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Abstract
Retinal imaging has greatly expanded our understanding of
various pathological conditions. This article presents a sum-
mary of the key points covered during the 2022 Oph-
thalmologica Lecture held at the Euretina Congress in Ham-
burg. The first part of the article focuses on the use of optical
coherence tomography angiography to examine and com-
prehend the choroid in age-related macular degeneration
(AMD). Subsequently, we delve into the discussion of the
“postreceptor neuronal loss” theory in AMD, whichwas studied
using en face structural optical coherence tomography (OCT).
Following that, we explore pertinent findings obtained
through cross-sectional OCT in retinal and optic nerve diseases,
such as AMD, diabetic macular edema, pathologic myopia,
central serous chorioretinopathy, and Leber’s hereditary optic
neuropathy. © 2023 S. Karger AG, Basel

Introduction

Retinal imaging is an essential modality for the as-
sessment of patients with different retinal disorders as it
provides high-resolution morphological information
about the retinal and choroidal layers. Imaging techniques
that include structural optical coherence tomography
(OCT) and OCT angiography (OCTA) are now key
technological tools for the evaluation of macular and
retinal diseases and offer new and important insights into
the pathogenesis of many retinal and choroidal disorders,
including age-related macular degeneration (AMD), dia-
betic macular edema (DME), myopic macular neo-
vascularization (MNV), central serous chorioretinopathy
(CSC). Also, retinal imaging has been employed to study
optic nerve disorders, including Leber’s hereditary optic
neuropathy (LHON). Importantly, these imaging systems
can illustrate important findings that may be associated
with disease progression and visual prognosis (i.e., imaging
biomarkers).

In this review, we will summarize the findings on
structural OCT and OCTA studies of the retina and
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choroid in AMD. Moreover, we will highlight the po-
tential clinical benefit of employing imaging techniques to
define biomarkers associated with disease progression.

OCTA to Improve Our Understanding in AMD

Intermediate AMD
AMD is the leading cause of severe visual impairment

in adults older than 50 years [1]. With the growing aging
population, the global burden of AMD is expected to rise
to around 288 million people [1].

AMD may be classified into different stages including
the advanced forms that may be characterized by the
presence of a MNV and/or retinal pigment epithelium
(RPE) atrophy. These sequelae are usually preceded by
early and intermediate stages which are characterized by
the presence of drusen and/or pigmentary abnormalities
[2]. Although many factors are implicated in the path-
ogenesis of AMD, robust evidence suggests that choroidal
ischemia plays a major role in the development and
progression of AMD [3, 4].

The choriocapillaris (CC) is a highly anastomosed
network of capillaries located between Bruch’s membrane
and the medium-sized choroidal vessels. The homeostasis
of the outer retina relies on the CC’s critical functions.
Specifically, the CC provides nutrients and oxygen to the
RPE and photoreceptors and removes the metabolic
waste material produced by the RPE. Similarly, the CC’s
health is strongly dependent on the outer retinal struc-
tures. As an example, the physiological regulation of the
CC is based on vascular endothelial growth factor
(VEGF) levels, whose production is dependent on the
RPE. Therefore, the CC can be considered as an integral
component of a tightly knit and symbiotic unit with the
photoreceptors and RPE. The dysfunction of this unit
may lead to the development of drusen between the RPE
and Bruch’s membrane and progressive photoreceptor,
RPE, and CC loss.

Different approaches have been used to demonstrate
that microvascular choroidal changes are associated
with AMD. CC dropout has been shown by histo-
pathologic studies to be present and progressive
throughout the different AMD stages [5]. Mullins et al.
[6] found that the density of drusen and other sub-RPE
deposits is inversely correlated with the density of CC
vessels. In addition, the number of nonfunctional cap-
illary segments (i.e., “ghost” vessels) is increased in the
presence of drusen, which may impair trophic signaling
between the RPE and CC, eventually leading to endo-
thelial cell loss.

OCTA has significantly improved our ability to vi-
sualize and assess the CC as this imaging modality has
overcome significant limitations of previous dye-based
imaging techniques for evaluation of the CC [7]. On en
face OCTA imaging of the CC, we may visualize small
dark regions, referred to as flow (or signal) voids, which
alternate with granular bright areas representing CC flow.
Advanced image processing has facilitated quantification
of the total number and average size of CC signal voids in
healthy and AMD eyes [8–12].

