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Hyperreflective foci (HRF) is a term coined to depict hyperreflective dots or roundish lesions within retinal layers visualized
through optical coherence tomography (OCT). Histopathological correlates of HRF are not univocal, spacing from migrating
retinal pigment epithelium cells, lipid-laden macrophages, microglial cells, and extravasated proteinaceous or lipid material.
Despite this, HRF can be considered OCT biomarkers for disease progression, treatment response, and prognosis in several retinal
diseases, including diabetic macular edema, age-related macular degeneration (AMD), retinal vascular occlusions, and inherited
retinal dystrophies. The structural features and topographic location of HRF guide the interpretation of their significance in
different pathological conditions. The presence of HRF less than 30 ym with reflectivity comparable to the retinal nerve fiber layer
in the absence of posterior shadowing in diabetic macular edema indicates an inflammatory phenotype with a better response to
steroidal treatment. In AMD, HRF overlying drusen are associated with the development of macular neovascularization, while
parafoveal drusen and HRF predispose to macular atrophy. Thus, HRF can be considered a key biomarker in several common
retinal diseases. Their recognition and critical interpretation via multimodal imaging are vital to support clinical strategies
and management.

1. Introduction

The advent of optical coherence tomography (OCT) has
dramatically changed the comprehension of pathophysio-
logical mechanisms underlying retinal disease by detecting
novel structural alterations in vivo [1]. The term “hyper-
reflective foci (HRF)” was coined to describe any hyper-
reflective lesion, focal or dotted in appearance, visualized on
OCT at any retinal layer [2]. However, the clinicopatho-
logical correlate of HRF remains uncertain, ranging from
lipid extravasation in diabetic macular edema (DME) [2],
migrating retinal pigment epithelium (RPE) cells,

macrophages/microglia in AMD [3-5], and degenerated
photoreceptor cells [6].

The presence of HRF has revealed prognostic and clinical
implications in several retinal diseases [7-12] and has
influenced the evaluation of treatment response in DME
[13,14]. In particular, HRF have been hypothesized to
represent microglial cells when responding to specific
morphometric criteria visible on OCT B-scans. Their
characterization has improved the recognition of a pre-
ponderant inflammatory component that drives the man-
agement and treatment response of DME [15-18]. Beyond
the established role of HRF as biomarkers in DME, their
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recognition and evaluation in various other retinal disorders
might lead to a change in management, treatment, and
prognosis.

The present study aims to provide an overview of the
existing literature on HRF as OCT biomarkers associated
with disease progression, treatment response, and prognosis
of several retinal disorders, including DME, AMD retinal
vein occlusion, retinal dystrophies, and uveitis.

2. Methods

A literature search of the Medline database was performed
using the term “hyperreflective foci” for articles published in
English, last accessed on 9" December 2020. The articles
selected described the clinical and prognostic implications of
intraretinal and choroidal HRF detected in retinal diseases.
Of 212 publications, 119 manuscripts published between
2005 and 2020 are reported in this narrative literature re-
view. Reference lists of the selected manuscripts were also
analyzed to retrieve other relevant studies.

3. Diabetic Retinopathy

3.1. Origin and Morphometry of Hyperreflective Foci. The
presence of HRF in treatment-naive DME was first described
by Bolz et al. [2] as hyperreflective dots distributed
throughout all the retinal layers, often within the septae
between cystoid spaces, or confluent lesions located in the
outer retinal layers, or focal deposits within the vascular wall
of microaneurysms. These hyperreflective lesions were be-
lieved to represent extravasated protein and/or lipid de-
posits, precursors of hard exudates, that tended to resorb
along with intraretinal fluid after laser treatment [2,19,20].
Another theory hypothesized that HRF were lipid-laden
macrophages migrating into cystoid spaces as a consequence
of blood-retinal barrier (BRB) breakdown [21,22]. However,
with the introduction of OCT angiography (OCTA), it was
noticed that some HRF presented decorrelation signals,
possibly an expression of morphological changes in
microglia/macrophages or intracellular organelles contain-
ing highly reflective material [23]. Glial cell proliferation
represents one of the main alterations in diabetic retinop-
athy, and the role of microglia is essential to maintain retinal
homeostasis and the inflammatory response [24].
Suspended scattering particles in motion (SSPiM) is a
novel OCTA feature characterized by a flow artifact pro-
duced by moving material within cystic spaces possibly due
to large molecules such as serum proteins and albumin
permeated through the retinal interstitium [25]. SSPiM is
closely related to the number of HRF and is considered the
product of severe inner BRB breakdown. Accordingly,
hyperreflective cystoid spaces, detected either on OCT
B-scans or OCTA, often co-localize with HRF [25,26].
Combined multimodal analysis showed that HRF mainly
occupy the outer nuclear layer (ONL) and outer plexiform
layer (OPL) with distribution of the smallest foci in the inner
nuclear layer (INL) and inner plexiform layer (IPL) and
posterior shadowing caused by larger foci [27]. The iden-
tification of HRF on OCT B-scans demonstrated high
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F1GURre 1: Spectral-domain optical coherence tomography B-scan
showing the morphological differences between the inflammatory
hyperreflective foci (Inset I is characterized by small size (<30 ym),
the absence of posterior shadowing, inner and outer retinal lo-
cation, and the reflectivity similar to the retinal nerve fiber layer
(light blue arrows), and other subtypes of hyperreflective material
(Inset II) such as retinal exudates are characterized by preferential
location in the outer retinal layers, size >30um, the presence of
posterior shadowing, and reflectivity similar to the retinal pigment
epithelium (yellow arrowheads)).

interobserver reproducibility, comparable to other retinal
OCT features detected in DME such as intraretinal fluid,
diffuse retinal edema, subretinal fluid, and vitreomacular
traction [28].

HRF cannot be identified with clinical examination
because of their small size and axial thickness, and appro-
priate imaging resolution is necessary for their recognition.
It was hypothesized that the foci gradually tend to grow and
coalescence into visible lesions as hard exudates [27]. On
near-infrared autofluorescence (NIR-AF), a patchy hyper-
hypoautofluorescent signal described as a mosaic pattern
was associated with the presence of HRF in the outer retinal
layers and external limiting membrane (ELM) disruption
and was considered a biomarker of photoreceptor damage
[29]. Likewise, a granular appearance on both short-wave-
length fundus autofluorescence (FAF) and NIR-AF was
associated with the presence of HRF and visual impairment
[29].

Interestingly, Lee et al. [30] demonstrated that the CD14
proinflammatory cytokine expressed by microglia, mono-
cytes, and macrophages correlated with HRF, located in the
inner retina, and diffuse edema. A nonobese diabetic mice
model showed that proinflammatory cytokines induced both
vitreal and retinal HRF and upregulated microglia cells [31].

The distinction between inflammatory HRF and other
subtypes of hyperreflective material (i.e., retinal exudates,
hemorrhages, and microaneurysms) on OCT B-scans in-
clude location within the inner retina, size <30 ym, absence
of posterior shadowing, and reflectivity similar to the retinal
nerve fiber layer (Figure 1) [15,32,33]. Indeed, in a recent
international consensus, these morphological characteristics
were incorporated as the diagnostic criteria for HRF [17].

3.2. Clinical and Prognostic Implications of Hyperreflective
Foci in Diabetic Macular Edema. The amount of HRF
reflects disease severity, exhibiting direct associations with
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HbAlc values and high levels of total cholesterol, triglyc-
erides, and low-density lipoprotein [34-37]. The association
with glycometabolic state has been observed even in early
stages of diabetic retinopathy without DME, supporting the
hypothesis of lipid extravasation conceivable in subjects with
poor glycemic control [38,39].

In eyes with DME, HRF located in the outer retinal layers
have been strongly associated with worse visual prognosis,
disruption of the ELM, photoreceptor loss, and worse
prognosis after vitrectomy [6,29,40,41]. An alternative
method of studying the integrity of the photoreceptor-RPE
complex in the so-called “parallelism” supported that HRF
in the outer retinal layers affects photoreceptor layer con-
tinuity. “Parallelism” is a term coined to evaluate retinal
layer integrity through OCT B-scans postprocessing using
dedicated software for imaging analysis. In brief, this pa-
rameter measures how straight the layers are and how
parallel the layers are to each other [42]. The parallelism
reflected the image complexity and the retinal structural
changes, and it is lower in DME eyes than normal eyes.
Parallelism also indicates the integrity of photoreceptors,
exhibiting a direct association with visual acuity. One of the
main factors affecting the parallelism with a relationship
with photoreceptor integrity and visual function is the
presence of HRF in the outer retinal layers [43,44].

The number of HRF in the outer retinal layers, as a
predictor of final visual acuity, was associated with different
patterns of DME including diffuse macular edema, cystoid
macular edema, and serous retinal detachment [45]. The
detection of similar HRF within the choroidal vasculature
also denoted worse disease severity and prognosis [46,47]. In
this regard, treatment-naive DME with inflammatory bio-
markers (i.e., HRF and serous retinal detachment) showed a
superior anatomical response and fewer injections with a
dexamethasone (DEX) intravitreal implant, even if better
visual acuity was achieved with intravitreal aflibercept. Lens
opacity development explained the lower-than-expected
functional outcome in the DEX group [48]. A theoretical
advantage in favor of a DEX implant as the first-line agent
over anti-VEGF therapy has been hypothesized for DME
with inflammatory biomarkers [17].

Changes in intraretinal HRF distribution during DME
resorption after anti-vascular growth factor (VEGF) treat-
ment included descending migration toward outer retinal
layers, supporting the role of the osmotic gradient in fluid
and macromolecule clearance [49]. DME with HRF has been
associated with a poorer visual outcome following treatment
with intravitreal steroid and anti- VEGF agents [14]. Clusters
of HRF occupying the central macular area was associated
with worse visual acuity than eyes without HRF clusters
before any treatment, and the functional difference was
maintained following intravitreal ranibizumab and focal
laser therapy for up to 5 years [50].

While the role of HRF in predicting visual outcome of
DME treated with anti-VEGF agents did not reach univocal
conclusions [34,45,51,52], final visual gain resulted evident
in DME eyes managed with DEX implant [13,53]. Treatment
with DEX implant significantly modulated the number of
foci with a reduction maintained up to 12 months of follow-

FIGURE 2: Spectral-domain optical coherence tomography (SD-
OCT) B-scans illustrating hyperreflective foci (HRF) in age-related
macular degeneration (AMD). (a) SD-OCT B-scan of intermediate
AMD demonstrating a large HRF overlying confluent drusen lo-
cated just above the external limiting membrane within the outer
nuclear layer (inset, yellow arrowhead). HRF may represent mi-
grating retinal pigment epithelium cells or a nascent type 3 lesion.
Nascent lesions can be differentiated from type 3 macular neo-
vascularization for the absence of exudative changes, as intraretinal
fluid and cystic changes on OCT B-scans. (b) SD-OCT B-scan
showing a case of macular neovascularization with multiple HRF
located in the subretinal space and outer plexiform layer (inset,
yellow arrowheads), probably of microglial origin, and more in-
terestingly associated with a subretinal lipid globule. This novel
OCT feature appears as a roundish hyporeflective structure (inset,
purple ellipse) with a characteristic hypertransmission tail (white
arrow), which is originated from a lensing effect produced by a
lipidic content [74].

up [18]. However, the reduction of the number of HRF
located in the outer retina, modulated by anti-VEGF
treatment, improved visual gain [54,55]. The prognostic role
of HRF has been further corroborated by the higher levels of
both IL-1p and HRF (>10) in refractory DME [56]; likewise,
a high HRF number at baseline is predictive of early re-
currence of DME and a shorter duration of DEX implant
efficacy [57,58]. Patients with DME managed with obser-
vation exhibited a high risk of visual loss in the presence of
DRIL, HRF, and ellipsoid zone disruption at baseline [11].

Evidence of HRF in the foveal region influenced post-
operative visual recovery in eyes with vitreous hemorrhage
due to proliferative diabetic retinopathy [59]. Nevertheless,
their presence seemed to be independent of macular and
peripheral retinal ischemia [60].

Recently, multiple (more than 30 in number) and diffuse
HRF were considered integrant criteria of severity in the
OCT grading proposed for diabetic maculopathy by an
international panel of retinal experts [16].

4. Age-Related Macular Degeneration

4.1. Pathogenesis and Imaging Characterization. Khanifer
et al. first reported HRF in AMD in 2008 [61] and analyzed
drusen ultrastructure with spectral-domain (SD) OCT.



Interestingly, the presence of HRF was noted overlying areas
of RPE elevation and often in association with calcified
drusen [61-63].

It was generally believed that HRF represent anteriorly
migrating RPE cells and possible disaggregated photore-
ceptors, as supported by the corresponding pigmentary
changes visible on color photographic images [61,64,65].
However, hyperpigmentation is not detectable in all cases
[61], opening different hypotheses for a non-RPE origin. The
foci may represent microglia migrating from the inner to the
outer retinal layers engorged by lipid droplets or cholesterol
[3,4]. This alternative HRF population has variable mor-
phological characteristics such as size, migration, and
clumping. Furthermore, microglial activation was particu-
larly related to neovascular disease as validated through
histopathology [4,66].

HREF located above the external limiting membrane and
ONL/OPL junction, often co-localized with a drusenoid
pigment epithelial detachment (PED), can also represent the
antecedents of type 3 macular neovascularization (MNV), or
the so-called nascent type 3 [67-73]. Nascent type 3 lesions
were described as associated with HRF located within the
ONL, OPL, or INL on OCT B-scans with a detectable flow
signal on OCTA but without evident exudation (e.g.,
intraretinal fluid and microcystic changes) [67]. Figure 2
illustrates the OCT appearance of HRF in the context of
intermediate AMD and MNV [67,74].

Intraretinal HRF from a possible RPE source have been
characterized on clinicopathological correlations as isolated
or grouped pigmented, nucleated RPE cells that shadow
posteriorly on OCT B-scans often associated with hyper-
transmission areas reflecting the atrophic and dissociated
RPE cells [3,75,76]. Difterent RPE histological phenotypes
corresponding to hyperreflective structures on OCT B-scans
were described [3,75]. Among these phenotypes, the RPE
plume denoted a peculiar OCT feature with a comma-
shaped configuration of HRF, believed to represent grouped
migrating RPE cells within the Henle fiber layer [3,75].

4.2. Clinical Relevance and Prognostic Implications. HRF can
be detected in intermediate to advanced AMD, demon-
strating a predictive role for AMD progression and prog-
nostic value when macular complications occur [77-80].
HRF were associated with disease severity, particularly in
eyes with intermediate AMD, where they tended to increase
in number and density and migrated from the ONL to the
inner retinal layers over time [9,77,81]. In intermediate
AMD, retinal sensitivity assessed through microperimetry
was affected by the presence of HRF that typically co-lo-
calized with alterations of the outer retinal bands and the
RPE [82-84]. HRF represented markers of cellular dys-
function responsible for visual decline before the develop-
ment of macular complications [85]. Hyperreflective specks
(HRS) shared similar features with HRF, appearing as
hyperreflective dots preferentially located in the Henle fiber
and ONL associated with visual dysfunction. HRS distinctive
features included smaller diameter, lower reflectivity than
the RPE band, and more uniform size than HRF. Both HRF
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and HRS were considered markers of cellular activity, with
HRS representing lipofuscin granules, translocated inwardly
within cone photoreceptors [85].

More interestingly, the increasing number of HRF was
associated with RPE atrophy and considered a precursor of
geographic atrophy [64,77,79]. Several factors have been
implicated in macular atrophy progression, including dru-
sen volume, HRF, HRF within a drusenoid lesion, and
subretinal drusenoid deposits [86,87]. However, HRF rep-
resented the strongest predictor alone for progression to
both central or any geographic atrophy [86,88,89]. In pro-
gression of geographic atrophy, the morphological features
accompanying the presence of HRF were often characterized
by reduced retinal thickness and volume and ONL thinning
[90]. The distribution of HRF varied according to the
subtype of macular complication. Eyes developing macular
atrophy presented HRF co-localizing with drusen at 0.5 mm
eccentricity, not at the foveal center [91]. Deep learning
quantification of HRF in late AMD demonstrated their
spatial localization at the atrophy border, demarcating areas
subject to growth and expansion of existing atrophic lesions.
Furthermore, HRF tended to accumulate in correspondence
to areas developing de novo lesions [92].

Similarly, in eyes with drusenoid PED, the presence of
HRF at baseline and their migration throughout retinal
layers were directly associated with new-onset atrophy [78].
Changes in HRF preceded drusenoid PED collapse, where
migrating RPE cells and subsequent RPE disintegration,
responsible for hypertransmission, accompanied the PED
breakpoint [93].

The prognostic role of HRF has been proven for pre-
dicting neovascular conversion. Both the presence and HRF
count represented strong predictive biomarkers of neo-
vascular progression [7]. Precursors of type 3 lesions were
typically represented by HRF located in the outer retinal
layers [67,72,94]. One of the possible mechanisms under-
lying neovascular complications was represented by in-
creased choriocapillaris ischemic changes found to be more
severe in eyes with HRF [95]. The predictive value of HRF
was mostly associated with drusen growth accompanied by
overlying HRF in MNV conversion, suggesting a distinctive
hallmark of neovascular conversion [90,91,96].

In eyes with MNV, HRF were diffusely distributed in the
neurosensory retina and their presence was associated with a
poor visual outcome despite anti-VEGF treatment [97,98].
Anti-VEGF switching from ranibizumab to aflibercept
demonstrated a morphological and functional improve-
ment, including HRF reduction, associated with a decreasing
central subfoveal thickness [8,99,100]. Of note, the presence
of HRF was strongly correlated with intraretinal fluid [101].
HRF detection in neovascular AMD and polypoidal cho-
roidal vasculopathy (PCV) was considered a reliable pre-
dictor of poor visual prognosis after anti-VEGF treatment
[102].

5. Miscellaneous

The role of HRF has been investigated in other retinal
vascular diseases, including branch retinal vein occlusion
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FIGURE 3: Spectral-domain optical coherence tomography B-scans
showing an illustrative case of retinitis pigmentosa characterized by
both choroidal hyperreflective foci (insets, peach arrowheads) and
intraretinal hyperreflective foci (inset I, light blue arrowheads).

(BRVO) and central retinal vein occlusion (CRVO). In this
regard, two distinct HRF populations have been identified,
including fine scattered HRF probably related to extrava-
sation of blood constituents and confluent HRF mainly
located in the unaffected areas spared by the retinal oc-
clusion. Confluent HRF were thought to be associated with
the absorption of water and other molecules [103]. While
fine scattered HRF cannot be visualized on fundus photo-
graphic images, confluent HRF were believed to represent
retinal exudates [104]. In retinal vein occlusion, HRF were
topographically scattered along the OPL and the external
limiting membrane [103,105]. Similar to other retinal dis-
eases, a poor visual outcome after anti-VEGF treatment
accompanied the identification of HRF at baseline [104,106].
Furthermore, the use of intravitreal DEX implants might be
privileged in eyes with numerous HRF and long-standing
macular edema secondary to RVO in consideration with the
inflammatory component [107].

Among degenerative retinal diseases, retinitis pigmen-
tosa (RP) revealed HRF with specific topographic distri-
bution and association with disease progression. Eyes with
HREF distributed in the INL denote an early stage of RP with
spared RPE-Bruch’s membrane complex. However, eyes
with HRF in the ONL designate a more advanced disease
characterized by photoreceptor loss and RPE cell migration
and degeneration [108]. RPE cell degeneration in RP eyes
occurs secondary to proliferation, spreading, and migration
of the RPE cells toward the inner retina with bone spicule
formation [109]. The distribution of HRF is mainly con-
centrated over regions of photoreceptor disruption and
associated with intraocular inflammation, further corrob-
orating the hypothesis of RPE or microglial migration in
response to photoreceptor degeneration (Figure 3) [110].
Similarly, the recognition of choroidal HRF corresponded to
ELM and ellipsoid zone disruption suggesting a migration of
deteriorated photoreceptors and RPE cells from the outer
retina toward the choroid due to a degradation process
[111].

In Stargardt disease, the evidence of choroidal HRF
primarily located in the choriocapillaris and Sattler’s layer
was considered a biomarker of disease severity in terms of

atrophic changes and visual function [112,113]. Further-
more, the concentration of HRF was greater in atrophic
areas measuring less than 5mm? hypothesizing that HRF
tended to fade with atrophy enlargement [113].

In pathologic myopia, the HRF role has been investi-
gated in myopic choroidal neovascularization and myopic
macular hole [114,115]. HRF appeared to be associated with
the presence of retinal edema, serous neuroretinal detach-
ment, and hemorrhage in myopic choroidal neo-
vascularization. All these signatures indicate an active retinal
exudation, suggesting that HRF represent an additional
indicator of choroidal neovascularization activity [114].
After myopic macular hole repair, the presence of HRF was
associated with a worse visual acuity. The limited repre-
sentation of HRF after macular hole repair with the inverted
inner limiting membrane (ILM) flap technique was
explained with superior sealing of the retina compartment,
allowing the RPE to recover its pump function effectively
[115].

HRF were recognized in uveitis and intraocular in-
flammatory disorders and were likely presumed to rep-
resent intraretinal exudates, lymphocytic cellular or
clumping of photoreceptors or intraretinal RPE cells when
related to photoreceptor loss [116-119]. In eyes with
uveitic macular edema, HRF were associated with worse
visual acuity [120]. After treatment, the foci decreased in
number and mainly remained located to the inner retina
layers [121].

6. Conclusions

Hyperreflective foci represent a univocal OCT feature re-
vealing several possible histopathological correlates, in-
cluding migrating RPE cells, microglia, precursors of
exudates, or intraretinal neovascularization in the setting of
AMD. HRF represent an important OCT biomarker with
significant clinical and prognostic implications embracing
several common macular diseases. The detection of HRF of
size <30 ym without posterior shadowing and reflectivity
similar to the retinal nerve fiber layer configures the in-
flammatory phenotype in DME that usually responds better
to early intravitreal steroid implant.

Relevance as a biomarker is also observed in AMD,
where the number and distribution of HRF may be
predictors for progression to advanced stages of disease.
The co-localization of HRF overlying drusen associated
with drusen growth in the foveal center is believed to be a
predictor of neovascular progression. In contrast, a high
concentration of HRF distributed at 0.5mm of eccen-
tricity edging the foveal pit, in the absence of drusen
occupying the foveal center, tends to predispose to
macular atrophy. Moreover, the presence of HRF influ-
ences anti-VEGF treatment response and visual prognosis
of MNV. In conclusion, HRF can be considered a critical
OCT feature with substantial predictive value for disease
progression and treatment response in the principal
macular disorders encountered in routine clinical prac-
tice. Their prompt recognition and critical interpretation
may guide clinical and therapeutic strategies.
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Purpose. To investigate structural and functional correlations in glaucoma patients using optic nerve head hemoglobin (ONH Hb)
measurements as determined by automated colorimetric analysis of conventional retinography. Methods. We prospectively
enrolled healthy participants and glaucomatous patients with a wide range of disease stages. All participants underwent visual field
(VF) testing (standard automated perimetry, SAP), color fundus imaging (mydriatic retinography), and peripapillary retinal nerve
fiber layer (pRNFL) assessment through spectral-domain optical coherence tomography (SD-OCT). Software Laguna ONhE was
used to estimate the amount of ONH Hb and to determine the glaucoma discriminant function (GDF) index. Scatter plots were
constructed, and regression analysis was used to investigate the correlations between GDF, average pRNFL thickness, and VF
mean deviation (VFMD) index values. A secondary analysis was performed to compare each parameter between three different
glaucoma groups divided according to VEMD values (mild, >—6 dB; moderate, —6 to —12 dB; and advanced, <—12 dB). Results.
One hundred ninety-six eyes from 123 participants (69 with glaucoma and 54 controls) were enrolled. Overall, all parameters
evaluated differed significantly between glaucomatous and control eyes (p <0.001). The comparison of each parameter according
to groups of disease stages revealed significant differences between controls and each of the glaucomatous groups (p <0.001).
More pronounced changes in GDF values were observed in early disease stages. We found significant nonlinear correlations
between GDF and VEMD values (R* = 0.295, P <0.001) and between pRNFL thickness and VFEMD (R*=0.598, p<0.001). Alinear
correlation was found between GDF and pRNFL thickness values (R*=0.195, p <0.001). Conclusion. Our results showed sig-
nificant associations between ONH Hb values and both structural and functional damage in glaucoma obtained by SD-OCT and
SAP, respectively. The nonlinear correlation we found and the GDF behavior along different disease stages suggest that ONH Hb
levels’ reduction may precede visual function changes in early glaucoma stages.

1. Introduction

Glaucoma consists in the main cause of irreversible blind-
ness worldwide [1]. The disease is considered as a pro-
gressive and chronic optic neuropathy, characterized by
specific changes on the optic nerve head (ONH), peri-
papillary retinal nerve fiber layer (pRNFL), and visual field

(VF) [2, 3]. Disease control and blindness prevention are
strictly related to early diagnosis [2, 3]. However, the di-
agnosis of glaucoma can be challenging in the early stages of
the disease, especially for general ophthalmologists [4, 5].
Taking this into account, it is essential to perform the
correlation between structural and functional changes.
Anatomical evaluation can be performed through
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stereoscopic retinography [6] and automated quantitative
exams such as optical coherence tomography (OCT) which
were developed with the aim of contributing to the diagnosis
of the disease [7-9]. Nevertheless, the high cost can rep-
resent a limitation to the access of the referred diagnostic
tools.

Considering the pathological mechanisms of glaucoma,
vascular dysfunction has been related to the optic nerve
glaucomatous lesion [10]. The access to these vascular
changes can be achieved through some diagnostic tests. At
first, one can mention the evaluation of the ocular blood
flow, through nearby vessels, using echo Doppler [11]. Other
tests were developed to measure oxygen concentration in the
optic nerve [12], blood flow, and vascular structure with the
emergence and clinical application of OCT angiography
(OCT-A) [13].

Previous studies have evaluated the hypothesis of a re-
lationship between tissue perfusion and the level of he-
moglobin (Hb) and oxygenation. Tissues with adequate
perfusion demonstrate a good level of Hb, whereas low levels
occur in tissue loss [14, 15]. Some studies have proposed a
simple method for measuring hemoglobin levels in the
ONH, assessing conventional retinography through auto-
mated colorimetric analysis, using software Laguna ONhE
[16-19]. These preceding data have demonstrated that lower
levels of optic nerve head hemoglobin (ONH Hb) are found
in patients with established glaucoma, along with high re-
producibility results, both in glaucomatous and non-
glaucomatous eyes [15].

All these considered, we sought to investigate the cor-
relation between the levels of ONH Hb, assessed by auto-
mated colorimetric analysis, and the levels of structural and
functional damage, obtained by spectral-domain optical
coherence tomography (SD-OCT) and standard automated
perimetry (SAP), respectively, in glaucomatous patients.

2. Methods

This study protocol, according to the tenets of the Decla-
ration of Helsinki, was approved by the ethics committee
and the institutional review board of the Federal University
of Sao Paulo (CEP: 4.055.180). Written informed consent
was obtained by all participants prior to enrollment and
examination.

2.1. Participants. In this observational cross-sectional study,
we included consecutive healthy individuals and patients
with primary open-angle glaucoma attending to the Glau-
coma Sector of Hospital Medicina dos Olhos (Sdo Paulo,
Brazil) between May 2020 and January 2021.

Glaucoma was defined as the presence of glaucomatous
optic neuropathy (GON) associated or not with the corre-
sponding VF alteration. The criteria used to define the
disease were the same as those used by our research group in
previous studies [20, 21]. GON was considered in the
presence of a vertical cup-to-disc ratio (VCDR) greater than
or equal to 0.6, asymmetry of VCDR between the eyes
(greater than 0.2), detection of localized or diffuse pRNFL
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defects, or neuroretinal rim defects, without other pathol-
ogies that could explain these changes. We adopted VF
glaucomatous defect in the SAP (Humphrey SITA—
Standard 24-2, Carl Zeiss Meditec, Dublin, CA), if there
were, on the pattern deviation plot, three or more points in
clusters with a probability of less than 5% (points directly
above and below the blind spot or on the edge of the field
were excluded), a pattern standard deviation index with a
probability of less than 5%, or the result outside the normal
limits on glaucoma hemifield test.

The following exclusion criteria were adopted: age <18
years, previous ocular trauma or posterior segment intra-
ocular surgery, significant media opacity, difficulty in per-
forming the exams, diagnosis of primary angle closure or
secondary glaucoma, and presence of ocular diseases other
than glaucoma that could influence the results, such as
diabetic or hypertensive retinopathy and macular edema.

Regarding the control group, nonglaucomatous patients
were included, demonstrating normal appearance of the
optic disc, such as a VCDR less than 0.6, absence of defects
on the neuroretinal rim or pRNFL, and intraocular pressure
(IOP) less than 21 mmHg, without treatment [20].

2.2. Study Protocol. Complete ophthalmological examina-
tion was performed in all participants. This evaluation in-
cluded clinical history, best-corrected visual acuity, slit-lamp
biomicroscopy, IOP measurement with Goldmann appla-
nation tonometry, gonioscopy, ultrasound pachymetry, di-
lated fundus examination, VF testing (Humphrey
SITA—Standard 24-2, Carl Zeiss Meditec, Dublin, CA),
color fundus imaging (mydriatic fundus retinography
Canon CR-2; Canon, Tokyo, Japan), and pRNFL and to-
pographic ONH measurements based on SD-OCT (RTVue-
100 OCT; Optovue Inc., Fremont, CA).

Accepted reliability indices for this protocol include
patients’ experience in performing VF testing (at least 3
previous exams). Patients were excluded from the study if
the exams presented >15% false positives or >33% loss of
fixation or false negative. Additionally, during SAP review,
the exam was eliminated in the presence of some artifacts
such as edge defects, inattention or loss of fixation, fatigue
effect, or alterations indicative of pathologies other than
glaucoma.

The color fundus retinography was then analyzed by
Laguna ONhE software. The full description of the program
was presented in a previous study [16]. Summarizing,
Laguna ONAE analyzes conventional fundus photographs to
measure the amount of ONH Hb. Software considers three
spectral components of ONH photographs: red, green, and
blue. The red component is reflected by ONH areas with a
high Hb content. On the contrary, a smaller proportion of
the red light, compared to green and blue components, is
reflected in areas with low Hb content. The analysis of
various formulas, based on the reflected amounts of red,
green, and blue light, was almost linearly proportional to the
amount of Hb present [16]. Figure 1 demonstrates examples
of patients with normal and glaucomatous papilla and the
respective pseudo-images indicating the Hb levels. Finally,
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FiGure 1: Examples of the optic nerve head: glaucomatous (a) and normal (b). Retinographies of the optic disc are represented in the upper
images, and their pseudo-images referring the amount of hemoglobin are present in the lower images. A colorimetric scale (at the top of the

lower images) indicates the amount of hemoglobin correspondent.

software determines an index of glaucoma discriminant
function (GDF), based on colorimetric analysis and OHN
Hb levels [16]. This index was performed by dividing the
ONH into 3 concentric rings, and each one of them was
divided into 8 parts, a total of 24 sectors. The sectors that
showed the greatest difference in the amount of Hb, between
eyes of patients with glaucoma and control, were those
located in the vertical region, especially sectors 8 and 20, as
shown in a previous study. From this, the GDF takes into
account the slope of the Hb amount with the mean of these
specific sectors (8 and 20) presenting 89% sensitivity at 95%
specificity [16].

