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Compound heterozygous or homozygous mutations in 
the ABCA4 gene (Gene ID: 24, OMIM 601691) are known 
to cause a spectrum of ABCA4-associated retinal degen-
erations from the mildest form; Stargardt disease (STGD), 
mostly reducing macular function [1-5], to the more severe 
entities, including cone-rod dystrophy (CRD) [6-9] and auto-
somal recessive retinitis pigmentosa (arRP) [3,7,10], which 
lead to a more widespread reduction of retinal function. 

STGD is usually associated with typical fundus changes, 
including deep yellow-orange flecks in the posterior pole 
and symmetric and bilateral atrophies of the retinal pigment 
epithelium (RPE) in the macular region [1,2,4]. In CRD, 
fundus changes are less typical, with unspecific pigmenta-
tions and atrophies in the macula and midperiphery. Very 
severe cases can demonstrate pale optic discs and attenuated 
vessels [3,9,11]. Typically, patients with retinitis pigmentosa 
(RP) have peripheral bone corpuscle pigmentations, pale optic 
discs, and attenuated retinal vessels [3,7,10], but in ABCA4-
associated arRP, retinal pigmentations can be less specific.

The ABCA4 gene is located on chromosome 1 
(OMIM; 1p22.1). It encodes the ABCA4 protein, a 
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Purpose: To investigate whether the reduced retinal function and morphological retinal changes previously demonstrated 
in ABCA4 carriers had remained stationary or had deteriorated over time at 5-year follow-up to further explore if carriers 
of an autosomal recessive trait also express a weak phenotype, although this is not expected for an autosomal recessive 
disorder.
Methods: Thirteen ABCA4 carriers from a previous study that included parents to patients with well known genetically 
verified ABCA4-associated retinal degenerations were reexamined 5 years after the initial examination. As novel genes 
and new variants in already established genes are continuously reported, all subjects underwent renewed genetic test-
ing with a next-generation sequencing (NGS) panel that included 288 genes associated with retinal dystrophies and an 
analysis of deep intronic mutations and copy number variations in the ABCA4 gene. Moreover, to evaluate any changes 
in retinal function and/or structure over time, clinical reassessment with Goldmann perimetry, visual acuity testing, 
fundus photography, fundus autofluorescence (FAF) imaging, optical coherence tomography (OCT), full-field electro-
retinography (ffERG), and multifocal ERG (mfERG) were performed 5 years after the initial investigation. The values 
of the ffERG parameters were compared between the two time points (the measurements obtained in the initial study 
versus the measurements at 5-year follow-up) and with the controls. The mfERG results of the carriers were compared 
with those of the controls.
Results: The renewed genetic testing confirmed the previously established ABCA4 mutations but also revealed the 
hypomorph ABCA4 variant c.5603A>T in five ABCA4 carriers. In three of them, the variant was found to be associated 
with known disease-causing alleles that always carry the c.5603A>T in cis. According to recent publications, the subjects 
could still be considered ABCA4 carriers because both variants are on the same allele. In the remaining two subjects, 
c.5603A>T could be in trans with the previously known ABCA4 variant, and the subjects were therefore excluded from 
the study since they could no longer be considered as carriers only. Statistical comparison of ffERG parameters showed 
significant reduction of the isolated rod, -as well as the combined rod-cone amplitudes over the five years of follow-up, 
but not compared with the controls. Concerning macular function, mfERG amplitudes were reduced for all rings in the 
carriers compared with the controls. Fundus photographs demonstrated morphological changes in 64% of the carriers, 
and 36% of them had further changes at follow-up. FAF images showed alterations in 55% of the carriers, with increased 
changes in 36% of them. Abnormalities on OCT were observed in 82% of the carriers, of whom 9% had newly found 
abnormalities at follow-up.
Conclusions: At 5-year follow-up, the ABCA4 carriers, who previously demonstrated reduced macular function, pre-
sented with deterioration of general retinal function, including reduced isolated rod and mixed rod-cone ffERG responses 
combined with a slight increase in morphological changes in some subjects. This indicates that carriership of at least 
some ABCA4 variants may cause a condition similar to a subgroup of dry age-related macular degeneration (AMD). In 
the long run, this might be of importance concerning the possibilities to also treat this subgroup of AMD patients with 
future gene-based and pharmacological drugs targeting ABCA4-associated disorders.
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membrane-associated protein in the rim of the photoreceptor 
discs [12-14]. ABCA4 is a transport protein belonging to 
the ATP-binding cassette (ABC) superfamily. It plays an 
important role in photoreceptors by removing the toxic reti-
noid compounds, N-retinylidene-phosphatidylethanolamine 
and phosphatidylethanolamine, from the inside of the outer 
segment discs to the cytosol during the phototransduction 
cascade [15-17]. Defective or missing ABCA4 protein results 
in a build-up of lipofuscine fluorophores such as N-retinyli-
dene-N-retinylethanolamine in RPE cells [17-19], eventually 
leading to RPE cell death and probable secondary loss of 
photoreceptors [17,20]. Some surveys have also suggested 
that photoreceptor cell death is the primary process [21-25].

