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Abstract: Stargardt disease is the commonest juvenile macular dystrophy. It is caused by genetic
mutations in the ABCA4 gene. Diagnosis is not always straightforward, and various phenocopies
exist. Late-onset disease can be misdiagnosed with age-related macular disease. A correct diagnosis
is particularly critical because of emergent gene therapies. Stargardt disease is known to affect retinal
pigment epithelium and photoreceptors. Many studies have also highlighted the importance of the
choroid in the diagnosis, pathophysiology, and progression of the disease. The choroid is in an integral
relationship with the retinal pigment epithelium and photoreceptors, and its possible involvement
during the disease should be considered. The purpose of this review is to analyze the current
diagnostic tools for choroidal evaluation and the extrapolation of useful data for ophthalmologists
and researchers studying the disease.

Keywords: Stargardt disease; retinal dystrophy; spectral domain optical coherence tomography;
choroidal vascularity index; choriocapillaris vascular density; choroidal thickness; optical coherence
tomography angiography; enhanced depth imaging; fluorescein angiography;
indocyanine green angiography

1. Introduction

Stargardt disease (STGD) is the most common juvenile-onset macular dystrophy [1].
It is caused by mutation of the ABCA4 gene, which results in an error in the processing
and transportation of all-trans retinaldehyde, from the photoreceptor visual cycle, lead-
ing to the formation of N-retinylidene-N-retinyl-ethanolamine (A2E) and the storage of
lipofuscin within the photoreceptors’ outer segments and the retinal pigment epithelium
(RPE) [2]. STGD typically presents with progressive bilateral loss of central vision. It is
classically characterized by a “beaten-bronze” or bull’s eye appearance of the macula and
the presence of subretinal lipofuscin flecks [3]. Though it typically affects young patients,
STGD may present later in adulthood and can be misdiagnosed as age-related macular
degeneration (AMD) [4].

There are pathogenic variants in the ABCA4 gene, referred to as ABCA4opathy, that
show different phenotypes that differ from typical STGD. The classical phenotype is due
to biallelic pathogenic variants in the ABCA4 gene. Phenocopies can be caused by het-
erozygous pathogenic variant in PROM1 or ELOVL4, which can have a clinical profile
indistinguishable from classic STGD1 [5,6]. Other types of macular dystrophy can also
mimic STGD. The term “Stargardt” is often used to describe a wide variety of maculopathies
with and without lipofuscin deposits. However, precise diagnosis, aided by genetic testing,
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is warranted for appropriate genetic counselling, prognostic information, and clinical trials
due to the fact of emergent gene therapies [6].

An important question relates to the role of the choroid in STGD and whether al-
terations in the choroid affect the diagnosis and management of patients. Lipofuscin
accumulates in the RPE nearly seven times more than normal in STGD [7]. This can alter
the relationship between the RPE and the underlying choroid, which are interdependent.
The choroid provides vascular support to the RPE which, in turn, maintains the chorio-
capillaris by secreting vascular endothelial growth factor isomers. Animal studies have
shown secondary choriocapillaris atrophy after RPE atrophy, apparently because of a lack
of RPE-specific vascular endothelial growth factor isomers [8]. Histopathological examina-
tion has also shown the loss of RPE, overlying photoreceptors, and choroidal circulation,
in particular the choriocapillaris [9,10]. Interestingly, Mucciolo et al. recently described
choroidal caverns using structural spectral domain optical coherence tomography (SDOCT)
in 23 of 172 eyes of patients with STGD. These choroidal alterations were described as
hyporeflective cavities with a hyperreflective rim and a nonhomogenous hyperreflective tail
in the Sattler and Haller layers. Although the origin of these cavities is still not clear, given
their location beneath areas of RPE atrophy in advanced STGD, the authors postulated that
they could be related to RPE impairment and consequent choroidal sclerosis [2,11].

2. Fundus Autofluorescence and Near Infrared Autofluorescence

Multimodal imaging techniques are essential for making a diagnosis and confirming
the clinical suspicion of disease. Fundus autofluorescence (FAF) is a noninvasive technique
that provides information on the metabolic status of the RPE [3]. Short-wavelength fundus
autofluorescence (SW-AF) demonstrates RPE atrophy as areas of hypoautofluorescence.
The typical picture is a small, nascent region of macular hypoautofluorescence with a
surrounding ring of hyperautofluorescence, given by lipofuscin accumulation, resembling
a bull’s eye phenotype (Figures 1 and 2). The signal of SW-AF is derived from lipofuscin in
the RPE. The near-infrared autofluorescence (NIR-AF) signal originates from melanin in
the RPE and the choroid. It has been thought that NIR-AF can better delineate the degree
of RPE atrophy [12] (Figures 1 and 2). The full-field electroretinogram is usually normal or
minimally abnormal, whereas multifocal electroretinogram (mf-ERG) may show a more
demonstrable reduction of central retina responses [6].
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tical coherence (SDOCT) images in a patient with bilateral molecularly confirmed ABCA4 Stargardt Figure 1. Fundus autofluorescence (FAF), near-infrared reflectance (NIR), and spectral domain optical
coherence (SDOCT) images in a patient with bilateral molecularly confirmed ABCA4 Stargardt disease
in the early stage. (A,a) FAF image showing a small, nascent region of macular hypoautofluorescence
with a surrounding ring of hyperautofluorescence; (B,b) NIR image showing an area of dotted hyper–
hyporeflectivity of the macula; (C,c) SDOCT scan showing foveal alterations of the outer retinal layers
(uppercase and lowercase letters indicate the right and left eye, respectively).
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Figure 2. Fundus autofluorescence (FAF), near-infrared reflectance (NIR), and spectral domain optical
coherence (SDOCT) images in a patient with bilateral molecularly confirmed ABCA4 Stargardt disease
in an advanced stage. (A,a) FAF image showing a diffuse area of macular hypoautofluorescence with
surrounding hyperautofluorescenct flecks; (B,b) NIR image showing a central macular hyporeflective
area (atrophy area) surrounded by dotted hyperreflectivity (flecks); (C,c) SDOCT scan showing the
absence of the outer retinal layer with diffuse backscattering (uppercase and lowercase letters indicate
the right and left eye, respectively).

