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PURPOSE. To evaluate the nature and association of different phenotypes associated with
ABCA4 mutations in Chinese.

METHODS. All patients were recruited from our pediatric and genetic eye clinic. Detailed
ocular phenotypes were characterized. The disease course was evaluated by long-term
follow-up observation, with a focus on fundus changes. Cox regression was used to
identify the factors associated with disease progression.

RESULTS. A systematic review of genetic and clinical data for 228 patients and follow-up
data for 42 patients indicated specific features in patients with two ABCA4 variants. Of
185 patients with available fundus images, 107 (57.8%) showed focal lesions restricted
to the central macula without flecks. Among these 107 patients, 30 patients (28.0%)
initially presented with relatively preserved visual acuity and inconspicuous performance
on routine fundus screening. A pigmentary change in the posterior pole was observed
in 22 of 185 patients (11.9%), and this change mimicked retinitis pigmentosa in 10 cases
(45.5%). Follow-up visits and sibling comparisons demonstrated disease progression from
cone-rod dystrophy, Stargardt disease, to retinitis pigmentosa. An earlier age of onset
was associated with a more rapid decrease in visual acuity (P = 0.03). Patients with two
truncation variants had an earlier age of onset.

CONCLUSION. Phenotypic variation in ABCA4-associated retinopathy may represent
sequential changes in a single disease: early-stage Stargardt disease may resemble cone-
rod dystrophy, whereas the presence of diffuse pigmentation in the late stage may mimic
retinitis pigmentosa. Recognizing the natural progression of fundus changes, especially
those visualized by wide-field fundus autofluorescence, is valuable for diagnostics and
therapeutic decision-making.

Keywords: ABCA4-associated retinopathy, longitudinal study, progression, genotype-
phenotype

The ATP binding cassette subfamily A member 4 (ABCA4;
HGNC: 34; OMIM: 601691) gene is located at 1p22.1 and

encodes retina-specific ATP-binding cassette transporters.1–3

To date, more than 1000 ABCA4 variants have been
reported.4 Variants in ABCA4 are the most common genetic
cause of Stargardt disease (STGD1, MIM: 248200),1 as well as
inherited retinal diseases.5 In addition to Stargardt disease,
variants in ABCA4 have been reported to contribute to cone-
rod dystrophy (CORD3, MIM:604116)6 and retinitis pigmen-
tosa (RP19, MIM:601718).7,8 It is unclear why mutations in
ABCA4 contribute to different disease entities. Multiple stud-
ies have demonstrated that mutations in the same genes can
cause different retinal diseases; additionally, mutations in a
single gene can show phenotypes that mimic other diseases
at different stages, such as RPGR, RPE65, and PRPH2.9–11

It is of value to characterize the spectrum of phenotypes

caused by ABCA4 variants and the associations among
them.

Although Stargardt disease is one of the most frequent
inherited retinal diseases in Caucasians,5,12 it is significantly
less common in Chinese individuals.13 Whole or targeted
exome sequencing data from our laboratory revealed that
ABCA4-associated retinopathy is very common in Chinese
individuals, whereas only a small portion of the popula-
tion has typical Stargardt disease phenotypes. The majority
of patients had phenotypes ranging from CORD to RP. In
this study, data for 228 patients from 212 families with two
ABCA4 variants were collected at our clinic and analyzed to
further understand the nature of multiple ABCA4 variant–
related phenotypes and associations among these variable
phenotypes. Further follow-up observation was performed
on 42 patients, with a comparative analysis of 10 siblings.
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To the best of our knowledge, this is the first compre-
hensive characterization of multiple phenotypes of ABCA4-
associated retinopathy based on a systemic analysis of a
large Chinese cohort, including a multistep bioinformatic
analysis of variants in ABCA4, phenotypic analyses, review
of follow-up data, and exploration of genotype-phenotype
correlation in a statistical framework. These findings provide
valuable insight into the natural progression of this common
disease to aid in the development of diagnostic and thera-
peutic approaches.

METHODS

Subjects and Variants Identification

Genetic and clinical data for all patients with two ABCA4
variants were collected from our Pediatric and Genetic Clinic
and its associated Gene Diagnostic Lab at the Zhongshan
Ophthalmic Centre, Guangzhou, China. The study adhered
to the tenets of the Declaration of Helsinki, and written
informed consent was obtained from the probands or their
guardians before the collection of peripheral venous blood
samples and clinical data. Genomic DNA was extracted from
leukocytes.14 This study was approved by the institutional
review board of the Zhongshan Ophthalmic Centre.