Previous studies have found indications of a potential role 
for heterozygous ABCA4 mutations in age-related macular 
degeneration (AMD) [4,26-29], although carriers of recessive 
traits are not supposed to express the phenotype. The carrier-
ship of pathological ABCA4 mutations is quite common, with 
an incidence of approximately 1 in 20 persons, in different 
populations [30,31]. Therefore, the role of the ABCA4 gene in 
AMD could be of interest to explain the cause of dry AMD, 
at least, in some subgroups of this widely prevalent disorder. 
Moreover, if an association with the ABCA4 gene can be 
confirmed, novel future gene-based and pharmacological 
treatments especially developed for ABCA4-associated disor-
ders might also be of interest for this subgroup of patients 
with dry AMD who lack treatment options today.

The present study was a 5-year follow-up of ABCA4 
carriers who, in the initial survey [27], presented with 
reduced macular function measured with multifocal electro-
retinography (mfERG) and, in some cases, morphological 
retinal changes on optical coherence tomography (OCT), 
fundus autofluorescence (FAF), and fundus photographs, 
although they carry only one pathological ABCA4 variant. 
These subjects were reexamined to evaluate whether the 
changes in retinal function and morphology were stationary 
or progressive to further explore the possibility of an associa-
tion with AMD.

METHODS

Subjects and controls: In this survey, ABCA4 carriers from 
a previous study [27] were reinvestigated 5 years after the 
initial examination. They were originally recruited as the 
parents to young patients with ABCA4-associated retinal 
dystrophies carrying two documented pathogenic ABCA4 
variants that were followed up regularly in our department 
during the previous study period. None of the ABCA4 carriers 
had been examined in our clinic before the original study 
started, and only two of them, subjects 1 and 14, had had 

any subjective problems with their eyes or vision previously. 
Subject 1 underwent surgery for cataract in her right eye (in 
another hospital) and still had a mild cortical cataract in her 
left eye. Patient 14 had not had his right eye checked, although 
he had noticed some blurriness. Thus, the inclusion criterion 
for the subjects was the presence of a pathogenic ABCA4 
variant on one allele. The exclusion criteria were the pres-
ence of pathogenic ABCA4 variants on both alleles, previous 
retinal surgery or serious eye trauma, and previous diagnosis 
of chronic eye disorders.

The initial study [27] originally recruited 18 Swedish 
parents. Sixteen of them were found to be carriers of a single 
heterozygous pathological ABCA4 variant and were thus 
included in the study, while two of them were compound 
heterozygous for two pathological ABCA4 mutations and 
were thus excluded. In the initial study, the ABCA4 carriers 
demonstrated reduced macular function and morphological 
changes in the posterior pole. In the present survey, the 
ABCA4 carriers were reexamined to evaluate whether the 
reduced retinal function and structural changes had been 
stationary over 5 years or if further deterioration could be 
detected. Moreover, because novel genes and new variants in 
already established genes are continuously reported, renewed 
genetic testing was also performed. Unfortunately, not all the 
original 16 ABCA4 carriers could participate in the 5-year 
follow-up survey. Two of them could not be reached, and a 
third subject declined to participate because of health prob-
lems in a close relative. Thus, 13 ABCA4 carriers aged 49–66 
years (mean, 58 years) at the time of the reassessment were 
included. The subjects' demographic, genetic, and clinical 
data are described in Table 1.

In the present study, two control groups were included, 
one for comparison of mfERG parameters, consisting of 
15 healthy subjects aged 49–64 years (mean, 55 years), and 
another for comparison of the full-field ERG (ffERG) param-
eters, including 20 healthy subjects aged 45–73 years (mean, 
59 years). The inclusion criteria for the control subjects were 
the absence of retinal disorders or former retinal surgery, no 
history of serious eye trauma, and a best-corrected visual 
acuity (BCVA) of ≥0.9 on the letter chart. The exclusion 
criteria included a diagnosis of a chronic eye disorder, 
previous eye trauma or retinal surgery, and a BCVA of ≤0.8 
on the letter chart. The study was conducted in accordance 
with the tenets of the Declaration of Helsinki and was 
approved by the Ethical Committee for Medical Research 
at Lund University. All subjects received a thorough written 
and oral explanation of the nature and possible consequences 
of the study and thereafter provided their written consent to 
participate.
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Ophthalmological examination: BCVA was tested monocu-
larly at 5 m on a letter chart, and Goldmann perimetry was 
performed, likewise monocularly, to map the visual fields 
using standardized objects V4e, I4e, 03e, and 02e. In eight 
subjects, the 01e object was also used. Fundus photographs, 
including color photographs, red-free photographs, and FAF 
images, were captured with a Topcon TRC 50DX fundus 
camera (Topcon, Inc., Oakland, NJ). The field of view for 
the FAF images was 50° × 50°, and Spaide filters with an 
excitation wavelength of 530–580 nm and barrier filters with 
a wavelength of 600–720 nm were used. In three subjects, 
careful slit-lamp and fundus examinations were performed.

Genetic analysis: In the initial study [27], DNA was extracted 
from a venous blood sample drawn from the precubital vein 
in all subjects. The sequence analysis of the entire coding 
region of the ABCA4 gene was performed at Asper Biotech 
(Asper Ophthalmics, Tartu, Estonia). Positive results were 

verified by Sanger sequencing. On follow-up, DNA was 
reanalyzed with an eye disease next-generation sequencing 
(NGS) panel that included 288 genes, with the addition of 
analyses for deep intronic mutations, copy number variations 
(CNVs), and hypomorph alleles in the ABCA4 gene.