3. Fluorescein Angiography and Indocyanine Green Angiography

Many studies have focused on the choroidal alterations using multimodal imaging.
Fluorescein angiography (FA) and indocyanine green angiography (ICGA) are the gold
standard in the study of the eye’s vascular circulation. It has been demonstrated that a high
rate of patients with STGD show masking of choroidal fluorescence on intravenous FA, also
known as a dark choroid. This represents the earliest stage of the disease and is thought
to be related to abnormal blue–green absorbing material rather than to a nonfilling of the
choroid [13]. Another finding is choroidal silence, consisting of hypofluorescence in ICGA
late frames, referred to as the marked atrophy of the choriocapillaris [10]. The peripheral
flecks typically found in the fundus of patients with STGD appear as hypofluorescent
at ICGA with surrounding hyperfluorescent edges. The areas of macular atrophy allow
visualization of the choroidal hyperfluorescence [13].

Schwoerer et al. described the appearance of hypofluorescent curvilinear areas on
ICGA forming a reticular pattern like the polygonal shape of the watershed zones between
terminal choroidal arterioles. The authors attributed this aspect to possible choriocapillaris
defects secondary to RPE cell damage. The patchy areas of hyperfluorescence seen on FA,
indicating partially lysed RPE cells, corresponded in location to the hypofluorescent lesions
of ICGA, although they did not correspond to the flecks seen on ophthalmoscopy [13]. The
authors postulated that RPE cells could face some difficulty in meeting their metabolic
needs. This correlated with the watershed zone between terminal choroidal arterioles, with
worsening of intracellular lipofuscin elimination and further overload of the cells. They
speculated that this could explain the ophthalmoscopic appearance and distribution of the
flecks and the ICGA picture [13].

Giani et al. compared ICGA aspects in STGD and AMD to relate the areas of reti-
nal atrophy to choroidal status and found that hypocyanescence with ICGA of areas of
atrophy had a peculiar aspect in STGD with respect to atrophic AMD. In STGD, there
was hypocyanescence at ICGA with a relative intact choroid and a lack of leakage on
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FA, suggesting possible direct damage to the choriocapillaris [14]. The identification of
choriocapillaris (CC) atrophy represents a possible diagnostic tool, especially for patients
with late-onset of the disease [3].

4. Optical Coherence Tomography Angiography and Spectral Domain Optical
Coherence Tomography

FA and ICGA can provide indirect findings but cannot show the deep microvascular
capillary complex. Optical coherence tomography angiography (OCTA) is a noninvasive
tool that permits the study of the superficial and deep retinal vascular plexi and the CC
in detail [3]. Individual CC vessels are not visualized but rather appear as homogeneous,
with an area of brightness representing blood flow [12]. CC loss in STGD has been shown
in many OCTA studies [3,7,15–18]. Choriocapillaris vascular density (CCVD) is calculated
as the percentage of the area occupied by CC blood vessels, evaluated for an entire enface
angiogram, and Battaglia Parodi et al. showed that CCVD was worse in STGD eyes with
chorioretinal atrophy [17]. Both Pellegrini et al. and Muller et al. [3,18] found that the CC
flow signal was visibly diminished within areas of RPE atrophy in STGD but not outside
areas of RPE atrophy. Alabduljalil et al. reported that CCVD within areas of isolated RPE
atrophy in STGD patients was significantly lower than in normal eyes, but this aspect was
also present in areas of isolated inner segment/outer segment (IS/OS) loss. Moreover, the
CCVD in areas of combined RPE and IS/OS attenuation tended to be even more altered,
supporting the theory that the degeneration of both layers is synergistically associated
with CC attenuation in STGD. The extent of total CCVD attenuation is strongly correlated
with the magnitude of RPE and photoreceptor degeneration [19]. Alabduljalil et al. also
demonstrated that the total CCVD was more strongly correlated than intralesional CCVD
to the size of the degenerative lesion. This suggests that extralesional CCVD contributes to
the level of total CCVD attenuation in STGD. The authors postulated that these findings
were indirectly supported by microperimetry studies by Strauss et al. [20], who reported
extralesional areas of decreased cone- and rod-dependent sensitivity. These results suggest
that relative photoreceptor dysfunction with mild CC attenuation may precede lesion
expansion in STGD.

Some studies reported correlation of IS/OS loss, RPE atrophy, or CCVD with age
and/or best corrected visual acuity (BCVA). Ratra et al. and Mastropasqua et al. showed
that CC vascular index and CCVD correlated with decreasing BCVA and parafoveal mac-
ular thickness, respectively [7,16]. Alabduljalil et al. reported a trend towards moderate
correlation between IS/OS loss, RPE atrophy, and CCVD attenuation with age or BCVA [19].