2.3. Sampling and Statistical Analysis. The sample size was
calculated to estimate the correlation between GDF and
pRNFL/VF mean deviation (VFMD). At the significance
level of 5% and minimum power of 90% and considering a
minimum value of 0.5 for correlation, 39 individuals are
required in the sample.

Clinical and demographic data were demonstrated
through descriptive analysis. The Shapiro-Wilk test was
used to assess whether the data had a normal distribution.
Normally distributed data were presented as mean and
standard deviation, and nonnormally distributed data were
presented as median and interquartile intervals. Regarding
the comparison between groups, for continuous normally
distributed variables, the independent samples ¢-test was
performed, while for those nonnormally distributed, the
Mann-Whitney test was used. The y* test was performed to
compared categorical data. For structure-functional rela-
tionship evaluation, data of the glaucoma patients were
analyzed, scatter plots were constructed, and regression
analysis was used to investigate the correlations between
GDF, SD-OCT average pRNFL thickness, and VFMD index
values. Additionally, a correlation subanalysis considering
disease stage was performed. Taking into consideration
VEMD index values, patients were divided into 3 groups,
mild (>-6dB), moderate (-6 to —12dB), and advanced



glaucoma (<-12dB), according to Hoddap et al. [22].
Computerized analysis was performed using R version 4.0.2.
p value <0.05 was considered significant.

3. Results

A total of 196 eyes from 123 participants (69 patients with
glaucoma and 54 controls) were included in this study.
Twenty-four eyes from 16 patients were excluded from the
analysis due to low reliability in the VF test or poor-quality
images on retinography. There was no significant difference
in age, gender, race, and IOP between the two groups
(p=0.10 for all comparisons). Glaucoma patients present
thinner central corneal thickness (CCT) compared to the
control group (p = 0.004). Visual field index (VFI), VEMD,
and average pRNFL thickness differed significantly between
patients and controls (p<0.001 for all comparisons), as
expected. Table 1 provides clinical and ocular characteristics
of included patients.

Analyzing the history of systemic comorbidities, espe-
cially the presence of cardiovascular risk factors (arterial
hypertension and/or diabetes mellitus), patients with glau-
coma and control did not show differences (p = 0.32). There
was no statistical difference related to GDF values in the
presence or absence of these comorbidities, both in control
patients (p = 0.85) and in those with glaucoma (p = 0.33).
In concern to the use of topical hypotensive medications and
GDF index values, we did not find any statistical difference
between patients using beta-blockers and those who did not
use them (p = 0.10), as well as for the use of prostaglandin
analogues (p=0.38) or alpha-adrenergic agonists
(p=0.37).

Regarding the structure-function correlations we in-
vestigated in the glaucoma group, we found significant
nonlinear correlations between GDF and VFMD values
(R*=0.295, p < 0.001; Figure 2) and between OCT’s pRNFL
thickness and VEMD values (R* = 0.598, p < 0.001; Figure 3).
Additionally, a linear correlation was found between GDF
and OCT’s RNFL thickness values (R* = 0.195, p<0.001), as
demonstrated in Figure 4.

The comparison of ONH Hb, pRNFL, and functional
measurements between controls and glaucomatous eyes
(divided according to disease stage; Table 2) revealed sig-
nificant differences between controls and each of the
glaucomatous groups (p<0.001). In addition, although
there was a significant difference regarding pRNFL thickness
between eyes with moderate and advanced glaucoma, GDF
values did not differ significantly between these two groups.

4, Discussion

Improved understanding of the structure-function rela-
tionship in patients with glaucoma is essential for diagnosis
and monitoring of the disease. Within this scenario, in the
last decades, the evolution of OCT imaging devices plays an
important role in objective structural assessment. This ap-
proach provided significant information, especially re-
garding the description of both ONH and pRNFL
parameters. Nonetheless, in some clinical situations related
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to intrinsic ocular characteristics or even technical diffi-
culties (for example, high myopia, tilted discs, advanced
glaucoma, or peripapillary atrophies), the use of conven-
tional pRNFL analysis is limited [23-25]. Additionally, cost
issues and portability often restrict access to this technology.
In our study, we evaluated the relationship between the
levels of structural and functional damage in glaucomatous
patients, obtained by SD-OCT and SAP, respectively, and
ONH Hb values, assessed in a low-cost, noninvasive manner
by automated colorimetric analysis. Our results showed a
significant association between the evaluated parameters.

There are scant data in the literature regarding structure-
functional correlations using ONH Hb values. A previous
study has demonstrated a significant correlation between
anatomical damage (RNFL thickness) and hemoglobin
content in specific sectors of the ONH [19]. In addition,
considering functional findings, Gonzalez de la Rosa et al.
showed a significant agreement between the GDF index and
OCT parameters and perimetry results (Easyfield perimeter)
[16]. Mendez-Hernandez et al. also found that the GDF
index correlated well with Octopus perimetry indices and
Spectralis OCT metrics [26]. It must be highlighted that
Gonzalez-Hernandez and Saavedra not only reaffirmed the
significant linear correlation between GDF and OCT pa-
rameters but also demonstrated the relationship between the
indices obtained by Laguna ONhE to be curvilinear when
compared to retinal function measured by VF testing [27].
We believe that our findings not only corroborate these
initial structure-functional correlation results reported by
Gonzalez-Hernandez and Saavedra [27] but also add sig-
nificant information about different behaviors of each pa-
rameter along the disease spectrum. One may perceive
(Table 2) that while mean pRNFL thickness gradually di-
minishes as the disease advances, most changes on GDF
values were observed in the early stages of the disease
(between controls and mild glaucoma). Conversely, func-
tional status as determined by the VEMD tends to decay in
the latter stages (moderate and advanced glaucoma) of the
disease. Although this assumption needs further confir-
mation, it suggests that GDF performance would be more
suitable in early disease stages.

We believe it is important to discuss the nature of our
main findings. More specifically, what would be the reasons
for the nonlinear relationship between ONH Hb measure-
ments and functional status? Initially, the intrinsic evolution
of structural-functional glaucomatous damage could par-
tially explain this relationship. It is well known that axonal
loss (structural changes) precedes VF loss (functional
changes). As a result, especially in the early stages of the
disease, structural deterioration may occur without VF
correspondence [28-31]. Since the GDF index is an esti-
mation of a more structural parameter, it could lead to the
nonlinear structure-functional correlations as we found. It
should also be considered that the VFMD index, which is
derived from retinal sensitivity measurements, is based on a
logarithmic scale, which also contributes to this curvilinear
pattern.

At this point, it is important to discuss the main clinical
implications of our findings. The knowledge of the
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TaBLE 1: Demographic and ocular characteristics of study patients.
Variables Control group Glaucoma group p value
Age +SD (years) 60.60 + 14.21 63.54+10.46 0.100
Gender (%, W/M) 68.5/31.5 59.4/40.6 0.300
Race (%, C/AD/O) 74.0/3.8/22.2 70.3/9.4/20.3 0.470
Intraocular pressure (mmHg) 13.00 (12.25, 15.00) 13.00 (12.00, 15.00) 0.950
Central corneal thickness (um) 537 (517, 553) 506 (482, 528) 0.004
PRNFL thickness (um) 103.74 £ 8.67 83.47 +13.06 <0.001
VFMD index (dB) -0.76 £2.05 -7.23+8.02 <0.001
VFI (%) 99 (98, 99) 95 (79.5, 97.5) 0.001
Spherical equivalent (D) 0.5 (-0.5, 2.0) 0.0 (-1.12, 1.37) 0.033
GDF index 16.25+14.17 —28.02 +£19.08 0.0001
VCDR 0.40+£0.18 0.75+0.13 0.0001

Data are given as mean + standard deviation whenever indicated. W: women; M: men; C: Caucasian; AD: African descendants; O: others; pRNFL: per-
ipapillary retinal nerve fiber layer; VEMD: visual field mean deviation; VFI: visual field index; GDF: glaucoma discriminant function; VCDR: vertical cup-to-

disc ratio.
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FIGURE 2: Significant nonlinear correlation between the glaucoma discriminant function (GDF) index and visual field mean deviation index
values (R*=0.295; p<0.001). A LOESS (local regression smoothing) trendline is plotted with a degree of smoothing of 80%.

relationship of glaucoma with some vasospasm phenomena
[32, 33], such as migraines [34, 35], syndrome of Raynaud,
and peripheral vascular dysregulation [36], and also with
sleep apnea [37, 38], supports the idea of the participation of
vascular dysfunction in the pathogenesis of glaucoma.
However, despite the recent evolution in studies that assess
blood flow in the ONH and especially vascular density
through OCT-A, the high cost of this technology represents
a limitation of its widespread use [12, 39-44]. Within this
context, as previously described, the Laguna ONhE program
represents a feasible lower cost option, analyzing conven-
tional color retinography, to evaluate the vascular compo-
nent by estimating Hb levels at the ONH. Although our
study does not provide a direct comparison with other
methods focusing specifically on vascular changes in the
ONH, a recent study comparing the Laguna ONhE program
and OCT-A demonstrated that the technologies showed
similar performance in diagnosing patients with open-angle
glaucoma. The area under the receiver operating charac-
teristic curve for discriminating between glaucomatous and
healthy eyes was 0.93 (95% CI: 0.86 to 0.97) for a specific
OCT-A parameter and 0.92 (95% CI: 0.86 to 0.97) for the
GDF index [45]. We believe the results of our study along

with the existing literature support ONH Hb measurement
as a viable and accessible tool for assessing structural damage
in glaucoma, likely more related to the vascular component.

Our study presents some limitations and characteristics
that should be mentioned. First, our findings should only be
extrapolated to this specific population and therefore should
not be applied to glaucomatous patients with different
patterns. Second, we performed a cross-sectional study.
Therefore, we were not able to evaluate the prognostic value
of the GFD index nor investigate cause-effect relationships.
Third, although it has been shown that age does not seem to
significantly influence ONH Hb levels [17], it certainly
impacts pRNFL thickness throughout life. This fact may
have influenced, in part, our correlation analyses. Finally,
some study patients had both eyes included in the analysis
without any specific statistical adjustment. Even though this
should be considered while interpreting our findings, we
believe that such an adjustment would be more indicated for
surgical studies, longitudinal analyses, or risk factor studies,
rather than a cross-sectional structure-functional analysis as
we present herein.

In conclusion, our results showed significant associa-
tions between ONH Hb values and both structural and
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FIGURE 3: Significant nonlinear correlation between peripapillary retinal nerve fiber layer thickness and visual field mean deviation index
values (R*=0.598; p<0.001). A LOESS (local regression smoothing) trendline is plotted with a degree of smoothing of 80%.
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TaBLE 2: Glaucoma discriminant function index and average peripapillary retinal nerve fiber layer thickness by disease stage.

Control group Mild glaucoma Moderate glaucoma Advanced glaucoma

. a

Variables (n=90) (n = 66) (n=13) (n=25) p value
GDF index 16.25 + 14.17 ~24.59+16.50 ~31.65+ 15.40 3426 +24.90 <0.001°
E’ian)FL thickness 102.27 + 14.40 87.79+11.68 77.24+4.50 67.60+8.84 <0.001¢
VEMD index (dB) ~0.76 +2.05 ~221+1.67 ~8.43+1.67 ~19.62+6.17 <0.001°

*Data are given as mean + SD. "Each glaucoma group differed significantly from controls. There was also a significant difference between eyes with mild and
advanced glaucoma. “Each glaucoma group differed significantly from controls. There were also significant differences between eyes with mild and advanced
glaucoma and between eyes with moderate and advanced glaucoma.

functional damage in glaucoma obtained by SD-OCT and
SAP, respectively. The nonlinear structure-functional find-
ings and the GDF behavior along different disease stages
suggest that ONH Hb levels’ reduction may precede visual

function changes in early glaucoma stages. Further longi-
tudinal studies are warranted to evaluate the diagnostic
performance of this technique in different types of glaucoma
and as a tool for longitudinal monitoring of these patients.
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Near-infrared reflectance (NIR) is a noninvasive, contactless, and rapid in vivo imaging technique for visualizing subretinal
alterations in the photoreceptor layer, retinal pigment epithelium, and choroid. The present report describes the application of this
imaging method in retinal and choroidal pathologies affecting young patients where scarce cooperation, poor fixation, and intense
glare sensation can result in a challenging clinical examination. A literature search of the MEDLINE database was performed using
the terms “near-infrared reflectance” and “spectral-domain optical coherence tomography.” Articles were selected if they de-
scribed the diagnostic use of NIR in children or young adults. Of 700 publications, 42 manuscripts published between 2005 and
2020 were inherent to children or young adults and were considered in this narrative literature review. The first disease category is
the phakomatoses where NIR is essential in visualizing choroidal alterations recognized as cardinal biomarkers in neurofi-
bromatosis type 1, microvascular retinal alterations, and retinal astrocytic hamartomas. Another diagnostic application is the
accurate visualization of crystals of various nature, including the glistening crystals that characterize Bietti crystalline dystrophy.
Acute macular neuropathy and paracentral acute middle maculopathy represent a further disease category with young adulthood
onset where NIR is not only diagnostic but also essential to monitor disease progression. A further interesting clinical application
is to facilitate the detection of laser-induced maculopathy where funduscopic examination can be normal or subnormal. In
conclusion, NIR imaging has a noninterchangeable role in diagnosing certain retinal diseases, especially in children and young
adults where there is scarce collaboration and a lack of evident clinical findings. Moreover, this technique can reveal unique retinal
and choroidal biomarkers highly specific to rare conditions.

1. Introduction

Near-infrared reflectance (NIR) imaging is a noninvasive,
noncontact, and rapid in vivo examination currently ex-
tensively available for ophthalmologists. Most images are
acquired simultaneously with cross-sectional spectral-do-
main optical coherence tomography (SDOCT) in routine
clinical practice. Specifically, the technique enables visual-
izing subretinal alterations located in the retinal photore-
ceptor layer, the retinal pigmented epithelium (RPE), and
choroid [1]. The basis is a long excitation wavelength
(~820 nm diode laser) that penetrates the optic media and

enables visualizing the retina and choroid in detail [2].
Changes in reflection and absorption of light through retinal
tissues enhance visualization of structures beneath the ret-
inal pigment epithelium (RPE) and melanin [1, 3]. Images
often correlate with blue-light fundus autofluorescence
(FAF); however, NIR demonstrates superiority in revealing
sub-RPE lesions. This is due to a more substantial absor-
bance of monochromatic light of a shorter wavelength
(480 nm) by melanin and lipofuscin granules at the RPE level
[3, 4]. Highly reflective structures at the subretinal and sub-
RPE level are enhanced and better recognized. For instance,
hyperreflective crystalline deposits representing cholesterol
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crystals appear as intensely reflective plaques, while calci-
fications or calcified drusen are appreciated as roundish
lesions with a glistening appearance [5-7]. The glistening
appearance is also characteristic of crystalline deposits in
Bietti crystalline dystrophy [8]. Such similarities in reflec-
tance between inherited retinal dystrophy and age-related
changes can also be seen in retinitis punctata albescens and
reticular pseudodrusen [9].

NIR has gained widespread use in ophthalmology in the
last decade. The present report underlines the importance of
this imaging method in retinal and choroidal pathologies
affecting young patients where scarce cooperation, poor
fixation, and intense glare sensation can make fundus ex-
amination challenging.

2. Methods

A literature search of the MEDLINE database was performed
using the terms “near-infrared reflectance (NIR)” and
“spectral-domain optical coherence tomography” for articles
in English accessed through December 2020. The articles
were selected if they described the diagnostic use of NIR in
children or young adults. Of 700 publications, 42 manu-
scripts published between 2005 and 2020 were inherent to
children or young adults and are described in this narrative
literature review. Reference lists of the selected manuscripts
were also analysed to retrieve other relevant studies.

3. Neuro-Oculocutaneous Syndromes/
Phakomatosis

Neurofibromatosis type 1 (NF1), tuberous sclerosis complex
(TSC), and Sturge-Weber syndrome (SWS) are neuro-
oculocutaneous diseases often classified among the phako-
matoses [10]. Multimodal imaging methods enable facili-
tated visualization of retinal and choroidal changes and have
improved diagnostic and management strategies in these
diseases.

3.1. Neurofibromatosis Type 1. NF1 is the most common
disease in the phakomatoses, with a prevalence of 1:4000
individuals. This autosomal dominant disorder is diagnosed
based on clinical findings established in 1988 by the National
Institute of Health (NIH) consensus development statement.
A minimum of 2 of the following major criteria are required
for diagnosis: 6 or more café au lait spots, axillary or inguinal
freckling, 2 or more cutaneous neurofibromas, 1 plexiform
neurofibroma, distinctive osseous lesions, optic glioma, 2 or
more iris Lisch nodules, and a first-degree relative with NF1
[11]. From the early 2000s, a few reports underlined the
detection of choroidal abnormalities in this disorder using
imaging methods [12, 13] and the first large cohort study was
conducted in 2012 by Viola et al. [14]. Through the con-
comitant use of NIR imaging and SDOCT, hyperreflective
rounded or patchy nodules were associated with hyper-
reflective signals in choroidal tissue, respectively (Figures 1
and 2). The prevalence of choroidal nodules detected by NIR
was 71% in the paediatric population, a much higher
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FIGURE 1: Near-infrared reflectance fundus image in neurofibro-
matosis type 1 (NF1). Hyperreflective choroidal alterations typical
of NF1 are shown with black arrows, corkscrew retinal vascular
alteration is shown with a white arrow.

frequency than the NIH ophthalmic diagnostic criteria of
43% for iris Lisch nodules [14]. Subsequent literature
published on the topic confirmed NIR as a valid and reliable
diagnostic imaging method in revealing choroidal abnor-
malities with a very high interobserver agreement in NF1
patients [15-17].

In recent years, Abdolrahimzadeh et al. described retinal
microvasculature abnormalities (RVA) in NF1 using NIR
imaging (Figure 1) [18]. These lesions were later confirmed
in further studies on larger patient populations [16, 19]. RVA
in NF1 are characterized by corkscrew and moyamoya-like
vessel configurations with a tendency to increase with age.
RVA have high diagnostic specificity with a positive pre-
dictive value of 100% [16]. A recently reported additional
feature detected with NIR in NFI patients is prominent
choroidal vessels (Figure 2) [20].

NIR imaging is a sensitive, noninvasive, and repro-
ducible examination that enables the detection of choroidal
alterations, RVA, and enlarged choroidal vessels in NF1
patients. Choroidal alterations, detected with NIR, have been
proposed as an additional diagnostic criterion in NF1 along
with the original NIH criteria.

3.2. Tuberous Sclerosis Complex. Tuberous sclerosis complex
(TSC), classified in the phakomatoses, is a multisystemic
disease characterized by hamartomas that involve the central
nervous system, eye, skin, heart, kidneys, liver, and lung. The
estimated incidence and prevalence are 1/6800 and 1/15000,
respectively, with 50% to 84% of sporadic cases [21]. Retinal
astrocytic hamartoma (RAH) may be the first clinical sign
and is a hallmark of TSC reported in 44% to 48% in two large
case series [22, 23]. Diagnosis of typical RAH has tradi-
tionally been through fundus examination, but recent ad-
vances in imaging facilitate the detection of lesions using
NIR and SDOCT [24].

On ophthalmoscopic examination, RAH are divided into
type 1 lesions that are flat and translucent or type 2 lesions
that are elevated and multilobar with a “mulberry-like”
appearance commonly associated with calcifications
[23, 25]. Nyboer et al. reported 116 patients with TSC and
described that translucent lesions could be easily overlooked
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FI1GURE 2: Near-infrared reflectance (NIR) and cross-sectional enhanced-depth imaging spectral-domain optical coherence tomography
(SDOCT) image in neurofibromatosis type 1. On the NIR image, white/grey rounded or patchy choroidal alterations typical of NF1 are
evident and arrows indicate faint hyperreflective choroidal vessels. On the SDOCT cross-sectional image, arrows indicate dilated choroidal

vessels.

on ophthalmoscopic examination due to only a slight dif-
ference in the background fundus color compared to lesions
[23]. This difficulty in the detection of RAH can be overcome
with NIR imaging, which reveals areas of hyperreflectivity
that correspond to subtle thickening of the retinal nerve fiber
layer (RNFL) or elevated honeycomb-like multicavitary
intraretinal masses within the RNFL on SDOCT (Figure 3)
[26-28].

Therefore, NIR and SDOCT are sensitive imaging mo-
dalities that enable detecting and localizing even small
translucent RAH that are not readily visible on fundus
ophthalmoscopy. This facilitates the diagnosis and follow-up
of TSC patients where the examination is hindered by
uncooperative patients or concomitant neurological or
psychological conditions that characterize the disease.

3.3. Sturge-Weber Syndrome. The Sturge-Weber syndrome
(SWYS) is a neuro-oculocutaneous disease characterized by
leptomeningeal angiomatosis, ipsilateral facial naevus
flammeus, congenital glaucoma, and diffuse choroidal
hemangioma. SWS is diagnosed during infancy or child-
hood, where ophthalmological examination of patients is
challenging and a fast and efficient imaging technique is
fundamental. Enhanced-depth imaging SDOCT penetrates
the RPE and enables assessing choroidal hemangiomas and
correlated retinal complications. A recent report of an 8-
year-old patient revealed a diffuse choroidal hemangioma
characterized by multiple hyperreflective dots surrounded
by hyporeflective rings on NIR. These alterations corre-
sponded to focal alterations of the RPE-photoreceptor layer
on SDOCT images and the white dot-shaped “microdrusen-
like” alterations of the retina (Figure 4) [29].

3.4. Congenital Hamartomas. The congenital simple
hamartoma of the RPE (CSHRPE) is a rare benign pig-
mented lesion found in phakomatoses [30]. The existing
literature shows the role of NIR in delineating a hyper-
reflective lesion otherwise not clearly detectable on color

fundus photography [31, 32]. Gass described this alteration
as a hamartomatous malformation involving the RPE, ret-
ina, retinal vasculature, and overlying vitreous [33]. SDOCT
enables appreciating the structure of these tumours in great
detail. Furthermore, as the boundaries of combined
hamartomas can be hard to distinguish clinically, NIR
imaging facilitates delineating both the edges of the tumour
and the extent of macular involvement in view of possible
surgical management [34].

4. Hereditary Fundus Dystrophies

Hereditary fundus dystrophies commonly manifest during
childhood and young adulthood resulting in profound visual
impairment. As these diseases affect the RPE, photorecep-
tors, and the choriocapillaris complex, multimodal imaging
is essential in the diagnostic work-up. NIR imaging is
particularly indicated in patients with Bietti crystalline
dystrophy (BCD) [8] and occult macular dystrophy, whereas
NIR-autofluorescence (NIR-AF), with 787 nm excitation
and 830nm emission wavelength, is preferred in Best
vitelliform and Stargardt dystrophy [35, 36].

4.1. Bietti Crystalline Dystrophy. Bietti crystalline dystrophy
(BCD) is a rare autosomal recessive disease characterized by
the deposition of crystalline material in the cornea, retina,
RPE, and the choroid. CYP4V2 was identified as the
causative gene in 2004 [37]. Retinal crystalline deposits are a
characteristic feature in BCD; however, it is not always easy
to differentiate these from other small deposits associated
with other diseases. Diagnosis is particularly challenging
when chorioretinal atrophy has progressed and only a few
deposits are observed. Oishi et al. [8] considered NIR as the
most practical imaging method in differentiating patients
with BCD and CYP4V2 mutations from other chorioretinal
dystrophies with crystalline-like retinal deposits. Although
genetic testing is necessary to confirm the diagnosis, NIR is
an essential first-step methodology with a sensitivity and
specificity of 100% in identifying CYP4V2 mutation-positive
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FIGURE 3: (a) Fundus image of the right eye. The fundus appearance is unremarkable, and retinal astrocytic hamartoma is not evident. (b) Near-
infrared reflectance (NIR) and cross-sectional spectral-domain optical coherence tomography (SDOCT) image features of a peripapillary retinal
astrocytic hamartoma (RAH) in the right eye of a patient with neurofibromatosis type 1. (a) NIR shows a shadowed area in the superior
peripapillary margin of the optic disc; (b) SDOCT image at presentation shows the origin and expansion of a RAH in the retinal nerve fiber layer
with numerous pinpoint and larger optically empty spaces within the mass; there is prominent outward bowing. The retinal nerve fiber layer,
ganglion cell layer, and inner plexiform layer have considerable disorganization. The inner nuclear layer seems thickened. An initial splitting located
in the outer plexiform layer is visible. The outer nuclear layer, external limiting membrane, and retinal epithelium are present. No calcification is
present in the mass as there is no shadowing. The height of the mass is 1136 microns (modified with permission from Abdolrahimzadeh et al. [27]).

patients. Histopathological studies show that the deposits in
BCD originate from lipid crystallization [38] and hyper-
reflective crystalline formations are considered the SDOCT
hallmark of cholesterol crystals as they present intense
reflectivity with strong light scattering [5].

4.2. Occult Macular Dystrophy. Occult macular dystrophy
(OMD) is hereditary dystrophy described by Miyake et al. in
1989 in patients with a bilateral progressive visual decline in
the context of a normal fundus, fluorescein angiograms, and
tull-field electroretinogram (ERG) [39]. Retinitis pigmen-
tosa 1-like 1 gene (RP1L1, OMIM 608581) is the only
confirmed associated gene and dominant mutations in
RPIL1 are responsible for occult macular dystrophy [40].
Focal macular and multifocal ERG are severely attenuated,
indicating localized macular dysfunction [39]. NIR imaging

reveals macular hyporeflective lesions easily discernible
from the surrounding reflectance that correspond to an
abnormal interdigitation and ellipsoid zone on SDOCT
cross-sectional images. The hyporeflective alterations on
NIR are confirmed in 66.7% of cases and are fundamental in
diagnosis and monitoring disease progression [41].

4.3. Recessive Stargardt Disease. Recessive Stargardt disease
occurs due to a deficiency of ABCA4 activity that accelerates
the formation and accumulation of toxic bisretinoid mol-
ecules in RPE and photoreceptor cells. Multimodal imaging
is central to this pathology and NIR-autofluorescence (NIR-
AF) images, acquired using the indocyanine-green angi-
ography mode (787 nm excitation), are particularly helpful
in visualizing the RPE, which is commonly the first site of
damage [35]. Figure 5 shows diffuse RPE atrophy visible on



Journal of Ophthalmology

F1GURE 4: Composite of fundus color photographs and spectral-domain optical coherence (SDOCT) of the right and left eye. (a) The right
fundus image shows excavation and pallor of the optic disk, absence of tessellation, diffuse choroidal hemangioma, hypo-hyper pig-
mentation of the foveal area with absent foveal reflex (circle), and small white dot shaped “microdrusen-like” alterations (arrows). (b) Near-
infrared reflectance (NIR) of the right eye shows multiple hyperreflective dots surrounded by a hypo-reflective ring corresponding to the
small white dot shaped “microdrusen-like” alterations of the posterior pole observed with ophthalmoscopy corresponded. B-scan cross-
sectional SDOCT scan (c) on the hyperreflective dots shows focal alterations of the retinal pigment epithelial (RPE)-photoreceptor layer
(involving the RPE, interdigital, ellipsoid and myoid zone), better seen on magnifications. (d) Enhanced-depth image (EDI) of the right eye
shows choroidal thickness above 1000 yum (yellow arrowheads indicate chorioscleral junction). (e) Left fundus image shows slightly in-
creased excavation of the optic disc and absence of fundus tessellation. (f) EDI of the left eye shows no remarkable alterations; subfoveal
choroidal thickness is 301 ym (modified with permission from Abdolrahimzadeh et al [29]).

both short-wavelength (SW-AF) and near-infrared auto-
fluorescence (NIR-AF) where lesions are more evident with
NIR-AF in a 19-year-old female diagnosed with recessive
Stargardt disease.

5. Other Macular Disorders

5.1. Acute Macular Neuropathy and Paracentral Acute Middle
Maculopathy. Acute macular neuropathy (AMN) and
paracentral acute middle maculopathy (PAMM) share
similar clinical and multimodal imaging characteristics and
NIR imaging represents the principle modality for diagnosis
[42-44].

AMN is a rare acute pathology of uncertain aetiology
presenting with a paracentral scotoma and characteristic
wedge-shaped macular lesions, probably linked to oral

contraceptive use in young women, prodromal viral infec-
tions, and shock [45]. On fundus photography, lesions
appear as multiple dark brown areas pointing toward the
fovea; however, these are often very faded and difficult to
recognize. NIR clearly identifies hyporeflective, well-defined
lesions that facilitate accurately monitoring lesion pro-
gression over time [46]. These hyporeflective lesions appear
to correlate with SDOCT-hyperreflective alterations in-
volving the outer plexiform/outer nuclear layer junction that
precede outer segment abnormalities. Fawzi et al. hypoth-
esized that optimal visualization of these lesions with NIR
depends on persistent RPE melanin abnormalities [47].
The pathogenesis of AMN is still unclear; however, a
microvascular ischemic insult is thought to be the precip-
itating risk factor [47] although the localization of the is-
chemic injury is still a matter of debate. In a study conducted
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Figure 5: Composite images in a 19- year-old female with Stargardt disease. (a) Short-wavelength autofluorescence (SW-AF); (b) near-
infrared autofluorescence (NIR-AF); (c) fundus photograph; (d) spectral-domain optical coherence tomography subfoveal b scan. Diffuse
retinal pigment epithelium (RPE) atrophy is visible on both SW-AF and NIR-AF. RPE atrophy is more evident with NIR-AF exceeding the

areas visible on SW-AF.

by Thanos et al. [48], comparing NIR, SDOCT, and OCT
angiography (OCTA), flow deficits were reported to be
distributed at choriocapillaris level colocalizing with the
hyporeflective lesions on NIR. Other authors hypothesized
the deep capillary plexus as the prominent microvascular
plexus affected in this condition [43, 49].