Using OCTA, the CC has been extensively studied in
intermediate AMD eyes [13–16]. In an initial study, 42
patients (42 eyes) with intermediate AMD were com-
pared with 20 healthy controls (20 eyes) [13]. The non-
detectable perfused CC area, which is a measure reflecting
the total CC vascular dropout, and the average CC signal
void size were quantified using a spectral domain OCTA
device. In order to mitigate shadowing and projection
artifacts from confounding the analysis, the CC directly
beneath drusen and major retinal vessels was excluded.
Moreover, intermediate AMD patients were divided
according to the fellow eye status, yielding a group of
bilateral intermediate AMD patients and a group with
unilateral intermediate AMD and neovascular AMD in
the fellow eye. This spectral domain study showed no
differences in the non-detectable perfused CC area
among the three groups. However, the average CC signal
void size was significantly increased in patients with
unilateral intermediate AMD, as compared with both
bilateral intermediate AMD and healthy individuals. We
speculate that this apparent discrepancy between non-
detectable perfused CC area and signal void size could be
secondary to a compensatory VEGF-driven CC hyper-
vascularity under the hypoxic RPE. Since fellow inter-
mediate AMD eyes of patients with unilateral neovascular
AMD are known to be at higher risk of progressing to late
AMD [17], these results would seem to corroborate the
presence of an ischemic choroidopathy that may pre-
dispose to the development of neovascularization.
Therefore, CC alterations appear to play a relevant role in
the pathogenesis of neovascular AMD. Amajor limitation
of the latter study was the inability to evaluate the CC
beneath drusen as a spectral domain device was employed
to analyze images. However, previous histopathological
studies have suggested that drusen may preferentially
develop over areas of vascular depletion [6]; therefore, it
was hypothesized that OCTAmay show zonal differences
in CC perfusion in patients with intermediate AMD.

To clarify whether the CC perfusion may have to-
pographical differences in patients with intermediate
AMD, in a follow-up study [14], we employed a swept-

Multimodal Imaging in Ocular Disorders Ophthalmologica 2023;246:278–294
DOI: 10.1159/000533910

279

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
k
a
r
g
e
r
.
c
o
m
/
o
p
h
/
a
r
t
i
c
l
e
-
p
d
f
/
2
4
6
/
5
-
6
/
2
7
8
/
4
0
5
9
8
6
9
/
0
0
0
5
3
3
9
1
0
.
p
d
f
 
b
y
 
g
u
e
s
t
 
o
n
 
2
5
 
M
a
r
c
h
 
2
0
2
6

https://doi.org/10.1159/000533910


source OCTA device which facilitated a more precise
assessment of the CC under drusen owing to a longer
wavelength that improves RPE penetration [18]. In this
swept-source study, 30 eyes with intermediate AMD and
30 healthy controls were prospectively enrolled. Impor-
tantly, CC images were investigated in three different
regions in order to provide a topographical analysis, as
follows: (i) drusen region, (ii) 150-μm-wide ring around
the drusen margin, and (iii) drusen-free region. Com-
pared with controls, intermediate AMD eyes showed an
overall lower number of signal voids, a greater signal void
average size, and a greater signal void total area. Of note,
changes in these metrics were greater in regions beneath
and near drusen, corroborating previous findings that
drusen may preferentially develop over areas of vascular
depletion [6].

Retinal imaging has been also employed to investigate
the outer retinal dysfunction that results as a consequence
of CC impairment in intermediate AMD eyes. Data from
several studies using different approaches reported that
photoreceptors may be affected in AMD eyes [19, 20]. An
histopathological report by Curcio and colleagues [19]
showed that eyes with drusen are characterized by a
significant reduction in photoreceptor number. More-
over, using adaptive optics scanning laser ophthalmos-
copy, Boretsky et al. [20] demonstrated a progressive
reduction in photoreceptor density throughout pro-
gressive AMD stages. Since CC flow appears to be crucial
for proper sustenance of photoreceptors, the reduction in
CC perfusion in AMD eyes might provide a potential
rationale for damage to photoreceptors via an ischemic
mechanism [5]. Therefore, multimodal imaging was
employed to explore associations between CC alterations
and photoreceptor damage in intermediate AMD eyes
[21]. The latter damage was quantitatively assessed by
analyzing the reflectivity of the en face OCT images
segmented at the ellipsoid zone (EZ) level. The reflectivity
signal arising from the EZ seems to originate from the
photoreceptor inner segment ellipsoids, which are
densely packed with mitochondria (Fig. 1, 2) [22]. As-
suming that both damage and dysfunction of photore-
ceptors may be visualized as hyporeflective areas on the
en face image, several reports have analyzed the re-
flectivity of the EZ as a surrogate for photoreceptor
damage [23, 24]. A major challenge in using en face
structural OCT to assess photoreceptor reflectivity is the
presence of ancillary patient-dependent factors (e.g.,
cataract) that may significantly influence structure
brightness and confound comparisons across a cohort. To
solve the latter problem, several reports have successfully
“normalized” the images [25–28].

In a study of 35 patients (35 eyes) with intermediate
AMD and 35 healthy individuals (35 eyes), swept-source
OCT and OCTA imaging were employed to topo-
graphically correlate photoreceptor and CC impairment,
respectively [21]. In the latter study, the “normalized” EZ
reflectivity was significantly reduced in intermediate
AMD eyes, even after considering only regions without
drusen. The latter results suggested a significant and
diffuse impairment of photoreceptors in these eyes. More
importantly, the “normalized” EZ reflectivity was posi-
tively associated with CC perfusion in the drusen-free
region, while no relationship between these two pa-
rameters was seen in regions with drusen, as well as in
healthy eyes. Therefore, these results suggested that in
AMD, there appears to be some pathological dependence
between CC perfusion and photoreceptor impairment, at
least in regions without drusen.