Full-field electroretinography: ffERGs were recorded with 
an Espion E2 analysis system (Diagnosys, Lowell, MA) in 
accordance with the standardized guidelines for clinical ERG 
recommended by the International Society for Clinical Elec-
trophysiology of Vision (ISCEV) [32,33], with the exception 
that the dark-adapted 10 ERG result was not recorded and that 
the 30-Hz flicker recordings were obtained during both dark- 
and light-adapted conditions, as our laboratory has used those 
settings for many years. Measurements were obtained after 
40 min of dark adaptation with a bipolar Burian Allen corneal 
contact lens electrode. The ground electrode was placed 
on the forehead. The pupils were maximally dilated using 

Table 1. Demographic and genetic data. Subjects highlighted in bold were excluded from the study due to 
the newly detected pathogenic ABCA4 variants that could be in trans with the one previously found.

Subject/
Gender

Age Mutations found 
initially

Mutations found on follow-up BCVA 
(RE, LE)

1/F 65 c.768 G>T c.768 G>T 1.0, 0.4 
0.8, 0.4*

2/M 66 c.768 G>T c.768 G>T 1.0, 0.9 
1.0, 1.0

3/M 50 c.768 G>T c.768 G>T 1.0, 1.0 
1.0, 1.0

4/F 64 c.5461–10T>C c.5461–10T>C, c.5603 A>T (in cis) 1.0, 1.0 
1.0, 0.9

5/M 66 c.319 C>T c.319 C>T, c.5603 A>T (in cis) 0.9, 0.8 
1.0, 1.0

6/F 49 c.5917delG c.5917delG 0.7, 1.0 
0.7, 1.0

7/F 62 c.2894 A>G c.2894 A>G 0.8, 1.0 
1.0, 1.0

8/M excluded 66 c.768 G>T c.768 G>T, c.5603 A>T 0.9, 0.9 
1.0, 1.0

10/M excluded 56 c.1804 C>T c.1804 C>T, c.5603 A>T 1.0, 1.0 
1.0, 1.0

11/F 54 c.4469 G>A c.4469 G>A, c.5603 A>T (in cis) 1.0, 1.0 
1.0, 1.0

12/M 56 c.6079 C>T c.6079 C>T 0.9, 0.9 
1.0, 1.0

13/F 52 c.2894 A>G c.2894 A>G 1.0, 1.0 
1.0, 1.0

14/M 58 c.2894 A>G c.2894 A>G 0.5, 1.0 
0.8, 1.0

BCVA=best corrected visual acuity (Snellen), RE=right eye, LE=left eye, F=female, * numbers in italics are BCVA from the initial ex-
amination, M=male
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cyclopentolate 1% and 10% phenylephrine hydrochloride, and 
the cornea was anesthetized with oxybuprocaine 0.4%. To 
ensure reproducibility, stimulations were repeated for each 
stimulus intensity until two sequential identical curves were 
registered.

Multifocal electroretinography: Multifocal ERGs (mfERGs) 
were registered with a Visual Evoked Response Imaging 
System (VERIS Science 6; EDI, San Mateo, CA), with 
settings adhering to the ISCEV standards [32,33]. A Burian 
Allen bipolar ERG contact lens electrode was placed on the 
anesthetized (oxybuprocaine 0.4%) cornea, with the ground 
electrode on the forehead. The pupils were maximally dilated 
with cyclopentolate 1% and 10% phenylephrine. Fixation 
was monitored using an infrared eye camera mounted in the 
equipment. The stimulus matrix consisted of 103 hexagonal 
elements, scaled with eccentricity to elicit approximately 
equal amplitude responses at all locations. Each hexagon 
independently alternated between black and white according 
to a pseudorandom binary m-sequence at 75 Hz. The first-
order component of the mfERG was analyzed for amplitudes 
(A) and implicit times (ITs) of P1 (first positive peak) within 
the six concentric rings (A 1–5 and IT 1–5) around the fovea. 
Ring 1, the innermost ring, included the summed responses 
from the central hexagon and the surrounding first ring of 
stimulus elements.

Optical coherence tomography: OCT images were captured, 
and the macular thickness was measured with a Topcon 
3D OCT-1000 (Topcon, Inc., Paramus, NJ), as previously 
described [11,27].

Statistical analyses: Statistical analyses were performed 
using SPSS 26.0 (IBM SPSS Statistics, IBM Corporation, 
Chicago, IL). Statistical significance was defined as a p value 
<0.05. Owing to the small sample size, non-parametric statis-
tical tests were used. To compare the ffERG results at the 
first investigation and those at 5-year follow-up, the Wilcoxon 
signed-rank test was used. For comparison of the values of 
the ffERG and mfERG parameters between the subjects and 
control groups, the Mann–Whitney U test was used. The 
limits of normality of the ERG parameters were defined by 
the mean ± two standard deviations (2SD). The lower limits 
of normality were used for amplitudes; and the upper limits 
of normality, for ITs.

RESULTS

Genotype in ABCA4 carriers: The updated genetic analysis 
using NGS confirmed the ABCA4 mutations described previ-
ously [27] (Table 1) and revealed the hypomorphic ABCA4 
variant c.5603 A>T in five subjects (subjects 4, 5, 8, 10, and 
11). c.5603 A>T has been considered benign owing to its high 

minor allele frequency (approximately 7%; 34) in the general 
population but was recently confirmed to be associated with 
late-onset ABCA4-associated retinal degenerations [34,35]. 
In three subjects (subjects 4, 5, and 11), the c.5603A>T 
variant was found in association with the pathogenic alleles, 
c.5461–10T>C, c.319 C>T, and c.4469 G>A, which are known 
to always carry c.5603A>T in cis [34,35]. Hence, the subjects 
could still be considered ABCA4 carriers. The remaining two 
subjects (subjects 8 and 10) were carrying mutations (c.768 
G>T and c.1804 C>T) that can be in trans with c.5603A>T 
[34,35]. Accordingly, the subjects might be compound hetero-
zygous and were therefore excluded from the study. No deep 
intronic mutations or CNVs were found. Neither did any of 
the subjects carry pathogenic variants in other genes associ-
ated with retinal dystrophies.