PAMM lesions can be associated with retinal vascular
diseases. In young patients, a causative event may be rep-
resented by sickle cell crisis presenting with bilateral vision
loss [42]. Color fundus photography shows nasal parafoveal
whitening, NIR imaging reveals nasal parafoveal hypore-
flective lesions, and SDOCT demonstrates hyperreflective
changes affecting the middle retinal layers above the outer
plexiform layer corresponding to the hyporeflective lesions
on NIR [42, 50]. Similar to AMN, PAMM lesions correspond
to hyperreflective bands localized in the inner plexiform and
inner nuclear layers, accompanied by reduced flow in the
intermediate and deep capillary plexuses [43, 50, 51].

5.2. Acute Idiopathic Maculopathy. In a case of acute idio-
pathic maculopathy presenting a bacillary layer detachment,
NIR showed a hyperreflective perifoveal ring in the acute
phase corresponding to subretinal fluid. Some residual central

hyperreflectivity surrounded by a hyporeflective ring per-
sisted following bacillary detachment resolution. This aspect
has been related to a central thickening of the RPE/Bruch’s
membrane with adjacent ellipsoid and interdigitation zone
disruption. In the case reported, NIR abnormalities persisted
for months, even after fundus AF normalized [52].

5.3. Iatrogenic Laser-Induced Maculopathy. Retinal injuries
secondary to laser pointers are increasingly frequent and
different reviews have underlined how this has become a
worrisome phenomenon. In 2017, Birtel et al. reported 111
cases of retinal injury due to laser pointers [53]. In 2018,
Linton et al. documented 84 cases of handheld laser burns,
where young boys represented the category most at risk [54].
The commonly reported symptoms following laser accidents
include blurry vision, central scotomas, and reduced visual
acuity. At fundoscopy, a multitude of retinal abnormalities
can be observed spacing from circumscribed yellowish le-
sions, haemorrhage, pigment changes, and macular holes
[53, 55]. However, lesions can be very subtle and easily
missed, especially if the patient has difficulty in cooperating
during the clinical examination or is reluctant to disclose the
event and correlated symptoms. As laser-induced lesions
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FIGURE 6: Multimodal imaging in a young patient with handheld laser-induced maculopathy. (a) Color fundus photograph shows a subtle
focal yellowish-orange lesion in the foveolar area (light blue arrowhead). (b) Near-infrared reflectance demonstrates multiple roundish
lesions with perilesional hyporeflective borders (yellow arrowheads). (¢) SDOCT cross-sectional image scans through the lesions. (I-II) show
defects of the ellipsoid zone and external limiting membrane with curvilinear hyperreflective tracts that appear to follow Henle fibers

ascending toward the outer plexiform layer.

primarily affect the photoreceptors in the interdigitation and
ellipsoid zones with various degrees of RPE involvement,
NIR is particularly useful in detecting these lesions [56].
Herein, we report an illustrative case of a 16-year-old boy
with a history of handheld laser misuse in his right eye for
15-20 seconds at 10 centimeters of distance. His best-cor-
rected visual acuity was 20/20, and he denied visual distur-
bances. Clinical examination showed subtle macular changes.
However, NIR enabled the identification of various parafoveal
lesions with increased central reflectivity and hyporeflective
borders that, on SDOCT cross-sectional images, corre-
sponded to defects of the ellipsoid zone and external limiting
membrane with curvilinear hyperreflective tracts (Figure 6).

A multimodal imaging approach including both NIR and
SDOCT imaging in patients with suspected laser injury is
imperative for diagnosis. Patients and parents benefit from
counselling on the risks related to laser misuse in order to
avoid exposure and repeated, possibly sight-threatening,
damage.

6. Miscellaneous

Within the articles of this literature research a case of acute
zonal cone photoreceptor outer segment loss in an ado-
lescent boy was reported. Fundus examination, short-
wavelength, and near-infrared FAF imaging were normal in
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Optic nerve head map GCC NDB reference

FIGURE 7: Microcystic edema. (a) Short-wavelength fundus autofluorescence (FAF) does not show alterations. (b) Infrared reflectance
demonstrates a linear lesion of reduced reflectivity (yellow arrowheads), visible also at near-infrared FAF (yellow arrowheads (c)). (d)
Spectral-domain optical coherence tomography b scan through the lesion as detailed in the miniature, the inset I reports a magnification of
the microcystic spaces occupying the inner nuclear layer. (e) Retinal nerve fiber layer map confirming a defect in the inferior temporal sector

and a diffuse defect in the ganglion cell layer map (f).

both eyes, whereas NIR imaging showed a region of
hyporeflectance that corresponded to a dense cone scotoma
[57].

In early-onset cobalamin C (cblC) disease, patients show
an early-onset, fast-progressing maculopathy with severe
central outer nuclear and ganglion cell layer loss. In the
context of multimodal imaging techniques, NIR showed
bulls-eye maculopathy in a 14-month boy and was crucial
for the interpretation of the SDOCT images that were ac-
quired simultaneously [58].

Recent studies on dengue fever ocular manifestations
demonstrated that the RPE is a target for the dengue virus and
alterations in intercellular junctions following infection of RPE
cells promote leakage of extracellular fluid into the retina. These
lesions appear as crescent-shaped defects and are helpful in
detecting subtle alterations on fundus examination [59, 60].

Microcystic macular edema occurring with optic
neuropathies can be studied with multiple imaging
techniques. NIR highlights well-circumscribed peri-
foveal retinal atrophic arcuate dark zones, which proved
to have a very good correspondence both with cystic
lesions in the inner nuclear layer on SDOCT scans and to
scotomas detected with visual field examination (Fig-
ure 7) [61].

7. Conclusions

Near-infrared reflectance represents an optimal noninvasive
imaging technique to visualize and enhance subretinal and
sub-RPE alterations. This method can be combined with
SDOCT cross-sectional scans to further improve diagnostic
evaluation. The fast and straightforward acquisition mode is
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particularly useful in children who do not collaborate easily
during ophthalmological examination. The role of NIR is
essential in diagnosing several retinal diseases with onset from
infancy to young adulthood. Beyond the difficulties in ex-
amining young patients, most of the alterations localized in
the subretinal and sub-RPE space may be overlooked during a
routine clinical examination. NIR is crucial in phakomatoses
and facilitates the detection of choroidal alterations that are
cardinal biomarkers in NF1. Another diagnostic application is
the accurate visualization of the glistening crystals charac-
terizing Bietti crystalline dystrophy. In AMN and PAMM
lesions with young adulthood onset, NIR is not only diag-
nostic but also essential to monitor disease progression. An
interesting clinical application is also the prompt recognition
of laser-induced maculopathy where funduscopic examina-
tion can appear normal or subnormal.

In conclusion, NIR has a noninterchangeable role in the
diagnosis of certain retinal and choroidal alterations, es-
pecially in children and young adults where a clinical ex-
amination is hindered owing to poor collaboration and lack
of evident funduscopic findings. Moreover, this imaging
method can reveal unique retinal biomarkers highly specific
to rare conditions, which are otherwise difficult to recognize.
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Age-related macular degeneration (AMD) is the leading cause of legal blindness in elderly people. Neovascular AMD (nAMD) is
responsible for the majority of cases of severe visual loss in eyes with AMD. Optical coherence tomography (OCT) is the most
widely used technology for the diagnosis and follow-up of nAMD patients, which is widely used to study and guide the clinical
approach, as well as to predict and evaluate treatment response. The aim of this review is to describe and analyze various structural
OCT-based biomarkers, which have practical value during both initial assessment and treatment follow-up of nAMD patients.
While central retinal thickness has been the most common and one of the first OCT identified biomarkers, today, other qualitative
and quantitative biomarkers provide novel insight into disease activity and offer superior prognostic value and better guidance for
tailored therapeutic management. The key importance of retinal fluid compartmentalization (intraretinal fluid, subretinal fluid,
and subretinal pigment epithelium (RPE) fluid) will be discussed firstly. In the second part, the structural alterations of different
retinal layers in various stages of the disease (photoreceptors layer integrity, hyperreflective dots, outer retinal tubulations,
subretinal hyperreflective material, and retinal pigment epithelial tears) will be analyzed in detail. The last part of the review will
focus on how alterations of the vitreoretinal interface (vitreomacular adhesion and traction) and of the choroid (sub-RPE
hyperreflective columns, prechoroidal clefts, choroidal caverns, choroidal thickness and choroidal volume, and choroidal vascular
index) interact with nAMD progression. OCT technology is evolving very quickly, and new retinal biomarkers are continuously
described. This up-to-date review article provides a comprehensive description on how structural OCT-based biomarkers provide
a valuable tool to monitor the progression of the disease and the treatment response in nAMD patients. Thus, in this perspective,
clinicians will be able to allocate hospital resources in the best possible way and tailor treatment to the individual patient’s needs.

1. Introduction

Age-related macular degeneration (AMD) is the leading cause
of legal blindness in elderly people, especially in developed
countries. Its prevalence increases significantly after the age of
50 in each decade, and it affects up to 18% of adults aged over
85 years [1, 2]. In 2020, about 200 million people were affected
by AMD worldwide, and the incidence is constantly increasing
as a consequence of exponential population aging. The AMD
population is expected to be 288 million by 2040 [3, 4].

Neovascular AMD (nAMD) represents a small subset
(less than 10%) of total AMD cases; however, the neo-
vascular form is responsible for the majority of cases of
severe visual loss in eyes with AMD [5]. It can lead to a
progressive and irreversible central visual loss, with severe
impairment in daily life. For this reason, appropriate
management of this disease is essential.

A multimodal imaging approach should be used in the
diagnosis of nAMD, including fluorescein angiography
(FA), indocyanine green angiography (ICG), optical
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coherence tomography (OCT), and OCT angiography.
However, OCT can be extremely useful in the follow-up of
these patients to predict and evaluate treatment response, as
well as to guide treatments [6]. Indeed, it is a widely diffused,
user-friendly, quick, and noninvasive device that provides
high-resolution in vivo imaging of chorioretinal anatomy
and vasculature [7].

Today, with the word “biomarker,” we mean morpho-
logical and structural alterations that can provide important
information about the stage of a disease [7]. OCT allows to
identify specific retinal biomarkers associated with visual
acuity (VA) at baseline and to provide information about the
patient’s visual recovery after anti-Vascular Endothelial
Growth Factor (anti-VEGF) treatment, to offer an efficient
and personalized management of nAMD.

OCT biomarkers in nAMD can be divided into two
different categories. On the one hand, biomarkers based on
the retinal distribution of fluids and, on the other, structural
biomarkers based on the presence or absence of specific
features can be observed in the retinal layers, choroid, or
vitreomacular interface. Retinal fluids are observed in ex-
udative AMD and underline the presence of macular neo-
vascularization (MNV), while structural biomarkers can be
observed in both exudative and dry AMD as merely man-
ifestations of the progression of the disease.

The measurement of central retinal thickness (CRT) is
the most common and one of the first OCT biomarkers
identified in the literature [8].

Furthermore, several studies found that fluctuation in
retinal thickness due to the activity of the lesion has
negative effects on the final VA in patients with nAMD
treated with anti-VEGF therapy. Although fluctuation in
any retinal tissue compartments has a negative impact on
VA, intraretinal cystoid fluid has the worst influence [9].
CRT should be measured in patients with nAMD, because it
seems to be correlated with VA both at baseline and after
treatment [10], and it is considered the most available and
intuitive morphological parameter that can be evaluated
from OCT scans. However, studies revealed different re-
sults about this correlation, and CRT appears to be not so
valuable predictor of visual function. Indeed, studies that
consider other parameters such as fluid location, fibrosis,
and integrity of individual retinal layers may be more
accurate [11]. This is because CRT considers different
retinal layers that alone could influence functional out-
comes [12, 13]. In particular, intraretinal cystoid fluid has
been shown to have the greatest impact on CRT compared
with the other fluid features [14]. Intraretinal cysts at
baseline may indicate preexisting retinal damage or a more
aggressive form of nAMD, reducing visual acuity recovery
[15]. For these reasons, we highlight the importance of
recognizing the distribution of fluids in retinal layers in
nAMD. Specifically, we can distinguish intraretinal cystoid
fluid (IRC), subretinal fluid (SRF), and pigment epithelial
detachment (PED).

The aim of this narrative review is to describe and an-
alyze various OCT-based biomarkers, which have practical
value during both initial assessment and treatment follow-
up of patients affected by nAMD.
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2. Distribution of Retinal Fluids as
OCT Biomarker

Neovascular AMD is characterized by the growth of ab-
normal choroidal vessels, breaking through the Bruch
membrane (BM) and proliferating into the subretinal pig-
ment epithelium (RPE) space. These vessels are also defined
macular neovascularization (MNV) and can further expand
beyond the RPE into the subretinal and intraretinal layers.
Exudation due to the immaturity of these vessels often re-
sults in fluid accumulation in different layers depending on
MNV extension and on retinal tissue ability to solve it
[16, 17].

2.1. Intraretinal Cystoid Fluid. Intraretinal cystoid fluid
(IRC) can be defined as a cystoid accumulation of fluid
within the inner retinal layers, typically associated with
increased retinal thickening (Figure 1). IRC is usually related
to type 2 and type 3 MNV, but it can also be found in type 1
MNYV, in later stages of disease [16]. Many comprehensive
literature reviews qualify IRC as the most important negative
prognostic biomarker in AMD, associated with a higher risk
of visual loss and development of fibrosis or atrophy [7, 18].

IRC presence at baseline is often associated with both
poor baseline VA and lower visual improvement after anti-
VEGF treatment [6, 19].

In a post hoc analysis of a prospective, randomized
multicenter clinical trial including 1240 patients with nAMD
treated with intravitreal ranibizumab or aflibercept,
Schmidt-Erfurth et al. showed that IRC was the only feature
statistically correlated with baseline visual function, with low
best-corrected visual acuity (BCVA) values at baseline and
during the treatment. When IRC persisted throughout the
initial three-month loading phase, there was a further de-
crease in BCVA, and these degenerative cysts showed the
worst prognosis in visual outcomes [20]. Moreover, patients
with persistent IRC, despite twelve anti-VEGF injections
monthly, showed a higher risk of fibrosis and RPE atrophy
(16].

The negative effect of IRC on VA was confirmed in the
CATT study at all time points examined in a two-year pe-
riod. This correlation was stronger in the second year, and
the authors postulated that the small hyporeflective cystoid
structures persisting after anti-VEGF therapy at the con-
clusion of the first year may have been due to non-VEGF
mechanisms, such as cell death [14].

Finally, we can conclude that IRC is always a negative
prognostic biomarker, and, whenever it occurs at baseline or
during anti-VEGF therapy, VA would be significantly
compromised [20].

2.2. Subretinal Fluid. Subretinal fluid (SRF) is described as
an exudation occurring between the outer border of
photoreceptors and the inner border of the RPE (Figure 1).
SRF is the most frequent fluid localization in type 1 MNV,
and it can also occur in the context of type 2 MNV. In type 3
MNYV, SRF is commonly found in association with IRC
overlying PED [16]. The presence of SRF is often associated
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Ficure 1: Fluid distribution in neovascular AMD.

with higher visual outcomes and lower rates of atrophy,
regardless of intravitreal treatment frequency, respect to
IRC [16].

A post hoc analysis of prospective, randomized VIEW
trials stated that nAMD patients who presented SRF at
baseline were shown to have a higher mean BCVA both at
baseline and through the duration of anti-VEGF treatment
than patients without SRF [19]° A post hoc analysis of
prospective, randomized VIEW trials stated that nAMD
patients who presented SRF at baseline were shown to have a
higher mean BCVA both at baseline and through the du-
ration of anti-VEGF treatment than patients without SRF
[19].

Schmidt-Erfurth et al. found that visual prognosis
worsened progressively when SRF was associated with ret-
inal Pigmented Epithelium Detachment (SRF+PED) and
with IRC (SRF +IRC), with the worst VA in patients with
SRF associated with both IRC and PED (SRF + IRC + PED)
[20]. Furthermore, refractory SRF may have not a significant
negative effect on VA [16, 21], and it was associated with
better anatomical and functional outcome than refractory
IRC [22].

The FLUID study reported the visual outcomes of
nAMD patients treated for 24 months with ranibizumab
intravitreal injections in two different treat-and-extend
protocols, differing only in the tolerance level of SRF. Pa-
tients treated with a protocol that tolerates a small amount of
SRF (<200pm under the fovea center) achieved a mean
BCVA that was noninferior to the group, in which SRF had
to be completely resolved [23, 24].

However, the use of microperimetry in the eyes with SRF
revealed a progressive decrease in retinal sensitivity over
time, expression of functional changes [25].

In the post hoc analysis of the prospective, randomized
HARBOR study, baseline SRF absence was associated with
an increased risk of macular atrophy (MA) and low VA. The
authors provided two different interpretations of these re-
sults: SRF itself could be protective against the development

of MA; otherwise, SRF may have been related to the presence
of a low-activity persistent MNV that limited atrophy,
supporting the metabolism of the RPE [18]. However, Sadda
et al., disagreeing with the protective role of SRF, empha-
sized that patients with persistent SRF in the HARBOR study
achieved a good visual outcome, because they had been
treated continuously during the study [26].

The CATT study showed that eyes with foveal SRF at
baseline had higher BCVA at 5 years of follow-up, and this
effect was even more evident than at the two-year follow-up.
The protective role of SRF was also explained in the CATT
study, hypothesizing that SRF might protect retinal pho-
toreceptors from potential toxicity related to direct contact
with the underlying diseased RPE. SRF may contain neu-
roprotective factors providing trophic support to the
overlying retina [27].

2.3. Sub-RPE Fluid. Serous retinal pigment epithelium de-
tachment (PED) is defined as a separation of the RPE from
the inner collagenous layer of Bruch’s membrane (Figure 1).
Its finding on OCT seems to be less important for the visual
prognosis of patients with nAMD than the presence of IRC
or SRF.

Previous studies reported inconsistent results regarding
the relationship between PED and VA. While some studies
associated the presence of PEDs with less favorable visual
outcomes, others reported no significant relationships [28].

PED appeared to affect visual recovery only when
combined with IRC or SRF, and it is associated with an
increase in retreatment frequency [16, 20, 29, 30].

In the post hoc analysis of prospective VIEW trials, 1353
eyes with PED at baseline presented a slightly higher mean
BCVA at baseline than patients without PED, but over time,
the correlation became less strong and showed a minimal
impact of PED on VA [19]. In the post hoc analysis of
prospective VIEW trials, 1353 eyes with PED at baseline
presented a slightly higher mean BCVA at baseline than



patients without PED, but over time, the correlation became
less strong and showed a minimal impact of PED on VA
[19].

Similarly, in the post hoc analysis of the HARBOR study,
patients with PED had better VA at baseline and at month 24
than patients without PED. Indeed, patients who started
treatment with higher VA maintained these values until the
end of the study. Nevertheless, at year two, there was no
statistically significant difference between BCVA increase in
patients with PED and patients without PED (p = 0.08).

A similar rate of MA was seen at month 24 in eyes with
and without PED at baseline; however, patients with
complete resolution of PED generally developed MA at
month 24, regardless of PED size at baseline [31].

In the CATT study, foveal PED was associated with
higher VA at year 5. The reason for higher VA in these eyes is
unclear, and the authors suggested that sub-RPE fluid
provides a trophic support to the retina [27]. Nevertheless,
several studies reported a lack of correlation between visual
improvement and resolution of PED [31, 32]. Moreover,
OCT PED morphology (height, width, volume, dome shape
versus peak, presence of RPE tear, or cholesterol bands) was
not related to the visual outcome [28].

Finally, PED height reduction was not associated with an
increase in VA, suggesting that complete resolution of PED
may not influence the final VA, compared to IRC and SRF
[33].

3. Structural OCT Biomarkers
3.1. Retinal Features

3.1.1. Photoreceptor Layer Integrity. Photoreceptor degen-
eration and loss are well-known features in nAMD and are
considered key factors of visual decrease in this disease [34]
(Figure 2).

Thanks to OCT imaging, it is possible to identify three
hyperreflective bands in the photoreceptor layer: External
Limiting Membrane (ELM), Ellipsoid Zone (EZ), and In-
terdigitation Zone (1Z).

Various studies showed that foveal photoreceptor layer
integrity is strongly correlated with visual acuity in several
retinal diseases [35-40]. In nAMD, the disruption of the
foveal ELM band [41-43] and the foveal EZ band [41, 43-45]
has been associated with compromised BCVA at baseline
and after anti-VEGF therapy.

Restoration of the foveal ELM band and the foveal EZ
band after anti-VEGF therapy in nAMD has been described
[40, 42, 44]. Restoration of the foveal ELM band after anti-
VEGEF therapy showed a correlation with better final BCVA.
[42].

In a post hoc analysis of the OCTAVE trial, Riedl and
colleagues analyzed 185 eyes of 185 newly diagnosed
treatment-naive nAMD patients. They showed a slight
positive correlation between foveal EZ integrity and BCVA
at baseline [44]. However, within the same study, BCVA
variations and modifications in EZ integrity after anti-VEGF
treatment did not show a meaningful correlation. Fur-
thermore, Riedl described a correlation between the
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presence of subretinal fluid and EZ integrity at baseline and
the EZ damage with SRF resolution after anti-VEGF
treatment.

Coscas and coworkers [42], in a retrospective analysis on
50 eyes with nAMD, described that baseline foveal ELM and
EZ integrity showed a predictive value correlating with final
photoreceptor layer integrity and final BCVA.

3.1.2. Hyperreflective Dots. Hyperreflective Dots (HRD) are
well-defined and circumscribed retinal lesions of approxi-
mately 20-40 ym in diameter with equivalent or higher
reflectivity than the RPE band on OCT [46] (Figure 3).

HRDs have been described in several retinal diseases
such as AMD, diabetic retinopathy, retinal vein occlusion,
and central serous chorioretinopathy. In nAMD patients,
these lesions are scattered throughout all retinal layers, in
particular, around intraretinal cystoid spaces [47].

Since the histopathology of HRDs is unknown, different
authors made hypotheses about the structure of this OCT
feature.

Curcio and colleagues hypothesized that HRD in nAMD
could be composed of two different cell populations: activated
migrating RPE cells and lipid-filled microglia cells [48].

Activated migrating RPE cells have been described as
discrete hyperreflective lesions in an ex vivo Spectral Do-
main OCT (SD-OCT) imaging-histology study of two
neovascular and two nonneovascular PED. In this study,
migrating RPE cells have been found throughout all retinal
layers, even surrounding inner retinal capillaries. Further-
more, migrating RPE cells have been found solitarily, as
punctate reflective lesions, or in swarms as large irregular
lesions [49].

In the same study, a different type of hyperreflective cells
was found to be associated with intraretinal cysts in the
neovascular PEDs. These cells were larger than RPE,
spherical, and full of lipid droplets different from RPE or-
ganelles. The authors hypothesized that this cell population
could be constituted by microglia [48, 49].

Another study evaluating the association of HRDs with
known AMD risk polymorphisms in early forms of AMD
showed an association with polymorphisms in genes in-
volved in extracellular matrix interactions, lipid metabolism,
and complement activation, suggesting a role of the in-
flammation in the onset of HRDs [50].

Coscas and colleagues analyzed the prognostic value of
HRDs in eyes with neovascular AMD. This study showed
that poor BCV A at baseline was significantly associated with
persistence of HRDs after anti-VEGF therapy. Moreover,
they studied this biomarker after anti-VEGF therapy and
showed the persistence of a high number of HRDs in
nonresponder patients, while, in responder patients, HRDs
quickly decreased after the first injection [51].

3.1.3. Outer Retinal Tubulation. Outer Retinal Tubulations
(ORT) are intraretinal tubular biomarkers located more
frequently in the outer nuclear layer, whose OCT aspect was
first described by Zweifel et al. in 2009 [52] (Figure 4).
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FIGURE 2: Structural OCT biomarkers: photoreceptors layer degeneration (white arrow).
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FIGURE 3: Structural OCT biomarkers: hyperreflective dots (HRD; white arrows) and RPE detachment (black arrow).

FIGURE 4: Structural OCT biomarkers: outer retinal tubulations (black arrows).



ORTs have been documented in various retinal diseases,
including nAMD. The prevalence of ORTs in nAMD is low
at the time of first diagnosis but increases over time during
anti-VEGF therapy [53, 54].

ORTs are identified as hyporeflective structures sur-
rounded by a hyperreflective band on OCT B scans. Their
tubular appearance can be better appreciated in en face OCT
images.

The hyperreflective outer border of ORTs has been
correlated with external limiting membrane and photore-
ceptor inner segment mitochondria [55].

These lesions can be divided in forming ORTs, without a
lumen and with ELM scrolling over a free edge, and formed
ORTs. Formed ORTs can be divided in two categories: close
ORTs when they have 360° well-defined hyperreflective
borders and open ORTs when they show incomplete
hyperreflective borders [56].

Preti et al. described a sequential evolution of ORTs; that
is, forming ORTs evolve into large open ORTS, which tend to
bifurcate into multiple smaller open ORTs. Smaller open
ORTs tend to evolve into closed ORTs [57].

Outer retinal tubulations characteristically develop in
advanced stages of AMD and are associated with the
presence of MNV and geographic atrophy (GA) [56].

Finally, ORTs can be considered as a rearrangement of
photoreceptors as a consequence of retinal injury, and their
presence has been associated with worse visual prognosis in
nAMD patients [53].

Anti-VEGF treatment seems not to decrease the de-
velopment of newer ORTs neither to enhance the regression
of preexisting ORTs [53, 54, 58].

3.1.4. Subretinal Hyperreflective Material. Subretinal
hyperreflective material (SHRM) is a tomographic feature
seen on OCT as a hyperreflective material located between
the neurosensory retina and RPE [59] (Figure 5).

In eyes with nAMD, SHRM is common and often
persists after anti-VEGF treatment [60, 61]. The nature of
SHRM is still not known, as the literature is lacking direct
histopathological studies. Authors suggest that SHRM could
be made up of fluid, fibrin, blood, scar, and MNV, even
though it could change over time [59, 62].

Willoughby and coworkers, in a post hoc analysis of the
CATT study, demonstrated that the presence of SHRM was
associated with worse VA in any position, regardless of its
size. Furthermore, central fovea position and greater SHRM
height and width were correlated with worse BCVA.

Moreover, the persistence of SHRM from baseline to
follow-up visits was associated with a lower increase in VA [59].

Pokroy and coworkers, in a retrospective study on 73
eyes treated with three intravitreal bevacizumab injections
monthly followed by PRN regimen, showed that the pres-
ence of any SHRM within the 1 mm? central fovea predicted
a worse visual outcome after twelve months of treatment,
especially if well-defined SHRM borders and thicker SHRM
were present [63].

Optical coherence tomography angiography (OCTA)
can recognize vascular from avascular SHRM components
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[64]. Dansingani and colleagues identified SHRM subtypes
in a cohort of 33 patients. They found that 3 patients showed
atype 2 MNV, 4 patients fibrosis or disciform scar, 5 patients
macular hemorrhage, 10 patients subretinal hyperreflective
exudation, and 17 patients vitelliform lesions [64]. Kawa-
shima and colleagues, in a prospective consecutive inter-
ventional case series on 44 treatment-naive nAMD eyes,
showed that vascular SHRM still remains after treatment
with three intravitreal aflibercept injections monthly. Based
on these findings, the authors suggested that vascular SHRM
underlies a lower response to anti-VEGF therapy [65].

Kumar and colleagues, in a retrospective analysis on 499
treatment-naive nAMD patients enrolled in randomized
anti-VEGF and antiplatelet derived growth factor (PDGF)
clinical trials, showed that baseline SHRM characteristics,
such as layered appearance, hyperreflective spots, SHRM
separation from the outer retina, and larger size, had a
negative impact on subsequent visual acuity. Furthermore,
in the same study, Kumar et al. described that decreasing
reflectivity of SHRM lesions at follow-up visits correlated
with better visual acuity [66].

3.1.5. Retinal Pigment Epithelial Tears. Retinal pigment
epithelial (RPE) tears, also known as RPE rips, represent a
disruption of the RPE monolayer (Figure 6). RPE tears are a
well-known complication of nAMD [67]. In the large majority
of cases (86.2%-100%), RPE tears occur in patients with
preexisting PEDs [68]. RPE tears could occur spontaneously
or as a consequence of thermal laser treatment, photodynamic
therapy, or anti-VEGF therapy. The size and recent onset
(<4.5 months) of PED are potential risk factors for developing
RPE tears [68]. Moreover, different morphologies of PED
additionally increase the risk of developing an RPE tear.
Indeed, 80.6% of tears come from a fibrovascular PED, 16.2%
after a hemorrhagic PED, and 3.2% from serous PEDs [69].
The PED height is a predictive factor according to several
authors. Chan et al. reported that PED height greater than
400 ym is the only significant risk factor for an RPE tear after
bevacizumab injection, and with PED height over 600 ym, the
risk increases [70]. Sarraf et al. described that a height >550
microns is a high-risk factor for the development of RPE tears
with ranibizumab therapy [71]. Indeed, this value is con-
sidered by a large consensus as the only predictive value for
RPE tears occurrence. Chiang et al. noted that, in addition to
PED height, a large PED basal diameter on fluorescein an-
giography was also a risk factor [72]. In addition, a small
MNV size/PED size ratio (<50%) has been suggested as a risk
factor by Chan et al. [73]. RPE irregularities along the PED
borders, such as RPE thinning, RPE indentations, and small
interruptions in the PED on OCT, have also been reported as
predictors of impending RPE tears in patients with exudative
AMD treated with anti-VEGF therapy [74, 75]. Otherwise,
Musashi et al. observed microrips at the margin of the PED in
11 patients with polypoidal choroidal vasculopathy treated
with photodynamic therapy and noted that no one progressed
to a tear. Ten of these microrips disappeared spontaneously
[76]. This difference between the studies may be due to
different etiologies and treatments [77].



Journal of Ophthalmology

F1GURE 5: Structural OCT biomarkers: subretinal hyperreflective material (SRHM; white arrow) and pigment epithelium detachment (white

stars).
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Figure 6: Structural OCT biomarkers: RPE tear (white bracket) and RPE layer retraction (white arrow).

The RPE rip in OCT imaging looks like an area of RPE
disruption, usually located between the normal retinal ar-
chitecture and the border of the PED. Small RPE ruptures
appear as a tented up or peaked PED with a microscopic RPE
defect. As the grade of the RPE rip increases, OCT shows a
wider patch of RPE loss with the redundant RPE taking on a
dome-shaped configuration [78]. The retracted RPE is ob-
served with an irregular contour, dense hyperreflectivity
from duplication of the RPE, and a shadowing effect beneath
it [68, 77]. The overlying neurosensory retina remains intact
with or without neurosensory detachment. In the area,
where the RPE layer is absent, the bare choroid shows
hyperreflectivity and deeper signal penetration [79].