In intermediate AMD, the relationship between pho-
toreceptor damage and CC perfusion was also investigated
using multifocal electroretinogram (mfERG) and OCTA,
respectively [16]. In the latter study, 17 eyes from 17 patients
with intermediate AMD were prospectively enrolled. In
order to provide a topographical analysis, the amplitude and
implicit time ofmfERG amplitudes and implicit times of N1
(first negative component) and P1 (first positive compo-
nent) of the first-order kernel recorded in the two central
rings (i.e., R1 and R2) were included in the analysis. The
latter strategy was based on the assumption that the two
central rings overlay a 2.8-mm-diameter circle area centered
on the fovea, similar to the region covered by the OCTA
scan. Overall, the latter study demonstrated that both the
total area covered by signal voids and average signal void
size had a significant direct relationship with N1 implicit
time. As the N1 wave is thought to originate from the
postreceptoral signals after cones, whereas the P1 wave is
known to be more influenced by the inner retina, we as-
sumed that the CC changes may mainly affect post-
photoreceptor function. In addition, the association be-
tween CC changes and mfERG implicit time, but not re-
sponse amplitude, may suggest the presence of an associ-
ation with neuroretinal functional abnormalities rather than
actual cell loss [29].

Type 3 MNV in Neovascular AMD
Type 3MNVwas first described by Hartnett et al. [30] in

1992 to refer to a distinct form of intraretinal MNV as-
sociated with AMD. This lesion was described as a “deep
retinal vascular anomalous complex” located in the outer
retina that may be associated with a pigment epithelium
detachment (PED). Subsequently, Yannuzzi et al. [31]
coined the term retinal angiomatous proliferation (RAP) to
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refer to this peculiar type of MNV. Finally, the term type 3
MNV was employed in order to expand Gass’ anatomical
classification for AMD-associated MNVs [32].

Over recent years, various authors have sought to
elucidate the actual origin of type 3 MNV using both
histologic and advanced structural OCT and OCTA
imaging analysis. Histopathological studies demonstrated
that these lesions contain vascular elements of retinal

derivation, including collagenous material andMüller cell
processes, which implant into the sub-RPE space without
evidence of connections with the CC [33, 34]. Further-
more, imaging studies clearly showed that type 3 MNV
originates from the deep retinal capillary plexus and
descends toward the RPE which is usually detached
because of the presence of an associated fibrovascular,
drusenoid, or serous PED [35–39].

Fig. 1. Representative image of photoreceptor status in a healthy individual. The OCT B-scan image (top)
showing the integrity of the outer retina is overlaid by a cartoon render of healthy photoreceptors. The cor-
responding EZ en face image (bottom left) displays a high and uniform reflectivity representative of preserved
photoreceptor structure. A magnification of the cartoon render of healthy photoreceptors (bottom right) displays
densely packed mitochondria at the inner segment level.
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The development of type 3 MNV appears to be as-
sociated with an imbalance between VEGF and other
RPE-derived cytokines [40]. It was indeed demonstrated
that in eyes with untreated neovascular AMD, the
aqueous humor levels of VEGF were significantly higher
in eyes with type 3 MNV versus eyes with type 1 or type 2
MNV, which originate from the choroid rather than
the retina [40]. Therefore, outer retinal ischemia was

proposed as a driving mechanism, eventually leading to
the development of this form of MNV. The latter theory
was further corroborated by structural OCT studies
showing a reduced choroidal thickness in subjects with
AMD and type 3 MNV [41, 42].

Considering the central role of the CC in the
nourishment of the outer retina and RPE, several
OCTA reports have investigated the CC in eyes with

Fig. 2. Representative image of photoreceptor status in a patient
with intermediate AMD. The OCT B-scan image (top) demon-
strates the presence of large drusen with associated disruption of
the EZ layer. The corresponding EZ en face image (bottom left)
demonstrates areas of reduced reflectivity indicating photore-

