for c.859-9T4C were significantly elevated with respect
to the other genotypes. Color maps of qAF illustrate the difference in
autofluorescence in the macula between age-matched healthy control
eye, a c.859-9T4C (P18) and c.5882G4A, p.(G1961E) (P21) eye

Table 1 Clinical, demographic and genetic characteristics of South Asian patients with ABCA4-associated disease

Snellen/Feinboom BCVA qAF-units

Patient LOVD ID# Gender Age (years) Disease onset decade Race/ethnicity ABCA4 variants detected (NM_000350.2) OD OS OD OS

1 90137 F 42 4th Indian/African p.(V989A) c.5917del 20/40 20/40 500

2 90138 M 45 5th Indian p.(R511H) p.(?) 20/25 20/20 258 257

3 76832 M 44 2nd Indian/Chinese p.(G1961E) p.(H1406R) 20/100 20/100 372

4 76828 M 23 2nd Sri Lankan p.(G1961E) c.4734del 20/400 20/400

5 90139 M 47 2nd Indian p.(T1526M) p.(?) 20/40 20/70 404 426

6 90140 M 18 2nd Indian p.(G1961E) c.6729+5_6729+19del 20/100 20/150 342 387

7 90141 F 34 2nd Indian p.(W31*) p.(W31*) HM HM

8 90142 M 39 1st Indian p.(G1961E) c.6729+5_6729+19del 20/200 20/200 168 142

9 76910 M 56 2nd Indian c.885del c.859-9T4C CF CF

10 90143 M 33 1st Indian c.[66G4A;859-9T4C] p.(Q2220*) CF 20/300

11 90144 F 39 4th Indian p.(G1961E) p.(G1136V) 20/80 20/20 325 344

12 90145 M 46 4th Indian p.(G1961E) p.(Q636H) 20/400 20/400 390 369

13 90146 F 41 4th Indian p.(A2064V) p.(A2064V) 20/40 20/40

14 78017 M 22 2nd Bangladeshi c.859-9T4C c.5917del 20/150 20/150 520

15 90147 F 33 3rd Indian p.(G1961E) p.(G607W) 20/200 20/200 272 302

16 90148 F 22 3rd Indian/Italian p.(G1961E) p.(R212C) 20/100 20/80 404 428

17 90149 F 27 3rd Indian p.(G1961E) p.(R653C) 20/60 20/70

18 90151 M 31 3rd Indian c.859-9T4C c.859-9T4C 20/50 20/50 566 606

19 90152 M 32 3rd Indian c.859-9T4C c.859-9T4C 20/60 20/60

20 90153 F 62 2nd Indian p.(N965S) p.(N965S) 20/150 20/400

21a 76840 F 46 3rd Indian p.[(G1961E; R2149*)] p.(?) 20/150 20/125 430 419

22 90154 M 23 3rd Indian p.(G1961E) p.(A1773V) 20/40 20/30

23 90155 M 50 5th Pakistani p.(V675I) p.(M1882I) 20/80 20/100

24a 76839 M 65 5th Indian p.[(G1961E; R2149*)] p.(?) 20/200 20/200

25 90157 M 57 5th Indian p.(G1961E) p.(?) 20/25 20/25

26 90158 M 9 1st Indian c.571-2_575del c.5313-2_ 5316del N/A N/A

27 90159 F 22 2nd Indian p.(E2232K) p.(?) N/A N/A

28 90161 F 32 2nd Indian p.(G1961E) p.(?) N/A N/A

29 90162 F 25 2nd Pakistani p.(G1748E) p.(R2106H) 20/100 20/100

30 90163 F 51 6th Indian p.(G1961E) p.(G1961E) 20/30+2 20/30

31 76834 F 31 2nd Indian p.(G1961E) c.160+2T4C 20/200+1 20/200+1

32 90165 F 32 2nd Pakistani p.(G1961E) p.(L2033H) 20/50+1 20/400

33 76906 M 46 4th Indian p.(R511C) p.(R511C) 20/200 20/200

34 90166 F 31 2nd Indian p.(G1961E) c.6479+1G4A 10/120+2 10/120+2

35 90167 F 16 1st Indian p.[(A60V; T1277M)] p.([(A60V; T1277M)] 10/100-3 10/100-3