RPE tears must be differentiated from RPE apertures
described by Querques et al. in avascular PEDs secondary to
AMD. RPE apertures are defined as round discontinuities
that can be located not only at the base of an avascular PED,
but also at its apex. Importantly, they do not show the
rippling or retraction seen in RPE tears. The authors sug-
gested that focal atrophic progression of drusenoid material
plays role in their pathogenesis [80].

RPE tear development seems to be due to several factors:
firstly, the presence of the PED applies hydrostatic pressure to
the RPE and stretches it. The contractile capacity of the MNV

adds tangential forces to the RPE monolayer [77]. These
processes together create a weak point at the junction of the
detached and flat RPE, where the tear occurs. The tear is
followed by retraction of the pigment epithelium, revealing
bare Bruch’s membrane [78]. Several authors propose that
intravitreal anti-VEGF treatment could increase the risk of
early tearing, possibly by shrinking the neovascular complex,
thereby creating an extra contraction force in a PED at risk
and triggering the tear of the RPE [2]. Despite multiple re-
ports, not all studies support these conclusions [78]. There is
still no evidence that any anti-VEGF agent is safer than the
others [78]. In eyes with high-risk, alternative anti-VEGF
treatment protocols such as low-dose and frequent injection
treatments have been proposed. However, there is no proven
method to foresee the development of RPE tears [78].

The visual acuity outcome after an RPE tear is variable
and is determined not only by control of neovascularization,
but also by tissue remodeling. Poor visual acuity is more
frequently observed in cases of foveal involvement [78].
Mukai et al. observed two different repair mechanisms in the
area, where RPE tears developed. When the subretinal fluid
persists for more than 6 months, the denuded area is covered
with thickened proliferative tissue. With an early resolution
of the subretinal fluid, the outer retina appeared to be



directly attached to Bruch’s membrane [81]. Oishi et al. [82]
describe that, after an RPE tear, a thinning of the outer
nuclear layer occurs in the area devoid of the RPE and in
adjacent areas. This means that photoreceptors are lost
progressively after the development of an RPE tear.

Once the RPE tear has developed, there are no clinical
practice guidelines on the management of these patients.
However, the evidence points to continuing (or starting)
anti-VEGF treatment, which seems to reduce the develop-
ment of fibrosis and decreases the risk of disciform scar
development. In the presence of an active CNV, anti- VEGF
injections should be repeated until the underlying disease
has been resolved [68, 77, 83]. Invernizzi et al. suggested that
long-term visual outcomes in eyes affected by an RPE tear
may be mostly related to the patient’s response to therapy
than to the tear itself [67].

3.1.6. Vitreomacular Interface Alterations. The development
and progression of AMD has been related to different risk
factors. Recently, vitreomacular alterations have been
identified as new risk factors for AMD [84]. In particular,
thanks to the recent OCT imaging definition of vitre-
omacular adhesion (VMA) and traction (VMT), many
papers describe the role of the vitreous in different aspects of
exudative AMD [85]. VMA is characterized by an elevation
of the cortical vitreous above the retinal surface, with the
posterior hyaloid remaining attached within a 3 mm radius
of the fovea without retinal abnormalities; VMT presents
perifoveal vitreous cortex detachment from the retinal
surface with macular attachment of the posterior hyaloid
within a 3 mm radius of the fovea and distortion of the foveal
surface [86] (Figures 7(a) and 7(b)).

In recent studies, there was no significant difference in
the prevalence of VMA between eyes affected by AMD and
age-matched controls [87]. VMA has been evaluated and
described in a wide percentage of exudative AMD. Partic-
ularly, the adhesion area matched to the site of MNV.

The relation between adhesion and development of
exudative MNV has been described not to be causative but
correlated: the exudative, fibrotic, and proliferative events
make the vitreal adhesion stronger and stabler to the retinal
surface [88, 89]. For this reason, the higher prevalence of
VMA reported in previous literature might be considered as
a consequence of MNV, rather than a causative factor.

While the extension of the neovascular lesion is asso-
ciated with the presence of VMA, the area of vitreomacular
adhesion is not related to the angiographic subtype of the
neovascular lesion [90-92]. Even though different opinions
describe the role of a preexisting VMA and MNV devel-
opment [93], the possibility to resolve the VMA may not
represent a protective factor in high-risk patients [94].

Several authors describe a higher number of intravitreal
injections to treat nAMD in patients presenting VMA com-
pared to patients with complete PVD. The reasons are not fully
understood, but VMA seems to make the exudative lesion
more extensive and resistant to intravitreal treatment. This fact
could be also due to the partial vitreous detachment influencing
the achievement of the anti-VEGF therapy target [30, 95-97].
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Vitreomacular traction may present a different behavior.
As it could be symptomatic by causing alterations to inner
and outer retinal layer for its persistent and tractive action
on the macular surface, it could lead to the development of a
chronic inflammation influencing the progression of exu-
dative AMD, more than VMA [97, 98].

The presence of VMT reduces the functional and
morphological improvement at two years in patients treated
with anti-VEGF, requiring more injections in a ProReNata
(PRN) regimen. Several authors describe the beneficial ef-
fects of surgical VMT removal on exudative AMD response
to anti-VEGF. It could be due to the reduction of chronic
traction and inflammatory effects, as well as to the diffusion
of cytokines and VEGF from the macula into the vitreous
[99-101].

3.2. Choroidal Features

3.2.1. Sub-RPE Hyperreflective Columns. Sub-RPE Hyper-
reflective Columns are OCT biomarkers that look like
narrow columns of hyperreflectivity beneath the RPE. They
have been considered as a sign of a weakened or cracked RPE
layer, where fluid, blood, and/or vessels can more easily
break into the subretinal space. It has been described in 27%
of eyes with neovascular AMD. These sub-RPE columns are
different from the regions of the increased backscattering
effect observable in geographic atrophy, which look like
large spans of sub-RPE hyperreflectivity [102, 103].

3.2.2. Prechoroidal Clefts. Prechoroidal Clefts are outwardly
bowed hyporeflective cavities between the deeper fibrous
component and the underlying hyperreflective choroid
characterizing the multilayered PED (Figure 8). In eyes with
exudative AMD receiving serial intravitreal anti-VEGF in-
jections, chronic fibrovascular PEDs appear to develop
through a sequential layering of hyperreflective bands be-
neath the RPE. Near the base of the PED (adjacent to the
choroid), a fusiform complex of homogenous hyper-
reflective lamella surrounds the main body of this internal
structure showing contractile properties, resulting in the
spindle-shaped appearance. The progressive modification of
sub-RPE neovascular lesions causes a delamination of RPE-
Bruch’s membrane complex and of the choroidal tissue due
to retractive but also exudative forces [104, 105]. A similar
lesion has been described by Khan in patients with poly-
poidal choroidal vasculopathy as one component of a
“triple-layer” sign. In the literature, different authors de-
scribed that these eyes surprisingly maintain a good to
excellent visual acuity, probably because the neovascular and
cicatricial process is confined to the sub-RPE space and
effectively inhibited by continued anti-VEGF therapy. A
second hypothesis considered neovascular tissue as a sur-
rogate of the choriocapillaris and provided oxygenation or
nutritional support to the outer retinal layers and the RPE,
thereby protecting against involution and geographic at-
rophy [104-108].

The multilayered PED may be at lower risk of developing
a high-grade RPE tear due to the stabilizing effect of a
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F1GURE 7: Structural OCT biomarker: (a) vitreomacular adhesion (VMA, white arrows). The posterior hyaloid is partially detached, with a
continuous adhesion on the foveal surface; (b) vitreomacular traction. The posterior hyaloid is fully detached but a foveal adhesion is present

on the fovea with an evident traction.

fibrovascular tissue complex that fills the sub-RPE space and
anchors the PED to the underlying Bruch’s complex. The
early presentation in the first six months of treatment could
have a negative prognostic value, probably due to the as-
sociated complications like RPE hemorrhage and RPE rips
[106].

3.2.3. Choroidal Caverns. Choroidal caverns have been
described with the following morphological features: (1)
nonreflective spherical to polyhedral structures visible on en
face and cross-sectional OCT; (2) posterior tail of hyper-
transmission on cross-sectional OCT (B-scan); (3) in case of
RPE loss, frequently hyperreflective on Near Infrared Im-
aging and rarely reflective on color photographs or hyper-
fluorescent on ICGA; (4) not visible on FA or fundus
autofluorescence imaging; (5) no evidence of flow signal on
en face or cross-sectional OCT-A [109] (Figure 9).

A recent histological and clinical imaging study char-
acterized and defined the morphology of these lesions. They

could be present in healthy subjects, as well as in different
degenerative retinal pathologies, characterized by retinal and
RPE atrophy. [8] Choroidal caverns were first hypothesized
to be nonperfused ghost vessels with preserved stromal
pillars at sites of preexisting choroidal vessels [110]. Sub-
sequent studies proposed them as OCT correlates of
Friedman lipid-rich globules [111].

In AMD, these lesions have been described in association
with geographic atrophy, as well as related to neovascular
tissue. In this latter case, lipid globules can be found in the
sub-RPE space, intramembrane, or now described in sub-
retinal space, to be distinguished from subretinal fluid
[112, 113].

Since sub-RPE caverns have not been associated with
pathological significance, no clinical intervention is needed.

3.2.4. Choroidal Thickness: Subfoveal Choroidal Thickness
and Choroidal Volume. The evaluation of morphological
parameters of the choroid has been enhanced with the latest
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FIGURE 8: Structural biomarker: prechoroidal clefts (white arrow).
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FiGUrE 9: Structural biomarker: choroidal caverns (white arrow).

Swept Source OCTs enabling the analysis beyond the RPE
through a strong signal identifying the vascular layer
boundaries [114]. The reproducibility of the measurement is
still uncertain, probably due to the circadian variation of
choroidal thickness, its sensibility to systemic pressure, and
different ocular variables like pre- and post-anti-VEGF
injection conditions [115].

A condition of choroidal hypoperfusion may be considered
as an etiological factor for the development and progression of
exudative AMD. This fact is still debated, considering the role of
outer retina and RPE in choriocapillary vascular sclerosis [116].

All choroidal parameters, in particular the widely
studied subfoveal choroidal thickness (Figure 10), did not
demonstrate a correlation with visual acuity recovery in
treated patients, nor a different response to intravitreal anti-
VEGEF therapy. Choroidal volume, trying to avoid biases in
choroidal boundary measurements, still does not show in-
teresting clinical correlations [114, 117, 118].

A well-defined morphological entity has been identified
in the pachychoroid condition. Pachychoroid is character-
ized by the presence of increased choroidal thickness as-
sociated with a dilation of the outer choroidal layer.
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FIGURE 10: Structural biomarker: manual caliper to measure choroidal thickness (CT).

TaBLE 1: Summary of OCT biomarkers and prognostic value.

Biomarker

Role

Central retinal thickness

Intraretinal fluids (IRC)

glstnbutlon of retinal Subretinal fluids (SRF)
uids
Sub-RPE fluids
Subretinal hyperreflective material
(SRHM)
Outer retinal tubulation (ORT)

Photoreceptor layer damage
Structural alterations Vitreomacular interface

Hyperreflective dots
RPE rips

Choroidal morphology

Limited prognostic value for visual acuity
If increased correlation with lesion activity is higher
Negative prognostic value for VA
Role debated
Protective for VA if chronic
Related to a stable disease
More treatments needed
No prognostic value for VA
Negative prognostic value, in particular if persistent after anti-VEGF
therapy
Associated to worse visual prognosis
Negative prognosis on visual acuity
VMA and VMT: more intravitreal treatments needed
No prognostic value for visual acuity
Related to activity of the lesion and its recurrences
Negative prognostic value in particular if subfoveal
Choroidal thickness: no prognostic value on VA
Prechoroidal clefts: risk for REP rips

Pachychoroid has been associated with a spectrum of clinical
conditions, in particular central serous chorioretinopathy,
and choroidal neovascularization (called pachychoroid
neovasculopathy). These features differ from nAMD, even
though polypoidal choroidal neovascularization may rep-
resent a common complication [119, 120].

3.2.5. Choroidal Vascular Index (CVI). Choroidal Vascular
Index (CVI) has been elaborated with a binarization method
using choroidal OCT B-scan to quantify the vascular
component in the context of choroidal tissue overall. The
imaging evaluation defined two components considering the
tissue and the vascular lumen. The index is defined as the
proportion of the lumen area over the total analyzed area of
the scan. This parameter seems to be more stable than
choroidal thickness measurements [121]. Indeed,

considering the hypoxic hypothesis for AMD progression
towards choroidal neovascularization, several studies cor-
related the reduction of CVI with the decrease of the vascular
lumen area compared to the stromal area of the choroid
[122, 123]. These preliminary data may have to be further
verified comparing both eyes in the same patient or different
cohorts of healthy and AMD patients, to enable a risk as-
sessment for AMD development and progression.

4. Conclusions

OCT biomarkers are becoming even more useful in the
management of patients affected by nAMD, for several
reasons (Table 1).

Firstly, the identification of specific biomarkers at
baseline foresees the visual prognosis of these patients, even
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before anti-VEGF treatment has started. Furthermore,
biomarkers can provide information about the expected
treatment response. In this regard, it is important to identify
predictive factors associated with visual outcomes, since it
could help the physician manage patients’ expectations and
make treatment decisions [124].

Secondly, biomarkers enable the evaluation of the
progression of the disease and the treatment response, re-
gardless of any VA alterations. In particular, the arrange-
ment of retinal fluids can steer therapeutic decisions, with
SRF being better tolerated than IRC. Indeed, OCT allows
obtaining valuable information easily and quickly for an
adequate course of treatment of nAMD patients, which
cannot be ignored.

Moreover, OCT biomarkers can be useful to reduce the
therapeutic burden of anti-VEGF treatments and to tailor
the approach to each patient with nAMD.

Currently, hospital resources are not unlimited, even
though there are a large number of patients needing anti-
VEGF treatment. For this reason, resources must be allo-
cated in the best possible way, ensuring an appropriate
treatment to each patient [125]. Thus, for instance, it is worth
prioritizing intravitreal treatment to those patients pre-
senting biomarkers predicting good visual recovery.

Finally, biomarkers can help identify the right moment
to stop intravitreal treatment for those patients having no
further improvement. When OCT evaluation shows negative
biomarkers, such as the disruption of the foveal photore-
ceptor layer, the presence of ORTs, and/or persistent IRC
associated with persistent low visual acuity, physicians
should stop anti-VEGF treatment, reallocating resources to
other patients. On the contrary, when OCT shows positive
biomarkers such as the disappearance of IRC, associated
with persistent SRF or PED correlated to a good VA, the
physician should continue anti-VEGF treatment.

In conclusion, OCT biomarkers are suitable to predict
VA in patients with nAMD, and to guide the treatment and
follow-up of these patients, improving the quality of nAMD
management.
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Background/Aims. This study evaluates changes of flow and structure of diabetic retinal neovascularization (NV) treated with
intravitreal antivascular endothelial growth factor (VEGF) agents using optical coherence tomography angiography (OCTA).
With OCTA, retinal blood vessels are visualized at high resolution to separately look at flow and structure information without the
need for dye injection. We introduce a new measurement method including and combining information of flow and structure.
Methods. Retrospective observational case series. Patients with proliferative diabetic retinopathy (PDR) were treated with
intravitreal antiVEGF injections. Retinal NV were repeatedly imaged using swept-source OCTA (Zeiss PlexElite 9000) at baseline,
after initial treatment block with 3-4 monthly injections, and during a follow-up period of up to 51 weeks. Change of size and flow
density of the structural and angio area of NV was assessed. Results. Nine NV in eight eyes of five patients were analyzed with a
median follow-up time of 45 weeks. After the initial treatment block, en face structural area regressed, 18.7% +39.0% (95% CI
44.2-6.8%, p = 0.26), and en face angio area regressed, 51.9% +29.5% (95% CI 32.6 to 71.2%, p = 0.007). Flow density within the
en face structural area decreased by 33% +19.2% (95% CI 20.5-45.5%, p = 0.0077). Flow density within the en face angio area
decreased by mean 17.9% + 25.2% (95% CI 1.4-34.4%, p = 0.066). In two fellow eyes, NV recurrence could be observed before the
onset of vitreous bleeding in one. Conclusion. Our study introduces a new quantitative measurement for NV in PDR, combining
structure and flow measurement. The structure area remained after treatment, while its flow density and angio area regressed. We
propose this measurement method as a more physiological and possibly more comparable metrics.

1. Introduction

Diabetic retinopathy (DR) is a leading cause of vision loss
and blindness worldwide and presumably on the rise with
expected demographics [1, 2]. Specifically, proliferative di-
abetic retinopathy (PDR), characterized by retinal neo-
vascularization (NV), is responsible for severe visual
impairment (e.g., due to vitreous hemorrhage or tractional
retinal detachment) [3]. The mainstay of treatment has been
panretinal photocoagulation (PRP) for almost 50 years [4].
However, PRP is associated with significant side effects, such
as (contrast) vision loss, restriction of visual field, and de-
velopment and worsening of macular edema [5, 6].

Antivascular endothelial growth factor (VEGF) is cur-
rently emerging as a promising treatment alternative for
PDR [7-10]. Two multicenter, prospective clinical trials
showed noninferior visual acuity (VA) results of intravitreal
anti-VEGF (CLARITY for aflibercept; Protocol S for rani-
bizumab) compared to PRP [7, 9]. The CLARITY trial even
showed improved VA, better treatment satisfaction scores,
lower incidence of center-involving macular edema and
vitreous hemorrhage, and less visual field loss with afli-
bercept than PRP [7]. Five-year data of Protocol S recently
reported sustained noninferior VA outcomes and lower
incidence of macular edema in the ranibizumab group [8].
Both of these studies have made treatment decisions about
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anti-VEGF injection based on clinical and photographic
assessment of activity of NV [7, 11].

Optical coherence tomography (OCT) has been shown
to be superior to the clinical detection of neovascular
changes in PDR [12]. Recently, OCT Angiography (OCTA)
has been used to further characterize NV with the aid of flow
information additive to the structural OCT image [13-17].
Few studies have analyzed changes of NV in PDR after
treatment with OCTA to date, and mainly on a short-term
basis [17-24]. Significant advantages of OCTA are the
practical repeatability due to its speed and noninvasiveness,
the combination of flow information (similar to conven-
tional fluorescein angiography (FA)) and structural infor-
mation (OCT image), and the possibility of quantitative
analysis. The aim of this pilot study is to introduce a new
method of quantitative analysis of diabetic retinal neo-
vascularizations. We use OCTA to measure, link, and assess
structural and flow changes of NV in eyes with PDR un-
dergoing treatment with anti-VEGF.

2. Methods

2.1. Ethics. Institutional review board approval (Ethics
Committee of the University of Zurich, BASEC-No.
PB_2016-00264) was obtained and all patients gave in-
formed consent to publish their clinical data. The study
adhered to the tenets of the Declarations of Helsinki.

2.2. Study Population. This study is a single-center, retro-
spective observational case series of patients diagnosed with
PDR, confirmed on clinical exam and FA with or without
previous treatment for DR (i.e, PRP, anti-VEGF, and vit-
rectomy >3 months from baseline) who were treated with
anti-VEGF. Measurements were made on the basis of clinical
needs. Data were included from April 2018 until September
2019 from patient records. Exclusion criteria were other
causes of proliferative retinopathy (e.g., retinal venous oc-
clusions and ocular ischemia), neovascular glaucoma, media
opacities precluding good quality imaging of less than 7/10 in
the manufacturers quality index (e.g., advanced cataracts and
dense vitreous hemorrhage) or NV not accessible for quan-
titative measurements, and patients with combined treatment
consisting of PRP and anti-VEGF. Patients with a follow-up
of less than 4 months were excluded from the study.

All patients underwent a comprehensive ophthalmic
examination at baseline including best-corrected VA mea-
sured in Early Treatment Diabetic Retinopathy Study
(ETDRS) letters or Snellen decimal, intraocular pressure, slit
lamp examination, dilated fundus examination using indi-
rect ophthalmoscopy, widefield FA, spectral-domain OCT
(Heidelberg Spectralis, Heidelberg Engineering, Heidelberg,
Germany) of the macula, and swept-source OCTA (Zeiss
PLEX® Elite 9000, Zeiss Meditec, Dublin, California, USA)
scans of all detected neovascularizations for which OCTA
achieved sufficient image quality for quantitative analysis.
Scanning patterns of 3x3mm, 6x6mm, 12x12mm, or
9x15mm were chosen depending on size, location, and
visibility.
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2.3. Treatment and Follow-Up. Patients diagnosed with ac-
tive PDR were informed about treatment options, including
PRP or intravitreal anti-VEGF (aflibercept or ranibizumab),
and involved in the treatment decision based on their re-
spective needs and preferences. Patients with small NV on
FA, which were hard to detect using indirect ophthalmos-
copy, received repetitive OCTA imaging, as needed for
clinical decision-making. Treatment consisted of an initial
treatment block of three to four monthly anti-VEGF in-
jections with ranibizumab or aflibercept. Further follow-up
was carried out on the basis of the clinical course of the
disease, with intervals of four to ten weeks. Further treat-
ment was indicated as needed in the case of recurrent active
proliferative diabetic retinopathy or visual impairment due
to diabetic macular edema. The retreatment decision was
based on indirect ophthalmoscopy and OCTA imaging as
needed.

All NV were recorded at least at baseline and one month
after the initial treatment block (posttreatment). For anal-
ysis, also the last available follow-up OCTA measurement
was included (last follow-up). The in-between measure-
ments were included in the longitudinal graphs.

2.4. Image Processing. Image analysis and quantitative
evaluation were performed separately for en face and B-scan
images. The manufacturer’s OCTA software (Zeiss PLEX®
Elite Review-Software, Zeiss Meditec Inc., Dublin CA, USA)
provides B-Scan OCTA images consisting of a black and
white structural image with flow overlay in red (Figure 1(a)).
En face images of the vitreoretinal layer were generated for
the flow (angio) and the structural (structure) image
(Figure 1(d) for angio and Figure 1(g) for structure). The
vitreoretinal interface layer (VRI) starts at the internal
limiting membrane (ILM) and includes the vitreous cavity as
far as the NV reached. The automated retinal layer seg-
mentation provided by the software was manually checked
and adjusted where necessary to smoothly follow the plane
of the ILM underneath the protruding NV. En face images of
the angio and structure images of the VRI layer were built
using maximum intensity projection and exported as tagged
image file format (TIFF) for further analysis. B-scan image
stack with flow overlay was manually searched for the
section with the highest projection of the NV towards the
vitreous space. The height of maximum projection from the
ILM towards the vitreous cavity of the NV was manually
measured for both structure and flow information within the
manufacturer’s software. The respective image with flow
overlay was exported as a TIFF file for further analysis.

2.5. Image Analysis. Image analysis was performed using the
open source Fiji software (https://imagej.net/Fiji version
2.1.0/1.52) [25]. In the en face images, NV were manually
delineated in the angio and the structure image separately,
resulting in separate dimensions of the NV in angio (NV-
angio) and structure images (NV-structure) (Figure 1(e) for
angio and Figure 1(h) for structure). As necessary, the
referenced B-scan image stack was used to guide demar-
cation in the usually low contrast structure slab. The area of
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FIGURE 1: Summary of image processing steps. The first column shows the images generated by the optical coherence tomography an-
giography; a B-scan structure image with flow overlay in red (a), an en face flow (angio) image (d), and an en face structural (structure)
image (g). Borders of the neovascularization were manually delineated for each image (second column: (b, e, h)), and the areas were
measured. After binarization of the flow information, flow density was measured in percentages of white pixels within the respective area

(last column: (¢, f, 1)).

the NV in the angio and structure images was measured. The
angio images were binarized using the Phansalkar auto local
threshold method (Figures 1(c), 1(f), and 1(i)) [26]. Flow
density (FD) was defined as the percentage of white pixels
after binarization. Flow density was measured in the
binarized angio images within borders of NV-angio (FD-
angio) and NV-structure (FD-structure) separately
(Figure 1(f) for FD-angio and Figure 1(i) for FD-structure).
Sequential measurements were performed during treatment
and every available follow-up over time.

In the selected B-scan, the structural borders of the NV
were manually delineated, the borders defined by the ILM
and the vitreous space (Figure 1(b)). Subtraction of blue
from red color information was performed after color

splitting of the image, revealing the isolated flow informa-
tion (red in the exported RGB-image file). The result was
binarized using the Phansalkar auto local threshold method
[26]. This method resulted in isolated binarized flow in-
formation in the respective B-scan with flow information in
white (Figure 1(c)). Flow density was defined as the per-
centage of white pixels within the NV area. Area of the NV
and FD within the NV area was measured.

2.6. Outcome Measures. Primary outcomes were changes of
FD in the en face structure and angio area and changes of the
size of NV-angio area and NV-structure area in the en face
images at baseline, 5+ 1 weeks after the initial treatment



block with three to four monthly injections and at the last
follow-up. Secondary outcomes were changes of height, area,
and FD in the B-scan images. Visual acuity measurements
and complications during observation time were recorded.

2.7. Statistical Analysis. Data of en face images for NV sizes
in angio and structure imaging (NV-angio and NV-struc-
ture) and flow density within both areas (FD-angio and FD-
structure) are presented as median with range and presented
as box-plot graphs for changes from baseline to posttreat-
ment (one month after initial treatment block) and last
follow-up. Longitudinal graphs allow for some compara-
bility of the in-between measurements, with weeks in the x-
axes and scales for the y-axes standardized to set baseline size
as 1 for areas and percentages for flow density. Data from
B-scan imaging are summarized as longitudinal graphs in
the supplementary material. Data were analyzed and visu-
alized using Python Version 3.6 with Pandas library Version
1.2 and Microsoft® Excel for Mac, Version 16.47.1. Wil-
coxon signed-rank test was used for calculation of p-values
of measurements, compared to baseline. Confidence inter-
vals were calculated for mean differences from baseline as
95% CIL

3. Results

3.1. Study Cohort. Eleven NV in nine eyes of six patients
were treated as described. One patient was lost to follow-up.
Nine NV in eight eyes of five patients were included in this
study. Five patients were treatment-naive PDR with type 2
diabetes; one eye had high-risk diabetic retinopathy with
minor vitreous hemorrhage. In three patients, both eyes with
one NV each were included. In one patient and two NV of
one eye were included. One patient (two eyes with one NV
each) had type 1 diabetes and had previous PRP treatment in
both eyes, three months before baseline in one eye and ten
months before baseline in the other eye. At baseline, no
DME was present. The initial treatment block included three
injections for eight eyes and four injections for three eyes of
two patients. The median of the last OCTA follow-up period
was 45 (range 19-51) weeks. Both eyes of one patient re-
ceived three additional monthly anti-VEGF injections 37
weeks from baseline due to recurrent PDR, as described in
the case presentation. One eye of the patient with type 1
diabetes received two anti-VEGF injections 27 and 45 weeks
from baseline due to diabetic macular edema, while on
OCTA, no NV was detectable.

3.2. NV Changes

3.2.1. En Face NV Area in Structure and Angio Slabs.
The neovascularization en face area showed different
changes for structure and flow area (see Table 1 and
Figure 2(a)). As visible in the longitudinal graph, no general
trend of en face NV-structure regression can be observed
over all NV (Figure 3(a)), while the en face NV-angio area
regressed in all patients during and after initial treatment
block (Figure 3(b)). After the initial treatment block, en face

Journal of Ophthalmology

NV-structure regressed posttreatment by median 15%
(range —28%-100%) and mean regression 18.7% + 39.0%
(95% CI 44.2 to —6.8%, p = 0.26). At the last follow-up, en
face NV-structure was regressed by median 6% (range
—196%-100%) and mean regression 5% +82.7% (95% CI
49.1 to —29.1%, p = 0.48).

En face NV-angio regressed posttreatment by median
48% (range 11-100%) and mean regression 51.9% +29.5%
(95% CI 32.6 to 71.2%, p = 0.007). At the last follow-up, en
face NV-angio was regressed by median 34% (range —13%-
100%) and mean regression 42.1% + 39.1% (95% CI 16.6 to
67.7%, p = 0.015).

3.2.2. En Face Flow Density Measurements. Flow density
measurements show a regression within the en face struc-
tural area of the NV, while flow density within the en face
angio area of the NV showed a less distinct regression (see
Table 1 and Figure 2(b)). When measured within the
structural NV-area (en face FD-structure, Figure 3(c)), from
baseline to posttreatment after the initial treatment block, en
face FD-structure decreased from median 72% (range
44-82%) to 38% (range 0-73%), mean decrease of
33% +19.2% (95% CI 20.5-45.5%, p = 0.0077). At the last
follow-up, en face FD-structure decreased to median 40%
(range 0-70%), mean decrease of 34.3% +19.8% (95% CI
21.4-47.3%, p = 0.0077).

When measured within the NV-angio area (en face FD-
angio, Figure 3(d)), from baseline to posttreatment after the
initial treatment block, en face FD-angio decreased from
median 72% (range 48-89%) to median 58% (range 0-84%),
mean decrease of 17.9% +252% (95% CI 1.4-34.4%,
p = 0.066). At the last follow-up, en face FD-angio decreased
to median 54% (range 0-75%), mean decrease from baseline
19.7% +22.0% (95% CI 5.31-34.0%, p = 0.025).

At baseline, most NV showed a densely and interlaced
flow structure corresponding to a high vessel density. After
treatment, regressed NVs resembled one or several residual
truncated main arcs of the previous fan-like vascular
structure. Such vascular arcs did not show fluorescein
leakage as it is known from active NVs (Figure 4).

3.2.3. B-Scan Structural Images with Flow Overlay.
Analysis of B-scan images for structure and flow density
showed similar but less distinct changes (Supplementary
Figures 1(a)-1(c)).