ceptor impairment mainly co-localized with presence of drusen. In
the cartoon render image (bottom right), photoreceptors in pa-
tients with AMD are characterized by loss of mitochondria sec-
ondary to RPE impairment, presence of drusen and CC
hypoperfusion.
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type 3 MNV. In a spectral domain OCTA study, we
quantitatively evaluated the CC in eyes affected by type
3 MNV and in the fellow unaffected eyes (i.e., without
evidence of MNV) [43]. In addition, the latter eyes
were compared with the fellow unaffected eyes of
patients with unilateral type 1 or 2 MNV. Specifically,
21 patients with unilateral type 3 MNV and 20 indi-
viduals with unilateral type 1 or 2 MNV were analyzed.
In the OCTA analysis, both the total area occupied by
signal voids and the average CC signal void size
(i.e., both variables reflecting the CC hypoperfusion)
were significantly higher in eyes with type 3 MNV as
compared with the fellow unaffected eyes. These
findings suggest that CC hypoperfusion may cause
ischemic abnormalities of the RPE, eventually leading
to the development of type 3 MNV. Notably, the fellow
unaffected eyes of patients with unilateral type 3 MNV
showed a greater CC impairment as compared with the
fellow unaffected eyes with unilateral type 1/2 MNV.
The latter results appear to suggest that CC hypo-
perfusion affects both eyes in patients with unilateral
type 3 MNV, which may partially explain the increased
risk of these unaffected eyes to develop type 3 MNV
over time.

A subsequent study employing swept-source tech-
nology and image compensation with structural in-
formation confirmed previous findings of CC hypo-
perfusion in eyes with type 3 MNV [44]. In this study,
26 type 3 MNV eyes from 21 patients and 26 inter-
mediate AMD eyes from 17 patients were analyzed. As
compared with intermediate AMD eyes, both the total
area occupied by signal voids and the average CC signal
void size were increased in eyes with type 3 MNV.
Taken together, results from OCTA studies appear to
corroborate the hypothesis that the CC impairment
may play a relevant role in the development of type 3
MNV, perhaps even greater than in eyes with type 1/
2 MNV.

OCTA has provided a reliable and detailed illustration
of the microvascular morphology of type 3 MNV. These
lesions appear to be characterized by a distinct high-flow,
tuft-like capillary network which is localized in the outer
retina and appears to develop from the deep retinal
capillary plexus with downgrowth to the sub-RPE space
[7]. Notably, precursor lesions without exudation
(i.e., nascent type 3MNV)may precede moremature type
3 lesions associated with significant exudation and may
also be visualized on OCTA images with the presence of
flow confined to the outer retina and associated with the
existence of hyper-reflective foci (HRFs) on structural
OCT images [7].

OCTA data are commonly visualized using two-
dimensional (2D) B-scan or en face images [45]. How-
ever, a 2D visualization may be inadequate to describe
vascular entities that span multiple retinal layers and
extend vertically (e.g., type 3 MNV) to the RPE. More-
over, 2D images may be limited by overlapping anatomy
and vessel foreshortening [45]. Therefore, several reports
have employed a three-dimensional (3D) volume-
rendered visualization of OCTA data with projection
artifact removal to describe intraretinal lesions, including
type 3 MNV [46–52].

In two previous reports, 3D OCTA visualization was
employed to fully characterize type 3 MNV in vivo
(Fig. 3) [53, 54]. In an initial study, 13 patients (15 eyes)
with AMD and treatment-naïve type 3 MNV were
prospectively enrolled [53]. In order to obtain 3D visu-
alization of type 3 lesions, a previously validated algo-
rithm [52] was applied to OCTA volume data that were
first processed with a volume projection removal algo-
rithm. The latter analysis showed that treatment-naïve
type 3 lesions appear as vascular branches originating
from the deep retinal capillary plexus. Of note, a number
of these vascular branchesmay suddenly terminate within
the outer retinal layers, as they may constitute immature
(or nascent) lesions. In contrast, other branches appear to
reach the sub-RPE space and may eventually connect and
merge with other branches to form a glomerular lesion.
Furthermore, 3D visualization can enhance the recog-
nition of type 3 lesions as a higher number of branches
emerging from the deep retinal capillary plexus may be
distinguished with 3D versus 2D visualization (35 vs. 22
lesions identified, respectively). Taken together, these
findings seem to suggest that a volume-rendered 3D
visualization may be more appropriate to characterize
type 3 lesions by resolving the limitations of anatomic
overlap.

In a subsequent study, a volume-rendered 3D visuali-
zation was employed to provide a longitudinal description of
changes in MNV features occurring after anti-VEGF in-
travitreal therapy [54]. Histologically, type 3 lesions do not
completely regress after anti-VEGF treatment [55, 56]. This
was speculated to be related to their intrinsic structure, as
type 3 lesions have a complex organization [55]. Therefore,
using volume-rendered 3D OCTA, we studied the modi-
fications occurring to 14 treatment-naïve eyes with type 3
MNVundergoing a loading dose of anti-VEGF therapy [54].
At the follow-up visit (i.e., 30 days after the third anti-VEGF
injection), all the analyzed eyes were still characterized by the
presence of a type 3 MNV complex, although a number of
eyes showed absence of exudation after treatment. Our
analysis also revealed that the number of branches
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significantly decreased after treatment (mean number of
2.5 ± 0.7 vascular branches at baseline and 1.4 ± 0.6 at the
follow-up visit). More importantly, the extent of decrease in
type 3 MNV branching was directly correlated with re-
duction in central macular thickness and improvement in
visual acuity. The latter finding may suggest that a volume-
rendered 3D OCTA visualization of vessel branching may
provide an imaging biomarker of treatment response.