36 90168 F 25 1st Pakistani p.(W31R) p.(W31R) 10/160 10/160

37b 90169 F 19 2nd Indian/Moroccan p.(Y665*) p.(V989A) 10/120+2 10/80-3

38b 90170 F 13 1st Indian/Moroccan p.(Y665*) p.(V989A) 10/63-2 10/63-2

Abbreviations: BCVA, best-corrected visual acuity; CF, counting fingers; F, female; HM, hand motion; LOVD, Leiden Open (source) Variation Database; M, male; OD, right eye; OS, left eye; qAF,
quantitative autofluorescence.
Nucleotide positions and protein translation correspond to CCDS747.1 and NP_000341.2, respectively. Nucleotide numbering uses the A of the ATG translation initiation start site as nucleotide 1.
aParent–child (P21/P24).
bSiblings (P37/P38).
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(Figure 3). Scotopic, maximal, 30 Hz flicker and single flash photopic
ffERG recordings were variable across the cohort (Figure 4). Severe
attenuation of both the rod and cone systems were observed in, P7,
P20, and notably P10 and P9 of the c.859-9T4C group while
photopic and, especially, rod responses were generally unaffected in
p.(G1961E) patients.

DISCUSSION

The proportion of inherited retinal disorders in the Indian subconti-
nent has yielded diverse findings that consist predominantly of
retinitis pigmentosa (TULP1, NR2E3, MFRP,30 EYS,31 FAM161A,32

AIPL1, RPE65, GUCY2D, CRB1, RDH12, IQCB1 and SPATA733 and to
a lesser extent, STGD1,34,35 among others. Although the frequency
of ABCA4 disease alleles in this population is unknown, two reports
have described novel variants segregating in several affected
families34,35 along with the c.859-9T4C variant identified by our
group.17 The aim of the current study is to provide a comprehensive
genetic and clinical profile of ABCA4-associated diseases in this
population.
Overall, the clinical spectrum of this cohort exhibited overlapping

characteristics with patients of other ethnicities but also varied in
accordance with an individual patient’s respective genotype. The

Figure 1 Retinal phenotype on color photographs, autofluorescence imaging and spectral domain-optical coherence tomography in South Asian patients
harboring the c.5882G4A, p.(G1961E) allele of ABCA4. In total, 18 of 36 unrelated cases within the cohort harbored the p.(G1961E) variant resulting
phenotype characterized by central bull’s eye lesions and no isolated flecks outside of the lesion (a, b), Confined flecks lesions within the macula (c, d) and
early discrete areas of geographic atrophy with flecks distributed around the lesion (e, f).
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detection rate of variants in this cohort (at least two disease-causing
variants in 84%) was higher than what has been previously reported
from our group in other ethnicities.12,17 Nine unrelated cases were
found to be homozygous, which was not unexpected due to the
reportedly high incidence of consanguinity resulting in retinal disease
in this population.36,37 The most severe variant combinations were
found in P7 (homozygous nonsense mutations) and P10 (3 total: two
intronic/splice and one nonsense mutation), which expectedly

produced an aggressive, early-onset phenotype. The pattern of bone-
spicule pigment migration in P10 is a reported feature of severe
ABCA4 phenotypes associated with splice site variants2,4 and is similar
to an ethnic Indian patient homozygous for the null variant
c.6088C4T described by Singh et al.34

Interestingly, several variants of different geographical and ethnic
provenance were found in our cohort. The c.2894A4G, p.(N965S)
variant, homozygous in the severely affected P20 of bi-parental Indian

Figure 2 Moderate to severe phenotypes were associated with the c.859-9T4C founder allele of ABCA4. Color photography (a) and autofluorescence imaging
(b) in the most advanced case who was compound heterozygous for c.859-9T4C and c.66G4A, p.(K22= ) (P10) exhibited severe atrophy of the posterior
pole and a confluent pattern of bone-spicule pigment migration along the superior arcades. Also presented are two homozygous c.859-9T4C cases with
central atrophy extra-macular flecks (c, d) and progressively advanced lesions with densely accumulated flecks (e, f).
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descent, is the most frequent missense and founder disease-associated
ABCA4 variant10 in the Danish population (16.2% of disease-
associated alleles) resulting in moderate to severe (generalized
choriocapillaris dystrophy38) phenotypes. This variant is also one of
the most frequent missense alleles (3.1%) in Chinese patients with
cone-rod dystrophy, where an independent occurrence of this allele
from that in Europe was reported by haplotype analysis.39 Patient 22,
who is also of bi-parental Indian descent, harbored the c.5318C4T,
p.(A1773V) missense variant which was identified in 17% of disease-
associated alleles in a Mexican cohort.11 Haplotype analyses in four
patients from the same geographical region harboring this allele
confirmed a common origin of this variant in Mexico. The high
proportion of racial admixture in the Mexican population may make it
difficult to determine whether this variant resulted from multiple or a
single occurrence within a specific population. The missense variant
c.2966T4C, p.(V989A), which occurs at an allele frequency of 6.82%
in African-American patients,12 compared to 0.20% in European
patients, was found in P1, P37 and P38 who, unsurprisingly, were of
both Indian and African descent. Parental testing confirmed the
segregation of p.(V989A) from the Moroccan parent of P37 and P38
(siblings).
The high allele frequency of the c.5822G4A, p.(G1961E) in our