3.2.4. Visual Acuity and Complications. Visual acuity
remained stable within 5 ETDRS letters (or one line on a
Snellen chart) with the exception of one patient, whose VA
increased 8 and 13 letters (right and left eye, respectively)
during the follow-up period. In one eye, a vitreous hem-
orrhage after treatment discontinuation with anti-VEGF
occurred without reduction in VA (see case presentation
below). One eye showed diabetic macular edema without
sign of recurrent NV, for which anti-VEGF treatment was
resumed. No endophthalmitis or other severe complications
from intravitreal injection occurred.
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F1GURE 2: (a) Changes of neovascularization- (NV-) size measurements relative to baseline after the initial treatment block of three to four
intravitreal anti-VEGF injections, and at the last follow-up. En face structural area (NV-structure) decreased by median 15% (range —28%-
100%) and remained decreased by median 6% (—-196%-100%). En face flow area (NV-angio) decreased by median 48% (range 10-100%) and
remained by median 34% less than baseline (~13%-100%). The graph shows the reduction of NV size is more prominent in the angio than
the structural en face OCTA image. (b) En face flow density (FD) measurements within the structural neovascularization (NV-area (FD-
structure) and the flow NV-area (FD-angio)) at baseline, after the initial treatment block of three to four intravitreal anti-VEGF injections,
and at the last follow-up: FD-structure started at median 64% (range 41-82%), decreased to median 32% (0-73%), and remained at median
32% (0-70%). FD-angio started at median 71% (range 48-89%), decreased to median 51% (0-84%), and remained at median 54% (0-75%).
The graph shows that the difference in flow density between baseline, after treatment, and with apparently quiescent diabetic retinal
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neovascularization is more pronounced within the structural than the angio area of a NV.
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FIGURE 3: (a-d) Visualizing changes of area size and flow density of neovascularization (NV) for the flow and the angio area for every NV
separately (data series NV 1-9). Bullet points represent time points of antivascular endothelial growth factor (anti-VEGF) injections in the
respective eyes (data series IVT 1-9). It is indicated that in en face imaging, the structural framework (NV-structure) is at least partly
remaining despite the fact that perfusion area (NV-angio) and flow density within the structural area (FD-structure) are regressing, while
flow density within the angio area (FD-angio) is relatively stable. The two NV from the case presentation (NV 1 with vitreous hemorrhage
and NV 2) are represented in dotted lines for better recognition. (a) Relative change of NV-structure from baseline (=1). The graph shows
that the structural areas of the NV decrease only slightly. (b) Relative change of NV-angio from baseline (=1). The graph shows that in most
NV, the angio area en face is decreasing after treatment with anti-VEGF. Two NV are growing back to a significant proportion after a long
treatment-free interval. In one of these eyes, a new vitreous hemorrhage occurred before retreatment. (c) Flow density within the structural
NV-area (FD-structure) in %. The graph indicates the consistent decrease of flow density within the structural areas of the NVs after
treatment, as well as a new increase of the two NVs with recurrent proliferative diabetic retinopathy (PDR) activity. (d) Flow density within
the angio NV-area (FD-angio) in %. The graph indicates the lesser decrease of flow density within the structural areas of the NVs after
treatment. Also, in the case of the two NVs with recurrent PDR activity, it cannot be determined by the flow density of the NV measured on

the OCTA angio image.

3.3. Case Presentation. A 59-year-old treatment-naive male
was diagnosed with bilateral PDR. The small NV was clinically
difficult to detect but clearly visible on fluorescein angiog-
raphy (FA, left eye on Figure 4(a)) and OCTA (Figure 5
column A). He presented with a light vitreous hemorrhage in
the right eye caused by a similarly sized NV. In both eyes, one
posterior NV could clearly be imaged by 3 x3 mm OCTA.
After informed consent, the patient opted for anti-VEGF
treatment with an initial treatment block of four monthly
injections in both eyes. The NV regressed in OCTA (Figure 5,
row 1) and FA posttreatment showed regression of NV size
and leakage in both eyes (Figure 4(b), for the left eye). Upon
turther observation, slow growth of the NVs could not def-
initely be detected clinically but was clearly observed in both
eyes in OCTA imaging. Hence, retreatment was suggested 20
weeks after the last injection but declined by the patient. A few
days later, another light vitreous hemorrhage without re-
duction of VA occurred in the right eye, and the patient then
consented to the resumption of anti-VEGF treatment in both
eyes at the next visit, which was 25 weeks after the last in-
jection. A fast regression of the NV was observed, similar to
the first treatment response.

In both eyes, size of en face NV-angio area and flow
density of en face FD-structure rapidly decreased after the
initial treatment block with anti-VEGF. After cessation of
treatment, the measurements increased again in both eyes
(data series nvl and nv2 in Figures 2(a)-2(d)). While en face
FD-angio showed unchanged flow density in both eyes, en
face NV-structure area decreased in one eye and remained
unchanged in the eye without vitreous hemorrhage.

4. Discussion

As new diagnostic and therapeutic possibilities emerge for
PDR, there is the potential for gaining new insights into the
pathophysiology of the development of NVs and their re-
sponse to treatment. This pilot study shows that the structure
and flow of NVs respond differently to treatment and can be
quantitatively analyzed, followed by repeated OCTA. Also,
we propose several interesting imaging aspects for further
exploration.

In our study, retinal NVs were observed on OCTA
imaging. Retinal NV have been shown to be reliably de-
tectable on OCTA and characterized by shape and assumed
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(a) (b)

FIGURE 4: Diabetic neovascularization (NV) of the left eye of a 59-year-old patient with newly diagnosed proliferative diabetic retinopathy
on both eyes, with the NV magnified equally (a, b). Initial imaging shows a densely interlaced vascular pattern of the NV with leakage (a) and
follow-up imaging after four monthly anti-VEGF injections shows a regressed truncated vascular pattern of the NV without leakage
(b), equivalent to column D in Figure 5.

(d)

FIGURE 5: Exemplary follow-up measurements of one neovascularization (NV) with initial regression and later recurrence after cessation of
anti-VEGF treatment, as described in the case presentation section, equivalent to the NV in Figure 4 and NV2 in the graphs of Figures 3(a)-
3(d). (a) The optical coherence tomography angiography (OCTA) en face angio image with the outline of NV-angio. (b) The OCTA en face
structural image with the outline of NV-structure. (c) The binarized OCTA en face angio image with the outline of NV-angio from
(), visualizing flow density (FD) within the angio area (en face FD-angio). While the angiographic size of the NV regresses, the relative flow
density remains high. (d) The binarized OCTA en face angio image with the outline of the NV-structure from (b) (en face FD-structure).
While the structural area remains relatively stable, its flow density reduces. Recurrence of the NV occurs within the preexisting structural
area of the NV. Column A is at baseline, column B is after one week, and column C is one month after the first anti-VEGF injection. Column
D represents 22 weeks from baseline, one month after the fourth injection and at the minimal dimensions of NV. Column E shows early
recurrence 32 weeks from baseline, 20 weeks after the last injection. Column F shows subtotal recurrence 37 weeks from baseline and 25
weeks after the last anti-VEGF injection, when recurrent vitreous hemorrhage on the fellow eye had occurred, and before retreatment. After
retreatment a similar regression was observed.
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origin [13, 17, 27-30]. Russel et al. also found similar
progression or regression of NV comparing en face OCTA
(12 x 12 mm patterns) with ultrawidefield fluorescein angi-
ography (FA) in a longitudinal series of patients treated with
PRP, whereas vascular changes over time were more detailed
on OCTA imaging compared to FA [17]. These studies in
principle have highlighted the comparability of OCTA with
ultrawidefield FA in diagnosis and follow-up of PDR. On the
other hand, Schwartz et al. have found B-Scan OCTA to be
the most sensitive tool assessing detection rate in NV
reactivation [31]. These results highlight the importance of
taking into account both planes-en face and B-Scans when
using OCTA for follow-up measurements of NV.

Our study has shown that there is a reduction of flow in
NVs under anti-VEGF that is sustained over a variable
period of time in individual NVs. This confirms existing
evidence. Zhang et al. [23] have quantitatively shown re-
gression of neovascularization of the disc in 15 eyes after
intravitreal anti-VEGF injection with conbercept. Hu et al.
[22] showed a significant decrease in NV vessel length and
vessel density within one week of intravitreal conbercept
injection compared to untreated patients in a preoperative
setting prior to surgical treatment of diabetic neovascular
membranes. Elbendary and Abouelkheir [32] have described
short-term regression of blood flow in the structural B-scan
OCT with overlaid flow information 3 weeks after anti-
VEGF treatment of NV of the disc. Ishibazawa et al. have
described a rapid regression of flow density after anti-VEGF
injection over the optic disc head with recurrence after eight
weeks in neovascularization of the disc [14]. He and Yu have
described the regression of NV size after PRP and combined
anti-VEGF and PRP with similar results to our study [33].
However, the magnitude and sustainability of this flow
reduction and what factors may lead to recurrence are still
unknown.

To our knowledge, our study is the first to obtain a
quantitative combined measure of NV size and vessel
density. Also, we assessed the difference of the measure-
ments for the structural and the angiographic areas in the
evaluation of NV change under anti-VEGF treatment. Our
data showed a much smaller regression of en face NV-
structure than that of en face NV-angio. On the other hand,
we have shown a much more pronounced regression of flow
density within the en face NV’s structure compared to the
flow density within the detectable NV in the en face angio
image. Furthermore, in two cases, we could show detection
of reactivation of NV by flow density within the residual en
face structural area of the NV, both quantitatively by the
increase of FD-structure and qualitatively by the recurrence
of perfused vessels within the residual structure.

One could argue that a quantitative measurement of the
angiographic NV-outlines is similar and more feasible in
clinics. We think taking the structural dimensions of the NV
into account allows for more physiological measurements,
including the momentarily nonperfused vessels of NV,
which can be reactivated in the future. The delineation of the
NV in structural en face images is not always easy but very
obvious when you look at the B-scan images. Future image
analysis methods using the possibilities of artificial
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intelligence (AI) may allow automated three-dimensional
segmentation, detection, analysis, and follow-up of NV in
OCTA.

This will open up various prospects for further inves-
tigation with regard to the characterization of NVs and early
detection of PDR reactivation and retinal NV recurrences,
using the full potential of OCTA and clever image analysis.
Equivalence of OCTA compared to FA in NV detection has
been shown, and future OCTA devices may enable treatment
guidance of PDR with OCTA, which may become partially
automated. Besides facilitating three-dimensional mea-
surements, there are several advantages to including both
structural and flow information in NV analysis. Firstly, as
our results show, the change of flow density within the NV’s
structure seems to be more pronounced than the size change
of the NV’s angio signal. Secondly, as shown in our pre-
sented case, recurrences may be detectable before the oc-
currence of complications. And thirdly, it is possible to
visualize and thus monitor the remaining structure of
regressed neovascularizations independent of their current
perfusion state, something clinically often referred to as
nonperfused vessels, ghost vessels, or fibrotic membranes.
VEGF level is a known important factor in the pathogenesis
of PDR and effect of its treatment [34]. A changing balance
towards vitreous VEGEF levels after stopping anti-VEGF
injections may lead to reperfusion of previously regressed
ghost vessels and thus may be the cause for recurrence of
flow in active NV within its preexisting structure. Whether
these remnants of vascular structures can permanently
occlude remains unanswered by our study. However, the
observations of several patients without recurrence of NV
during long follow-up periods after stopping anti-VEGF
suggest this possibility. This could mean that future therapies
might also need to target the residual structural scaffold to
prevent recurrences.

Our study confirmed previous observations that
regressed N'Vs remain as a truncated vessel loop not leaking
on FA [17]. As discussed by Russel et al., it could be that
those larger caliper vessels do not respond as well to blocked
VEGF as smaller caliper vessels [17]. However, the impli-
cation for recurrence or retreatment of those residual
changes remains unclear.

Taken together, the structure of retinal NVs can be
measured using OCTA, which, together with its flow (angio)
information, might lead to further insight into quantitative
analysis and estimation of NV activity after treatment and
possibly treatment and retreatment decisions. Based on our
findings, we suggest that in the evaluation of retinal NVs,
flow density should be measured within the detectable
structural area and not only using the en face OCTA angio
image.

4.1. Limitations. This study has several limitations. Due to its
retrospective nature and small sample size, there is some
inhomogeneity in initial treatment with three or four anti-
VEGF injections and in length of follow-up periods. Mea-
surement pattern sizes were chosen according to clinical
needs, which limits the quantitative comparability between
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patients. A relevant selection bias is introduced to the data.
Patients in the working-age population or depending on
their ability to keep their driving licence and with pre-
sumably good adherence to treatment and follow-up were
rather recommended anti-VEGF, while for patients with
poor glycaemic control or presumed difficult treatment
adherence, PRP was favored, resulting in preferring younger
patients with better-estimated treatment adherence and thus
possibly better glycaemic control. Also, the need for OCTA
as a decision support tool is greater in the case of smaller NV,
with possibly less severe PDR. Second, owing to the current
technical limitations for OCTA imaging at the time of the
study, only the posterior retina until mid-periphery was
accessible for OCTA imaging with sufficient image quality
for quantitative analysis. Also, all image processing and
binarization will introduce imperative biases due to the
chosen algorithms. This is inherent to OCTA as an imaging
technique based on complex computations of originally
measured signals to calculate flow signal and to calculate en
face angiographic images, which are then further modified in
the process of image analysis, e.g., by binarization [35, 36].
Since angio images are calculated from sequential structural
A-Scans, technically, OCTA does not measure actual flow, in
contrast to true Doppler-OCT [37]. Another inherent fea-
ture of current OCTA devices is their inability to distinguish
flow velocity, which is currently addressed in prototype
devices or measuring algorithms using variable maybe better
variable interscan time analysis [38, 39]. Such principal
limitations need to be taken into account in OCTA research.
However, current state-of-the-art swept-source OCTA
vascular axial and transversal resolution and directional
independence surpasses alternative techniques. Moreover,
measurement of single B-scan slices shows high variability
due to some minor misalignments in follow-up imaging,
limiting the observed effects in the B-scan results. Longi-
tudinal graphs may only indicate similar change patterns as
described for en face images, but formal quantitative analysis
would not be reliable. Furthermore, we have not investigated
the role of the posterior vitreous, which has been shown to
be of importance as being a scaffold for NV growth, as this
lies outside of the scope of this manuscript [40]. Finally, our
patients did not routinely receive FA follow-up measure-
ments in the routine clinical setting, so we cannot compare
the intensity of the leakage with the NV pattern in the
OCTA.

5. Conclusions

In summary, our study demonstrates a new quantitative
measure of diabetic NV using OCTA. We measure NV size
and flow density separately for the structure and angio areas
of diabetic NV elsewhere. In our case series, we demonstrate
different treatment responses after anti-VEGF between
structural and angiographic NV for both area and flow
density. The structure remained stable with regression of
flow density, while NV-angio regressed with more constant
flow density. We thus propose that structural information,
which is frequently ignored in the case of OCTA inter-
pretation, should be taken into account in the case of retinal
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NV, as should be the relation of structure and flow signal. In
short, flow density should be measured within the structure
of retinal NVs. The rise of Al-based automated image
analysis and true three-dimensional structure and flow
analysis and faster widefield OCTA will enable better
treatment guidance in PDR. Further prospective studies are
needed to evaluate clinical benefit for patients, establish
reproducible quantitative flow density and retreatment
criteria, and compare OCTA to FA as a guiding imaging
technique. Our work shows the potential of OCTA in the
follow-up of PRD, which is worthy of further investigation.
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Supplementary Materials

Supplementary Figure 1(a): longitudinal plot of the height
change from baseline (=1) of the protrusion height of the
neovascularization (NV) towards the vitreous cavity, mea-
sured from the internal limiting membrane to the highest
point of flow signal in the B-scan slice with maximal pro-
trusion of the NV. No consistent regression of height can be
observed after anti-VEGF treatment. Supplementary
Figure 1(b): longitudinal plot of the structural
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neovascularization (NV) area visible on the OCT in the
B-scan slice with maximal protrusion of the NV. Some
regression of the structural NV size can be observed in the
B-scan, but not across all NVs. Supplementary Figure 1(c):
longitudinal plot of the flow density within the B-scan OCT/
OCTA with structural information and flow overlay. A
reduction of flow density is observed in the B-Scans of all
neovascularizations. Nevertheless, the flow density seems to
be more variable compared to en face imaging. (Supple-
mentary Materials)
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Aim. To investigate the incidence and clinical characteristics of paracentral acute middle maculopathy (PAMM) and its rela-
tionship with prominent middle limiting membrane (p-MLM) sign in eyes with retinal artery occlusion (RAO) or retinal vein
occlusion (RVO) in a Chinese clinical setting. Methods. In this retrospective observational study from January 2015 to May 2020,
multimodal imaging data of 807 eyes including 555 consecutive patients with RVO or 252 consecutive patients with RAO were
reviewed. All patients were scanned using the spectrum-domain optical coherence tomography (OCT), and some of them
underwent color fundus photography, fundus fluorescence angiography, en face OCT, and OCT angiography. Results. PAMM
was detected in 49 eyes of 49 RAO patients and 29 eyes of 29 RVO patients. The mean ages at presentation were 64.49 + 13.90 years
and 54.00 + 18.48 years in RAO and RVO patients (P = 0.006), respectively. Eyes with RAO were more prone to develop PAMM
(19.44% [49/252] vs. 5.23% [29/555]; P < 0.001). Of the 78 eyes with PAMM, 24 eyes (7 eyes with RVO and 17 eyes with RAO) were
found with p-MLM sign. An interesting phenomenon that had been overlooked before was that the hyperreflective line of the
p-MLM sign was usually continuous, regardless of the type of PAMM lesion. Conclusions. This series is the largest to date to
describe the clinical characteristics of PAMM and p-MLM sign in Chinese patients. The incidence of PAMM and p-MLM sign in
patients with RAO was relatively higher than that in patients with RVO. These signs alone probably represent milder ischemia and
prompt us to carry out a comprehensive and meticulous examination to prevent the further development of the disease. In
addition, the hyperreflective line of the p-MLM sign was usually continuous, which could support the totally venous nature of the
retinal deep capillary plexus to some extent.
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1. Background

Paracentral acute middle maculopathy (PAMM), which was
first defined by Sarraf et al. in 2013, is characterized by the
presence of a hyperreflective band spanning the inner nu-
clear layer (INL) with subsequent permanent INL thinning
[1]. Itis being increasingly reported and demonstrated not to
be a distinct entity but a common sign of several ocular
diseases [2], uneventful ocular surgeries [3, 4], or even
systemic diseases [5-7]. Although its pathophysiology is not
yet fully understood, impaired perfusion through the retinal
capillary system, leading to hypoperfusion or ischemia of the
deep vascular complex (DVC), has been proven to play a
major role [8]. The DVC comprises two deeper capillary
networks, located above and below the INL, that are supplied
by vertical anastomoses from the superficial vascular plexus
[9]. It is well acknowledged that the mechanism associated
with PAMM is primarily due to sublethal ischemic hypoxia
of the middle retinal tissue, mainly the layer of INL [2, 10].

Also, in 2013, Chu et al. [11, 12] introduced the
“prominent middle limiting membrane (p-MLM) sign,” a
hyperreflective line in the inner synaptic portion of the outer
plexiform layer (OPL) on spectral-domain optical coherence
tomography (SD-OCT) B-scan images, as an indicator of
acute ischemic retinal damage in retinal artery occlusion
(RAO) and diagnostic tool to distinguish ischemic from the
nonischemic retinal vein occlusion (RVO). The pathogenesis
of the p-MLM sign is similar to that of PAMM; however, the
relationship between them is poorly investigated.

PAMM is associated with RVO [13-16] and RAO
[17, 18], including cilioretinal arterial occlusion [19, 20]. In
the first and largest study of PAMM involving eyes with
nonischemic central RVO (CRVO), approximately 5.17%
(25/484) of the American patients with nonischemic CRVO
showed PAMM on SD-OCT [13]. However, no large-scale
study has reported the prevalence or clinical characteristics
of PAMM in Chinese patients with RVO or RAO, although a
few case reports and small case series exist [21-23].
Therefore, the purpose of this study was to investigate the
incidence and clinical characteristics of PAMM and its re-
lationship with the p-MLM sign in eyes with RVO or RAO in
a Chinese clinical setting with the largest sample size to date.
In addition, we aimed to infer the nature of the retinal deep
capillary plexus through optical coherence tomography
(OCT) features of PAMM and the p-MLM sign.

2. Methods

In this retrospective study, consecutive cases with a clinical
diagnosis of any type of RAO or RVO (branch or central and
ischemic or nonischemic) from January 2015 to May 2020
were included. The clinical diagnosis was based on retinal
findings, patient symptoms, and supplemental evidence
from fundus fluorescence angiography (FFA) findings. If an
eye showed RVO and cilioretinal artery occlusion simul-
taneously, it was classified as having RVO for the cause
analysis. Exclusion criteria were as follows: (1) medium too
cloudy to be scanned with SD-OCT; (2) quality of the OCT
image too poor to be evaluated; and (3) a history of eye
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surgery within one month before the first visit. The Insti-
tutional Review Board of the Affiliated Wuxi No.2 People’s
Hospital of Nanjing Medical University approved the pro-
tocol. This study complied with the tenets of the Declaration
of Helsinki.

Each patient underwent complete ocular examination,
including best-corrected visual acuity (BCVA) assessment,
noncontact tonometry, slit-lamp examination, and indirect
ophthalmoscopy. Retinal imaging was performed using a
high-speed 840 nm-wavelength SD-OCT instrument RTVue
XR Avanti (Optovue, Inc., Fremont, California, USA) or
Cirrus HD-OCT with eye-tracking ability (Model 4000; Carl
Zeiss Meditec, Inc., Dublin, CA). To detect the presence/
absence of PAMM lesions and p-MLM sign, each OCT
B-scan image was assessed by two researchers (Z.W.Z. and
X.LH.) in a blinded manner. Particularly, band-like
hyperreflective lesions of the INL corresponded to PAMM
lesions [1], and a hyperreflective line in the inner synaptic
portion of the OPL corresponded to the p-MLM sign [11].
Disagreements regarding PAMM lesions and p-MLM sign
were resolved by a third senior observer (Z.F.W.).

In some cases, en face OCT and OCT angiography were
performed using the RTVue XR Avanti SD-OCT with
AngioVue software (Optovue, Inc., Fremont, California,
USA), which has a light source of 840 nm wavelength and
45 nm bandwidth with an A-scan rate of 70 kHz. A 3 X 3 mm
scan or, 6 x 6 mm or cube scan centered on the fovea was
acquired by two repeated B-scans at 304 raster positions,
with each B-scan comprising 304 A-scans. Two volumetric
raster scans with orthogonal fast-scan directions (horizontal
and vertical) were acquired for each eye and merged to
remove motion artifacts [24]. This has been described in
detail in our previous work [25]. PAMM can be divided into
three patterns of these areas on en face OCT [26]: arteriolar
(band-like areas in the distribution of major arterioles),
globular (ovoid focal or multifocal areas), and fern-like
patterns (multilobulated central area tracking along veins).

In a few patients, color fundus photographs were ac-
quired with a Topcon TRC-50IX color fundus camera
(Topcon Medical Systems, Tokyo, Japan), and FFA was
performed with Spectralis HRA (Heidelberg Engineering,
Heidelberg, Germany).

Statistical analyses were performed using SPSS software
version 21.0 (SPSS, Chicago, IL, USA). A one-sample Kol-
mogorov-Smirnov test was performed to assess the nor-
mality of distribution of continuous variables. Subsequently,
a significance test was performed. When data were normally
distributed, an independent-samples t-test was performed
for group comparisons. Categorical data were compared
using a Fisher’s exact test. All tests were two-tailed, and P
values <0.05 were considered to be statistically significant.

3. Results

Table 1 shows baseline patient demographics and ocular
examination findings of patients with PAMM. Multiple im-
aging scans were reviewed for a total of 807 consecutive eyes
of 807 patients, including 252 eyes with RAO (143 central
RAO, 105 branch RAO, and four cilioretinal artery occlusion
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only) and 555 eyes with RVO (226 CRVO and 329 branch
RVO). Seventy-eight eyes of 78 patients, with a mean age at
onset of 60.59 +16.45 years (range: 20-84 years), demon-
strated hyperreflective plaque-like lesions at the INL on cross-
sectional SD-OCT B-scans, and these were regarded as
PAMM lesions. Visual acuity ranged from 0 to 2.0 logMAR at
the first clinical examination. Regarding preexisting systemic
comorbidities, 41 patients had known histories of systemic
arterial hypertension, six had open-angle glaucoma, 10 had
diabetes mellitus, and the remaining 21 patients denied a
history of systemic diseases.

Of these 78 patients with PAMM lesions, 49 eyes of 49
patients (49/252 or 19.44%; mean age: 64.49 + 13.90 years; age
range: 23-84 years) had RAO, and 29 eyes of 29 patients (29/
555 or 5.23%; mean age: 54.00 + 18.48 years; age range: 20-78
years) had RVO. Regarding the type of retinal vascular oc-
clusion, there were 32 eyes with central RAO (32/143 or
22.38%), 17 eyes with branch RAO (17/109 or 16.0%; in-
cluding two eyes with cilioretinal artery occlusion only), 22
eyes with CRVO (22/226 or 9.73%), and seven eyes with
branch RVO (7/329 or 2.13%). Compared with patients with
RVO, those with RAO were more prone to develop PAMM
(19.44% vs. 5.23%; P <0.001, Fisher’s exact test) and older
(64.49 +13.90 years vs. 54.00 + 18.48 years; P = 0.006; inde-
pendent-samples ¢-test). The development of PAMM showed
a male predilection (55 men, 70.5%; 23 women, 29.5%), but
no left or right eye predilection (OD: 44 eyes; OS: 34 eyes).

Of 78 eyes with PAMM, 24 (seven eyes with RVO and 17
eyes with RAO) also showed the p-MLM sign (24/78;
30.77%). All seven eyes with the p-MLM sign associated with
RVO revealed skip PAMM lesions (Figure 1). However, in
the RAO group, the p-MLM sign was associated with various
types of PAMM lesions. Compared with patients without the
p-MLM sign, patients with the p-MLM sign were signifi-
cantly older (66.17 +11.26 vs. 58.11 + 17.82 years; P = 0.019;
Table 2). However, no significant differences were found in
terms of BCVA, sex, or eye distribution between the two
groups (Table 2).

En face OCT images were available for 44 of 78 eyes (44/
78 or 56.41%). En face OCT segmentation of the INL il-
lustrated well-defined areas of hyperreflectivity corre-
sponding to focal or multifocal PAMM on OCT B-scans.
Three distinct patterns of PAMM lesions on en face OCT
were observed: arteriolar in 24 eyes (24/44 or 54.54%),
globular in seven eyes (7/44 or 15.91%), and fern-like in 13
eyes (13/44 or 29.55%). Table 3 shows the detailed distri-
bution of the three PAMM lesion patterns by etiology. Of 13
eyes with perivenular fern-like PAMM lesions, nine had
RVO, whereas only four had RAO. One eye of central RAO
with follow-up data displayed fern-like PAMM lesions with
skip lesions in the INL at baseline, and subsequent pro-
gression of ischemia, diffusely involving the entire middle
and inner retinal layers, was observed at the one-week
follow-up visit (Figure 2).

4. Discussion

This was the largest study to date to characterize PAMM and
first to show its association with the p-MLM sign in a

Chinese clinical setting. As for the incidence of PAMM, we
found that it was the most common in eyes with central RAO
(32/143 or 22.38%) and the least common in eyes with
branch RVO (7/329 or 2.13%). In eyes with RVO, the in-
cidence of PAMM in this study (5.23%; 29/555) was con-
sistent with that of the retrospective study conducted by
Rahimy et al. (5.17%; 25/484) [13], although they only en-
rolled eyes with nonischemic CRVO. We were the first to
assess the incidence of PAMM in eyes with RAO, which was
as high as 19.44% (49/252). Consistently, in a retrospective,
nonconsecutive, observational study, Yu et al. [27] identified
PAMM in 22.5% (9/40) of cases with branch or central RAO,
which was very close to our results. However, the incidence
of PAMM in all cases of RVO and RAO may be much higher
than that reported in this study because of the evanescent
nature of PAMM lesions, which are covered by hemorrhage,
or hyperreflectivity induced by severe ischemia of the whole
inner retina. Nonetheless, our results could provide a general
understanding of the clinical incidence of PAMM. More
recently, Pichi et al. [20] reported that PAMM was present in
100% of the cases of isolated cilioretinal artery obstruction
with or without CRVO, which may be because of hypo-
perfusion of the involved cilioretinal artery (as the author
termed “cilioretinal artery insufficiency”), rather than
complete occlusion. Together with the previous results, it is
noteworthy that artery hypoperfusion or insufficiency
resulted in more PAMM lesions compared to RVO.

Using en face OCT, three patterns of PAMM lesions
were found, as described previously [26]. In our study, the
most common pattern was arteriolar (24/44 or 54.54%),
followed by fern-like (13/44 or 29.55%) and globular (7/44 or
15.91%). Therefore, although the fern-like pattern is dis-
tinctive, it is relatively common. The fern-like pattern of
PAMM lesions correlates more strongly with RVO than
RAO [15, 26]. In our study, 13 patients showed the peri-
venular fern-like PAMM lesion pattern, nine of whom had
RVO and the remaining four had RAO (Table 3). Our results
are consistent with previous observations that arterial
hypoperfusion secondary to outflow obstruction from an
RVO obstruction appears to be the most common cause of
this presentation [15], and our study verified this phe-
nomenon in a relatively large sample size. However, not all
patients in the present study had undergone en face OCT,
which may lead to omission of some cases of PAMM with
the perivenular fern-like lesion pattern. Nonetheless, this
possibility was minimized by identifying the skip pattern of
PAMM lesions at the INL on cross-sectional SD-OCT,
which is characteristic of perivenular fern-like PAMM lesion
pattern [15, 28].

Since the concept of PAMM was widely accepted and
applied in published articles, the usage of the p-MLM sign
has been decreasing. The p-MLM sign could be present or
absent and fails to account for the etiologic mechanism of
deep retinal capillary ischemia; thus, it does not provide
information about the extent of the ischemic damage
[10, 27]. However, the pathogenesis of the p-MLM sign and
its relationship with PAMM are still poorly understood. On
OCT B-scans, the p-MLM sign was defined as a hyper-
reflective line, which had higher intensity of reflectivity
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TaBLE 1: Patient demographics and ocular findings in PAMM and p-MLM sign.

RVO RAO Total

Eyes (right/left) 29 (21/8) 49 (23/26) 78 (44/34)
Age (range), years 54.00 + 18.48 (20-78) 64.49 +13.90 (23-84) 60.59 + 16.45 (20-84)
Gender (female/male) 7/22 16/33 23/55
BCVA (range), logMAR 0.86+0.52 (0-2.0) 1.04+0.43 (0.3-2.0) 0.97+0.47 (0-2.0)
Combined with p-MLM sign 7 17 24
Systemic/ocular associations

Hypertension 17 24 41

Diabetes mellitus 3 7 10

Open-angle glaucoma 6 0 6

No positive medical history 3 18 21

PAMM: paracentral acute middle maculopathy; p-MLM: prominent middle limiting membrane; RVO: retinal vein occlusion; RAO: retinal artery occlusion;
BCVA: best-corrected visual acuity; logMAR: logarithm of the minimum angle of resolution.

FiGure 1: OCT displayed combined PAMM and p-MLM in one case with RVO. Pink arrows indicate skip PAMM lesions around the central
macula. Yellow arrows indicate a continuous hyperreflective line being referred to as p-MLM sign on both sides of the fovea.

TaBLE 2: Clinical characteristics of PAMM eyes with and without p-MLM sign.