The genetic reanalysis using NGS revealed that c.5603 
A>T was the most common mutation, followed by c.768 G>T 
(four cases) and then c.2894 A>G (three cases).

Phenotype in ABCA4 carriers:

Visual acuity and visual fields—Visual acuity data, 
both at the initial and follow-up examinations, are presented 
in Table 1. Of the 11 ABCA4 carriers, four (36%) had a BCVA 
of 1.0 in both eyes, and two (18%) had a BCVA of <1.0 bilat-
erally. The BVCA had deteriorated at the time of follow-up 
in five (45%) of the 11 ABCA4 carriers but improved in two 
(18%). Only two subjects (1 LE and 14 RE) had noticed 
reduced vision in daily life. The reduced visual acuity was 
caused by moderate cortical cataract in Subject 1 and scarring 
in the macula in Subject 14 (Figure 1).

All subjects completed Goldmann visual field testing in 
both eyes. Short descriptions of the visual field results are 
presented in Table 2. In four (36%; subjects 1, 2, 5, and 7) of 
the 11 ABCA4 carriers, the result had deteriorated slightly at 
follow-up compared with the initial examination (Table 2). 
On the other hand, two (18%) of the 11 ABCA4 carriers had 
slightly wider isopters for 03e and 02e on follow-up.

Retinal structure—The fundus photographs and 
examination results showed morphological retinal altera-
tions in seven (64%) of the 11 ABCA4 carriers. Descriptions 
of the retinal morphologies are presented in Table 3. The 
most common findings were subtle pigmentary changes in 
the macula (Figure 2), but in one subject (Subject 1), drusen 
were scattered outside and just inside the vascular arcades 
(Figure 3A, B). In four (36%; subjects 1, 2, 6, and 12) of the 
11 ABCA4 carriers, a slight aggravation of retinal changes 
was found at follow-up, whereas no remarkable features were 
found in the fundus photos of subjects 3, 4, 11, and 13 (36%). 
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Figure 1. Fundus images in subject 14. The fundus photographs of the right eye show quite mild macular pigmentary changes both at the 
A: initial and B: follow-up examinations. The FAF images show more widespread changes with several foci of increased and reduced AF 
both at the C: initial and D: follow-up examinations, and the changes worsened during the 5-year period. E: The macular OCT images 
confirm the changes with scarring in the RPE and interruption of the ellipsoid zone. The left eye shows newly found structural alterations 
with small foci of increased and reduced AF along the vascular arcades on the FAF image F: at the initial examination compared with G: 
the follow-up examination.
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In subject 8, numerous orange-yellow retinal flecks (Figure 
3C, D), which are quite typical for STGD, were found in the 
posterior pole both on the initial and follow-up examinations. 
These could be explained by the results of the renewed DNA 
analysis revealing the hypomorph variant c.5603A>T in addi-
tion to the previously known c.768 G>T variant. Thus, subject 
8 now has both a phenotype and a genotype that agrees with 
late-onset STGD [34,35].

FAF images were captured in all subjects and showed 
alterations in six (55%) of the 11 ABCA4 carriers. The changes 
were subtle, with small foci of increased and/or reduced auto-
fluorescence in the posterior pole (Table 3 and Figure 2). The 
FAF images of subject 8 showed more widespread changes 
with multiple pisiform foci of high and low autofluorescence 
(AF) scattered in the entire posterior pole and outside the 
vascular arcades (Figure 3), confirming the late-onset STGD 
phenotype in line with genetics. Four (subjects 5, 7, 12, and 
14) of the 11 (36%) ABCA4 carriers had developed slightly 
more FAF changes in one eye at the time of follow-up (Figure 
2).

OCT images were captured in both eyes of all ABCA4 
carriers (22 eyes). Nine eyes showed normal layering and 
overall morphology on OCT b-scans, whereas 12 eyes 
demonstrated subtle attenuation of the ellipsoid zone. The 

right eye of Subject 14 showed more widespread morpho-
logical changes on OCT b-scans (Figure 1). Descriptions of 
the OCT findings are shown in Table 4 and examples of OCT 
images can be viewed in Figure 1 and Figure 4. Two carriers 
(subjects 4 and 11) had normal OCT images in both eyes, 
whereas four subjects (subjects 1, 6, 13, and 14) demonstrated 
morphological changes on OCT bilaterally. At follow-up, 
nine (82%) of the 11 ABCA4 carriers showed some degree of 
abnormality on OCT, and one carrier (6 LE) had developed 
new subtle alterations in an eye that was normal at the initial 
examination.