ABCA4 Variant Identification and Confirmation

In our clinic and associated laboratory, exome sequencing
data were available for at least 7092 unrelated individuals
with different eye conditions, including 1019 with retinitis
pigmentosa, 1217 with glaucoma, 1299 with high myopia,
492 healthy controls, and 3065 with other ocular condi-
tions. Mutations in ABCA4 were identified from our exome
sequencing data. Whole-exome sequencing and targeted
exome sequencing were performed as described previ-
ously.13,15 The variants were initially filtered by multistep
bioinformatics analyses as previously described.15 Variants
whose minor allele frequencies exceeded 0.01 in the general
population gnomAD dataset (http://gnomad.broadinstitute.
org/) were excluded.

The pathogenicity of all ABCA4 missense variants were
predicted by five in silico tools, including SIFT (http://sift.
jcvi.org/www/SIFT. enstsubmit.html),16 PolyPhen-2 (http://
genetics.bwh.harvard.edu/pph2/index.shtml),17 PROVEAN
(https://provean.jcvi.org/genome_submit_2/), REVEL (https:
//sites.google.com /site/revel genomics/),18 and CADD
(https://cadd.gs.washington.edu/).19 The prediction results
obtained using REVEL and CADD were evaluated and
compared with the 75% and 95% cutoff scores from the
gnomAD data. BDGP (http://www.fruitfly.org/ [in the public
domain]) was used to predict the potential pathogenic-
ity of splicing variants. The HGMD (http://www.hgmd.cf.
ac.uk/ac/index.php) and ACMG/AMP20 criteria were used
to assess all potential pathogenic variants. Furthermore,
ABCA4 variants were confirmed by Sanger sequencing.21 Co-
segregation and genotype-phenotype analyses were subse-
quently conducted for available families.

Review and Summary of Clinical Information

Clinical data for in-house patients who carried two
pathogenic or likely pathogenic ABCA4 variants and
presented with ABCA4-associated retinopathy phenotypes
were collected and further analyzed. Clinical information

was recorded, including the age of onset (AO), initial
diagnosis, first symptoms, and ophthalmic examinations.
The disease duration was calculated as the difference
between the age of presentation and the AO. Ophthal-
mologic examinations were systemically conducted, includ-
ing best-corrected visual acuity (BCVA), color fundus
photography (CFP), scanning laser ophthalmoscopy (SLO),
fundus autofluorescence (FAF), optical coherence tomog-
raphy (OCT), and electroretinography (ERG). BCVA was
measured using a Snellen-equivalent visual acuity test chart
and transformed to the logarithm of the minimum angle
of resolution (LogMAR) for statistical analyses. The ERG
results were used to classify the patients into three subtypes
as follows by referring to a previous classification system:
Group A had normal scotopic and photopic responses,
Group B showed a reduced photopic response with normal
scotopic responses, and Group C showed reduced scotopic
and photopic responses.22 To characterize the progression
and genotype-phenotype correlation in ABCA4 variants, all
patients were subgrouped collectively by genotype: M+M
group (patients with two missense mutations), T+M group
(patients with one missense and one truncation muta-
tion), and T+T group (patients with two truncation muta-
tions).23 Nonsense, canonical splice-site changes, as well as
frameshift alterations, were considered as truncation vari-
ants. A sibling with the same two variants in ABCA4 but
different disease duration was analyzed as an observation
of progression unit.

Statistical Analysis

Kaplan-Meier survival curves were used to evaluate visual
acuity outcomes in the three genotype groups. The outcome
was defined as the probability of having a BCVA over
1.0 (LogMAR). Furthermore, a Cox regression model was
applied to reveal differences in the decreasing tendency of
visual acuity among different genotype groups. The differ-
ences in AO among the three genotype groups were evalu-
ated by Mann-Whitney U tests.

Kaplan–Meier survival estimates and Cox regression
model analyses were performed using Stata (Version 16.0).
Mann-Whitney U tests were performed using Statistics 25.0.