With p-MLM sign Without p-MLM sign P
Eyes (right/left) 24 (12/12) 54 (32/22) 0.469"
Gender (female/male) 7117 16/38 1.000"
Age (range), years 66.17 +11.26 (33-79) 58.11+17.82 (20-84) 0.019*
BCVA (range), logMAR 0.98 +0.50 (0-2.0) 0.97 +0.46 (0.3-2.0) 0.939*

p-MLM: prominent middle limiting membrane; BCV A: best-corrected visual acuity; logMAR: logarithm of the minimum angle of resolution. *Fisher’s exact

test. *Independent sample #-test.

TaBLE 3: The distribution of three types of PAMM with different etiologies.

Arteriolar pattern Globular pattern Fern-like pattern Total
BRAO 10 2 13
CRAO 12 2 15
BRVO 0 0 1
CRVO 6" 9 19
Total 24 13 44

*Combined with cilioretinal artery occlusion. BRAO: branch retinal artery occlusion; CRAO: central retinal artery occlusion; BRVO: branch retinal vein

occlusion; CRVO: central retinal vein occlusion.

compared with the adjacent normal retinal structures, lo-
cated in the inner synaptic portion of the OPL. This probably
develops due to cytoplasmic swelling of these synaptic
portions of the OPL [11]. Similar to PAMM, the p-MLM sign
could be found in cases of both RAO [11] and RVO [12, 29].
Moreover, both PAMM lesions and p-MLM sign are almost
always identified at paracentral location although they often
extend outward from the center [30]. In our study,

compared with patients without the p-MLM sign, those with
the p-MLM sign were significantly older but showed no
significant differences in BCVA, sex, or eye distribution
(Table 2). It seems that both PAMM and p-MLM sign have
similar clinical significance.

Recently, Furashova and Matthe [29] reported that the
p-MLM sign could be seen on OCT in 94% of ischemic and
66% of nonischemic RVO cases. In the present study,



Journal of Ophthalmology

FIGURE 2: Multimodal imaging from a 55-year-old hypertensive man with partial CRAO and fern-like pattern PAMM at baseline and
complete CRAO with diffuse middle and inner retinal ischemia. (a) Fundus photography illustrated perifoveal retinal whitening in the
central macular region. (b) En face OCT illustrated a perivenular fern-like pattern with periarterial sparing. (c) PAMM lesions (hyper-
reflective bands at the level of INL) in a skip pattern revealed on the cross-sectional OCT B-scan. (d) One week later, the patient’s vision
declined to 2/200, and SD-OCT illustrated diffuse middle and inner retinal ischemia.

however, only 24 (seven with RVO and 17 with RAO) of 78
PAMM cases had the p-MLM sign. Evidently, PAMM cases
associated with RAO were more likely to present with the
p-MLM sign than were those associated with RVO. This may
be because the inner synaptic portion of the OPL is more
sensitive to retinal arterial ischemia or hypoperfusion than
other retinal tissues. All seven eyes with the p-MLM sign that
were associated with RVO had skip PAMM lesions. How-
ever, in the RAO group, p-MLM sign could be associated
with various types of PAMM lesions. This phenomenon was
reported previously [11, 12], but the concept of PAMM had
not been proposed at the time.

In addition, the hyperreflective line of the p-MLM sign
was usually continuous, regardless of the types of PAMM
lesions, even with a skip pattern (Figure 1), which is an
interesting phenomenon that has not been paid sufficient
attention before. According to the concept of misery per-
fusion [31, 32], reduced oxygenation would preferentially
affect the efferent retinal circulation more than afferent
retinal circulation, which may cause an ischemic cascade
that starts at the level of the deep capillary plexus (DCP)
closer to the perivenular pole and manifests as perivenular
fern-like PAMM lesions on en face OCT segmentation or
skip PAMM lesions on OCT B-scans [16].The inner synaptic



portion of the OPL is located at the functional ante-
roposterior watershed between the DCP and choriocapillaris
[33]. Due to the absence of direct blood supply from retinal
vessels, oxygen supply of the inner synaptic portion of the
OPL mainly originates from oxygen diffusion from the DCP
and choriocapillaris. Continuity of the hyperreflective line of
the p-MLM sign may be related to vascular components of
the DCP. As the hyperreflective line is usually continuous,
oxygen saturation in the inner synaptic portion of the OPL
may be relatively uniform, which further supports the ve-
nous nature of DCP and the serial organization of the three
main capillary plexuses in the macula [34]. When milder
retinal hypoperfusion occurs, the entire level of the inner
synaptic portion of the OPL (near the outer part of the DCP)
and INL tissue near the vein develop ischemia and edema,
manifesting as a continuous hyperreflective line, p-MLM
sign, and skip PAMM lesions. The p-MLM sign may be
present in patients with retinal ischemia because of the
individual differences in the contribution of choroidal blood
supply to the inner synaptic portion of the OPL. Therefore,
the role of choroidal blood supply in the pathogenesis of the
p-MLM sign should be investigated.

As for the order of occurrence of PAMM and the
p-MLM sign, due to rapid progression of RAO, PAMM and
p-MLM sign appeared almost simultaneously, or the
p-MLM sign was hidden in the hyperreflective inner retina.
Relatively, RVO leads to ischemia at a slower rate compared
with RAQ; therefore, the p-MLM sign may appear first,
followed by PAMM. Recently, Browning et al. [35] reported
that PAMM could evolve over time into the p-MLM sign.
However, the p-MLM sign was evident at the initial visit
(Figure 7 in their article) and was rarely found on OCT
without other ischemic lesions. This may be because the
patient had not undergone the initial examination for a long
time, thereby eliciting the impression that the p-MLM sign
and PAMM or hyperreflectivity in the inner retina occur
simultaneously.

It is a challenge to sufficiently supply the required
nutrients to millions of retinal neurons with only a limited
blood supply after fulfilling the optical requirement. Evi-
dently, the limited blood supply cannot consistently be
received by all retinal neurons. Spatially and temporally
heterogeneous capillary perfusion may be the most ef-
fective way to deal with this challenge [36]. Such hetero-
geneous perfusion involves the use of well-controlled
intermittent blood redistribution patterns that require
strong regulatory capacity and sophisticated structural
arrangement of the retinal capillary plexuses. Connections
between the retinal capillary plexuses are more compli-
cated than previously thought. However, the results of our
study and previous studies demonstrated that the DVC is
likely to be subjected to hypoperfusion or ischemia in
retinal vascular occlusion presenting with PAMM, the
p-MLM sign, or both. These signs alone represent milder
ischemia and should prompt clinicians to carry out a
comprehensive and meticulous examination to prevent
disease progression. If not treated early and effectively,
symptoms would further aggravate and even seriously
affect the visual prognosis (Figure 2).
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This study had several limitations. First, we applied a
retrospective study design and did not use a control group.
Second, not all patients had undergone FFA; therefore, we
could not accurately distinguish between ischemic and
nonischemic RVO cases. Finally, follow-up data on ancillary
imaging were unavailable for most patients. Nevertheless,
this is the largest case series to date describing PAMM and
p-MLM sign and the relationship between them in a Chinese
clinical setting.

5. Conclusions

We found that PAMM occurred at a rate of 5.23% and
19.44% in eyes with RVO and RAO, respectively, in a
Chinese clinical setting. In addition, 24 eyes developed both
PAMM and p-MLM sign. These signs alone suggest mild
ischemia and should prompt us to carry out a compre-
hensive and meticulous examination to prevent further
disease progression and obtain a good prognosis. In addi-
tion, the hyperreflective line of the p-MLM sign was usually
continuous, which could support the venous nature of the
retinal DCP to some extent.
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Introduction. To analyze the morphological and functional features of choroidal neovascularizations (CNVs) in eyes affected by
pattern dystrophies (PD), evaluating their long-term response to intravitreal ranibizumab, and comparing them with CNVs in
age-related macular degeneration (AMD). The mean goal is to identify possible disease biomarkers and to evaluate the long-term
prognosis of CNVs in PD. Materials and Methods. A retrospective study of 42 patients with naive CNV (26 PD and 16 AMD), for a
total of 47 eyes (29 eyes in the PD group and 18 eyes in the AMD group). Each patient received a loading dose of ranibizumab (one
monthly for three months) followed by pro re nata (PRN) reinjection protocol for a period of at least three years. Morphological
OCT parameters (CRT, central retinal thickness; SRF, subretinal fluid; IRF, intraretinal fluid; SHRM, subretinal hyperreflective
material; HRF, hyperreflective foci; HCD, hyperreflective crystalline deposits; cCT, central choroidal thickness; sICT, sublesional
choroidal thickness; EZd, ellipsoid zone disruption; and best corrected visual acuity (BCVA in logMAR scale)) were reported at
baseline and last follow-up. Results. At baseline, no significant differences were found between the two groups, except for choroidal
thickness parameters that were significantly greater in the PD group (p=0.009). Longitudinal PD analysis demonstrated re-
duction in BCVA (p=0.009), decrease in CRT (p =0.046), resolution of SRF in 61.6% of cases (p=0.004) and SHRM in 30%
(p =0.034), and choroidal thinning both centrally (p = 0.004) and sublesional (p =0.011) compared to baseline. At 3 years, the PD
group received significantly more injections than the AMD (p =0.011) and showed significantly thicker choroid (p =0.033) and
more frequent HRF (p = 0.006). Regarding the PD group, we found a negative correlation between age and choroidal thicknesses
at baseline and at 3 years (p < 0.05); significant positive correlations were found between baseline BCVA and at 3 years (p < 0.001),
BCVA at 3 years and IRF (p =0.003) and SHRM at 3 years (p = 0.003); CRT baseline and CRT 3 years (p =0.017); HCD at 3 years
was associated with greater CRT (p =0.04) and IRF at 3 years (p =0.019). Conclusions. Early and long-term morphofunctional
features of CNVs in PD and in AMD are overlapping. CNVs in PD have poorer long-term response to ranibizumab and higher
choroidal thickness suggesting different pathogenetic and evolutionary mechanisms.

1. Introduction

Pattern dystrophies (PD) are a group of hereditary macular
diseases characterized by the accumulation of lipofuscin
material at the level of the retinal pigment epithelium (RPE).
Based on the different RPE alteration patterns, five different
subtypes of PD have been identified [1]: adult-onset
foveomacular vitelliform dystrophy (AOFVD), butterfly-
shaped dystrophy, reticular Sjogren dystrophy, and

multifocal pattern dystrophy simulating fundus flavimacu-
latus and fundus pulverulentus.

The evolution of PD has been considered erroneously
benign for a long time, probably due to their clinical,
phenotypic, and demographic features, determining their
frequent misdiagnosis with more frequent and known
macular diseases, above all age-related macular degeneration
(AMD). Today, we know that 42% of the affected subjects
will develop severe and irreversible visual damage due to the
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atrophic (26%) or neovascular (18%) complications [2].
However, the etiopathogenetic bases, the morphological
features, and the treatment indications and response are
controversial.

This retrospective study aims to analyze the morpho-
logical and functional characteristics of choroidal neo-
vascularizations (CNVs) in eyes affected by PD, evaluating
their long-term response to intravitreal ranibizumab, and
comparing them with CNVs in AMD. The mean goal is to
identify possible disease biomarkers and to evaluate the
long-term prognosis of CNVs in PD compared to con-
ventional AMD.

2. Materials and Methods

We collected data from 42 patients with naive CNV, of
which 26 with PD and 16 with AMD, for a total of 47 eyes
including 29 eyes in the PD group and 18 eyes in the
conventional AMD group. The PD group included 20
subjects affected by adult-onset foveomacular vitelliform
dystrophy (23 eyes), 6 with butterfly-shaped dystrophy (6
eyes), and 2 with reticular dystrophy (2 eyes). Each patient
received a loading dose of ranibizumab (one monthly for
three months) followed by pro re nata reinjection protocol
for a period of at least three years. Patients who had pre-
viously received any treatment for CNV were excluded, as
well as subjects who switched to any other anti-VEGF drug
during the follow-up period. We also excluded patients
affected by other macular diseases, recent anterior or pos-
terior segment surgery, cataract surgery during the follow-
up period, and positive or negative spherical refractive error
>6 diopters. This study adhered to the Tenets of the Dec-
laration of Helsinki and complied with the Health Insurance
Portability and Accountability Act of 1996. This study was
approved by the institutional review board (IRB) committee.
All patients underwent a complete eye exam, including
best corrected visual acuity (BCVA), anterior and posterior
segment examination, fundus autofluorescence (FAF),
fluorescein (FA), indocyanine green angiography (ICGA),
and optical coherence tomography (OCT). All data were
evaluated by two independent retina experts, and in doubtful
cases, a third senior expert was consulted. The diagnostic
criteria for PD included the (a) absence of drusen on fun-
duscopic examination; (b) absence of any focal RPE ele-
vation compatible with drusen on OCT b scans and showing
hyperfluorescence on FAF and FA; (c) the presence of RPE
alterations of any type from focal hyperreflective thickening,
RPE attenuation, to more extensive RPE alterations de-
tectable through clinical examination, FAF, and OCT b
scans; and (d) if present, the vitelliform material accrual was
visible at OCT b scans as subretinal material at medium to
high reflectivity and hyperfluorescent at FAF.
Morphological and functional data were reported at
baseline and after a three years follow-up. BCVA was
measured using the logMAR scale. Morphological param-
eters were collected through SD-OCT Heidelberg Spectralis
(software version 5.4.7.0; Heidelberg Engineering, Ger-
many). OCT scans were acquired with a vertical and hori-
zontal 100 frames enhanced depth imaging (EDI) single line
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centered on the fovea and 20 x 15° (5.8 x 4.3 mm) rectangular
scan raster centered on the fovea consisting of 25 high-
resolution lines each comprising an average of 50 acquisi-
tions. The “baseline” scan was used as a reference for all the
following images acquired in the “follow-up” mode, in order
to ensure reproducibility of the method. At time 0 and at 3
years, we evaluated the following parameters: central retinal
thickness (CRT, automatically measured by the software),
subretinal fluid (SRF, presence/absence), intraretinal fluid
(IRF, including cystic formations, excluding tubulation
phenomena, presence/absence), subretinal hyperreflective
material (SHRM, defined as the hyperreflective material
located between the neuroretina and the anterior lamina of
RPE [3], presence/absence), hyperreflective crystalline de-
posits (HCD, diagnosed in OCT as single or multiple highly
reflective lines between the RPE and Bruch’s membrane [4].
On near-infrared reflectance, HCD appeared as intensively
reflective plaques [5], presence/absence), hyperreflective foci
(HRF, diagnosed in OCT as small and well-circumscribed
hyperreflective particles in the outer retinal layers. In fundus
color photography, they could appear as hard exudates; no
alterations in fluorescein angiography, presence/absence),
central choroidal thickness (cCT, manually measured as the
distance between the outer edge of the hyperreflective line of
Bruch’s membrane and the inner surface of the chorioscleral
junction at the level of the foveola), sublesional choroidal
thickness (sICT, manually measured as the distance between
the outer edge of the hyperreflective line of Bruch’s mem-
brane and the inner surface of the chorioscleral junction at
the level of the center of the neovascular formation), and
ellipsoid zone disruption (EZd, diagnosed in OCT as dis-
appearance of ellipsoid zone, presence/absence). Each pa-
rameter was evaluated according to the judgment of two
independent expert operators.

The data analysis was conducted using both descriptive
and inferential statistics. For the descriptive statistics,
quantitative and qualitative variables were used and ana-
lyzed according to a general linear model. Quantitative data
were reported as mean + standard deviation, and distribu-
tion normality was verified by the Shapiro-Wilk normality
test. For the inferential statistic, significant differences be-
tween groups or intragroups were tested using the f test for
unpaired or paired data, respectively.

The chi-square test was used to compare patient cate-
gorical variables, while the Wilcoxon test was chosen to
evaluate changes in the nominal variables over time. The
analysis of the relationships between variables was con-
ducted using Spearman’s tau coefficient. In all cases, p values
less than 0.05 were considered statistically significant. Each
analysis was conducted using the SPSS statistical program
(ver. 25; SPSS, Inc., Chicago, IL., USA).

3. Results

3.1. Between-Groups Baseline Analysis before Treatment.
Baseline demographic characteristics were assimilable be-
tween groups for age (years; PD: 74.62+6.35; AMD:
75.22+7.44; p=0.32), sex (% female/male; PD: 61.1/38.9;
AMD: 62.1/37.9; p=0.95), and months of follow-up (PD:
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TaBLE 1: PD and AMD parameters at baseline and after 3 years.

Baseline 3 years
PD AMD p value PD AMD p value
LogMAR, mean * SD 0.55+0.15 0.72+£0.44 0.13 0.86 £ 0.66 0.85+0.58 0.95
CRT, ym, mean + SD 413.66 £ 92.54 431.56 +142.39 0.13 365.90 £135.28 374.61 +162.27 0.85
SRF (%) 89.66 83.33 0.53 55.2 38.9 0.28
IRF (%) 31.03 44.44 0.35 37.9 389 0.95
SHRM (%) 69.0 66.7 0.87 48.3 61.1 0.39
HRF (%) 96.55 88.89 0.3 82.8 44.4 0.006
HCD (%) 0 0 - 10.3 5.6 0.57
cCT, ym, mean + SD 214.14+£79.13 164.67 +£45.81 0.009 186.66 +78.20 146.06 +48.33 0.033
sICT, ym, mean + SD 211.44 + 85.27 156.33 £ 53.07 0.009 183.52+89.18 151.33 + 58.08 0.14
EZd (%) 55.17 66.7 0.43 68.96 83.33 0.27
INJ N, mean + SD — — — 8.72+1.16 7.28+2.54 0.011

PD, pattern dystrophies; AMD, age-related macular degeneration; LogMAR, visual acuity; CRT, central retinal thickness; SRF, subretinal fluid; IRF,
intraretinal fluid; SHRM, subretinal hyperreflective material; HRF, hyperreflective foci; HCD, hyperreflective crystalline deposits; cCT, central choroidal
thickness; sICT, sublesional choroidal thickness; EZd, ellipsoid zone disruption; SD, standard deviation; ym, micrometer. The chi-square test is for

quantitative data, and the unpaired- test is for qualitative data.

TaBLE 2: Longitudinal analysis.

PD AMD
Variation p Variation p
value value
LogMAR, 031406  0.009  013+0.65 0.4
mean + SD
CRT, pm, —47.75+123.07 0.046 —56.94+204.28 0.25
mean + SD
SRF (%) -61.6 0.004 -533 0.011
IRF (%) 221 0.52 221 0.65
SHRM (%) -30 0.034 ~125 0.74
HREF (%) ~143 0.1 ~50.0 0.011
HCD (%) 10.3 0.08 5.6 0.32
cCT, pm, ~27.48+4726 0.004 -18.61+27.88 0.012
mean + SD
sICT, ym, —27.93+5527 0.011 -50+2439 04
mean + SD

EZd (%) 13.79 0.21 16.63 0.08

PD, pattern dystrophies; AMD, age-related macular degeneration; Log-
MAR, visual acuity; CRT, central retinal thickness; SRF, subretinal fluid;
IRF, intraretinal fluid; SHRM, subretinal hyperreflective material; HRF,
hyperreflective foci; HCD, hyperreflective crystalline deposits; cCT, central
choroidal thickness; sICT, sublesional choroidal thickness; EZd, ellipsoid
zone disruption; SD, standard deviation; ym, micrometer. The chi-square
test is for quantitative data, and the unpaired-f test is for qualitative data.

40.72+3.27; AMD: 40.11+2.72; p=0.55). Functional and
morphological parameters of both groups were collected at
the baseline (Table 1). At baseline, the visual acuity (p =0.13)
and the CRT (p=0.13) were similar between the PD and
AMD groups. Furthermore, no significant differences were
found between the two groups in terms of the presence of
SRF (X*>=0.39; p=0.53), IRF (X*=2.29; p=0.13), SHRM at
baseline (X* = 0.03; p =0.87), and HRF at baseline (X?=1.09;
p=0.30). At this time, HCD were not detected in any of the
groups. The choroidal thickness parameters were

significantly greater in the PD group than in AMD
(cCT +49.47 ym and sICT + 55.12 ym both with p=0.009).

3.2. In-Group Longitudinal Long-Term Analysis before-after
Treatment. At 3 years of follow-up, all the parameters
considered at the baseline were reevaluated to identify any
evolutions and correlations (Tables 1 and 2). In particular,
the PD group demonstrated significant reduction in BCVA,
considered as increasing of logMAR value (p=0.009), de-
spite a significant decrease in central retinal thickness (CRT
variation pp = 0.046), with the resolution of SRF in 61.6% of
cases (Z=-2.89; p=0.004) and SHRM in 30% (Z=-2.12;
p=0.034). There were no significant changes in IRF
(Z=-0.63; p=0.53) and HRF (Z=-1.6; p=0.1). The
presence of HCD was detected in 3 cases, but it does not
satisfy the significance criteria, despite an encouraging trend
(Z=-1.73; p=0.08). The choroid showed significant thin-
ning both centrally (cCT V: p =0.004) and sublesional (sICT
V: p=0.011) compared to baseline. Furthermore, no sig-
nificative variation was observed in ellipsoid zone disruption
(p=0.21).

In the AMD group, the BCV A was substantially stable
at 3-year compared to the initial value (p=0.4). The CRT
also showed no significant changes (p=0.25), despite a
significant reduction in the presence of SRF (Z=-2.53;
p=0.01) and HRF (Z=-2.53; p=0.011). The reduction in
IRF (Z=-0.45; p=0.65) and SHRM (Z =-0.33; p=0.74)
was also not significant, as was the appearance of HCD in
a single case (Z=-1.0; p=0.32). Similar to the PD group,
a significant decrease in cCT was detected (p=0.012), and
no significant variation of the ellipsoid zone integrity was
detected (p=0.08). However, unlike the PD group, the
AMD subjects did not show a similar thinning of the sICT
(p=0.4).



3.3. Between-Groups Long-Term Analysis after Treatment.
The final analysis of the two groups allowed us to compare
the long-term response to intravitreal ranibizumab. The first
interesting finding is that the PD group received significantly
more injections than the AMD (p =0.011). Despite this, the
final BCVA between the two groups was similar (p =0.95),
as well as the CRT (p=0.85) and the persistence of SRF
(X*=1.18, p=0.28), IRF (X*=0.004, p=0.95), SHRM
(X*=0.74, p=0.39), and HCD (X =0.33, p =0.57). A highly
significant difference was found in the presence of HRF,
more frequent in the PD group (X*=7.50; p=0.006). Fi-
nally, the cCT of the PD group was significantly thicker than
the AMD group (p = 0.033); therefore, the cCT variance did
not differ between groups (p =0.21).

3.4. PD In-Group Quantitative and Qualitative Correlations.
Each quantitative and qualitative parameter was cross-com-
pared to each other, but only the most clinically relevant
correlations were reported. Analyzing the PD group, we found a
negative correlation between age and cCT at baseline and cCT at
3 years (respectively, R=—0.46, p=0.012; R=-0.58, p =0.001)
and also showed in the sublesional measurements sICT baseline
and sICTat 3 years (respectively, R = —0.41, p = 0.027; R=—0.51,
p =0.004). Moreover, we found a significant positive correlation
between BCVA at baseline and at 3 years (R = +0.64; p <0.001)
and between BCVA at 3 years (considered as logMAR value)
and the presence of IRF (R=+ 0.53, p=0.003) and SHRM at 3
years (R=+0.54, p=0.003). Interestingly, we noticed no cor-
relation between BCVA 3 years and SRF 3 years (R=-0.28,
p =0.14), whereas the CRT baseline and CRT 3 years showed a
positive correlation, with R=+0.44 and p=0.017. However,
except for the correlations between CRT and SHRM at baseline
(R=+0.54, p=0.003) and SRF 3 years-cCT 3 years (R=+0.44,
p =0.016), none of the morphological parameters considered
showed a predominant role in influencing the CRT in the PD
subgroup. The presence of SHRM at baseline correlated not
only with the CRT baseline but also with the presence of IRF at 3
years (R=+0.37, p=0.048) and SHRM 3 years (R=+0.50,
p=0.005). Of note, the presence of HCD at 3 years was as-
sociated with greater CRT (R=+0.38, p=0.04) and IRF at 3
years (R=+0.44, p=0.019).

On the AMD group, we observed positive correlations
between choroidal thickness parameters longitudinally, cCT
baseline-cCT 3 years (R = +0.83, p <0.001), sICT baseline-sICT
3 years (R=+0.91, p<0.001) but also cCT baseline-sICT
baseline (R=+0.80, p<0.001), cCT 3 years-sICT 3 years
(R=+0.86, p <0.001). Contrariwise to the PD group, no cor-
relations were found between choroidal thickness and age: cCT
at baseline-age (R=-0.33, p=0.18) and cCT 3 years age
(R=-0.27; p=0.27). The final BCVA (logMAR at 3 years) was
associated with the presence of SHRM at 3 years (R=+0.62,
p=0.007), as seen in the PD subgroup. The CRT baseline
increased with the presence of IRF baseline (R=+0.49,
p =0.039), while after 3 years, it was influenced by the presence
of both SRF (CRT 3 years-SRF 3 years: R= +0.63, p = 0.005) and
HREF (R = +0.56, p = 0.016). In this regard, the increasing SRF at
3 years was strongly accompanied by the presence of HRF
(R=+0.66, p=0.003).
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4. Discussion

The clinical and morphological features of the two groups
were similar at baseline exhibiting no differences in visual
acuity, central macular thickness, subretinal or intraretinal
fluid, subretinal material, and hyperreflective crystalline
deposits, with the only exception of choroidal thicknesses.
The PD subgroup showed thicker choroidal thicknesses both
centrally and underneath the neovascular lesion at baseline
ad at last follow-up. These findings appear to be comparable
with similar but not analogous findings already present in
the literature.

In fact, while Palacios et al. in 2016 demonstrated a
comparable choroidal thickness between PD patients and
healthy population [6], Coscas et al. highlighted how
subjects with wet AMD had thinner choroids compared
to adult-onset foveomacular vitelliform dystrophy
(AOFVD) not yet complicated by CNV, indicating a
possible role in the differential diagnosis [7]. Grenga et al.
confirmed these findings and observed a progressive
increase in the choroidal thickness based on the evolutive
stage of the not yet neovascular disease, assuming a
possible prognostic and pathogenetic role of the choroid
in the AOFVD [8]. In this regard, our data show a
moderate agreement between choroidal thickness and
subretinal fluid at last follow-up. This correlation was not
observed in the AMD group; therefore, this finding may
suggest the possible role of choroidal hyperpermeability
in sustaining the subretinal fluid often present even
without detectable neovascularization in AOFVD [9-12].

It is reasonable to hypothesize that the variation in
choroidal thickness based on the evolutionary stage may
represent a compensatory mechanism for the elimination of
vitelliform/lipofuscin material by the hypertrophic pigment
epithelium. Therefore, it would be plausible that the
thickening of the outer retinal vessels in the Haller layer
could cause secondary damage to the overlying chorioca-
pillaris network, triggering ischemic phenomena responsible
for subsequent neovascularization. This may represent an
alternative pathogenic mechanism in contraposition to the
AMD, where the progressive choroidal thinning is mainly
related to aging [13]. Our data confirm the progressive
choroidal thinning over time in the AMD group, as pre-
viously reported in the literature [14, 15]. In AMD eyes, the
choroid and the choriocapillaris present progressive thin-
ning inducing ischemic alterations of the microcirculation,
similar to other vascular systemic diseases (e.g., athero-
sclerosis and cerebrovascular insufficiency). In the PD eyes,
despite a progressive choroidal thinning similar to the AMD
group, likely due to aging and/or bevacizumab treatment,
the choroid remained thicker through the 3 years of follow-
up. This finding further corroborates the different role of the
choroid in driving the development of macular complica-
tions in such cases.

The baseline visual acuity was similar in both groups;
however, while the PD group had very homogeneous
values among the enrolled subjects (logMAR baseline:
mean=0.55; SD=0.15), the AMD group showed
markedly greater variability (mean =0.72; SD =0.44). The
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visual acuity after 3 years showed clearly more similar
values compared to the initial data: logMARPD (mean-
=0.86; SD =0.66); logMARAMD (mean =0.85;
SD =0.58). In fact, the longitudinal evaluation of the PD
group demonstrated a significant loss of vision over the 3
years, while the functional progression in the AMD group
was not significant.

Based on the arguments, our data suggest that CNVs in
AMD and PD may have different evolution trends, as already
partially demonstrated in the literature [16]. Another in-
teresting finding is that both groups, AMD and PD, showed
worse visual acuity at 3 years when subretinal hyperreflective
material and, but only in the PD group, intraretinal fluid
were present. A comparison with other intravitreal medi-
cations would be required, in order to evaluate differences in
terms of functional and morphological responses.

With regard to the therapeutic response of the PD group, it
is also interesting to observe that the average lowering of visual
acuity is unexpectedly associated to a significant improvement
in morphological parameters, such as central macular thickness,
presence of fluid and subretinal hyperreflective material, and
ellipsoid zone integrity but with persistence of hyperreflective
intraretinal foci. The AMD group, on the other hand, shows
greater volubility in the variation of the central thickness, de-
spite the resolution of subretinal fluid in more than 50% of the
subjects, associated to a reduction of hyperreflective foci. In this
regard, it is interesting to observe that in the AMD group, the
permanence of subretinal fluid and hyperreflective foci are
associated with each other and with a higher central retinal
thickness.

It is important to underline that a good short-term
morphofunctional response of CNVs in PD is commonly
reported in literature [17-19]. Many long-term follow-up
studies, on the other hand, confirm a morphological im-
provement, nevertheless emerging divergences in terms of
functional recovery [16, 20]. This apparent difference be-
tween functional and morphological features could depend
on several factors, for example, the trend of these lesions to
early damage the photoreceptors that were already suffering
due to the presence of accumulation of vitelliform material
and/or dysfunction of the EPR; an alternative explanation is
the greater tendency to fibrosis than conventional CNVs.
This point would deserve further investigation with other
observational studies with adequate follow-up time.

Another noteworthy aspect is the presence of hyper-
reflective crystalline deposits. These cholesterol-based crystalline
formations [5] were not observed in any patient at baseline, but
appeared only in the long term, in double (albeit not significant)
percentages in the PD group compared to AMD. Furthermore,
in the PD group, HCD was associated with the permanence of
intraretinal fluid and the final central macular thickness, con-
firming and integrating their already known nature of the
negative prognostic factor, demonstrated to date in relation to
the dry forms of AMD [4, 21]. Furthermore, their presence
could represent a further point in support of the greater ten-
dency to atrophic evolution of the disease; this evidence was also
observed in the course of avascular lesions, such as drusenoid
detachments of the retinal pigment epithelium. This could open
a new scenario for the treatment of CNV associated with PD,

which should not be “overtreated” to avoid a further atrophic
effect. In fact, we reported a higher number of injections at 3
years in the PD group. One of the possible reasons for over-
treatment lies in the hypothesis that a part of subretinal fluid
could be due to RPE pump failure instead of CNV activity.