Jauregui et al. studied the progression of CC impairment along with RPE atrophy in
55 patients with a clinical and molecular diagnosis of STGD. Based on their results, the
authors divided the patients into three groups. In group 1, the patients had normal CC.
In group 2, there was bright macular CC which could have misleadingly been attributed
to increased blood flow but was actually due to the presence of an artifact because of the
disappearance of the overlying RPE. This was confirmed by corresponding atrophy on
SW-AF. In group 3, there was vascular rarefaction and incomplete CC atrophy. The authors
found that group 1 patients corresponded to a G1961E allele. This allele is associated with
milder disease severity, as also reported in other studies. They also found a dark halo of the
lesion perimetry, probably corresponding to a shadow cast by lipofuscin accumulation in
the RPE overlying the CC. These results demonstrate the advantage of using OCTA imaging
in monitoring disease, and the authors concluded that as the RPE becomes atrophic, the
CC disappears as a downstream effect [12].

5. Hyperreflective Foci

A possible pathologic marker in STGD is the presence of hyperreflective foci (HRF).
HRF are solitary, small (<30 µm), medium-level hyperreflective retinal foci that may repre-
sent aggregates of activated microglial cells, in vivo SDOCT biomarkers of retinal inflam-
mation. They were recently reported to estimate the amount of inflammation in major
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degenerative retinal [21] and chorioretinal diseases including AMD, retinal vein occlusion,
and diabetic retinopathy [22–24]. Intraretinal and choroidal HRF were described in pa-
tients with early retinitis pigmentosa (RP) [25]. A study performed with SDOCT analysis
demonstrated HRF in the choroid, mostly in the Bruch’s membrane/RPE complex in the
CC and in Sattler’s layer [26], and choroidal HRF were associated with retinal atrophy,
disease duration, and visual function. Although the presence of HRF were detected in
both RP and SGDS the direct significance to pathology is unknown, particularly regard-
ing visual function. It was, however, postulated that choroidal HRF may be associated
with CC dysfunction [27].

6. Choroidal Thickness

Changes in choroidal thickness (CT) and morphology have also been the object of
debate in patients with STGD. Enhanced depth imaging (EDI) SDOCT permits analysis
of the detailed structure of the choroid. CT and the choroidal vascularity index (CVI)
can be assessed. However, results are discordant, as some authors reported a significant
reduction in CT in STGD [28–30] when compared with healthy controls, while other authors
did not report significant differences [31–33]. The largest study on CT was conducted by
Sabbaghi et al. on 264 eyes with RP, 76 with STGD, and 54 with Usher syndrome [33].
However, only 19.5% of the diagnosis was genetically confirmed. In this study, the mean
CT was significantly lower in patients with RP and Usher syndrome when compared
with healthy controls and patients with STGD and cone–rod dystrophy. There was a
statistically significant correlation between thinner subfoveal CT and longer duration of
ocular symptoms in STGD. A negative correlation was observed between the subfoveal
CT and BCVA and between subfoveal CT and disease duration in the inherited retinal
dystrophies. However, no correlation was observed between central macular thickness
and CT [33]. Other studies report a correlation between CT and BCVA and between CT
and the duration of ocular symptoms in inherited retinal dystrophies including RP and
STGD [28,29,31,34], but other authors did not find this correlation [30–32,35–37]. Sabbaghi
et al. suggested that this may be related to low sample sizes and shorter durations of
symptoms [33]. Vural et al. found decreased subfoveal and parafoveal CT in patients
with STGD and correlated this with lower BCVA, inner retinal thickness, and paracentral
mf-ERG responses. Adhi et al., in accordance with Vural et al., found that the mean CT
thickness in healthy eyes was lower in the nasal sector, greater in the subfoveal region,
and thinner temporally, as also reported by Manjunath et al. [28,29,38]. Adhi et al. also
found that that the maximum CT was not subfoveal in 79% of patients, and focal thinning
was observed in 51%, with maximum thinning in the nasal region in 30% of patients with
STGD. Moreover, the average subfoveal CT and the mean thickness of the large choroid
vessels layer (LCVL) were significantly reduced in the eyes with STGD. The average ratio
between LCVL and total CT was significantly reduced in eyes with STGD compared to
healthy eyes. Substantially, this study also analyzed choroidal morphology in eyes with
STGD, compared to healthy eyes and reported a correlation between the reduction of
thickness of the LCVL and reduction in BCVA in patients. Adhi et al. suggested that the
choroid is irregularly shaped or “S”-shaped (having an irregular concave/convex/concave
shape with more than one inflection point) in over two-thirds of eyes with STGD [28]. An
exaggerated nasal choroidal thinning was also shown in a previous study in eyes with
RP [39]. In addition, in the eyes with STGD, the mean thickness of the subfoveal choroid
was positively correlated with central retinal thickness, indicating that total CT decreased
with central retinal thickness thinning. However, the average thickness of the LCVL and the
ratio of this layer to the thickness of the choroidal layer had little correlation with central
retinal thickness (p = 0.45). Another noteworthy fact is that the attenuation or preservation
of the LCVL in the eyes with STGD was not associated with the presence or absence of
atrophy of the RPE and external retinal atrophy. However, two limitations of the study by
Adhi et al. were the absence of molecular diagnosis of STGD and that the SDOCT images
were not conducted with EDI [28].
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Ratra et al., in 2018, described a thinner choroid in 26 patients with STGD. Statistically
significant values were reported for the 1 mm central and the superior and temporal sectors
of the 3 mm ring [30]. In STGD, the total CT and thickness of the small choroidal vessel layer
(SCVL) were reduced, but the LCVL was unaffected or increased in thickness. The authors
related CC atrophy to the “dark choroid” appearance on FA and ICGA and suggested
that increased thickness of the LCVL may be a compensatory response to the atrophy of
the SCVL in order to maintain the blood supply [30]. Ratra et al. suggested that RPE
atrophy is more likely to cause thinning of the CC due to the fact of their proximity and
symbiotic relationship. They also did not find any correlation between BCVA and total CT,
but there was a correlation between the lesion size and BCVA worsening [30]. The patients
studied by Adhi et al. were at a more advanced stage of disease with advanced choroidal
damage, and these authors observed attenuation of the LCVL with correlation to visual
acuity. Total CT was almost stable inside the lesion and at the edge of the lesion while
showing a slight decrease outside the lesion on the nasal side. The SCVL showed a gradual
decrease from the outside to the inside of the lesion similar to the pattern of retinal layer
thickness, while the LCVL showed a gradual increase from the outside of the lesion towards
the inside. However, the differences were not statistically significant [28,30]. Muller et al.
reported no significant difference in subfoveal CT of patients carrying the common ABCA4
mutation (p.Gly1961Glu), but these patients had no evidence of RPE atrophy and had
normal scotopic and photopic responses on ERG. Nevertheless, in the presence of RPE
atrophy, the choroid was thinner, and the inner choroid was more affected [40]. One study
reported mildly increased CT compared to normal controls, but the study was driven by
a single case report with markedly thicker choroid [41]. Table 1 summarizes the studies
where CT was evaluated in STGD (Table 1).