General retinal function—All ABCA4 carriers 
completed ffERG assessments using the same equipment 
both at the initial and follow-up examinations. The statistical 
comparison of the ffERG parameters for the right eye was 
made between the two time points (Wilcoxon signed-rank 
test) and showed significantly reduced amplitudes for the 
isolated dark-adapted rod response (p=0.013) and the b-wave 
amplitudes of the dark-adapted combined rod and cone 
response (p=0.013) at follow-up. The a-wave amplitudes for 
the combined rod and cone responses were also reduced with 
borderline significance (p=0.050). Box plots illustrating the 
results are shown in Figure 5. The amplitudes for the isolated 
30-Hz flicker cone responses were not significantly altered. 
Table 5 shows the mean values of the ffERG parameters for 

Table 2. Description of Goldmann visul fields in ABCA4 carriers.

Subject/
Gender

Goldmann visual field; initial examination Goldmann visual field; follow-up

1/F RE small scotoma 03e inf temp between 10 and 20° a, LE 
normal

RE: same 
LE: 02e reduced from 12°–7°. 03e reduced sup from 
20°–12°.

2/M N OA 02e reduced from 15° sup, nas, inf and 22° temp to 10° 
all around.

3/M N N

4/F OA 03e, 02e, 01e constricted mostly 03e sup and more in 
LE N

5/M N OA: cannot see 01e which was 5° in the initial study.
6/F N N
7/F N OA: cannot see 01e which was 5° in the initial study.
11/F N N

12/M N
N: 03e slightly enlarged from 10 to 20° RE and 10–25° LE 
and 02e from 5 to 10° RE and 5–7 LE° compared to the 
initial study.

13/F N N

14/M N N: 03e slightly enlarged from 17 to 25° RE and 15–25° LE 
and 02e from 5 to 10° OA compared to the initial study.

F=female, M=male, RE=right eye, LE=left eye, inf=inferior, temp=temporal, n=normal, sup=superior, OA=both eyes a The patient has 
myelinated nerve fibers corresponding to the scotoma
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Table 3. Description of fundus photos and FAF images. Subjects highlighted in bold were excluded from the study 
due to the newly detected pathogenic ABCA4 variants that could be in trans with the one previously found.

Subject Fundus photos; initial 
examination

Fundus photos; follow-up FAF; initial examination FAF; follow-up

1 normal ↑ OA; small drusen outside 
the vascular arcades and in 
the posterior pole along the 
vessels.

not tested normal

2 normal

↑ OA; discrete pigmentary 
changes in the maculae and 
minimal localized yellowish 
spots close to the upper 
vascular arcade RE.

not tested OA; small foci of reduced AF within 
the vascular arcades

3 normal normal normal normal
4 normal normal normal normal

5 LE; pigmentary 
changes in the macula

LE; unchanged pigmentary 
changes in the macula

LE; hyper-fluorescences 
in the macula

↑ LE; slightly enlarged area of 
increased AF in the macula

6 normal ↑ LE; subtle pigmentary 
changes in the macula not tested

RE; Small spots of reduced AF 
temporal to and above the macula. 
LE; Reduced AF in the macula and 
small spots of hypofluorescence 
between the optic disc and macula

7

OA; subtle pigmentary 
changes in the maculae 
and along the vascular 
arcades

OA; unchanged subtle 
pigmentary changes in 
the maculae and along the 
vascular arcades

LE; small spots of 
increased and reduced 
AF around the vascular 
arcades

↑ OA; hyper - and hypo fluorescences 
around the vascular arcades and in the 
posterior pole

8 
excluded

OA; pigmentary 
changes in the 
maculae and deep 
yellow spots in the 
posterior pole and 
mid-periphery

↑ OA; pigmentary changes 
in the maculae and a bit 
more wide- spread deep 
yellow spots in the poste-
rior pole and midperiphery

OA; multiple foci of high 
and low AF signals

OA; unchanged multiple foci of high 
and low AF signals

10 
excluded

OA; subtle pigmen-
tary changes in the 
maculae

OA; unchanged subtle 
pigmentary changes in the 
maculae

normal normal

11 normal normal normal normal

12 OA; pigmentary 
changes in the maculae

↑ OA; pigmentary changes 
in the maculae, slight prog-
ress in the RE

normal
↑ OA; subtle small hypofluorescences 
in the posterior pole and nasal to the 
optic disc

13 normal normal normal normal

14 RE; pigmentary 
changes in the macula

RE; pigmentary changes in 
the macula

RE; high AF signals 
in the macula and the 
temporal midperiphery

↑ RE; More pronounced FAF changes 
with foci of both increased and reduced 
AF signals in the macula and the 
temporal midperiphery LE; small foci 
of both high and low AF along the 
vascular arcade close to the optic nerve 
head

FAF=fundus autofluorescence, RE=right eye, LE=left eye, ↑ marks eyes with more changes at follow-up, OA=both eyes
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Figure 2. Fundus images in subject 5. A: Initial and B: follow-up examination show subtle pigmentary macular changes that were quite 
stable over the 5-year period. The central fundus autofluorescence (FAF) image C: at the initial examination shows a small central hyper-
fluorescence, which D: had slightly increased in size at the follow-up examination. The fundus photos from the E: initial and F: follow-up 
examinations of the right eye of Subject 7 also demonstrate stable mild pigmentary changes in the macula, whereas the FAF images show a 
discrete progress of the small spots of hyperfluorescence and hypofluorescence around the vascular arcades and in the posterior pole from 
G: the initial to H: the follow-up examinations.
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Figure 3. Fundus images. A–D: Fundus photographs. E and F: Fundus autofluorescence (FAF) images. The fundus photographs of Subject 
1, both A: color and B: red-free, demonstrate small drusen scattered outside and inside the vascular arcades. The images also show myelin-
ated retinal nerve fibers along the superior vascular arcade. C and D: Color fundus photographs of Subject 8, in whom the renewed genetic 
testing revealed an additional ABCA4 mutation explaining the widespread deep orange-yellow retinal flecks around the macula and in the 
posterior pole, typical of Stargardt disease. E and F: The structural changes are even more evident on the FAF images, showing multiple 
foci of increased and reduced autofluorescence scattered in the entire posterior pole and outside the vascular arcades.
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the subjects at the initial and follow-up examinations and the 
p values for the Wilcoxon signed-rank test results.