Data collected allow us to state that both at baseline
and at 3 years follow-up, morphological and functional
parameters between the two groups are similar, with the
exception of a greater central choroidal thickness and a
greater percentage of hyperreflective foci in the PD
group; however, the real difference between the two
groups lies in the type of progression and response to
therapy.

The limit of our study is the retrospective nature and the
small sample size, negatively influenced by the stringent in-
clusion criteria regarding the use of monotherapy and the
availability of complete multimodal imaging. Furthermore, the
choice of ranibizumab as the only drug and the administration
with the PRN protocol are limiting choices, but necessary to
guarantee homogeneity of the data collected, which come, in
part, from databases created when more modern drugs and
protocols, such as aflibercept and “Treat and extend,” had not
yet entered common clinical practice.

5. Conclusions

The differential diagnosis between neovascular age-related
macular degeneration and CNV on pattern dystrophies is still
challenging even for the most experienced retinologists. Our
study highlights the clinical and morphological overlap of the
two forms both in the onset and in the long-term, confirming
the necessity of complete multimodal imaging in order not to
incur erroneous diagnoses. Furthermore, we report a poor
therapeutic response at 3 years of the forms associated with
pattern dystrophies compared to those in AMD which, instead,
show a tendency to stabilization. Finally, the higher choroidal
thickness could open new perspectives in understanding the
pathogenetic and evolutionary mechanisms underlying the
development of neovascularizations in the eyes affected by
pattern dystrophies.

The main limitation of our study is represented by low
and poorly balanced numerosity of the two groups. This is
due to our strict inclusion criteria, including age, complete
multimodal imaging, PRN monotherapy administration,
and no surgery in the follow-up period.

Further studies are needed to deepen these topics.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest
The authors declare that they have no conflicts of interest.

References

[1] J. D. Gass, Stereoscopic Atlas of Macular Diseases: Diagnosis
and Treatment, C. V. Mosby, St Louis, USA, 4th edition, 1997.



[2] P.J. Francis, D. W. Schultz, A. M. Gregory et al., “Genetic and

[3

(10

(11

(12

(13

[14

(15

]

J

]

]

phenotypic heterogeneity in pattern dystrophy,” British
Journal of Ophthalmology, vol. 89, no. 9, pp. 1115-1119, 2005.
P. K. Roberts, S. Zotter, A. Montuoro et al., “Identification and
quantification of the angiofibrotic switch in neovascular
AMD,” Investigative Opthalmology & Visual Science, vol. 60,
no. 1, p. 304, 2019.

C. E. Hitzenberger, J. D. Messinger, E. C. Zanzottera,
K. B. Freund, and C. A. Curcio, “The onion sign in neovascular
age-related macular degeneration represents cholesterol crystals,”
Ophthalmology, vol. 122, no. 11, pp. 2316-2326, 2015.

S. Fragiotta, P. Ferndndez-Avellaneda, M. P. Breazzano,
L. A. Yannuzzi, C. A. Curcio, and K. B. Freund, “Linear and
planar reflection artifacts on swept-source and spectral-do-
main optical coherence tomography due to hyperreflective
crystalline deposits,” Graefe’s Archive for Clinical and Ex-
perimental Ophthalmology, vol. 258, no. 3, pp. 491-501, 2019.
R. M. Palécios, T. S. Mendes, R. Y. Sano, D. C. Wu, T. Aihara,
and R. P. de Almeida Manzano, “Choroidal thickness using
EDI-OCT in adult-onset vitelliform macular dystrophy,”
International Journal of Retina and Vitreous, vol. 2, no. 1, p. 5,
2016.

F. Coscas, N. Puche, G. Coscas et al., “Comparison of macular
choroidal thickness in adult onset foveomacular vitelliform
dystrophy and age-related macular degeneration,” Investi-
gative Opthalmology & Visual Science, vol. 55, no. 1, pp. 64-69,
2014.

P. L. Grenga, S. Fragiotta, A. Cutini, A. Meduri, and
E. M. Vingolo, “Enhanced depth imaging optical coherence
tomography in adult-onset foveomacular vitelliform dystro-
phy,” European Journal of Ophthalmology, vol. 26, no. 2,
pp. 145-151, 2016.

H. Koizumi, T. Yamagishi, T. Yamazaki, R. Kawasaki, and
S. Kinoshita, “Subfoveal choroidal thickness in typical age-related
macular degeneration and polypoidal choroidal vasculopathy,”
Graefe’s Archive for Clinical and Experimental Ophthalmology,
vol. 249, no. 8, pp. 1123-1128, 2011.

S.-W. Kim, J. Oh, S.-S. Kwon, J. Yoo, and K. Huh, “Com-
parison of choroidal thickness among patients with healthy
eyes, early age-related maculopathy, neovascular age-related
macular degeneration, central serous chorioretinopathy, and
polypoidal choroidal vasculopathy,” Retina, vol. 31, no. 9,
pp. 1904-1911, 2011.

Y. Imamura, T. Fujiwara, R. Margolis, and R. F. Spaide,
“Enhanced depth imaging optical coherence tomography of
the choroid in central serous chorioretinopathy,” Retina,
vol. 29, no. 10, pp. 1469-1473, 2009.

I. Maruko, T. Iida, Y. Sugano, A. Ojima, and T. Sekiryu,
“Subfoveal choroidal thickness in fellow eyes of patients with
central serous chorioretinopathy,” Retina, vol. 31, no. 8,
pp. 16031608, 2011.

G. Yiu, S.J. Chiu, P. A. Petrou et al., “Relationship of central
choroidal thickness with age-related macular degeneration
status,” American Journal of Ophthalmology, vol. 159, no. 4,
pp. 617-626, 2015.

H. Zhou, Y. Dai, Y. Shi et al., “Age-related changes in cho-
roidal thickness and the volume of vessels and stroma using
swept-source OCT and fully automated algorithms,” Oph-
thalmology Retina, vol. 4, no. 2, pp. 204-215, 2020.

I. Tuncer, E. Karahan, M. O. Zengin, E. Atalay, and N. Polat,
“Choroidal thickness in relation to sex, age, refractive error,
and axial length in healthy Turkish subjects,” International
Ophthalmology, vol. 35, no. 3, pp. 403-410, 2015.

(16]

(17]

(18]

(19]

[20]

(21]

Journal of Ophthalmology

L. Tiosano, T. Jaouni, E. Averbukh, M. Grunin, E. Banin, and
1. Chowers, “Bevacizumab treatment for choroidal neo-
vascularization associated with adult-onset foveomacular
vitelliform dystrophy,” European Journal of Ophthalmology,
vol. 24, no. 6, pp. 890-896, 2014.

G. Cennamo, I. Cesarano, E. C. Vecchio, M. Reibaldi, and
G. de Crecchio, “Functional and anatomic changes in bilateral
choroidal neovascularization associated with vitelliform
macular dystrophy after intravitreal bevacizumab,” Journal of
Ocular Pharmacology and Therapeutics, vol. 28, no. 6,
pp. 643646, 2012.

G. Mimoun, V. Caillaux, G. Querques, P.-R. Rothschild,
N. Puche, and E. H. Souied, “Ranibizumab for choroidal
neovascularization associated with adult-onset foveomacular
vitelliform dystrophy,” Retina, vol. 33, no. 3, pp. 513-521,
2013.

G. Querques, L. Querques, N. Leveziel, F. Bandello, and
E. H. Souied, “Intravitreal ranibizumab for type 3 choroidal
neovascularization complicating adult onset foveomacular
vitelliform dystrophy,” Journal Frangais d’Ophtalmologie,
vol. 36, no. 1, pp. el-e4, 2013.

M. B. Parodi, P. Iacono, M. Cascavilla, I. Zucchiatti,
D. S. Kontadakis, and F. Bandello, “Intravitreal bevacizumab
for subfoveal choroidal neovascularization associated with
pattern dystrophy,” Investigative Opthalmology & Visual
Science, vol. 51, no. 9, pp. 4358-4361, 2010.

S. Fragiotta, P. Ferndndez-Avellaneda, M. P. Breazzano et al.,
“The fate and prognostic implications of hyperreflective
crystalline deposits in nonneovascular age-related macular
degeneration,” Investigative Opthalmology & Visual Science,
vol. 60, no. 8, pp. 3100-3109, 2019.



Hindawi

Journal of Ophthalmology

Volume 2021, Article ID 6639418, 5 pages
https://doi.org/10.1155/2021/6639418

Hindawi

Research Article

Optical Coherence Tomography Predictors of Favorable
Functional Response in Naive Diabetic Macular Edema Eyes
Treated with Dexamethasone Implants as a First-Line Agent

Alessandro Meduri @, Giovanni William Oliverio
Marta Giordano (©, Leandro Inferrera

» Luigi Trombetta ®,
, and Costantino John Trombetta

Department of Biomedical Sciences, Ophthalmology Clinic, University of Messina, Messina, Italy
Correspondence should be addressed to Giovanni William Oliverio; gioliverio@unime.it

Received 31 December 2020; Revised 17 January 2021; Accepted 17 March 2021; Published 24 March 2021
Academic Editor: Akio Oishi

Copyright © 2021 Alessandro Meduri et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Purpose. To evaluate efficacy and safety of intravitreal dexamethasone 0.7 mg implant in treatment-naive DME patients and to
assess the utility of OCT structural biomarkers as predictors of functional response after treatment. Methods. Thirty-nine eyes of 39
diabetic patients with center involving DME were enrolled. Best-corrected visual acuity (BCVA) and SS-OCT (DRI SS-OCT
Triton, Topcon, Japan) to evaluate central retinal thickness (CRT), serous retinal detachment (SRD), intraretinal cysts (IRC),
number of hyper-reflective spots (HRS), integrity of the ellipsoid zone (EZ), disorganization of the inner retinal layers (DRIL),
vitreomacular adhesion (VMA), vitreomacular traction (VMT), and posterior vitreous detachment (PVD) were evaluated at
baseline and at 3, 6, and 12 months after treatment. Multiple logistic analysis was performed to evaluate the possible OCT
biomarker as predictive factors for final visual acuity improvement at the end of treatment. Results. At 12 months after treatment,
the mean BCVA improved from 51.6+17.5 to 56.9+17.3 ETDRS letters (p = 0.03). Furthermore, there were statistically sig-
nificant changes in CRT, IRC, HRS, and SRD. Nineteen patients presented a >10-letters improvement in BCVA; the presence of
SRD at baseline was a predictor of good functional treatment response at 12 months (OR 2.1; 95% C.I1. 1.2-4.9; p = 0.001) as well as
the presence of EZ integrity preoperatively (OR 1.3; 95% C.I. 0.5-2.4; p = 0.001) and the absence of vitreoretinal interface
alteration (OR 1.1; 95% C.I. 0.3-2.3; p = 0.02). No significant changes in the IOP and lens status were observed throughout the
follow-up period. Conclusion. This study empathized the importance of structural biomarkers as predictors of favorable response
and confirmed the efficacy and safety of intravitreal dexamethasone implant in treatment-naive DME patients showing a better
functional response in the presence of SRD integrity of EZ and absence of vitreoretinal alterations.

1. Introduction

Diabetic macular edema (DME) represents one of the major
causes of visual impairment in diabetic patients due to the
abnormal collection of intra- and/or subretinal fluid in the
macular area caused by the alteration of the blood-retinal
barrier [1]. DME is classified according to its etiology as
vasogenic or nonvasogenic as recent studies highlighted the
central role of inflammation in the pathogenic mechanisms
[2-4].

The advances in optical coherence tomography (OCT)
technology have contributed to improving our understanding

of the pathophysiology and classification of diabetic macular
edema and have enabled us to recognize structural bio-
markers for a morphologic categorization of the disease that
can influence treatment outcome [2, 5-9].

DME presents with different patterns on OCT including
sponge-like swelling cystoid macular edema and serous
retinal detachment (SRD) [10]. Additionally, subfoveal
thickness (CST), the presence of hyper-reflective spots
(HRS), the presence of SRD the size of intraretinal cysts
(IRC), the occurrence of disorganization of the inner retinal
layers (DRIL), the state of the ellipsoid zone (EZ), the ex-
ternal limiting membrane (ELM), and choroidal thickness
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(CT) have been used to categorize and grade DME [8].
Furthermore, the effectiveness of dexamethasone intravitreal
implant 0.7 mg in the treatment of DME has been dem-
onstrated in several studies; however, there is a lack in lit-
erature regarding the prognostic factors after treatment in
particular in treatment-naive DME patients [11, 12].

The aim of this study is to evaluate the efficacy and safety
of intravitreal dexamethasone implant in treatment-naive
DME patients and to assess the utility of OCT structural
biomarkers as predictors of functional response after
treatment.

2. Methods

In this study, data from 39 eyes of 39 diabetic patients with
DME were retrospectively analyzed. Patients aged >18 years
and treatment-naive DME with a central macular thickness
(CMT) >300um who received an intravitreal implant of
dexamethasone 0.7mg (Ozurdex® Allergan. Inc. Irvine
California USA) were enrolled.

Patients with a history of vitreoretinal surgery cataracts
other macular diseases glaucoma and iris rubeosis were
excluded.

Informed consent was obtained from all patients after
the explanation of nature and the possible consequences of
the study. This study was approved by the Institutional
Review Board of the University of Messina, and it was
conducted in accordance with the tenets of the Declaration
of Helsinki.

Anamnestic data were reported for each patient in-
cluding type and duration of diabetes and value of the recent
glycated hemoglobin (HbAlc). A complete ophthalmologic
assessment was carried out comprising best-corrected visual
acuity (BCVA) using the Early Treatment Diabetic Reti-
nopathy Study (ETDRS) chart microscopic evaluation of the
anterior segment applanation tonometry and swept-source
OCT (DRI SS-OCT Triton, Topcon, Japan).

These data were taken at each visit prior to the intra-
vitreal dexamethasone implant and after 3, 6, and 12 months
from the treatment.

2.1. Optical Coherence Tomography Analysis. SS-OCT images
were obtained using a 9-mm radial OCT scan centered on
the fovea. Automatic analysis using the OCT software
IMAGEnet 6 (version 1.17.9720; Topcon Medical Systems
Inc., Oakland, NJ, USA) was performed to evaluate the
structural retinal biomarkers such as the presence of SRD,
intraretinal cysts (IRC), continuity of the ellipsoid zone
(DRIL), vitreomacular adhesion (VMA) or traction (VMT),
and posterior vitreous detachment (PVD).

A count of the total HRS was performed and calculated
in the area of 3 mm centered on the fovea (Figure 1).

The height of serous retinal detachment (SRD) was
manually calculated using the built-in caliper tool of the
instrument as the space between the outer retinal and the
RPE surfaces at the fovea (Figure 1).

The height of IRC was measured summing all individual
cyst heights within 3 mm of the fovea to give a total height
value (Figure 1).
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Choroidal thickness (CT) was manually analyzed on the
foveal center and on temporal and nasal site tracing two
vertical lines at 1.5mm temporally from the fovea and
1.5 mm nasally from the fovea (Figure 1).

2.2. Statistical Analysis. The fitting of the data to a normal
distribution was tested by the Kolmogorov-Smirnov test. In
order to evaluate the existence of statistically significant
differences in different times of observation, we applied the
Wilcoxon test signed-rank test and Student’s ¢-test for paired
data as appropriate (for numerical variables) and the
McNemar test (for dichotomous data). Logistic regression
analysis was performed to evaluate the possible OCT bio-
marker (CRT, IRC, CT, SRD, HRS, EZ, and vitreomacular
alterations) as predictive factors for final visual acuity im-
provement at the end of treatment.

A p value smaller than 0.05 was considered to be sta-
tistically significant. Statistical analyses were performed
using the SPSS 26.0 for the macOS package.

3. Results

3.1. Study Population. Thirty-nine patients (19 males 20
females) with DME were enrolled in this study. The mean
age of patients was 66.7+7.3 years, the mean duration of
diabetes was 13.5 + 7.3 years, and the mean recent Hbalc was
7.9 +3.2% (Table 1). Twenty-one patients (53.8%) presented
a cystoid macular edema, and 18 patients (46.2%) presented
a subfoveal neuroretinal detachment.

3.2. Functional and Morphological Outcome. Baseline and
posttreatment data are reported in Table 2. At 3 months, the
mean BCVA improved from 51.6+17.1 to 58.9+16.5
ETDRS letters (p =0.01) and to 57.6+17.3 and to
56.9+17.5 at 6 and 12months, respectively (p = 0.03).
Furthermore, there were statistically significant changes in
CRT, IRC dimension, HRS number, and SRD height after
treatment throughout the follow-up (Table 2). No significant
changes in CT were observed after treatment. At the end of
follow-up, 15 patients presented a complete resolution of the
SRD.

Nineteen patients (48.7%) presented a>10-letters im-
provement in BCVA at the end of follow-up.

At 6 months, a second dexamethasone implant was
necessary in 5 patients (12.8%).

No significant increments of the mean IOP were ob-
served. Overall, the follow-up period and no changes in the
lens status were recognized after treatment.

3.3. Optical Coherence Tomography Predictors for Treatment
Response. 'The presence of SRD at baseline was a predictor of
good functional treatment response at 12 months (OR 2.1;
95% C. L. 1.2-4.9; p<0.001). Additionally, the presence of
EZ integrity preoperatively was a predictor of good func-
tional treatment response at 12 months (OR 1.3; 95% C. L.
0.5-2.4; p = 0.001). Eyes without vitreoretinal interface al-
teration at baseline presented a better functional outcome at
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FIGURE 1: Swept-source optical coherence tomography radial scan (9 mm) of a patient with diabetic macular edema and subfoveal
neuroretinal detachment showing structural biomarkers evaluated within a 3 mm area centered on the fovea: CT: choroidal thickness; SRD:
serous retinal detachment; EZ: ellipsoid zone integrity; IRC: intraretinal cysts; HRS: hyper-reflective spots; VMA: vitreomacula adhesion.

TaBLE 1: Clinical characteristics of the study population.

Variables

Age (years) 65.2+11.3
Gender (male/female) 19/20
Duration of diabetes (years) 13.5+7.3
HbAlc (%) 7.9+3.2
Lens status 1
Phakic (n) 27

Psuedophakic (1)
HbAlc: glycated hemoglobin.

12 months after treatment (OR 1.1; 95% C. 1. 0.3-2.3;
p =0.02). There was no significant correlation between
DRIL presence number of HRS IRC dimension CT and
a>10-letters improvement in BCVA.

4. Discussion

Recent studies have demonstrated the primary role of in-
flammatory and vascular factors in the pathogenesis and
development of DME; however, these mechanisms are
complex and still not completely clarified [2-4]. The neu-
rovascular unit consists of Miiller cells, astrocytes, ganglion
cells, and amacrine cells in a dynamic interaction with
retinal vascular endothelial cells and pericyte-releasing
factors that induce the formation of tight junctions in retinal
vessels [13-15]. Abnormalities in Miiller cells probably affect
this barrier property in the retinal vessels in diabetic patients
[13, 14]. Indeed, blood-retinal barrier disruption is associ-
ated with an increase of vascular endothelial growth factor
(VEGF), intercellular adhesion molecule-1 (ICAM-1), in-
terleukin-6 (IL-6), and monocyte chemotactic protein-1
(MCP-1) among others [14, 16]. Furthermore, in the recent
years, numerous advances have been made in the treatment
of diabetic retinopathy and DME [14-17]. Anti-VEGF is
considered first-line treatment; however, corticosteroids
represent a fundamental alternative for treating these pa-
tients [10, 18]. The efficacy of corticosteroids in DME may be

attributable to the strong anti-inflammatory and antiedema
properties of these molecules as previous studies demon-
strated the reduced expression of VEGF and other in-
flammatory mediator-diminished leukostasis and vascular
leakage finally improving the barrier function of endothelial
cell tight junction [19]. Corticosteroids are mainly used as a
second choice due to the possible adverse events occurrence
such as increase of IOP and cataract progression [10, 18].
Additionally, corticosteroids are useful for the treatment of
refractory forms of DME to anti-VEGF [10, 18].

Nevertheless, the intravitreal implant of dexamethasone
could represent a first-line therapy in particular conditions
such as patients with a recent history of major cardiovascular
events and contraindications to anti-VEGF therapy patients
with vitrectomized eye, pregnancy, pseudophakic patients,
and uncompliant patients, unable or unwilling to return for
regular examinations [10, 18].

Although numerous studies confirmed the efficacy and
safety of intravitreal implant of dexamethasone, there is a
lack in literature about the outcome and the predictive
factors in treatment-naive patients with DME [18]. The
introduction of OCT improved the structural evaluation of
the retinal layers introducing several morphological bio-
markers that could help to assess and predict the functional
outcome and to choose the best treatment for the patient
[5, 10].

Several studies demonstrated that macular thickness
may serve as a measurement variable in relationship with
treatment outcome in DME [5, 10]. Furthermore, recent
studies have demonstrated that the presence of SRD and
HRS are correlated with high inflammatory component
[5-7].

Vujosevic et al. showed that DME patients with SRD and
a high number of HRS presented a better response to
intravitreal dexamethasone rather than anti-VEGF [6].

In this study, we have evaluated the long-term result of
intravitreal implant of dexamethasone in a group of treat-
ment-naive DME patients. According to previous studies,
we have demonstrated the effectiveness of this treatment as a
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TaBLE 2: Functional and morphological biomarkers before and after treatment.
p value p value p value
Variables Baseline 3 months  Baseline vs. 3 6 months Baseline vs. 6 12 months  Baseline vs. 12
Mo Mo Mo

BCVA ETDRS letters 51.6+17.1 58.9+16.5 0.01 57.6+17.3 0.03 56.9+17.5 0.03
CMT (um) 434.4+155.6 284.7+108.7 <0.001 284.7 +108.7 0.001 336.8+151.1 0.001
SRD presence, n (%) 18 (46.2) 2 (5.1) <0.001 3(7.7) <0.001 3(7.7) <0.001
Height (um) 32.6+52.7 6.5+22.8 <0.001 13.5+£321 0.001 14.1+28.1 0.001
HRS (n) 255+13.8 16.2+15.2 0.02 18.7+12.6 0.03 25.7+12.6 0.03
Cysts size (ym) 2216.1 £1230.9 631.1+763.1 0.001 1384.4 £952.9 0.001 1384.4 £952.9 0.01
glll;)foveal (um) 178.6 +65.9 178.6 +65.9 0.32 178.6 + 65.9 0.41 178.6 +65.9 0.19
Nasal (ym) 155.8 +31.8 155.8+31.8 0.44 155.8 +31.8 0.15 155.8 +31.8 0.28

163.4+39.7 163.4+39.7 0.32 163.4+39.7 0.31 163.4+39.7 0.33
Temporal (ym)
DRIL presence, # (%) 8 (20.5) 7 (17.9) 0.77 7 (17.9) 0.77 7 (17.9) 0.77
EZ integrity, n (%) 23 (58.9) 22 (56.4) 0.82 22 (56.4) 0.82 22 (56.4) 0.82
Vitreomacular
interface 7 (17.9) 7 (17.9) — 8 (20.5) 0.77 8 (20.5) 0.77
PVD, n (%) 11 (28.2) 11 (28.2) - 11 (28.2) — 11 (28.2) —
VMA, n (%) 4 (10.3) 3(7.7) 0.69 3(7.7) .69 3(7.7) .69
VMT, n (%)

BCVA: best-corrected visual acuity; ETDRS: Early Treatment Diabetic Retinopathy study; CMT: central macular thickness; SRD: serous retinal detachment;
HRS: hyper-reflective spots; CT: choroidal thickness; DRIL: disorganization of the inner retinal layers; EZ: ellipsoid zone; PVD: posterior vitreous de-
tachment; VMA: vitreomacular adhesion; VMT: vitreomacular traction. Values in bold indicate p value <.05.

first-line showing a long-term morphological and functional
improvement in DME patients. Zur et al. identified the
presence of SRD, EZ continuity, absent HRS, and an at-
tached vitreoretinal interface as biomarkers that predict a
better visual acuity improvement after dexamethasone im-
plants in eyes with DME [5].

In our study, at 6 and 12 months, the BCVA and the
CMT improved significantly after treatment. Additionally, in
the subgroup analysis, patients with preoperative SRD
presented a better functional improvement at 6 and
12 months, and the presence of the EZ integrity was asso-
ciated with a better visual outcome at the end of the follow-
up.

However, there was no correlation between DRIL
presence, number of HRS, IRC, CT, and visual acuity im-
provement at 6 and 12 months. Rosenblatt et al. in a
multicentric study reported an improvement of >10-letters
in BCVA in 46.1% in a treatment-naive group; this result was
in accordance with our findings [12].

The main limitations of this study are the small sample
size and the retrospective design.

In conclusion, this study confirmed the efficacy and
safety of intravitreal dexamethasone implant in the treat-
ment of naive DME patients and demonstrated a better
functional response in patients with the presence of SRD and
EZ integrity and absence of vitreomacular alterations;
however, further studies are necessary to assess the use-
fulness of OCT structural biomarker as predictors of
functional response in DME patients. Additionally, our
findings emphasized the importance of an accurate evalu-
ation of structural biomarkers to choose the best treatment
for the patient.
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Introduction. Retinal structural and microvascular damages reflect damage to cerebral microvasculature and neurons. We aimed
to investigate neovascular unit abnormalities among patients with large-artery atherosclerosis (LAA) or small-vessel occlusion
(SAA) and control subjects. Methods. Twenty-eight LAA patients, forty-one SAA patients, and sixty-five age- and gender-matched
controls were recruited. Based on optical coherence tomography angiography (OCTA), retinal capillary vessel density was
assessed in the general and local sectors, and the thickness of individual retinal layer was extracted from retinal structural images.
The differences between structural and microvascular were analyzed. Results. The superior peripapillary retinal nerve fiber layer
(pRNFL) thickness was significantly different among the three groups, and the LAA group had the thinnest thickness. Compared
to the control group, the deep retinal capillary vessel density in other two stroke subgroups were significantly reduced in all regions
except in the inferior region (P < 0.05), and the fractal dimension in C2 and C4 regions of deep retina was significantly lower in the
LAA group (P <0.05). Discussion. Compared with superficial microvascular network, deep microvascular network is more
sensitive to ischemic stroke. In addition, we have demonstrated quadrant-specific pPRNFL abnormalities in LAA and SAA patients.
Superior quadrant pRNFL thickness differences between stroke subgroups may suggest that changes in retinal nerve fiber layer are
more sensitive to subtype identification than changes in retinal microvascular structure. All in all, the alteration in retinal
structural and microvascular may further elucidate the role of the neovascular unit in ischemic stroke, suggesting that the
combination of these two indicators could be used for subtype identification to guide prognosis and establish a risk
prediction model.

1. Introduction

Stroke is the most common cause of serious disability in
adults, and China bears the biggest burden globally [1]. As
therapeutic options are limited, effective preventive strate-
gies for early diagnosis are needed. The underlying sub-
clinical pathologic process occurs much earlier before the
onset of clinical stroke while current neuroimaging tech-
nologies may not be capable of directly observing subtle
subclinical changes in stroke due to the resolution. Besides,
current predictions of stroke are difficult to quantify.
Therefore, there is an urgent need for additional surrogate

techniques to detect the subtle changes in vivo. In addition to
the importance of finding indicators to establish a model for
stroke risk prediction and prognosis assessment, the iden-
tification of subtypes of ischemic stroke is vital for guiding
clinical treatment and management. However, the current
international classification Treatment of Acute Stroke Trial
(TOAST) [2] requires a lot of auxiliary examinations which
are expensive and time-consuming. The above shortcomings
and possible examination contraindications make it chal-
lenging for patients to complete the examination in time
when they are admitted to the hospital, affecting the early
guiding role in clinical treatment. Therefore, finding an
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early, especially sensitive and effective, method is of great
importance in disease prediction, treatment, and prognosis
assessment. Because the retinal and cerebral vessels share
similar anatomic, embryological, and physiological char-
acteristics, the retina provides a unique “window” to assess
the cerebral microvascular and neurons in vivo
noninvasively.

Previous studies based on fundus photography have
revealed an independent correlation between retinal vas-
cular parameters and stroke [3-6]. Additionally, several
studies also detected vascular changes vary according to
stroke subtypes, suggesting the specific cerebral micro-
vasculopathy of subtyping of stroke [7, 8]. Inconsistently,
another study showed that vascular changes were similar
between stroke subtypes [9]. The reason for the discordant
results may be that the fundus photography is only a plane
picture, which only reflects the large blood vessels of the
retina without microvascular and quantitative retinal
structural parameters. With the advancement of the tech-
nique, the optical coherence tomography angiography
(OCTA) can reflect finer retinal capillary plexuses and
choriocapillaris changes by generating three-dimensional
images based on the comparisons of the motion of circu-
lating blood cells. Consequently, we can observe retinal
microvascular changes of stroke patients.

The concept of the neurovascular unit (NVU) was
proposed in 2003 [10], which is composed of endothelial
cells, neurons, astrocytes, and pericytes. The NVU provides
new insights for the pathogenesis and diagnostic and
treatment strategies of stroke [11, 12]. Spectral-domain
optical coherence tomography (SD-OCT) with high-reso-
lution retinal imaging can provide cross-sectional images of
biologic structures and quantify the thickness of each retinal
layer. One previous study observed that the transneuronal
retrograde degeneration (TRD) of retinal ganglion cells
(RGCs) assessed by SD-OCT is associated with cerebral
infarction [13]. Most of the studies containing previous
stroke patients with an increased risk of confounding factors
concentrated on the association between large retinal vessels
or neural structures changes and stroke separately [3, 13]. So
far, there have been no in vivo studies on simultaneous
microvascular and neural structures in stroke subjects.

In this study, we aimed to find the retinal microvascular
and microstructural changes in the subtypes of initial acute
stroke patients.

2. Methods

2.1. Study Population. In this study, a total of 85 patients
with initial ischemic stroke within 14 days of an acute period
were prospectively recruited from the neurology unit at the
Second Affiliated Hospital & Yuying Children’s Hospital of
Wenzhou Medical University from Jan 2017 to December
2018. One neurologist (Zhao Han) assessed the stroke se-
verity with the National Institutes of Health Stroke Scale
(NIHSS) [14] and classified large-artery atherosclerosis
(LAA) and small-artery occlusion lacunar (SAA) according
to a modified TOAST classification [2]. Besides, 65 age- and
gender-matched controls with no self-reported history of
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stroke or transient ischemic attack or ophthalmic disease
were enrolled consecutively from the relatives of patients or
working staff at the Eye Hospital or the Second Affiliated
Hospital & Yuying Children’s Hospital of Wenzhou Medical
University between Jan 2017 to Aug 2019. Considering the
effect of stroke site, parameters of ipsilateral eyes were se-
lected for analysis. Additionally, random eyes were selected
in nonunilateral stroke and control subjects. Written in-
formed consent was obtained from patients or their next of
kin, and the project was approved by the ethics committee of
the Eye Hospital of Wenzhou Medical of Wenzhou Medical
University.