Table 1. Clinical characteristics of studies analyzing choroidal thickness and vascularity alterations
in patients with Stargardt disease.

Study Study Design

Number of Patients
(Number of Eyes)

with Stargardt
Disease/Controls

CT Alterations CVI Alterations
Correlations

between CT and
BCVA

Yeoh et al., 2010
[35]

Prospective
observational case

series
Cases: 5

2 pts: no
3 pts: choroid

thinning
-

No association
between choroidal
thinning and visual

acuity

Sabbaghi et al.,
2020 [33] Comparative study Cases: 38 (76)

Controls: 56 (109)
No differences in

mean total and SFCT - Inverse correlation of
SFCT with BCVA

Ratra, Tan et al.,
2018 [7]

Retrospective cohort
study

Cases: 39
Controls: 25

No differences in
SFCT

Decreased CVI in
patients with

Stargardt
disease

Negative association
between visual acuity

and CVI
Positive association

between visual acuity
and SFCT

Chhabblani et al.,
2015 [32] Retrospective study Cases: 9 (18) No choroidal

thinning -

No significant
correlation between
subfoveal CT and

BCVA

Adhi et al., 2015
[28]

Cross-sectional
retrospective review

Cases: 28 (53)
Controls: 30 (30)

No differences in
mean total and SFCT -

No correlation
between CT and

BCVA

Ratra, Jaishankar
et al., 2018 [30] Case-control study Cases: 26 (52)

Controls: 26 (52)
Total CT decreased in

cases -

No correlation
between CT and

BCVA
BCVA worsened with
increasing lesion size
and wider extent of

flecks

BCVA: best corrected visual acuity; CT: choroidal thickness; CVI: choroidal vascularity index; SFCT: subfoveal
choroidal thickness.
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7. Choroidal Vascularity Index

CVI is a parameter calculated using the ratio of luminal area/total choroidal area
(TCA). A polygon tool is used to select the TCA from a foveal SDOCT scan. A color
threshold tool is then applied to the TCA, and the dark pixels represent the luminal
area, whereas the light pixels the stromal or interstitial area [7]. In a large cross-sectional
study involving healthy subjects, CVI but not CT was reported to be independent from
systemic and ocular factors including age, systemic blood pressure, axial length, and
intraocular pressure. This made it a more reliable disease biomarker with less influence by
confounding factors [42]. Moreover, CVI encompasses changes in both the vascular and
stromal component of the choroid, adding structural information compared to CT [7].

Ratra et al. studied choroidal vascularity in 39 patients with STGD and analyzed
the subfoveal choroidal thickness (SFCT) and the CVI. The average CVI of STGD patients
was lower than in the control group with statistically significant values. A decrease in the
CVI was also correlated with a decrease in visual function. The SFCT was lower in the
study group than in the controls, but these differences were not statistically significant.
The authors concluded that CVI could be a more robust and sensitive tool compared with
SFCT evaluation for choroidal changes in STGD. Moreover, a decrease in the luminal area
but with a compensatory increase in the stromal area would lead to a decrease in CVI
but not a decrease in SFCT. The authors concluded that CVI correlated with worsening
BCVA. This could possibly be used as a biomarker to monitor progression of disease and
worsening of vision [7].

Wei et al. studied CVI in patients with various retinal dystrophies (17 patients with RP,
4 with STGD, and 3 with cone–rod dystrophy) and reported that the mean CVI in eyes with
retinal dystrophy was significantly lower than in healthy controls (52.9% vs. 70.3%). All
types of retinal dystrophy in this study were associated with lower CVI after adjustment
for age, sex, visual acuity (VA), and duration of symptoms. They deduced that choroidal
ischemia may be implicated due to the progression and the pathogenesis of the disease [43].

8. Conclusions

The results of the present review contribute to the definition of STGD as a condition
where there is an impairment of the choroid, both in terms of thickness and alteration of its
vascular layers. Even though not all of the results from the various studies were in agree-
ment or reached statistical significance, substantial evidence does exist. The CVI emerges
as a noninvasive biomarker to distinguish retinal dystrophies from healthy controls [43].
Indeed, CVI is useful in the evaluation of the choroidal structure, because it examines
changes in both the vascular and stromal components. This provides unique and additional
structural information compared to the commonly reported CT. In patients with a clinical
diagnosis of STGD, CVI appears to be a more sensitive biomarker in detecting choroidal
changes than CT [7,14,28]. In addition, a significant difference in CVI, between patients
with STGD compared to normal subjects, leads to the conclusion that in addition to the
retina and the RPE, the choroidal layer is also involved, suggesting that choroidal angiopa-
thy could be part of the pathogenesis of STGD [30]. Interestingly, with the same duration
of the ocular symptoms, a generalized choroidal thinning was observed in RP and Usher
syndrome but not in STGD and cone dystrophy. This suggests different pathophysiological
and blood flow mechanisms [33].