En face Structural OCT to Investigate the Postreceptor
Functional Loss in AMD

Although AMD is primarily considered to be an outer
retinal disease, increasing evidence suggests that the inner
retinal layers are also affected from the early stages of this
disease [57, 58]. The involvement of the innermost retinal
layers in AMD may be explained by at least 3 potential
hypotheses: (i) postreceptoral ischemia, (ii) mechanical
compression from underlying drusen, and (iii) postreceptor

functional loss [15]. According to the latter theory, the
neuronal damage occurring in the inner retina is caused by
disorganized synaptic architecture and transneuronal de-
generation over time, due to chronically reduced input to
the inner retina secondary to photoreceptor damage [15, 58,
59]. In a structural OCT study [15], 68 eyes from 68 patients
with intermediate AMD and 50 eyes from 50 healthy
subjects were retrospectively analyzed to better understand
the relationship between inner neuronal loss and photo-
receptor damage in intermediate AMD.While the latter was
assessed by analyzing the EZ reflectivity, the inner neuronal
loss was quantified by measuring the ganglion cell complex
(GCC) thickness. In the intermediate AMD cohort, the
average or minimum GCC thickness was thinner, as
compared with healthy controls. Notably, the EZ “nor-
malized” reflectivity appeared to have a strong significant
direct relationship with GCC thickness in AMD patients,
while no relationship between these two parameters was
seen in healthy eyes. Furthermore, those eyes exhibiting a
greater outer retinal damage after the transition from

a b c

e

d

f g h

Fig. 3.Multimodal imaging of the left eye of an 80-year-old woman
diagnosed with type 3 MNV. Before therapy (a–d); after therapy
(e–h). The green arrow in the near-infrared reflectance image
(a, e) illustrates the location and direction of the structural OCT
B-scan (b, f) demonstrating presence of a type 3 MNV with
associated intraretinal fluid. The 3D volume rendering
visualization of flow within the region with the type 3 MNV
complex (c, g) demonstrates the presence of several branches
(highlighted with white asterisks) originating from the deep
vascular complex and moving downward obliquely. These
neighboring branches seem to converge into various adjacent

glomerular-like lesions (red arrowheads). The 3D volume ren-
dering visualization combining both flow (cyan) and structural
(white) data (d, h) of the same region reveals that glomerular
lesions (red arrowheads) extend to the RPE/sub-RPE space. After
three intravitreal aflibercept injections, the structural OCT
(b, f) displays absence of signs of exudation. The 3D volume
rendering visualization of flow (c, g) shows the presence of two
residual intraretinal vascular branches (white asterisks) that do not
appear to reach the RPE/sub-RPE space in the 3D visualization of
combined flow and structural information (d, h). (Reproduced
with permission from Borrelli et al. [54], 2021 © Elsevier.)
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intermediate to neovascular AMD were features by a larger
GCC longitudinal thinning [60]. Thus, these results may
suggest that in AMD there is some pathologic dependence
between these two neuroretinal structures and would seem
to corroborate the postreceptoral theory for the explanation
of the inner retina damage occurring in intermediate AMD
(Fig. 4).

Identification of Biomarkers Using Cross-Sectional
Structural OCT

Structural OCT has become an essential tool for the
assessment of individuals with retinal and optic nerve
disorders as it provides high-resolution morphological
information about the retinal and choroidal layers.

Fig. 4. Cartoon rendered repre-
sentation of the inner retinal in-
volvement in AMD. According to
the postreceptor functional loss
theory, subsequent damage to
photoreceptors is responsible for a
chronically reduced input to the
inner retina, resulting in trans-
neuronal degeneration over time.
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OCT can also be extremely useful to predict and
evaluate treatment response and guide therapeutic
strategies.

OCT has facilitated the identification of specific fea-
tures associated with disease progression, which may play
a role in a patient-based decision-making process and
may be thus defined as biomarkers [61]. Of note, bio-
markers can be either prognostic or predictive: while
prognostic biomarkers represent clinical or biological
characteristics providing information on patients’ out-
comes regardless of the treatment [61], a predictive
biomarker may indicate the potential benefit from
treatment for a specific patient, as compared to the
baseline condition [61]. Several prognostic and predictive
OCT biomarkers have been described as structural
qualitative or quantitative features associated with dif-
ferent retinal disorders [62–71].

Age-Related Macular Degeneration
Structural OCT is an essential diagnostic tool for the

evaluation of individuals with AMD as provides ana-
tomic details regarding the neuroretina and RPE.
Previous reports have identified several OCT bio-
markers associated with late AMD (i.e., exudative and

neovascular AMD) occurrence and progression. These
biomarkers include the size, volume, and subtype of
drusen, the presence of HRFs, thin double-layer sign,
and subretinal drusenoid deposits (i.e., also known as
reticular pseudodrusen), thinning of the outer retina,
photoreceptor degradation, choroidal thinning, and CC
loss [72–79].