The comparison of right-eye ffERG parameters between 
the ABCA4 carriers and the controls (Mann–Whitney U test) 
did not show any significant differences. Nevertheless, five 
(45%; subjects 1, 2, 5, 6, and 12) of the eleven ABCA4 carriers 
had at least one significantly reduced ffERG parameter (Table 
6) compared with the controls.

Macular function: mfERGs were recorded in all subjects both 
at the initial and follow-up examinations. Unfortunately, the 
mfERG VERIS equipment was updated during the 5-year 
follow-up, making the comparison between the two time 
points ambiguous. Therefore, the statistical comparison 
between the two time points was omitted, and the values 
of the mfERG parameters were only compared between the 
ABCA4 carriers and the control group (Mann–Whitney U 
test), demonstrating reduced P1 amplitudes for all rings of the 
mfERG (A1–A5: A1, p=0.024; A2, p=0.017; A3, p=0.002; A4, 
p=0.001; and A5, p=0.006) and delayed P1 ITs for IT4 and IT5 
(IT4: p=0.039; IT5: p=0.003) in ABCA4 carriers compared 
with the controls. Table 7 shows the means and SDs of the 
mfERG amplitudes in the right eye of the ABCA4 carriers 

and controls, and the p values of the Mann–Whitney U test 
results.

DISCUSSION

In autosomal recessive monogenic disorders, carriers of a 
single heterozygous mutation are expected not to experience 
any symptoms or signs of the disease, nor are they supposed 
to present with reduced function in any organ system. Despite 
this, heterozygous mutations in the ABCA4 gene have been 
suggested as a risk factor of AMD because the prevalence 
of certain ABCA4 mutations are overrepresented in patients 
with AMD, up to fivefold for some mutations [26,36]. 
Likewise, Fritsche et al. [37] described a certain subtype of 
AMD presenting with a fine granular pattern and peripheral 
punctate spots that are significantly associated with hetero-
zygous ABCA4 mutations. Moreover, the prevalence of AMD 
has been shown to be significantly higher in the relatives of 
patients with STGD than in the general population, pointing 
toward a common genetic background [38,39]. Regarding 
retinal function, Maia-Lopes et al. [28] showed that the non-
affected relatives of patients with STGD who were carrying 
a heterozygous ABCA4 mutation presented with reduced 

Table 4. Description of OCT images in the ABCA4 carriers.

Subject OCT findings RE initial 
examination

OCT findings LE initial 
examination

OCT findings RE at 
follow-up

OCT findings LE at 
follow-up

1 very subtle attenuation of 
the central EZ not tested very subtle attenuation of 

the central EZ
very subtle attenuation of the 
central EZ

2 very subtle attenuation of 
the central EZ not tested very subtle attenuation of 

the central EZ N

3 very subtle attenuation of 
the central EZ N very subtle attenuation of 

the central EZ N

4 N N N N
5 N subtle outer retinal disruption N subtle outer retinal disruption

6 subtle attenuation of the 
central EZ N subtle attenuation of the 

central EZ
↑very subtle attenuation of 
the central EZ

7 very subtle attenuation of 
the central EZ N very subtle attenuation of 

the central EZ N

11 N N N N

12 subtle disturbances in the 
central RPE N subtle disturbances in the 

central RPE N

13 very subtle attenuation of 
the central EZ

very subtle attenuation of the 
central EZ

very subtle attenuation of 
the central EZ

very subtle attenuation of the 
central EZ

14
interruption of the EZ 
centrally and subretinal 
fluid

very subtle attenuation of the 
central EZ

scarring in the RPE 
centrally and interruption 
of the EZ

very subtle attenuation of the 
central EZ

RE=right eye, EZ=ellipsoid zone, LE=left eye, n=normal, ↑ marks eyes with new-found morphological changes, RPE=retinal pigment 
epithelium.
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parameters concerning both electrophysiological measure-
ments (mfERG) and tests using psychophysical approaches. 
Likewise, in a previous survey [27] conducted to study the 
effects of single specific ABCA4 mutations on retinal func-
tion and/or morphology, we investigated ABCA4 carriers 
and, surprisingly, found reduced macular function measured 
by mfERG. ABCA4 carriers were also found to have subtle 
and, in a few cases, more extensive morphological retinal 
changes on fundus photographs, fundus examinations, FAF 
and OCT. The aim of the present study was to conduct a 
5-year follow-up of the same group of subjects to evaluate 
any changes of retinal status over time. As mentioned, the 
mfERG equipment, unfortunately, was updated during the 
5-year follow-up. Therefore, no reliable comparison of the 
mfERG parameters could be made between the initial and 
follow-up measurement. When compared with the control 
group, the mfERG P1 amplitudes in the ABCA4 carriers were 