Mild CC reduction has been observed in areas with relatively mild photoreceptor
dysfunction. Therefore, this does not clearly delineate whether the CC or photoreceptors are
affected first but suggests their interdependence. This implies it may be possible to predict
functional damage by measurement of CC thickness [19]. Further studies of the choroid are
also warranted to evaluate the impact of ABCA4 gene therapy on the choroid and its blood
flow. In conclusion, the results of this review do not unambiguously define assessment
criteria for STGD; however, it is clear that the evaluation of the choroid is valuable in
assessing prognosis. EDI-SDOCT and OCTA are useful tools in the diagnosis and follow-up
of STGD. They permit calculation and assessment of CT and, more importantly, the CVI.
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A limitation of the OCTA examination may be that patients with STGD often present
with eccentric fixation, and this makes it difficult to perform the OCTA examination.
Furthermore, the data provided by this innovative technique should be compared to
microperimetry, visual acuity, SDOCT and, where possible, to the mf-ERG.

To further assess the value of SDOCT and OCTA, it would be valuable to include these
imaging modalities routinely along with FAF when monitoring STGD patients. This should
lead to better prognostic information for patients and a more refined
genotype–phenotype correlations.

Author Contributions: Conceptualization, S.A., M.F., M.D.P., M.L. and A.J.L.; literature search, M.F.
and M.L.; validation, S.A., M.F., M.L., M.D.P. and A.J.L.; formal analysis of literature, S.A., M.F.,
M.D.P., M.L. and A.J.L.; writing—original draft preparation, S.A., M.F., M.D.P., M.L. and A.J.L.;
writing—review and editing, S.A., M.F. and A.J.L.; supervision, S.A. and A.J.L. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lambertus, S.; van Huet, R.A.C.; Bax, N.M.; Hoefsloot, L.H.; Cremers, F.P.M.; Boon, C.J.F.; Klevering, B.J.; Hoyng, C.B. Early-Onset

Stargardt Disease: Phenotypic and Genotypic Characteristics. Ophthalmology 2015, 122, 335–344. [CrossRef]
2. Cideciyan, A.V.; Aleman, T.S.; Swider, M.; Schwartz, S.B.; Steinberg, J.D.; Brucker, A.J.; Maguire, A.M.; Bennett, J.; Stone, E.M.;

Jacobson, S.G. Mutations in ABCA4 Result in Accumulation of Lipofuscin before Slowing of the Retinoid Cycle: A Reappraisal of
the Human Disease Sequence. Hum. Mol. Genet. 2004, 13, 525–534. [CrossRef]

3. Pellegrini, M.; Acquistapace, A.; Oldani, M.; Cereda, M.G.; Giani, A.; Cozzi, M.; Staurenghi, G. Dark Atrophy: An Optical
Coherence Tomography Angiography Study. Ophthalmology 2016, 123, 1879–1886. [CrossRef]

4. Alsberge, J.B.; Agarwal, A. Late-Onset Stargardt Disease. Am. J. Ophthalmol. Case Rep. 2022, 26, 101429. [CrossRef] [PubMed]
5. Salles, M.V.; Motta, F.L.; Martin, R.; Filippelli-Silva, R.; Dias da Silva, E.; Varela, P.; Costa, K.A.; Chiang, J.P.; Pesquero, J.B.; Sallum,

J.-M.F. Variants in the ABCA4 Gene in a Brazilian Population with Stargardt Disease. Mol. Vis. 2018, 24, 546–559. [PubMed]
6. Ibanez, M.B.; de Guimarães, T.A.C.; Capasso, J.; Bello, N.; Levin, A.V. Stargardt Misdiagnosis: How Ocular Genetics Helps. Am. J.

Med. Genet. A 2021, 185, 814–819. [CrossRef] [PubMed]
7. Ratra, D.; Tan, R.; Jaishankar, D.; Khandelwal, N.; Gupta, A.; Chhablani, J.; Agrawal, R. Choroidal Structural Changes and

Vascularity Index in Stargardt Disease on Swept Source Optical Coherence Tomography. Retina Phila. PA 2018, 38, 2395–2400.
[CrossRef] [PubMed]

8. Saint-Geniez, M.; Kurihara, T.; Sekiyama, E.; Maldonado, A.E.; D’Amore, P.A. An Essential Role for RPE-Derived Soluble VEGF
in the Maintenance of the Choriocapillaris. Proc. Natl. Acad. Sci. USA 2009, 106, 18751–18756. [CrossRef] [PubMed]

9. Birnbach, C.D.; Järveläinen, M.; Possin, D.E.; Milam, A.H. Histopathology and Immunocytochemistry of the Neurosensory Retina
in Fundus Flavimaculatus. Ophthalmology 1994, 101, 1211–1219. [CrossRef]

10. Lopez, P.F.; Maumenee, I.H.; de la Cruz, Z.; Green, W.R. Autosomal-Dominant Fundus Flavimaculatus. Clinicopathologic
Correlation. Ophthalmology 1990, 97, 798–809. [CrossRef]