RESULTS

Variant Identification in ABCA4

In total, 228 patients from 212 Chinese families had two
variants in ABCA4, including 44 families whose genetic
information was previously reported by us.13,24–26 Variants
in all individuals were confirmed by Sanger sequencing,
and 54 patients from 44 families were further confirmed to
have biallelic mutations in ABCA4 by co-segregation analy-
ses (Supplementary Fig. S1). Among these families, a total
of 217 variants (122 missense, 37 nonsense, 28 frameshift,
26 splice-site, and four in-frame deletion) in ABCA4 was
detected by exome sequencing, including 104 novel vari-
ants and 113 previously reported variants (Supplementary
Table S1). Among the 122 missense variants, 121 (99.2%)
were predicted to be pathogenic or likely pathogenic. These
217 variants were distributed across 47 of the 50 exons
of ABCA4, except for exon 5, exon 26, and exon 50.
The most common variant in ABCA4 among our patients
was c.1804C>T/p.Arg602Trp, which accounted for 3.4%
(15/446) of the mutant alleles (Supplementary Fig. S2). The
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c.5882G>A/p.Gly1961Glu variant was present in only one
family in our cohort, despite previous reports indicating that
it is the most common allele (971/7639, 12.7%) (Supplemen-
tary Fig. S3).

Clinical Characterization

This was a tertiary center study in which all patients origi-
nated from China, predominately southern China. The 228
patients from 212 families with two ABCA4 variants were
subdivided into three groups: M+M (71 patients from 70
families), T+M (115 individuals from 105 families), T+T
(42 patients from 37 families). All 228 patients presented
with bilateral central vision defect and characteristic macu-
lar atrophy with or without yellowish flecks at the poste-
rior pole, although only 62.7% (143/228) of patients were
initially diagnosed with Stargardt disease or macular degen-
eration. Among the remaining 85 patients, 57.6% (49/85)
were considered to have refractive error and amblyopia at
the initial visit, and 42.4% (36/85) were initially diagnosed
with CORD or RP. The AO among the 210 patients with avail-
able data ranged from two to 60 years (median 9.0; IQR 7.0-
13.0), and 65.7% (138/210) experienced vision impairment
before 10 years of age, 25.2% (53/210) experienced vision
impairment in the second decade, and 9.0% (19/210) expe-
rienced vision impairment after 20 years of age. The BCVA
at the first visit ranged from 0.05 to hand motion (LogMAR)
(median 0.82; IQR 0.70-1.00). Among 209 available BCVA
records at the first visit, 18.2% (38/209) had visual acuity
worse than 1.30, 69.4% (145/209) between 1.30 and 0.52,
and only 12.4% (26/209) had visual acuity better than 0.52.
Values of 1.30 and 0.52 were the diagnostic criteria for blind-
ness and low vision, respectively.

Fundus photographs at the first visit were available for
185 in-house patients, and the fundus was classified into four
stages: Stage I, focal lesions restricted to the central macula,
ranging from irregular pigmentary changes to a bull’s-eye–
like change or a specific “beaten-bronze” appearance; Stage
II, typical macular lesion with characteristic yellowish flecks
extending from the central fovea to beyond the vascular
arcades; Stage III, obvious macular choriocapillaris atrophy
with diffusely resorbed flecks; and Stage IV, extensive chori-
ocapillaris atrophy with pigment deposited at the central
posterior area or beyond. Among the 185 patients with
fundus images, 57.8% (107/185) were classified as Stage I.
Among them, 28.0% (30/107) had preserved visual acuity
(BCVA ≤ 0.52 LogMAR). In addition, inconspicuous macular
dystrophy on CFP, specific bull’s-eye changes on FAF, and
increased reflectivity of the external limiting membrane or
macular atrophy on OCT scans could be observed during
the extremely early stages of the disease. As the disease
progressed, the hyper-autofluorescence ring became larger
and the macula became thinner on OCT (Fig. 1). Stage
II was found in 22.2% of patients (41/185), and Stage III
was observed in 8.1% of patients (15/185) (Fig. 2). Pigment
deposits of varying shapes, including nummular pigmenta-
tion and bone-spicule pigment deposits located at the poste-
rior pole (Stage IV), were observed in 11.9% of patients
(22/185). Among the 22 patients with Stage IV disease, 72.7%
(16/22) suffered from vision impairment for more than 10
years, and 45.5% (10/22) were initially diagnosed with RP.
The BCVA of 177 patients decreased slowly with age and
advanced changes of the fundi (Supplementary Fig. S4).
Wide-field fundus examination was available in 42 patients,

including 19 patients with Stage I, nine individuals with
Stage II, six with Stage III, and eight with Stage IV. Patients
with Stage I showed a relatively preserved peripheral area
with normal autofluorescence. Among patients with Stage
II or III, a wide scope of flecks in the mid-periphery
was clearly observed. The flecks expanded and increased,
and those close to the macular vascular dome might be
resorbed, with a change from hyper-autofluorescence to
hypo-autofluorescence during disease progression. Flecks
in varying conditions were more evident on wide-field FAF
images than on CFP. Atrophic retinal pigment epithelium
(RPE) lesions with variable shapes in the mid-periphery and
pigment deposits extending from the central area to the
mid-peripheral retina could be observed in SLO images for
patients with Stage IV (Fig. 3).