Diabetic Macular Edema
Diabetic retinopathy is a leading cause of visual im-

pairment [80]. DME is a common complication as this
may occur in approximately 12% of diabetic retinopathy
patients [81]. Structural OCT is commonly employed in
the management of patients with DME. Furthermore, this
imaging modality grants a qualitative and quantitative
assessment of structural parameters of the macula with
good precision and reproducibility. Although DME is
defined by an accumulation of intraretinal and/or sub-
retinal fluid with concomitant retinal thickening, this
disease may also be associated with a progressive
structural loss of the neuroretina which may impact vi-
sual outcome for these patients [82–86].

Significantly, the utilization of OCT in evaluating the
retina of DME eyes has yielded both qualitative and

Fig. 5. OCT images showing findings associated with worse
visual outcomes in patients with DME. Representative hori-
zontal optical coherence tomography (OCT) B-scan images
through the fovea from three eyes with resolved DME (above).
A magnified visualization of the foveal region is reported in
the bottom row. OCT images were graded for qualitative
features previously proposed as signs of neuroretina damage.
In details, the appearances of the external limiting membrane
(ELM – red arrowhead), ellipsoid zone (EZ – blue arrowhead),

and retinal pigment epithelium (RPE – green arrowhead) were
graded for integrity. These three OCT bands were intact in the
first case (left) and absent in the second case (middle). The
presence of disorganization of the retinal inner layers
(DRIL – highlighted with the orange arrow) was also graded
(right). Presence of interruption of the ELM or DRIL was
associated with worse visual outcomes in patients with DME.
(Reproduced with permission from Borrelli et al. [62], 2022 ©
Elsevier.)
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a b

c

e

d

Fig. 6. Multimodal imaging of a
patient with successfully treated
myopic MNV and developing dis-
ease recurrence. a, b Early and late-
phase fluorescein angiography (FA)
reveals a hyperfluorescent region
(red arrow) with leakage corre-
sponding to myopic MNV.
c Structural optical coherence to-
mography (OCT) B-scan confirms
the presence of an active type 2
myopic MNV (white arrow) with
fuzzy margin (visual acuity of 20/80
Snellen) in the subretinal space.
d After 2 anti-VEGF injections,
structural OCT shows resolution of
exudation (baseline visit in our
study) and reduction of the sub-
retinal hyper-reflective material
(SHRM) (visual acuity of 20/32
Snellen). Furthermore, baseline risk
factors for disease recurrence are
visualized, including a large region
of patchy atrophy and a wide inac-
tive lesion. At the 14-month follow-
up visit, structural OCT (e) confirms
the presence of disease recurrence
with the type 2 MNV lesion that is
characterized by increased thickness
and a fuzzy margin (visual acuity of
20/63 Snellen) (Reproduced with
permission from Borrelli et al. [64],
2022 © British Medical Journal.)

Multimodal Imaging in Ocular Disorders Ophthalmologica 2023;246:278–294
DOI: 10.1159/000533910

287

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
k
a
r
g
e
r
.
c
o
m
/
o
p
h
/
a
r
t
i
c
l
e
-
p
d
f
/
2
4
6
/
5
-
6
/
2
7
8
/
4
0
5
9
8
6
9
/
0
0
0
5
3
3
9
1
0
.
p
d
f
 
b
y
 
g
u
e
s
t
 
o
n
 
2
5
 
M
a
r
c
h
 
2
0
2
6

https://doi.org/10.1159/000533910


quantitative evaluations, resulting in several biomarkers
linked to the advancement of diseases and visual out-
comes. These biomarkers include thinning of the inner
and outer retinal layers [62], the presence of HRFs within
the retina [87], and disorganization of the inner retinal
layers [88].

In a previous study using structural OCT, specific
qualitative and quantitative modifications of the outer
retina appeared to be correlated with worse long-term
visual acuity in DME eyes undergoing anti-VEGF
treatment (Fig. 5) [62]. Specifically, the latter study
enrolled patients with an extended follow-up (i.e., >5
years) and confirmation of DME resolution in at least
one assessment (study visit) after 5 years of visits fol-
lowing the initiation of anti-VEGF intravitreal treat-
ment. Fifty patients (61 eyes) were analyzed and two
subgroups (i.e., 24 eyes with a visual acuity lower than
20/40 constituting a “poor/intermediate vision” group
and 37 eyes with a visual acuity higher than 20/40
constituting a “good vision” group). In the latter study,
the neuroretina was qualitatively and quantitatively
assessed with a topographic analysis in order to detect
changes occurring at the level of the inner and outer
retina. In addition to previous studies using structural
OCT that have demonstrated that eyes with resolved
DME may manifest a thinning of the outer retinal layers
[83–86], results from this study [62] demonstrated that
the thicknesses of the foveal and parafoveal outer retina
are significantly lower in subjects with worse long-term
visual outcomes. Notably, damage of the external lim-
iting membrane in the foveal region was also demon-
strated to be associated with worse visual outcomes in
these patients.