11. Mucciolo, D.P.; Giorgio, D.; Lippera, M.; Dattilo, V.; Passerini, I.; Pelo, E.; Sodi, A.; Virgili, G.; Giansanti, F.; Murro, V. Choroidal
Caverns in Stargardt Disease. Investig. Ophthalmol. Vis. Sci. 2022, 63, 25. [CrossRef] [PubMed]

12. Jauregui, R.; Cho, A.; Lee, W.; Zernant, J.; Allikmets, R.; Sparrow, J.R.; Tsang, S.H. Progressive Choriocapillaris Impairment in
ABCA4 Maculopathy Is Secondary to Retinal Pigment Epithelium Atrophy. Investig. Ophthalmol. Vis. Sci. 2020, 61, 13. [CrossRef]
[PubMed]

13. Schwoerer, J.; Secrétan, M.; Zografos, L.; Piguet, B. Indocyanine Green Angiography in Fundus Flavimaculatus. Ophthalmologica
2000, 214, 240–245. [CrossRef]

14. Giani, A.; Pellegrini, M.; Carini, E.; Peroglio Deiro, A.; Bottoni, F.; Staurenghi, G. The Dark Atrophy with Indocyanine Green
Angiography in Stargardt Disease. Investig. Ophthalmol. Vis. Sci. 2012, 53, 3999–4004. [CrossRef]

15. De Carlo, T.E.; Adhi, M.; Salz, D.A.; Joseph, T.; Waheed, N.K.; Seddon, J.M.; Duker, J.S.; Reichel, E. Analysis of Choroidal and
Retinal Vasculature in Inherited Retinal Degenerations Using Optical Coherence Tomography Angiography. Ophthalmic Surg.
Lasers Imaging Retina 2016, 47, 120–127. [CrossRef]

16. Mastropasqua, R.; Toto, L.; Borrelli, E.; Di Antonio, L.; Mattei, P.A.; Senatore, A.; Di Nicola, M.; Mariotti, C. Optical Coherence
Tomography Angiography Findings in Stargardt Disease. PLoS ONE 2017, 12, e0170343. [CrossRef]

http://doi.org/10.1016/j.ophtha.2014.08.032
http://doi.org/10.1093/hmg/ddh048
http://doi.org/10.1016/j.ophtha.2016.05.041
http://doi.org/10.1016/j.ajoc.2022.101429
http://www.ncbi.nlm.nih.gov/pubmed/35243166
http://www.ncbi.nlm.nih.gov/pubmed/30093795
http://doi.org/10.1002/ajmg.a.62045
http://www.ncbi.nlm.nih.gov/pubmed/33369172
http://doi.org/10.1097/IAE.0000000000001879
http://www.ncbi.nlm.nih.gov/pubmed/29016459
http://doi.org/10.1073/pnas.0905010106
http://www.ncbi.nlm.nih.gov/pubmed/19841260
http://doi.org/10.1016/S0161-6420(13)31725-4
http://doi.org/10.1016/S0161-6420(90)32508-3
http://doi.org/10.1167/iovs.63.2.25
http://www.ncbi.nlm.nih.gov/pubmed/35156991
http://doi.org/10.1167/iovs.61.4.13
http://www.ncbi.nlm.nih.gov/pubmed/32298433
http://doi.org/10.1159/000027498
http://doi.org/10.1167/iovs.11-9258
http://doi.org/10.3928/23258160-20160126-04
http://doi.org/10.1371/journal.pone.0170343


Int. J. Mol. Sci. 2022, 23, 7607 9 of 10

17. Battaglia Parodi, M.; Cicinelli, M.V.; Rabiolo, A.; Pierro, L.; Bolognesi, G.; Bandello, F. Vascular Abnormalities in Patients with
Stargardt Disease Assessed with Optical Coherence Tomography Angiography. Br. J. Ophthalmol. 2017, 101, 780–785. [CrossRef]
[PubMed]

18. Müller, P.L.; Pfau, M.; Möller, P.T.; Nadal, J.; Schmid, M.; Lindner, M.; de Sisternes, L.; Stöhr, H.; Weber, B.H.F.; Neuhaus, C.; et al.
Choroidal Flow Signal in Late-Onset Stargardt Disease and Age-Related Macular Degeneration: An OCT-Angiography Study.
Investig. Ophthalmol. Vis. Sci. 2018, 59, AMD122–AMD131. [CrossRef] [PubMed]

19. Alabduljalil, T.; Patel, R.C.; Alqahtani, A.A.; Gao, S.S.; Gale, M.J.; Zhang, M.; Jia, Y.; Huang, D.; Chiang, P.-W.; Chen, R.; et al.
Correlation of Outer Retinal Degeneration and Choriocapillaris Loss in Stargardt Disease Using En Face Optical Coherence
Tomography and Optical Coherence Tomography Angiography. Am. J. Ophthalmol. 2019, 202, 79–90. [CrossRef] [PubMed]

20. Strauss, R.W.; Kong, X.; Bittencourt, M.G.; Ho, A.; Jha, A.; Schönbach, E.M.; Ahmed, M.I.; Muñoz, B.; Ervin, A.-M.; Michaelides,
M.; et al. Scotopic Microperimetric Assessment of Rod Function in Stargardt Disease (SMART) Study: Design and Baseline
Characteristics (Report No. 1). Ophthalmic Res. 2019, 61, 36–43. [CrossRef]

21. Midena, E.; Torresin, T.; Velotta, E.; Pilotto, E.; Parrozzani, R.; Frizziero, L. OCT Hyperreflective Retinal Foci in Diabetic
Retinopathy: A Semi-Automatic Detection Comparative Study. Front. Immunol. 2021, 12, 613051. [CrossRef] [PubMed]