cohort (23.6%) in both the compound heterozygous and homozygous
state as well as in a complex allele in cis with the c.6445C4T,
p.(R2149*) stop-gain variant was initially an unexpected finding. It is
well established that p.(G1961E) variant is the most common disease

allele (~10%) in documented cases in Europeans, where the popula-
tion frequency is 0.47%. However, the frequency of the p.(G1961E)
allele in the South Asian population is ~ 1.5% according to Exome
Aggregation Consortium database (ExAC; http://exac.broadinstitute.
org; accessed September 2016). Therefore, the finding of this variant in
half of the patients is not entirely surprising, but rather expected based
on the population frequency, which is high for a fully penetrant
variant. Patients compound heterozygous for p.(G1961E) have been
associated with confinement of disease changes to the central macula,
preservation of generalized cone and rod function on ffERG, absence
of the ‘dark choroid’ sign on fluorescein angiography and lower qAF
levels relative to other ABCA4 genotypes.16,40–42 This characterization
was reflected by all p.(G1961E) patients in our cohort, which posits
mild effects that are inherent to this particular variant and not ethnic
background of the individual.
Retinal imaging and ffERG findings revealed both apparently

mild and advanced phenotypes associated with the South Asian
c.859-9T4C founder variant in patients making it difficult to
elucidate its effects without functional studies. In addition, the
second variant in the two advanced cases were often categorically
severe including intronic variants within a canonical splice sites.
Two unrelated patients harboring c.859-9T4C, P14 (compound
heterozygous) and P18 (homozygous) did not exhibit end-stage
phenotypes; however, analysis of qAF revealed lipofuscin levels far
above 95% confidence interval for healthy eyes and above all other
analyzed affected eyes when corrected for age. The fundus

Figure 3 Quantitative autofluorescence (qAF) in South Asian patients with ABCA4 disease. A qAF value was calculated by averaging the values of 8 scaled
segments in the macula. Analysis segments and color-coded maps corresponding to qAF-unit scale (0–1200) in an age- and ethnicity-matched healthy
control (a) and P18 (c.859-9T4C homozygous) (b) and P21(p.[(G1961E; R2149*)]) (c). qAF versus age plot of 14 patients (25 eyes) grouped according to
genotypes with the mean (solid black line) and 95% confidence intervals (dotted black lines) of 277 healthy subjects (374 eyes) (d).
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autofluorescence (488 nm excitation) signal originates predomi-
nantly from RPE lipofuscin, which accumulates due to ABCA4
dysfunction resulting in cell death through a number of
mechanisms.43 Although ABCA4-associated disease as a group
has been shown to collectively exhibit increased qAF levels, more
severe phenotypes such as those associated with c.
[1622T4C;3113C4T], p.[L541P/A1038V] have been shown to
correspond to higher qAF relative to other affected eyes.15 The
c.859-9T4C variant may thus impart a phenotype which begins
with significantly more rapid lipofuscin accumulation, followed by
a progression to generalized posterior pole atrophy consistent with
non-detectable ffERG responses.
In summary, the clinical and genetic spectrum of an ethnically

South Asian cohort of ABCA4-associated disease patients was
described. Several missense variants of different geographical and
ethnic origin found in the cohort. The most frequent variant was
c.5882G4A, p.(G1961E), which was found in half the cohort results
in comparatively mild phenotypes. The c.859-9T4C founder variant
in this population is likely associated with an early, rapid accumulation
of lipofuscin (significantly elevated qAF) relative to other ABCA4
genotypes followed by widespread atrophy of the macula and posterior
pole within the following two decades.
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