Myopic MNV
MNV represents a common sight-threatening com-

plication in pathologic myopia as it may affect up to
5–11% of these individuals [89]. Although anti-VEGF
therapy is efficacious for treatment of myopic MNV and
these lesions typically show a rapid therapeutic response,
patients may experience recurrences that significantly
impact long-term visual outcomes [90, 91]. However,
early diagnosis and timely treatment of active myopia-
associated MNV can improve visual outcomes in these
patients [92].

A recent study [64] investigated the presence of OCT
biomarkers associated with a higher likelihood for de-
velopment of exudative recurrence in eyes with newly
diagnosed myopic MNV that were successfully treated
with anti-VEGF therapy (Fig. 6). In this study,
64 treatment-naïve eyes with myopic MNV were analyzed

once the exudation was resolved after anti-VEGF
therapy. Potential factors which could correlate with
disease recurrence within 36 months after resolution of
exudation were assessed, including demographics,
clinical characteristics, and structural OCT findings.
Among the demographic and clinical factors, age,
gender, and the number of anti-VEGF injections to
resolve exudation at the first occurrence did not sig-
nificantly impact the 3-year incidence of recurrence.
However, the maximum MNV width measured on
structural OCT images at baseline was associated with a
greater risk for disease recurrence. The latter finding was
in agreement with previous fluorescein angiography
studies showing that baseline MNV size was a significant
risk factor for recurrence of exudation [93]. Of note, the
MNV size may indirectly reflect the extent of choroidal
flow abnormalities, which may play an important
pathogenic role driving MNV growth.

In addition, the same study also demonstrated that a
larger region of patchy atrophy was also associated with a
greater risk of disease recurrence. The latter finding
further confirms that similar mechanisms related to
choroidal ischemia may drive either development of
MNV or atrophy. These findings may help in the iden-
tification of patients at higher risk of recurrence and
inform the best strategy for follow-up.

Central Serous Chorioretinopathy
CSC is a common disease usually affecting the

working-age population and typically characterized by
idiopathic accumulation of sub-RPE and subretinal
fluid [94–96]. While the acute form of CSC is notable for
a self-limited course with spontaneous resolution of
fluid and an excellent prognosis [97], the chronic form
of CSC can be complicated by persistent fluid and the
development of MNV [98], cystoid macular degener-
ation [99], and large regions of RPE atrophy [100, 101].
These factors may portend a worse visual prognosis and
can occur even after the resolution of subretinal fluid
(“resolved” CSC) [102]. Given that effective therapies
are available for CSC-associated exudative MNV
[103–106] and treatments may become available in the
near future for cystoid macular degeneration and
macular RPE atrophy, it would be of great importance
to detect these complications at the earliest stage
possible.

A previous longitudinal study over 3 years was de-
signed to explore the relationships in the demographics,
clinical characteristics, structural OCT findings, and
development of macular complications in a cohort of eyes
with “resolved” chronic (resolution lasting at least 6
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months) CSC at the study baseline (Fig. 7) [63]. Among
the demographic and clinical factors, age, sex, and
previous photodynamic therapy exposure did not sig-
nificantly impact the 3-year progression to macular
complications. On the contrary, the presence of inner
choroidal attenuation on structural OCT images was
associated with a greater risk for progression to MNV. A
thinning of the inner choroid was hypothesized to be the
result of primary atrophy of the CC or, alternatively, to
occur because of mechanical compression from un-
derlying enlarged vessels [107]. The association between
inner choroidal thinning and progression to MNV
confirmed previous findings that choroidal ischemia
may drive the emergence and growth of choroidal ne-
ovascularization in these eyes through an increase in
VEGF levels. Similarly, the presence of intraretinal HRFs
on OCT images, which may represent intraretinal mi-
grated RPE cells producing VEGF [63] and which may
be the result of CC ischemia, was an additional baseline
risk factor for the development of MNV.

In the same study, the presence of inner choroidal at-
tenuation, outer nuclear layer thinning, and dome-shaped
PED were independent risk factors for the development of
RPE atrophy within 3 years. Interestingly, the presence of a
dome-shaped PED was the most predictive of the three

parameters. The development of dome-shaped PEDs is
thought to be secondary to a sustained elevation of the
hydrostatic pressure below the RPE [108]. This may
eventually result in the PED’s collapse and consequent RPE
atrophy. Greater RPE displacement from the inner choroid
may increase the risk of RPE ischemia and atrophy, es-
pecially at the apex [66].

Leber’s Hereditary Optic Neuropathy
In addition to retinal disorders, imaging biomarkers

can also be useful in the assessment of patients with optic
nerve disorders. Structural OCT has been indeed em-
ployed to describe both cross-sectional values and lon-
gitudinal alterations in RNFL and ganglion cell-inner
plexiform layer (GC-IPL) thicknesses in different optic
nerve disorders, including LHON [109–111].