22. Nassisi, M.; Fan, W.; Shi, Y.; Lei, J.; Borrelli, E.; Ip, M.; Sadda, S.R. Quantity of Intraretinal Hyperreflective Foci in Patients
with Intermediate Age-Related Macular Degeneration Correlates With 1-Year Progression. Investig. Ophthalmol. Vis. Sci. 2018,
59, 3431–3439. [CrossRef]

23. Mo, B.; Zhou, H.-Y.; Jiao, X.; Zhang, F. Evaluation of Hyperreflective Foci as a Prognostic Factor of Visual Outcome in Retinal Vein
Occlusion. Int. J. Ophthalmol. 2017, 10, 605–612. [CrossRef]

24. Okuwobi, I.P.; Fan, W.; Yu, C.; Yuan, S.; Liu, Q.; Zhang, Y.; Loza, B.; Chen, Q. Automated Segmentation of Hyperreflective Foci in
Spectral Domain Optical Coherence Tomography with Diabetic Retinopathy. J. Med. Imaging Bellingham Wash 2018, 5, 014002.
[CrossRef] [PubMed]

25. Abri Aghdam, K.; Pielen, A.; Framme, C.; Junker, B. Correlation Between Hyperreflective Foci and Clinical Outcomes in
Neovascular Age-Related Macular Degeneration After Switching to Aflibercept. Investig. Ophthalmol. Vis. Sci. 2015, 56, 6448–6455.
[CrossRef] [PubMed]

26. Piri, N.; Nesmith, B.L.W.; Schaal, S. Choroidal Hyperreflective Foci in Stargardt Disease Shown by Spectral-Domain Optical
Coherence Tomography Imaging: Correlation with Disease Severity. JAMA Ophthalmol. 2015, 133, 398–405. [CrossRef] [PubMed]

27. Hanumunthadu, D.; Rasheed, M.A.; Goud, A.; Gupta, A.; Vupparaboina, K.K.; Chhablani, J. Choroidal Hyper-Reflective Foci and
Vascularity in Retinal Dystrophy. Indian J. Ophthalmol. 2020, 68, 130–133. [CrossRef] [PubMed]

28. Adhi, M.; Read, S.P.; Ferrara, D.; Weber, M.; Duker, J.S.; Waheed, N.K. Morphology and Vascular Layers of the Choroid in
Stargardt Disease Analyzed Using Spectral-Domain Optical Coherence Tomography. Am. J. Ophthalmol. 2015, 160, 1276–1284.e1.
[CrossRef]

29. Vural, E.; Sobaci, G.; Sevinc, K.; Erdurmus, M.; Acar, U.; Aykas, S. Choroidal Thickness in Patients with Stargardt’s Disease.
Investig. Ophthalmol. Vis. Sci. 2015, 56, 3824.

30. Ratra, D.; Jaishankar, D.; Sachidanandam, R.; Yusufali, H.; Ratra, V. Swept-Source Optical Coherence Tomography Study of
Choroidal Morphology in Stargardt Disease. Oman J. Ophthalmol. 2018, 11, 150–157. [CrossRef] [PubMed]

31. Sodi, A.; Lenzetti, C.; Murro, V.; Caporossi, O.; Mucciolo, D.P.; Bacherini, D.; Cipollini, F.; Passerini, I.; Virgili, G.; Rizzo, S.
EDI-OCT Evaluation of Choroidal Thickness in Retinitis Pigmentosa. Eur. J. Ophthalmol. 2018, 28, 52–57. [CrossRef] [PubMed]

32. Chhablani, J.; Jonnadula, G.B.; Srinivasa Rao, P.; Venkata, A.; Jalali, S. Choroidal Thickness Profile in Retinitis Pigmentosa–
Correlation with Outer Retinal Structures. Saudi J. Ophthalmol. 2016, 30, 9–13. [CrossRef]

33. Sabbaghi, H.; Ahmadieh, H.; Jalili, J.; Behnaz, N.; Fakhri, M.; Suri, F.; Kheiri, B.; Rajabpour, M.; Entezari, M.; Daftarian, N.
Choroidal Thickness in Different Types of Inherited Retinal Dystrophies. J. Ophthalmic Vis. Res. 2020, 15, 351–361. [CrossRef]
[PubMed]

34. Ayton, L.N.; Guymer, R.H.; Luu, C.D. Choroidal Thickness Profiles in Retinitis Pigmentosa. Clin. Experiment. Ophthalmol. 2013,
41, 396–403. [CrossRef] [PubMed]

35. Yeoh, J.; Rahman, W.; Chen, F.; Hooper, C.; Patel, P.; Tufail, A.; Webster, A.R.; Moore, A.T.; Dacruz, L. Choroidal Imaging in
Inherited Retinal Disease Using the Technique of Enhanced Depth Imaging Optical Coherence Tomography. Graefes Arch. Clin.
Exp. Ophthalmol. 2010, 248, 1719–1728. [CrossRef]

36. Dhoot, D.S.; Huo, S.; Yuan, A.; Xu, D.; Srivistava, S.; Ehlers, J.P.; Traboulsi, E.; Kaiser, P.K. Evaluation of Choroidal Thickness
in Retinitis Pigmentosa Using Enhanced Depth Imaging Optical Coherence Tomography. Br. J. Ophthalmol. 2013, 97, 66–69.
[CrossRef]

37. Ayyildiz, O.; Ozge, G.; Kucukevcilioglu, M.; Ozgonul, C.; Mumcuoglu, T.; Durukan, A.H.; Mutlu, F.M. Is There a Relationship
between Outer Retinal Destruction and Choroidal Changes in Cone Dystrophy? Arq. Bras. Oftalmol. 2016, 79, 315–318. [CrossRef]
[PubMed]