OCT examinations were conducted on 157 individuals, all
of whom presented with atrophic changes in central macula,
including thickening of the external limiting membrane,
structural irregulation of the outer retinal layer, and loss of
the ellipsoid zone. ERG results were available for 88 patients,
including 19.3% (17/88) in Group A, 22.7% (20/88) in Group
B, and 58.0% (51/88) in Group C (Supplementary Figs. S5–
7). All clinical characteristics of ABCA4-associated Stargardt
disease in Chinese patients are outlined in Supplementary
Table S2.

Progression of ABCA4-Associated Retinopathy

The fundus changes in 42 in-house patients with long-term
follow-up data and 10 siblings with the same mutations were
summarized in detail. The follow-up duration was one to 20
years. Sequential fundus progression was observed in 61.5%
of subjects (32/52), including 26 patients and six siblings.
Among the 32 patients, 25 patients initially presented with
Stage I and showed advanced fundus changes over time,
including 13 patients who advanced to Stage II, 6 patients
with progression to Stage III, and 6 patients with progres-
sion to Stage IV. Among three patients initially classified as
Stage II, one advanced to Stage III and two advanced to Stage
IV. The remaining four patients with initial Stage III fundus
change progressed to Stage IV. The other twenty patients
showed no fundus progression during follow-up (15 in Stage
I, three in Stage II, and two in Stage IV) (Fig. 4, Supplemen-
tary Fig. S8). The nature of disease progression, especially
changes in the fundus, was further supported by an analysis
of the fundus of all 172 in-house patients considering the
disease duration. Almost 84.6% of patients (88/104) with a
disease duration less than two years presented with Stage I.
Stage II and Stage III were dominant (63.4%, 26/41) among
patients with a disease duration of two to 10 years. Of the
patients with a disease duration over 10 years, 59.3% (16/27)
were in Stage IV (Fig. 5).

Based on the BCVA and AO data for patients during
follow-up, Kaplan-Meier curves were generated to predict
tendency of vision deterioration among patients in the three
genotype subgroups, identified by BCVA > 1.0 (LogMAR).
Based on BCVA outcomes, vision deterioration occurred
earlier in the T+T subgroup than in the T+M subgroup.
BCVA for periods of over 10 years could not be evaluated
for patients in the M+M group owing to insufficient follow-
up data (Supplementary Fig. S9A). However, there was no
significant difference among different genotype groups by
a univariate Cox regression model. In a multivariate model
including both genotype and AO, patients with an earlier
AO presented with a higher risk for BCVA > 1.0 (LogMAR)
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FIGURE 1. Fundus photography, FAF images and OCT results showing the early stage of ABCA4-associated retinopathy (Stage I). (A) Patient
21567-II2 was the sister of patient 21567-II1 (B) and did not show reduced central vision. Color fundus photography showed inconspicuous
changes and relatively preserved visual acuity. Small-scale bull’s-eye–like macular degeneration was observed on FAF imaging, and increased
hyperreflectivity in the external limiting membrane and outer nuclear layer was found on OCT examination. (B–F) Various degrees of irregular
pigment mottling were observed on fundus photography, decreased autofluorescence in the macular region surrounded by an increased
autofluorescence parafoveal ring was found on FAF imaging, and macular atrophy was seen on OCT scans. The increased autofluorescence
parafoveal ring became larger as the disease duration increased. The disease duration is shown in parentheses.
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FIGURE 2. Fundus photography and FAF images showing the typical (Stage II) and atypical (Stage III) fundus presentation of ABCA4-
associated retinopathy. (A–D) Specific yellowish flecks extending from central to vascular arcades, macular dystrophy on fundus photography,
and corresponding hyper-autofluorescence or hypo-autofluorescence flecks on FAF (Stage II). (E–H) Flecks were partly resorbed, and
choroid atrophy was detected in the macula region on color fundus photography. A heterogenous background with an enlarged area of
hypo-autofluorescence was observed on the FAF image (Stage III). The disease duration is shown in parentheses.