LHON is a mitochondrial disease which selectively
affects retinal ganglion cells and their axons converging in
the optic nerve [112, 113]. Idebenone may be an effi-
cacious and safe therapy in patients with LHON, as it is
associated with a better visual prognosis in these pa-
tients [114].

In order to define baseline biomarkers associated
with a better visual outcome in LHON patients treated
with idebenone, a recent study on 17 patients (34 eyes)

a b c

e

d

f g h

Fig. 7.Multimodal imaging of a patient with “resolved” chronic CSC
and development of type 1 choroidal neovascularization. Top panel:
baseline; bottom panel: 18-month follow-up visit. Early (a), mid-
(b), and late-phase (c) indocyanine green angiography (ICGA) reveals
choroidal hyperpermeability and absence of CNV.d Structural optical
coherence tomography (OCT) image reveals the presence of baseline
risk factors for CNV development, including inner choroidal at-

tenuation (red arrows). At the 18-month follow-up visit, early (e),
mid- (f), and late-phase (g) ICGA displays a hyperfluorescent
macular lesion. h Structural OCT confirms the presence of a type 1
CNV (yellow arrow) with subretinal hyper-reflective material and
fluid. The location of the neovascularization on the structural OCT
corresponds with the hyperfluorescent area on ICGA. (Reproduced
with permission from Borrelli et al. [63], 2021 © Elsevier.)
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aimed to determine whether an association exists
among the baseline anatomic characteristics detected
with structural OCT, the clinical features of this disease,
and long-term visual outcomes in patients with LHON
treated with idebenone within 1 year after disease on-
set [115].

Among the demographic and clinical factors, age,
gender, and time elapsed between symptoms’ onset and
initiation of therapy did not significantly impact the 2-
year visual outcome [115]. Conversely, the multivariable
analysis demonstrated that the superior, supero-
temporal, and infero-temporal macular GC-IPL thick-
nesses were significantly associated with the 2-year visual
outcome in these patients. In contrast, there were no
significant associations between RNFL thicknesses and
visual outcome, which is consistent with previous reports
showing that the peripapillary RNFL thickness may fail to
provide OCT biomarkers of visual outcomes in patients
with LHON. Specifically, the RNFL thickness does not
appropriately reflect optic nerve atrophy at the earliest
stages of LHON since a preserved RNFL thickness on
OCT may be the result of a combination of both swelling
of fibers and loss or atrophy, rather than a pure indicator
of actual preservation of NFL anatomy [110].

Conversely, the status of the GC-IPL in the macular
region may better reflect the number of preserved gan-
glion cells in patients with LHON, and the GC-IPL
thickness was significantly associated with improvement
in visual acuity in patients with LHON treated with
idebenone within 1 year after disease onset. Interestingly,
results of the above-mentioned study [115] demonstrated
that this association was significant in the superior and
temporal parafoveal sectors of the macula, while this
association was not significant in the inferior and nasal
regions. The former corresponds to the upstream portion
of the papillomacular bundle where mitochondrial dys-
function affects ganglion cells early on [109]. Therefore,
the assessment of the GC-IPL thickness in the superior
and temporal regions may better reflect the extent of
ganglion cell preservation; therefore, this may appear to
be a better strategy to select those patients that might gain
benefit from idebenone therapy.

Conclusions

This review highlights new insights regarding the
retina and choroid in subjects with AMD and other
retinal and optic nerve disorders as revealed by structural
OCT and OCTA imaging. Most of these findings have

been discussed during the Ophthalmologica Lecture
discussed by Dr. Enrico Borrelli during the 2022 Euretina
meeting.

Although retinal imaging has improved our un-
derstanding in several retinal and optic nerve disorders,
this remains in a state of rapid evolution and devel-
opment and future advances in imaging technologies
will further elucidate whether these insights are con-
firmed and clinically relevant. However, remarkable
insights in AMD have been achieved with retinal im-
aging, and these findings have been corroborated by
prior histological studies. Importantly, OCTA systems
have provided incredible in vivo representations of the
CC and highlighted that the inner choroid may play an
integral role in the pathophysiology of AMD. Also,
novel algorithms applied to OCTA data have allowed a
3D visualization of type 3 MNV that, for the first time,
resemble the histopathological representations. Finally,
the employment of structural OCT to characterize
patients with macular and optic nerve disorders
(i.e., AMD, DME, pathologic myopia, CSC, and LHON)
cannot be underestimated. Structural OCT provides a
simple, fast, and noninvasive tool to detect clinical
biomarkers of disease progression that may guide time
of follow-ups and treatment strategies. In summary,
retinal imaging has offered important insights into
retinal and optic nerve disorders and represents a
potential and powerful tool to evaluate and characterize
many important ocular diseases.
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