2.2. Assessment of Cardiovascular Risk Factors. Patients
finished detailed questionnaires for information on history
of hypertension, diabetes mellitus, hypercholesterolemia,
ischemic heart disease, cigarette smoking status, and med-
ication use. All patients underwent usual examinations of
stroke, including brain imaging, fasting blood samples for
glycosylated hemoglobinA1C (HbA1C), total cholesterol
(TC), total triglycerides (T'G), homocysteine (HCY), creat-
inine (Cr), high-density lipoprotein (HDL-C), low-density
lipoprotein (LDL-C), and body mass index (BMI). Besides,
as a part of clinical care for stroke, blood pressure was
measured three times after participants had been seated for
at least 10 minutes at the same sitting. The mean blood
pressure of three times was taken as the final result. The
mean arterial pressure (MAP) is equal to one-third of
systolic blood pressure (SBP) plus two-thirds of diastolic
blood pressure (DBP).

Hypertension was diagnosed as SBP >140 mm Hg or
DBP >90 mm Hg at examination or a self-reported history of
physician-diagnosed hypertension or the use of antihyper-
tensive medication. Diabetes mellitus was defined as fasting
blood glucose >7.0 mmol/L and/or random blood glucose
>11.1 mmol/L, hemoglobin A1C >7%, self-reported history
of physician-diagnosed diabetes mellitus, or the use of
antihyperglycemic medication. Hypercholesterolemia was
defined as fasting total cholesterol >5.2mmol/L, self-re-
ported history of physician-diagnosed hypercholesterol-
emia, or the use of antilipemic medication. Current smokers
were defined as people who smoke currently or quitted
smoking less than one year before the examination.

2.3. Assessment of Ophthalmic Parameters and Microstructure
of the Retina. All the subjects had detailed ophthalmologic
examinations performed by two ophthalmologists (Ying
Zhang and Ce Shi), including slit-lamp biomicroscopy,
refraction diopter, best-corrected visual acuity (BCVA), and
noncontact intraocular pressure (IOP). All patients were
imaged by an OCT system (Optovue RTVue-XR Avanti;
Optovue, Inc., Fremont, CA, USA) to obtain the OCTA
images, with detailed steps described as follows: refraction
data were converted to spherical equivalents (SEs) and
calculated as the spherical dioptric power plus one-half of
the cylindrical dioptric power. The exclusion criteria were
presented as follows: patients with contraindications to
magnetic resonance, hemorrhagic stroke, recurrent stroke,
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those who were unable to complete the eye examinations,
and those with spherical equivalent (SE) under + 5.00 D, IOP
>21 mm Hg or previous ophthalmologic diseases (such as
cataract, glaucoma, high myopia, and retinal diseases). Other
exclusion criteria were systemic diseases that could affect the
ocular structures, such as uncontrolled hypertension/dia-
betes and neurological diseases such as Parkinson’s disease
and multiple sclerosis.

2.4. MRI Analysis. All patients underwent the 3.0-T MRI
(Signa HDxt GE Healthcare), which included T1-
weighted and T2-weighted imaging, diffusion weighted
imaging (DWI), and fluid attenuated inversion recovery
(FLAIR). The slice thickness was 5 mm with an interslice
gap of 1 mm. The high signal on DWI sequence of MRI
indicates the presence of acute cerebral infarction. In
addition, the size and the location of the lesion are
conductive to the classification of stroke. In the control
group, MRI was also used for the reason of homogeneous
management. For ethical reasons, not all controls were
willing to undergo the tests for fasting blood tests and
magnetic resonance imaging. Therefore, the two indi-
cators are not shown in the Table 1.

2.5. OCT and OCTA Acquisitions. All subjects remained
seated under the same conditions, and examinations were
performed by an expert examiner. The OCTA system, which
employs the split-spectrum amplitude-decorrelation angi-
ography (SSADA) algorithm, operated at a rate of 70000
A-scans per second, with the scan area of 3 x 3 mm?, and the
results were obtained by orthogonal registration and
merging of two consecutive B-scans. The size of the exported
OCT images was 304 x 304 pixels. OCTA combines or-
thogonal fast-scan directions to correct motion artifacts
based on the DualTrac Motion Correction technology [15].
A good set of scans with a signal strength index (SSI) over 40
was selected for further analysis.

2.5.1. Retinal Layer Thickness Analysis on Spectral-Domain
Optical Coherence Tomography. Retinal thickness was
imaged by the RTVue XR Avanti SD-OCT system
(Optovue, Inc, Fremont, California, USA). Besides, the
average, superior (S), temporal (T), inferior (I), and nasal
(N) quadrants of peripapillary retinal nerve fiber layer
(pPRNFL) thickness were obtained. The ganglion cell
complex (GCC) provides inner retinal thickness values
from the internal limiting membrane (ILM) to the inner
molecular layer (IPL), shown as average, superior, and
inferior regions (Figure 1(f)).

2.5.2. Capillary Vessel Density and Fractal Dimension
Analysis on Optical Coherence Tomography Amngiography.
Retinal microvasculature was evaluated by the RTVue XR
with AngioVue (software version 2017.1.0.155; Optovue, Inc,
Fremont, CA, USA). Patients underwent different types of
scanning: 3x3mm’ angioretina around the fovea,
4.5 x 4.5 mm” angioretina scans around the optic nerve head

(ONH), 3D retina scans, retinal map scans, and radial lines
scans.

Vessel density (VD) is defined as the percentage of area
occupied by OCTA detected vasculature. The software sets
the superficial capillary plexuses (SCP) from 3 ym below the
ILM to 15um below the IPL. The deep capillary plexuses
(DCP) were set from 15 to 70 ym below the IPL (Figures 1(b)
and 1(c)). In addition, the parafovea vessel density, defined
as the area of annular circle with a diameter of 3mm ex-
cluding the fovea zone (diameter=1mm), was divided
automatically into whole and superior (S), temporal (T),
inferior (I), and nasal (N) quadrants. Similarly, the 5 sectors
of radial peripapillary capillary (RPC) vessel density were
analyzed. The boundary of RPC ranges from ILM to the
nerve fiber layer.

To quantify the complexity of the branching pattern
and density of the retinal capillary network in OCTA
images, the automated fractal analysis system was
employed to correct the image magnification based on the
axial length [16, 17]. Briefly, the OCTA images in PNG
format were imported to the custom automated algorithm
software published previously [18]. Then, the grayscale of
the two-dimensional OCTA images was first extended by
bicubic interpolation to 1024 x 1024 pixels so as to improve
the image details. The binary images of vessels were created
by the algorithm. Subsequently, one binary image con-
taining only large arteries and the other binary image
containing both large and small vessels were subtracted to
obtain the final binary image. Based on the final image of
white-pixelated vasculature, a skeletonized image was
created by detecting the central axis of each capillary. After
the image processing, both the superficial and deep retinal
capillary complexities were calculated based on the skel-
etonized images [19, 20]. The quantitative measured pa-
rameter of complexity, D,y values, was obtained with the
fractal analysis software (Benoit, Trusoft Benoit Fractal
Analysis Toolbox; Trusoft International, Inc., St. Peters-
burg, FL). Both the general and local fractal dimensions
were used to describe the complexity of capillary network.
At first, after excluding the fovea avascular zone (FAZ)
within the diameter of 0.6 mm, the fractal dimension (FD)
was automatically calculated for the total annular zone
(TAZ) within the 2.5 diameter and for the 4 parafoveal
quadrant sectors (superior (S), temporal (T), inferior (I),
and nasal (N)) and 6 concentric isometric annular rings
(Figures 1(d) and 1(e)). The methods above were imple-
mented using MATLAB v 7.10 (Mathworks, Inc., Natick,
Massachusetts, USA).

2.6. Statistical Analysis. All statistical analyses were con-
ducted using SPSS software (version 24.0; SPSS, Inc., Chi-
cago, IL, USA). The data were expressed as the
mean * standard deviation (SD). One-way analysis of vari-
ance (ANOVA) was used to test the differences among
patients with large-artery stroke and lacunar stroke and
control subjects, and Bonferroni correction was used for
pairwise comparisons. The differences in gender and medical
history were determined by the y* test.
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TaBLE 1: Demographic characteristics of study subjects.

LAA SAA Control I P1 P2 P3
Eyes, 28 41 65 — — — —
Age, y, mean + SD 60.07 +10.10 58.83+7.72 59.00+7.20 0.797 0.529 0.557 0.915
Sex, female(%) 8 (28.6) 11 (26.8) 27 (41.5) 0.231 0.874 0.236 0.124
BMI 24.90 +£2.97 24.53 +2.87 25.08 £2.38 0.596 0.580 0.776 0.310
SE, diopter 0.43+1.33 0.38+1.18 0.24+1.06 0.741 0.860 0.497 0.567
BCVA, LogMAR 0.02+0.12 0.01 £0.10 -0.03+0.08 0.024 0.619 0.018 0.037
AL, mm 23.30+£0.95 23.37+0.89 23.14+0.91 0.550 0.777 0.528 0.294
IOP, mm Hg 12.05+2.56 12.68 +3.19 12.15+2.53 0.559 0.363 0.877 0.341
SBP, mm Hg 151.61 £21.85 155.22 +£17.15 134.37+14.79 <0.001 0.393 <0.001 <0.001
DBP, mm Hg 87.64+13.28 90.61 +£12.92 85.80+11.89 0.160 0.335 0.516 0.056
MAP, mm Hg 108.96 + 14.05 112.15+12.53 101.99+11.50 <0.001 0.296 0.014 <0.001
Hypertension, n(%) 21 (75.0) 35 (85.4) 23 (35.4) <0.001 0.280 <0.001 <0.001
Hyperlipidemia, n(%) 9 (32.1) 5(12.2) 17 (26.2) 0.112  0.043 0.555 0.084
Current smoker, (%) 16 (57.1) 21 (51.2) 24 (36.9) 0135 0628 0071  0.47
Diabetes, 1(%) 7 (25.0) 5(12.2) 3 (4.6) 0.016 0.205 0.007  0.256
Previous ischemic heart disease, n(%) 2 (7.1) 3(7.3) 2 (3.1) 0.527 >0.999 0.581 0.373
HbAlc, (%) 5.95 (5.53-6.28) 5.80 (5.55-6.20) — 0.433 — — —
TG, mmol/L 1.99 (1.30-2.97) 1.58 (1.18-1.87) — 0.051 — — —
TC, mmol/L 4.81 £0.96 4.48 +0.76 — 0.117 — — —
HDL-C, mmol/L 2.78 (0.80-1.13) 0.95 (0.81-1.13) - 0898  — - —
LDL-C, mmol/L 2.73+0.68 2.57+0.76 — 0.353 — — —
HCY, ymol/L 10.60 (8.75-15.20) 10.20 (8.98-13.90) — 0.684 — — —
Cr, pumol/L 65.65 (57.90-77.83)  68.50 (58.50-81.73) — 0.501 — — —
NIHSS score, mean + SD (range) 2 (1-3) 1(1-2) — 0.097 — — —

LAA, large-artery atherosclerosis; SAA, small-vessel occlusion; BMI, body mass index; SE, spherical equivalent; BCVA, best-corrected visual acuity; AL, axial
length; IOP, noncontact intraocular pressure; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; HbAlc, hemoglobin;
TG, total triglycerides; TC, total cholesterol; HDL-C, high-density lipoprotein; LDL-C, low-density lipoprotein; HCY, homocysteine; Cr, creatinine; NTHSS,
NIH Stroke Scale; M, male; F, female; * P value among the three groups; P1 and P values between LAA and SAA; P2 and P values between LAA and control;

and P2 value between SAA and control.

3. Results

A total of 85 patients were included in the present study.
Among them, 16 patients were excluded due to poor image
quality of OCTA scans. The remaining 28 patients with LAA,
41 patients with SAA, and 65 age-and gender-matched control
subjects were further analyzed. The demographic and clinical
characteristics are summarized in Table 1. Normally, distrib-
uted data are represented by mean plus or minus standard
deviation, while nonnormally distributed data are represented
by median and interquartile spacing. Differences in age, sex,
BMI, SE, IOP, and DBP, together with the prevalence of hy-
perlipidemia, currently smoking, and previous ischemic heart
disease were not significant among the three groups. Patients
with SAA were more likely to have hypertension than the other
two groups (P <0.001). Besides, the values of SBP and MAP
were significantly higher than those of the other two groups
(P <0.001). LAA patients were more likely to undergo diabetes
(P =0.007) than the controls. However, there was no statistical
difference in demographic data between the two stroke sub-
groups. Not all subjects completed all tests. The number of eyes
that completed each examination is shown in Table 2.

3.1. Intergroup Differences among the Three Groups

3.1.1. Retinal Microstructural Thicknesses. In terms of the
quadrants, the superior pRNFL thickness was significantly
thinner in the eyes of patients than that in the eyes of the

control group (P =0.01, Table 3, Figure 2(a)). In the eyes of
LAA, the pRNFL thickness was significantly thinner in the
superior quadrant compared to the eyes of SAA (P =0.034)
and control (P=0.003). No significant superior pRNFL
thinning was observed in SAA compared to control
(P=0.438). Additionally, the thicknesses of GCC were not
significantly different among the three groups (all P > 0.05,
Table 3, Figure 2(b)).

3.1.2. Vessel Density around ONH and Macula. The vessel
density around the macula in the deep retinal capillary
layer was significantly reduced in patients with LAA or
SAA within all regions, except for the inferior region
(P <0.05, Table 4, Figure 3(b)). The significant differences
mostly existed between the stroke group and control
group (P <0.05), and no significant difference was found
in the two stroke subgroups, although the LAA group
tended to have a lower vessel density. In addition to ONH
capillary density, no significant difference was found in
the superficial layer of all regions (P>0.05, Table 4,
Figure 3(a)).

3.1.3. Fractal Dimension around Macula. Differences in the
fractal dimension were only statistically significant in C2 and
C4 regions of the deep retina (P < 0.05, Table 5, Figure 4(b))
between patients with LAA and the controls. Compared with
the control group, the fractal dimension of most regions in
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GCIPL RNFL

FIGURE 1: Retinal structure and the corresponding microvascular density and fractal dimension in superficial and deep layers imaged by
OCT/OCTA. (a) Five regions within a 3 mm area around the fovea: (C) central region; (S) superior; (T) temporal; (I) inferior; (N) nasal. (b,
c) OCTA images of superficial capillary plexuses (SCP) and deep capillary plexuses (DCP) in 3 x 3 mm area around fovea. (d, e) Fractal
dimension analysis in four quadrants and six annular zones excluding the avascular zone (diameter = 0.6 mm): C1 (diameter = 0.92 mm), C2
(diameter = 1.23 mm), C3 (diameter = 1.55 mm), C4 (diameter = 1.87 mm), C5 (diameter =2.18 mm), and C6 (diameter =2.50 mm). (f)
Retinal nerve fiber layer (RNFL) and ganglion cell complex (GCC) thickness around the fovea. GCIPL = ganglion cell-inner plexiform layer.

TasLE 2: The numbers of eyes examined in all three subgroups.

Age BMI MAP SE BCVA IOP AL RPC pRNFL GCC Superficial VD Deep VD FAZ Superficial FD Deep FD

LAA 28 26 28 25 27 27 20 17 17
SAA 41 39 41 40 40 40 28 27 27
Control 65 64 65 64 65 65 47 63 63

26 27 28 28 28 28
34 39 40 39 41 41
64 64 65 65 65 65

LAA, large-artery atherosclerosis; SAA, small-vessel occlusion; BMI, body mass index; MAP, mean arterial pressure; SE, spherical equivalent; BCVA, best
corrected visual acuity; IOP, intraocular pressure; AL, axial length; RPC, radial peripapillary capillary; pRNFL, peripapillary retinal nerve fiber layer; GCC,
ganglion cell complex; VD, vessel density; FAZ, fovea avascular zone; FD, fractal dimension.

the stroke group showed a downward trend, although there
was no statistical difference in most regions (P >0.05, Ta-
ble 5, Figures 4(a) and 4(b)).

4., Discussion

Assuming that the retinal vasculature mirrors the cerebral
vasculature, OCTA enables noninvasive imaging of retinal
capillaries in multiple layers invisible on fundus images.
Based on fundus photography, retinal abnormalities, in-
cluding arteriovenous nicking and generalized and localized
arteriolar thinning, a lower arteriolar/venular diameter ratio
and geometric parameters have been demonstrated to be

significantly related to the incidence of stroke [5, 9, 21, 22].
The previous studies using fundus photos could not qual-
itatively detect the subtle changes at the capillary level while
OCTA provides the opportunity to investigate the retinal
capillary microcirculation at the micrometer resolution [23].

In terms of vessel density around the macula, our
findings demonstrate that the changes of vessel density are
more obvious in the deep layers than the superficial layer
between stroke patients and control subjects. Our results
point to a preferential involvement of the deep layer in
patients with stroke which may be attributed to the fact that
the deep network consists of a dense and complex system of
smaller vessels [24]. It can be speculated that deep retinal
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TaBLE 3: Retinal thickness (um) from commercial instruments in patients with LAA, SAA, and controls.

Layers Regions LAA SAA Control pr P1 p2 pP3
Total 109.35 +10.06 111.85+12.54 114.19+10.86 0.254 0.472 0.117 0.366
S 124.65 +21.47 137.41 +21.07 140.84 +17.68 0.010 0.034 0.003 0.438
pRNFL N 96.65 + 14.85 96.93 +14.68 100.27 £ 14.01 0.472 0.950 0.356 0.312
1 143.25 +25.41 141.56 +18.58 144.40 + 19.75 0.832 0.793 0.841 0.546
T 78.47 £10.54 77.52+11.78 75.35+10.21 0.468 0.774 0.289 0.382
Average 98.23+7.53 96.50 +6.18 98.55 + 6.66 0.348 0.325 0.840 0.154
GCC Superior 96.77 +£9.84 97.03 +£5.58 98.92 + 6.50 0.292 0.888 0.195 0.212
Inferior 99.81 +7.24 96.09 +7.41 98.20+7.67 0.158 0.060 0.360 0.187

LAA, large-artery atherosclerosis; SAA, small-vessel occlusion; pRNFL, peripapillary retinal nerve fiber layer; GCC, ganglion cell complex. S=superior;
N = nasal; I = inferior; T =temporal; * P value among the three groups; P1 and P values between LAA and SAA; P2 and P values between LAA and control; P3

value between SAA and control.
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FIGURE 2: (a) Peripapillary retinal nerve fiber layer (pRNFL) thickness in eyes of patients with large-artery atherosclerosis (LAA), small-
vessel occlusion (SAA), and controls. S = superior; N = nasal; I = inferior; T'=temporal. (b) Ganglion cell complex (GCC) thickness in three

groups.

TaBLE 4: Comparison of microvascular density in patients with LAA, SAA, and controls between the superficial and deep retinal capillary

plexus.
Layers Regions LAA SAA Control p* P1 P2 P3
Whole 49.51 £2.54 49.47+3.14 49.98 +2.28 0.621 0.964 0.504 0.393
S 52.94+5.87 53.22+4.48 53.02+3.86 0.973 0.836 0.950 0.838
RPC N 49.00£5.35 50.63 £5.83 51.79+5.24 0.155 0.333 0.062 0.352
I 55.56 +3.65 53.11+4.37 53.76 +4.21 0.174 0.066 0.127 0.500
T 53.00£5.23 51.07 £6.07 52.95+5.29 0.308 0.260 0.974 0.141
Whole 45.59+4.26 46.72+3.13 45.65+2.82 0.209 0.478 0.998 0.196
T 47.72+4.06 48.50+3.01 47.15+3.37 0.157 0.365 0.471 0.055
SCP S 49.23+4.82 50.64 +3.63 49.56 + 3.67 0.277 0.154 0.717 0.178
N 47.18£4.76 49.15£3.48 4791£3.10 0.107 0.169 0.743 0.169
I 49.62 +4.60 50.30+3.74 49.58 +3.59 0.631 0.481 0.967 0.360
Whole 47.49+3.12 48.11+3.70 49.46+3.14 0.017 0.448 0.009 0.044
T 50.30 £3.17 50.58 +£3.55 52.04 +3.05 0.020 0.730 0.018 0.025
DCP S 49.62+4.23 50.20 £ 4.24 51.77 +3.67 0.029 0.556 0.018 0.050
N 50.26 £3.46 50.67 +4.37 52.19+3.17 0.027 0.645 0.020 0.039
I 49.58 +3.65 49.31£4.46 51.09 + 3.67 0.051 0.783 0.090 0.026

LAA, large-artery atherosclerosis; SAA, small-vessel occlusion; RPC, radial peripapillary capillary; SCP, superficial capillary plexuses; DCP, deep capillary
plexuses; S = superior; N = nasal; I =inferior; T =temporal; * P value among the three groups; P1 and PP values between LAA and SAA; P2 and P values
between LAA and control; P3 value between SAA and control.
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FiGure 3: Comparisons of the microvascular density on OCTA images in whole and four quadrant sectors of the superficial capillary
glexuses (SCP) (a) and deep capillary plexuses (DCP) (b). * P < 0.05, the density in the SAA group was lower than that in the control group;
P <0.05, the density in the LAA group was lower than that in the control group.

TABLE 5: Dy, in the superficial and deep retinal capillary layers.

Layers Regions LAA SAA Control p* P1 P2 pP3
TAZ 1.754 £ 0.020 1.756 +0.025 1.759 £ 0.024 0.530 0.758 0.305 0.432
C1 1.218 £0.285 1.295+0.238 1.210+0.268 0.240 0.230 0.891 0.104
C2 1.409 +0.040 1.416 +£0.041 1.425 +0.041 0.224 0.490 0.098 0.301
C3 1.415+0.036 1.411+0.037 1.419+£0.039 0.520 0.645 0.615 0.257
C4 1.426 £0.029 1.430 £0.025 1.432 £0.035 0.748 0.606 0.447 0.820
SCP C5 1.424 +0.022 1.428 +£0.020 1.425+0.028 0.748 0.486 0.829 0.541
C6 1.423 +0.022 1.426 +0.024 1.426 £0.028 0.857 0.633 0.601 0.996
S 1.679 +0.036 1.683 +0.030 1.689 +0.028 0.316 0.559 0.149 0.356
T 1.683 £0.036 1.686 +0.030 1.689 +0.035 0.745 0.681 0.448 0.722
1 1.681 £0.032 1.688 £0.034 1.684 £ 0.030 0.607 0.325 0.609 0.527
N 1.682 +0.029 1.679 +0.033 1.686 +0.038 0.670 0.739 0.675 0.376
TAZ 1.805+0.023 1.810 £0.025 1.816 £0.016 0.065 0.753 0.088 0.352
Cl1 1.388 +£0.110 1.362 £0.244 1.401 +0.098 0.466 0.500 0.721 0.218
C2 1.479 +0.021 1.487 +0.023 1.493 +0.023 0.019 0.118 0.005 0.204
C3 1.484+0.033 1.484 £ 0.031 1.489 +0.023 0.667 0.956 0.471 0.453
C4 1.482 +0.026 1.490 +0.024 1.496 +0.019 0.015 0.158 0.005 0.131
DCP C5 1.473 +0.026 1.476 +0.035 1.483 +0.021 0.172 0.681 0.096 0.166
C6 1.463 +0.036 1.471 £0.030 1.479 +0.022 0.067 0.622 0.097 0.321
S 1.736 +0.037 1.739+0.026 1.747 £ 0.021 0.126 0.708 0.077 0.121
T 1.733+0.030 1.746 +0.030 1.746 £0.018 0.062 0.037 0.029 0.923
I 1.737 £ 0.023 1.735+0.035 1.743 +0.023 0.244 0.779 0.277 0.116
N 1.734 +0.025 1.741 £0.024 1.746 +0.023 0.098 0.271 0.034 0.285

LAA, large-artery atherosclerosis; SAA, small-vessel occlusion; SCP, superficial capillary plexuses; DCP, deep capillary plexuses; TAZ, total annular zone; * P
value among the three groups; P1 and P values between LAA and SAA; P2 and P values between LAA and control; P3 value between SAA and control.

capillaries are more susceptible to ischemic and hypoxia. As
per our expectation, patients with SAA displayed much
smaller changes than patients with LAA. However, there
exists no significant difference between the LAA and SAA.
The finding suggested that the retinal vasculopathy may
result from downstream effects of large-artery pathology in
the cerebral circulation. In addition, we found that fractal
dimension was not helpful in identifying stroke subtypes and
was significantly lower in the LAA group than in controls
only in individual regions of the deep retina. Our results
were in consistence with those of others [9], which found
that decreased FD was correlated with stroke, suggesting a

loss of complexity. However, previous results of fractal di-
mension based on the fundus photograph remain contro-
versial. Some considered lacunar stroke subtype was
associated with decreased retinal FD [8] while others
demonstrated that the lacunar stroke was positively asso-
ciated with higher FD [7]. We found no significant difference
between stroke subgroups, which may indicate that the FD is
not applicable to differentiate the disease subgroups who
have already had stroke.

Regarding peripapillary vessel density, there was no
significance in RPC among the groups. The finding could be
related to the anatomical differences between the different
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FIGURE 4: Comparisons of the microvascular Dy, among patients with large-artery atherosclerosis (LAA), small-vessel occlusion (SAA),
and controls. Comparisons in (a) superficial capillary plexuses (SCP) and (b) deep capillary plexuses (DCP). A significant reduction was seen
in the deep layer of C2 and C4 region in LAA patients when compared to controls. * P <0.05.

areas. The parafoveal superficial capillary plexus originates
largely from the retinal circulation, whereas the RPC receives
additional blood supply from the choroid [25]. Larger
vascular channels around the optic disc may have masked
subtle changes in the capillary network. Additionally, RPC
contains multiple layers of capillaries that overlap on en-face
OCTA images, lacking the ability to detect tiny vascular
losses.

In addition to retinal capillary changes, our study ob-
served that the pRNFL thickness was statistically reduced in
the superior quadrant of stroke patients, and there was a
statistical difference between the stroke subgroups which
may indicate different patterns of nerve damage in the two
stroke subtypes. Additionally, some research recently also
observed that both acute and previous stroke were signifi-
cantly associated with retinal nerve fiber layer defects
(RNFLDs) [13]. These findings were also in accordance those
of with others [26], which reported the associations between
severity and laterality of RNFLD and laterality of hemi-
spheric damage as well as arterial territory of infarct. They
found RNFLDs were significant in the temporal sector of the
ipsilateral side and in the nasal sector of the contralateral
side of the stroke. Furthermore, they also confirmed that the
degree of the transneuronal retrograde degeneration (TRD)
was time-dependent. However, we find that the significant
RNFLDs only exist in the superior sector in our study al-
though the ipsilateral sides were included.

As is known to all, over 30 morphological types of RGCs
compose the structure of the retina. The midget RGCs (80%),
with wide retinal dendritic fields located in the peripheral
retina, mainly project to the magnocellular layers of the
lateral geniculate body. The parasol RGCs (5-15%) pre-
dominantly present in the papillomacular bundle (macula)
and project to suprachiasmatic nucleus of the hypothalamus.
Axons from midget RGCs enter the superior, inferior, and
nasal sectors of the optic nerve, and parasol RGCs gather
their axons and enter the temporal sector of the optic nerve

[27, 28]. The different degenerative patterns of the ganglion
cells and nerve fibers have been demonstrated in several
neurodegenerative diseases [29, 30]. Recent studies have
described that the parasol RGCs are more involved in the
pathogenesis of Alzheimer’s disease [31-33]. However, as for
the Parkinson syndrome and mitochondrial optic neurop-
athy, the midget RGCs are mainly involved [30, 34, 35]. Both
the above and our study suggest that mean thickness
measurement may not reflect the disease well and reduce the
diagnostic efficacy of the ocular biomarker. We speculate
that detailed analysis of the focal nerve structure alteration
may be developed as an ocular imaging biomarker for
monitoring disease progression and evaluating prognosis of
these diseases.

Nevertheless, as this is the first study on ischemic stroke
subtypes based on OCTA, further large samples are required
to confirm the universality in the disease. The discrepancies
existing between different studies could be ascribed to dif-
ferences in course and severity of disease as well as various
OCT devices and study designs.

Besides, a previous animal study also revealed that the
TRD of retinal ganglion cells occurred after shrinkage of the
optic tract, and degeneration of the RGC was progressing
slowly in the next few years [36]. Thus, our negative results in
GCC thickness might be related to the fact that patients were
tested within two weeks after stroke.

To conclude, our study provides a side view that the
neurovascular unit is affected in ischemic stroke and severely
in LAA patients. The components of neurovascular units are
interrelated in the microenvironment. Studies have shown
that the signal transmission between neurons, astrocytes,
and microvascular endothelial cells regulates the brain
microenvironment [37] [29]. Briefly, NVU as a structural
and functional whole, the relationship between members
changes in the state of illness. The mechanism of cerebral
ischemia is complex and involves multiple cascading reac-
tions. Therefore, monitoring the NVU as a whole and
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improving its function help maintain brain cell function and
make stroke treatment more ideal. The retina provides a
visualization of the neurovascular units simultaneously to
reflect the changes of the brain, which has important im-
plications for disease surveillance.

In addition, we also acknowledge the limits in this study.
The cross-sectional study with a small sample limits our
ability to identify the different pathogenesis of the capillaries
and microstructures of the stroke. The outer structure of the
retina which is mainly supplied by the choroid has not been
analyzed. Due to the practical difficulty of recruiting and
examining the patients, milder patients may be recruited,
which may be more likely with milder vascular lesions to
differentiate the two subtypes. Despite the weakness, there
are several strengths in our study. We recruited different
ischemic stroke subtypes with strict inclusion and exclusion
criteria. Otherwise, to minimize the confounding of stroke,
the patients with a history of previous stroke were excluded.
We completed the detailed ophthalmic and clinical exam-
inations within two weeks after the onset of the stroke and
maintained the blinding of retinal and brain images to each
other. Finally, this is the first attempt to simultaneously
observe retinal microvascular and neurological changes in
different stroke subtypes in vivo.

Moreover, further longitudinal studies with a larger
sample size are required to show differences in the char-
acteristics of retinal microstructure and capillaries. It re-
mains to be seen whether the retinal signs are indicative of
cerebrovascular risk beyond the conventional risk indicators
and whether the retinal imaging technique will be a sur-
rogate or accessory examination system in clinical settings
and ultimately become a part of the routine stroke risk or
evaluation of treatment assessment.
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