(HR [95% confidence interval]: 0.87 [0.77-0.99], P = 0.032).
A scatter plot showed a decreasing tendency, indicating a
correlation between the AO and the BCVA (LogMAR/years)
(Supplementary Fig. S9B). In addition, all patients in the
T+T group had an earlier AO than that of patients with two
missense variants (P = 0.003). Patients in the T+M group
also showed a significantly earlier AO than that of patients
in the M+M group (P = 0.026) (Supplementary Fig. S9C).

DISCUSSION

ABCA4 is the most frequently implicated gene for inher-
ited retinal degeneration based on a comprehensive review
of our previous studies and a large cohort of 3197 fami-
lies in the United Kingdom.5 To our knowledge, this cohort
of 228 patients from 212 families with two ABCA4 muta-
tions represents the largest cohort of Chinese patients
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FIGURE 3. Wide-field fundus images of different fundus stages among patients with ABCA4-associated retinopathy. (A) Normal control.
(B) Typical bull’s-eye macular degeneration on FAF image (Stage I). (C) Hypo-autofluorescence change at the macular region with hyper-
autofluorescence flecks scatter at the vascular arcades (Stage II). (D, G) Expanded retinal degeneration area observed at the posterior pole,
showing an enlarged hypo-autofluorescence area on the FAF image. Hyper-autofluorescence and hypo-autofluorescence flecks could be
found at the periphery (Stage III). (E, H) Pigmentary foci on the macular area and many hypo-autofluorescence flecks could be found at the
periphery on FAF images (Stage IV). (F, I) Pigment deposits were extended from the macular area to the periphery in the advanced stage
(Stage IV).

with ABCA4-associated retinopathy. Multiple and atypical
phenotypes may hinder the recognition of this retinopathy
in Chinese patients. A clear, sequential pattern associated
with different phenotypes of ABCA4-associated retinopathy
was established from genotype-based systemic analyses of
clinical data for 228 patients from 212 Chinese fami-
lies, including data from the long-term follow-up of 42
patients and data comparisons from ten siblings. These data

demonstrated that the phenotypic heterogeneity of ABCA4-
associated retinopathy might reflect the sequential progres-
sion of a single disease, in which the early stage of the
disease resembles cone-rod dystrophy without flecks (Stage
I), followed by Stargardt disease with yellow flecks (Stage II),
progression to enlarged diffuse macular degeneration with
flecks resorbing (Stage III), and finally pigmentation from
the central macular to mid-peripheral retinal area,mimicking
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FIGURE 4. Fundus changes in the progression of ABCA4-associated retinopathy in our study. (A, B) Confined macular degeneration (Stage
I) was observed in patient 13247-II1 at the first visit. A specific “beaten-bronze” macular appearance with a few bone spicule pigments
scattered at the vascular dome (Stage IV) was found during the follow-up examination. (C, D) One sibling with the same biallelic ABCA4
variants, confirmed by co-segregation. The younger patient 6721-II2 showed specific macular dystrophy with inconspicuous flecks (Stage II)
and her sister 6721-II-1 had nummular or bone spicule pigments deposited at the macular area (Stage IV). (E, F) Another follow-up sibling
with the same ABCA4 variants. The younger patient 4303-II3 showed a specific “beaten-bronze” macular appearance plus choroid atrophy
(Stage III), whereas his brother 4303-II1 had pigmentary changes at the posterior pole (Stage IV). (G, H) The long-term follow-up data for
patient 2508-II1 showed typical enlarged macular degeneration (Stage III) that progressed to the advanced stage (Stage IV). The disease
duration is shown in parentheses.

retinitis pigmentosa (Stage IV). These serially progressive
fundus changes were observed among our in-house patients
with follow-up and siblings. Analyzing the predominance of
these four fundus stages in patients with different disease
durations among all in-house patients further supported
the natural progression of ABCA4-associated retinopathy.
ABCA4-associated retinopathy involves a progressive degen-

eration from macula-only disease to widespread retinal
dystrophy due to photoreceptor loss.27–29 However, longi-
tudinal prospective studies of the progression of ABCA4-
associated retinopathy based on a large cohort are lacking.
Disease progression can be characterized in detail by wide-
field fundus autofluorescence on SLO, providing a basis
for assessing the efficacy of novel treatments for ABCA4-
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FIGURE 5. Schematic diagram of the progressive nature of ABCA4-associated retinopathy. The disease duration was calculated as the differ-
ence between the age of presentation and the age of onset. As the disease duration increased, the fundus changed from early typical
bull’s-eye macular degeneration (Stage I) to advanced pigmentary degeneration (Stage IV). The OCT examinations showed macular atrophy
that developed into a serious choroid structure disorder. ERG showed normal rod and cone responses at the early stage, while cone and
rod dystrophy occurred at the advanced stage. FFA, fluorescein fundus angiography.
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associated retinopathy, such as gene therapy or stem-cell
therapy.30 Understanding the natural progression of ABCA4-
associated retinopathy and correlations among multiple
phenotypes may provide valuable diagnostic markers and
a basis for future disease management.