38. Manjunath, V.; Taha, M.; Fujimoto, J.G.; Duker, J.S. Choroidal Thickness in Normal Eyes Measured Using Cirrus HD Optical
Coherence Tomography. Am. J. Ophthalmol. 2010, 150, 325–329.e1. [CrossRef] [PubMed]

39. Adhi, M.; Regatieri, C.V.; Branchini, L.A.; Zhang, J.Y.; Alwassia, A.A.; Duker, J.S. Analysis of the Morphology and Vascular Layers
of the Choroid in Retinitis Pigmentosa Using Spectral-Domain OCT. Ophthalmic Surg. Lasers Imaging Retina 2013, 44, 252–259.
[CrossRef] [PubMed]

http://doi.org/10.1136/bjophthalmol-2016-308869
http://www.ncbi.nlm.nih.gov/pubmed/27628426
http://doi.org/10.1167/iovs.18-23819
http://www.ncbi.nlm.nih.gov/pubmed/30140905
http://doi.org/10.1016/j.ajo.2019.02.007
http://www.ncbi.nlm.nih.gov/pubmed/30771335
http://doi.org/10.1159/000488711
http://doi.org/10.3389/fimmu.2021.613051
http://www.ncbi.nlm.nih.gov/pubmed/33968016
http://doi.org/10.1167/iovs.18-24143
http://doi.org/10.18240/ijo.2017.04.17
http://doi.org/10.1117/1.JMI.5.1.014002
http://www.ncbi.nlm.nih.gov/pubmed/29430477
http://doi.org/10.1167/iovs.15-17338
http://www.ncbi.nlm.nih.gov/pubmed/26444725
http://doi.org/10.1001/jamaophthalmol.2014.5604
http://www.ncbi.nlm.nih.gov/pubmed/25590640
http://doi.org/10.4103/ijo.IJO_148_19
http://www.ncbi.nlm.nih.gov/pubmed/31856490
http://doi.org/10.1016/j.ajo.2015.08.025
http://doi.org/10.4103/ojo.OJO_21_2017
http://www.ncbi.nlm.nih.gov/pubmed/29930450
http://doi.org/10.5301/ejo.5000961
http://www.ncbi.nlm.nih.gov/pubmed/28604982
http://doi.org/10.1016/j.sjopt.2015.09.003
http://doi.org/10.18502/jovr.v15i3.7454
http://www.ncbi.nlm.nih.gov/pubmed/32864066
http://doi.org/10.1111/j.1442-9071.2012.02867.x
http://www.ncbi.nlm.nih.gov/pubmed/22957991
http://doi.org/10.1007/s00417-010-1437-3
http://doi.org/10.1136/bjophthalmol-2012-301917
http://doi.org/10.5935/0004-2749.20160090
http://www.ncbi.nlm.nih.gov/pubmed/27982211
http://doi.org/10.1016/j.ajo.2010.04.018
http://www.ncbi.nlm.nih.gov/pubmed/20591395
http://doi.org/10.3928/23258160-20130503-08
http://www.ncbi.nlm.nih.gov/pubmed/23676227


Int. J. Mol. Sci. 2022, 23, 7607 10 of 10

40. Müller, P.L.; Fimmers, R.; Gliem, M.; Holz, F.G.; Charbel Issa, P. Choroidal Alterations in ABCA4-Related Retinopathy. Retina
Phila. PA 2017, 37, 359–367. [CrossRef] [PubMed]

41. Nunes, R.P.; Rosa, P.R.; Giani, A.; Goldhardt, R.; Thomas, B.; Garcia Filho, C.A.; Gregori, G.; Feuer, W.; Lam, B.L.; Staurenghi, G.;
et al. Choroidal Thickness in Eyes With Central Geographic Atrophy Secondary to Stargardt Disease and Age-Related Macular
Degeneration. Ophthalmic Surg. Lasers Imaging Retina 2015, 46, 814–822. [CrossRef] [PubMed]

42. Agrawal, R.; Gupta, P.; Tan, K.-A.; Cheung, C.M.G.; Wong, T.-Y.; Cheng, C.-Y. Choroidal Vascularity Index as a Measure of
Vascular Status of the Choroid: Measurements in Healthy Eyes from a Population-Based Study. Sci. Rep. 2016, 6, 21090. [CrossRef]
[PubMed]

43. Wei, X.; Mishra, C.; Kannan, N.B.; Holder, G.E.; Khandelwal, N.; Kim, R.; Agrawal, R. Choroidal Structural Analysis and
Vascularity Index in Retinal Dystrophies. Acta Ophthalmol. 2019, 97, e116–e121. [CrossRef] [PubMed]

http://doi.org/10.1097/IAE.0000000000001169
http://www.ncbi.nlm.nih.gov/pubmed/27414126
http://doi.org/10.3928/23258160-20150909-05
http://www.ncbi.nlm.nih.gov/pubmed/26431296
http://doi.org/10.1038/srep21090
http://www.ncbi.nlm.nih.gov/pubmed/26868048
http://doi.org/10.1111/aos.13836
http://www.ncbi.nlm.nih.gov/pubmed/30178525

	Introduction 
	Fundus Autofluorescence and Near Infrared Autofluorescence 
	Fluorescein Angiography and Indocyanine Green Angiography 
	Optical Coherence Tomography Angiography and Spectral Domain Optical Coherence Tomography 
	Hyperreflective Foci 
	Choroidal Thickness 
	Choroidal Vascularity Index 
	Conclusions 
	References