still reduced, and P1 implicit times were delayed in line with 
the results of the study of Maia-Lopes et al. [28]. Statistical 
analysis of the ffERG parameters, which reflect total retinal 
function and were recorded with exactly the same equipment 
on the follow-up and initial examinations, revealed a deterio-
ration of the isolated rod function and combined rod and cone 
functions when responses at follow-up were compared with 
those at the initial assessment. Moreover, five subjects had 
reduced ffERG responses compared with the control group. 
Thus, over time, middle-aged ABCA4 carriers appeared to 
also experience a more general reduction of photoreceptor 
function, including rods, although they did not seem to notice 
it subjectively. A similar phenomenon with reduced general 
rod function has been demonstrated in patients with early 
AMD showing both delayed rod-mediated dark adaptation 
[40-43] and reduced rod function on ffERG [41,44]. In one 
study [42], visual acuity, low luminance acuity, macular 

Figure 4. Optical coherence tomography. B-scans showing examples of A: mild changes with subtle outer retinal disruption (left eye of 
Subject 5) and B: alterations with more widespread outer retinal disruption (left eye of Subject 8) explained by the newly found additional 
ABCA4 mutation.
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light sensitivity, and spatial contrast sensitivity were normal, 
corresponding to the fact that all but two of our subjects did 
not notice any visual problems in daily life, although slight 
reduction in visual acuity was encountered in five of the 
11 ABCA4 carriers. This reflects that electrophysiological 

measurement is more sensitive to incipient deterioration of 

retinal function than visual acuity testing. Forshaw et al. [45] 

also reported an association between macular dysfunction 

and reduced rod function in patients with AMD.

Figure 5. Box plots. Box plots showing A: isolated rod amplitudes (µV) on full-field electroretinography (ffERG) at the initial and follow-up 
examinations, B: combined rod and cone b-wave amplitudes (µV) on ffERG at the initial and follow-up examinations, and C: combined rod 
and cone a-wave amplitudes (µV) on ffERG at the initial and follow-up examinations. Boxes show the median and interquartile range. Bars 
illustrate the ranges. Circles and asterisks indicate outliers. Sample size: n=11 subjects. The statistical comparison of the ffERG parameters 
between the initial and follow-up examinations was made using the Wilcoxon signed-rank test.

Table 5. Means and standard deviations for ffERG parameters in the right eye on initial examina-
tion and on follow-up in ABCA4 carriers. P values for Wilcoxon Signed Ranks Test are also given.

 Various Isolated rod response 
b-wave Ampl (µV)

Combined rod-cone 
response a-wave Ampl 
(µV)

Combined rod-cone 
response b-wave Ampl 
(µV)

30 Hz flicker cone 
response Ampl (µV)

Initial examination 
mean ± 1SD 252±59 202±52 380±88 52±12

Follow-up 
mean ± 1SD 207±42 167±39 322±69 50±14

P value Wilcoxon 
Signed Ranks Test 0.013 0.050 0.013 0.424

Ampl=amplitude, SD=standard deviation. Statistically significant p values are in italics.
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In the present study, 64% of the ABCA4 carriers showed 
morphological retinal alterations. The most prevalent find-
ings were subtle pigmentary changes, quite similar to the 
pigmentary changes with hypopigmentations and hyper-
pigmentations observed in age-related maculopathy (ARM) 
and early dry AMD [46-48]. One subject also presented with 
drusen, which likewise can be associated with ARM and 
dry AMD [46-48]. When compared with those observed in 
the fundus photographs from the initial examination, retinal 
morphological changes at 5-year follow-up showed a subtle 
increase in 36% of the subjects. A similar slight increase in 
pathological alterations was also found in the FAF images. 

The most pronounced changes were found in Subject 8, 
who demonstrated widespread deep yellow flecks in the 
posterior pole, typical of STGD. The changes could now 
be explained by the fact that the subject was carrying the 
c.5603A>T variant in addition to the previously found c.768 
G>T variant. c.5603A>T was not reported as pathogenic at 
the initial genetic workup and has been shown quite recently 
to be the missing ABCA4 variant in quite a few cases of late-
onset ABCA4-associated retinal degeneration [34,35]. Subject 
10, who might also be compound heterozygous for c.5603A>T 
and another ABCA4 variant (c.1804 C>T), (although we 
could not be entirely sure that they are in trans because 

Table 6. FfERG parameters in ABCA4 carriers on follow-up and the means ± 2SD for the 20 control subjects.

Subject Mutation/mutations Isolated rod 
response 
b-wave Ampl 
(µV)

Combined rod-
cone response 
a-wave Ampl 
(µV)

Combined rod-
cone response 
a-wave Ampl 
(µV)

30 Hz 
flicker cone 
response 
Ampl (µV)

30 Hz 
flicker cone 
response IT 
(ms)

1 c.768 G>T 181 138 263 44 30.0
2 c.768 G>T 120 105 197 36 28.5
3 c.768 G>T 227 192 350 41 27.0
4 c.5461–10T>C +c.5603A>(cis) 278 183 406 78 31.5

5 c.319 C>T 
c.5603A>T (cis) 153 147 248 38 35.0

6 c.5917delG 216 148 279 52 29.0
7 c.2894 A>G 215 175 311 34 30.5
11 c.4469 G>A c.5603A>T (cis) 225 171 383 48 27.5
12 c.6079 C>T 206 129 347 45 31.0
13 c.2894 A>G 231 239 416 61 28.5
14 c.2894 A>G 220 213 346 70 29.5
Mean of 
controls 
±2SD 
Limits of 
normality

 302±120 
182

228±94 
134

443±162 
281

63±38 
25

30.0±3.0 
33.0

Ampl=amplitude, µV=micro volts, IT=implicit time, ms=milliseconds, SD=standard deviation Amplitudes lower than the mean −2 SD 
are considered pathologically reduced and are highlighted in bold and italics. Implicit times delayed more than the mean + 2SD are also 
considered pathological and highlighted in bold and italics.