Since ABCA4 was first identified as the cause of Stargardt
disease,1 wide phenotypic variability of ABCA4-associated
retinopathy has been described, including bull’s-eye macu-
lopathy,31 macular atrophy,32 fundus flavimaculatus,33 foveal
sparing phenotype,34 cone-rod dystrophy,8 and retinitis
pigmentosa.35 The protein encoded by ABCA4 is predom-
inantly located in the outer segment disk membranes of
photoreceptors36 and functions in the translocation of a
major lipofuscin fluorophore substance (A2E).37 Protein
dysfunction leads to the accumulation of toxic lipofuscin
compounds in the retinal pigment epithelium and photore-
ceptor failure.38 In an animal model of ABCA4-associated
retinopathy, the accumulation of A2E was strongly associ-
ated with light intensity.39–41 In addition, it has been found
that rod cell death is enriched in the parafoveal and peri-
foveal regions in the early stage of macular degeneration.42

These findings might explain the progressive nature of
ABCA4 retinopathy from initial bull’s-eye macular degenera-
tion to retinitis pigmentosa-like phenotypes in the advanced
stage extending to the mid-peripheral area. Additionally, an
earlier onset is associated with severer phenotypes, such
as mid-peripheral retinal degeneration and wide-field chori-
ocapillaris dystrophy.43,44 The fundus images of ABCA4-
associated Stargardt disease have previously been classified
into four classic stages.33,45 In this study, the fundus clas-
sification was reconfigured to define pigmentary changes
confined to the posterior retina as the final stage (Stage IV),
which might better illuminate the progression of ABCA4-
associated Stargardt disease in the clinic.

Based on a series of previous studies and individual
gene-level pathogenicity analysis from our tertiary center,
the number of families identified with variants in ABCA4
ranked the first. Previous Chinese cohort studies have
focused on the genotype-phenotype relationship and differ-
ences in the genetic background of patients with variants in
ABCA4,46,47 as observed in our study. Several reasons might
explain the relatively rare of reports for large case series
on ABCA4-associated retinopathy among Chinese. For exam-
ple, the varied phenotypes related to ABCA4 and the low
proportion of characteristic fundus changes with yellowish
flecks may be challenging diagnostic obstacles for inexpe-
rienced ophthalmologists. Alternatively, the low frequency
of obvious yellowish flecks on routine ophthalmoscopy
may hinder the recognition of Stargardt disease in the
clinic. Furthermore, Chinese patients might exhibit ethnicity-
specific phenotypes, given the difference in melanin levels
between this population and Caucasians.48 The emergence
and resorption of diffuse flecks from the vascular arcade
to the mid-periphery were more evident on wide-field FAF
imaging than CFP. Therefore the value of wide-field FAF
examinations to assess the efficacy of candidate therapies
should be emphasized.

Various studies have revealed the relationship between
the pathogenicity of variants and disease severity.46,49,50

Large cohort follow-up studies of patients with Stargardt
disease caused by two ABCA4 variants are rare. A longitu-
dinal study has reported that patients with two null muta-
tions might exhibit severe disease at an earlier time point.49

Patients with childhood-onset ABCA4-associated Stargardt
disease are more likely to experience more severe visual

acuity loss, accompanied by marked dysfunction of the
photoreceptors on ERG and progressive spreading of RPE
atrophy.27,51–54 In this study, we highlighted that the AO
influenced the vision impairment rate. An earlier AO in
patients with truncation variants was also observed in
our study. Therefore, the pathogenicity of variants may
directly determine the progression and outcome of ABCA4-
associated retinopathy.

In summary, multiple ABCA4-associated retinopathy
phenotypes may represent sequential changes in a single
disease, with the early stage resembling cone-rod dystrophy
and the late stage showing diffuse pigmentation mimicking
retinitis pigmentosa. Therefore, wide-field fundus autofluo-
rescence examination is suggested as the first choice in the
clinic. Our findings clearly delineated the natural progres-
sion of ABCA4-associated retinopathy, especially fundus
changes, which is essential in the era of widespread clin-
ical genetic testing and in the upcoming age of potential
new intervention.
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