Table 7. Means and standard deviations for mfERG amplitudes in the right eye of the ABCA4 
carriers and the controls, as well as p values for the Mann–Whitney U-test.

 Various mfERG ring 1 
Ampl (µV/deg2)

mfERG ring 2 
Ampl (µV/deg2)

mfERG ring 3 
Ampl (µV/deg2)

mfERG ring 4 
Ampl (µV/deg2)

mfERG ring 5 
Ampl (µV/deg2)

ABCA4 carriers mean ± 1SD 31±11 22±7 17±4 15±4 16±4
Controls mean ± 1SD 42±8 29±5 24±5 20±3 20±4
P value, Mann–Whitney U-test 0.024 0.017 0.002 0.001 0.006

Ampl=amplitude, SD=standard deviation. Statistically significant p values are in italics.
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no co-segregation analysis could be performed), had a less 
typical phenotype with only subtle pigmentary changes in the 
maculae and a few reduced electrophysiological parameters. 
Similar findings with weak penetrance and variable expres-
sion of ABCA4-associated retinal degeneration in patients 
with the c.5603A>T variant were reported by Runhart et al. 
[35]. Identification of missing alleles is of great importance 
in the management of patients with a phenotype that fits with 
ABCA4-associated retinal degeneration, but in whom previous 
genetic analysis failed to confirm the genotype. Our study 
further supports the significance of the c.5603A>T variant 
as disease causing, thus hopefully helping more patients 
to receive a reliable diagnosis, which is important for both 
genetic counseling and accessing future novel gene-based 
therapies.

A widely used explanation of the broad variation of the 
severity of the different forms of retinal degenerations associ-
ated with ABCA4 mutations (STGD, CRD, and arRP) is a 
model correlating the residual function of the ABCA4 protein 
to the extent of reduced retinal function [7,31,49-53]. In this 
model, on the basis of the calculated effect of the individual 
mutation on gene transcription and protein translation, null 
mutations, with no residual ABCA4 protein activity, are 
thought to be associated with the most severe forms of retinal 
dystrophies, and milder mutations only resulting in a defect 
protein are thought to cause milder entities. In line with 
this, carriership of a severe heterozygous ABCA4 mutation 
causing absent or extremely reduced residual ABCA4 protein 
transport function could lead to extremely poor clearance of 
toxic retinoid metabolites, resulting over time in reduced 
retinal function also in ABCA4 carriers, although carriers of 
autosomal recessive traits are not supposed to express the 
phenotype.

In the initial study [27], the c.768 G>T variant was 
considered a severe mutation associated with morphological 
retinal changes, marked macular dysfunction, and in one 
subject, also altered ffERG parameters. At follow-up, this 
pattern remained, still supporting previous studies classifying 
c.768 G>T as a rather serious mutation [3,54,55]. Concerning 
the c.2894 A>G, it seemed a bit milder in the initial study 
with normal ffERGs but still with moderate macular dysfunc-
tion in addition to OCT – and FAF alterations. The findings 
were similar at follow-up and in agreement with other studies 
describing c.2894 A>G as a quite serious mutation [54,56,57]. 
The remaining mutations were found in only one subject 
each; therefore, a thorough evaluation gets more uncertain. 
Nevertheless, c.319 C>T was still associated with a severe 
phenotype, and the subject with the c.4469 G>A variant still 
had a mild phenotype.

An important future perspective of a probable associa-
tion between ABCA4 carriership and, at least, some AMD 
subgroups could be the search for novel treatment options 
for the dry form of the disorder, as there are ongoing studies 
on gene therapy for ABCA4-associated retinal degenerations 
[58-60] and pharmacological approaches [61]. One short-
coming of our study is that we failed to include a control 
group followed up for >5 years in the same way as the ABCA4 
carriers. Thus, we cannot be entirely sure that aging is not 
a contributing factor to the reduced ffERG parameters over 
time.

Moreover, a larger number of subjects would have been 
advantageous, and finally, a comparison of mfERG param-
eters between the two time points would have been most 
interesting. Concerning the small number of subjects, the use 
of non-parametric statistical tests, to some extent, compen-
sated for this. For the statistical analysis of mfERG results, 
we found it better to use a control group than to compare 
values obtained under non-equivalent conditions.

In conclusion, the 5-year follow-up of ABCA4 carriers, 
previously presenting with reduced macular function, 
revealed deterioration also of general retinal function with 
reduced rod, - as well as combined rod-cone amplitudes 
measured by ffERG in combination with slight increase of 
morphological changes in some subjects over time, which 
suggests that carriership of pathological ABCA4 mutations, 
may lead to a condition similar to a subgroup of AMD making 
this subgroup of AMD patients eligible for novel future gene-
based – or pharmacological treatments. Moreover, we could 
confirm that in some cases of ABCA4-associated retinal 
degeneration with a missing allele, c.5603A>t testing could 
be useful for correct diagnosis; thereby, more patients can 
have access to optimized care.
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