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Abstract

Introduction: This pilot study aimed to test the feasibility of a novel vectorial image analy-
sis method to quantify coronal microvascular displacement in different retinal plexuses
in intermediate age-related macular degeneration (IAMD) over 6 months. Material and
methods: A retrospective series of iIAMD patients with at least 6-month follow-up was
included if they had complete medical records, best-corrected visual acuity (BCVA), optical
coherence tomography (OCT), and OCT angiography (OCTA). En-face (coronal) vascular
displacement between baseline and 6 months was assessed in the superficial capillary
plexus (SCP), deep capillary plexus (DCP), and choriocapillaris (CC) using the Farneback
motion tracking algorithm applied to consecutive OCTA scans. Results: Eighteen eyes of
18 iAMD patients met the inclusion criteria. Average coronal vascular displacement (Tp—Ts)
was 13.7 4+ 7.72 um for the SCP, 15.11 £ 10.06 um for the DCP, and 19.02 + 12.25 um for the
CC slab. Reticular pseudodrusen (RPD) was associated with greater displacement in the
DCP (p = 0.047), but not in the SCP (p = 0.980) or CC (p = 0.473). Quantitative analysis con-
firmed the highest DCP displacement in RPD eyes (66.7%, p = 0.02), while drusenoid
pigment epithelial detachment showed the greatest reorganization in the CC (100%,
p = 0.02). Discussion: Retinal vessels undergo significant tangential displacement in
iAMD, suggesting a structural reorganization of the microvasculature. Such remodeling
may constitute a compensatory response to ultrastructural alterations resulting in ischemia.

Keywords: optical coherence tomography angiography; microvascular retinal plexuses;
age-related macular degeneration

1. Introduction

Age-related macular degeneration (AMD) is the leading cause of legal blindness in
developed countries. It has a multifactorial pathogenesis, influenced by aging, environmen-
tal risk factors, and genetic susceptibility [1]. Choriocapillaris dropout is part of the aging
process and becomes evident from the early stages of AMD, preceding the development
of late-stage complications [2—4]. The intimate relationship among photoreceptors, retinal
pigment epithelium (RPE) and its basal lamina, extracellular deposits, and choriocapillaris
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in the pathogenesis of AMD and its complications has been extensively discussed [2,5]. A
reduction in vascular density has also been reported at the level of the superficial and deep
vascular plexi through optical coherence tomography angiography (OCTA), along with the
involvement of the inner retina. The exact pathological relationship between the retinal
and microvascular changes remains to be elucidated, but the loss of vascular density is
likely part of the vascular remodeling observed in AMD [6,7].

Vascular endothelial growth factor (VEGF) has been considered the most important
regulator of angiogenesis in AMD, expressed under hypoxic conditions [8,9]. VEGFA and
VEGFB are both involved in macular neovascularization (MNYV), participating in vessel
formation and growth, vascular permeability, support, and remodeling of the neovascular
membrane [10]. Other factors such as platelet-derived growth factor (PDGF) are involved
in vascular remodeling, characterized by activation and remodeling of the extracellular
matrix and smooth muscle cells of the vascular wall. This process, known as arteriogenesis,
mediates vascular dilatation of pre-existing vessels under the influence of shear stress
without capillary proliferation [11-13]. In a macaque model, oxygen redistribution has
been demonstrated to preserve photoreceptors from hypoxia, with the retinal circulation
contributing approximately 10-15% of the total oxygen supply [14].

Profound vascular remodeling throughout the course of the disease has been described
in all AMD formes, as the two variants represent the extremities of one continuous spectrum
of disease in which one form can progress to another [15,16]. Intense vascular remodeling
is a hallmark of disease progression and has been documented in the choroid [17]. This
remodeling includes vessel dilation, branching patterns, neovascular sprouting, and redis-
tribution of perfusion across the retinal and choroidal layers, as seen in both experimental
models and clinical imaging studies [14,15,17-19]. Despite clear evidence of vascular den-
sity modifications in AMD, their clinical and prognostic significance remains uncertain.
In this context, such microvascular changes may also be interpreted as a compensatory
adaptation driven by hypoxia-induced molecular signaling and shear stress.

We recently introduced a novel image analysis method that calculates the vector
displacement of retinal structures, including epiretinal membrane and retinal microvascu-
lature [20,21]. However, in these studies, vascular displacement was assessed on infrared
images, where vectors may belong to different vascular plexuses, such as superficial and
deep. More recently, the same methodology was applied to consecutive OCTA images,
allowing for tracing the coronal vascular displacement across the different retinal vascular
plexuses [22]. This method applied to eyes with intermediate AMD (iAMD) may help to
clarify the role of vascular remodeling as both a protective and pathogenic mechanism
driving late-stage complications. In fact, although OCTA technology is widely used in
the clinical setting, it primarily provides information on blood flow within retinal ves-
sels, without assessing how the structural organization of these vessels may change in
response to retinal hypoxic stress [23,24]. Previous studies have demonstrated that oxy-
gen tension is reduced by 30-50% over drusen and large drusenoid pigment epithelial
detachments (dPED). Such perfusion changes can trigger intraretinal migration of RPE cells,
fostering a cytokine environment conducive to vascular remodeling in the deep capillary
plexus (DCP) [25-27].

Given the absence of prior evidence-based studies on coronal vascular displacement
in iAMD, this pilot investigation was designed to generate preliminary data and assess
the in vivo microvascular remodeling. Furthermore, we hypothesized that microvascular
displacement patterns would differ among retinal and choroidal plexuses according to
specific iAMD phenotypes.
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2. Materials and Methods
2.1. Study Participants

This retrospective cohort analyzed vascular displacement between 2 consecutive
follow-up visits (baseline and after 6 months) in 18 patients (18 eyes) diagnosed with
iAMD. All patients provided written informed consent; the study adhered to the tenets
of the Declaration of Helsinki and received approval from the local Ethics Committee
(N.114/21/FB, approval date: 26 January 2021).

Subjects were followed at the IRCCS Bietti Foundation between June 2018 and Novem-
ber 2018. The diagnosis of iAMD was based on ophthalmoscopic examination according to
the Beckman classification [28] and confirmed using fundus autofluorescence and spectral-
domain optical coherence tomography (SD-OCT).

Inclusion criteria were the availability of complete medical records and multimodal
imaging to ensure comprehensive clinical and imaging assessment, including SD-OCT
with simultaneous acquisition of near-infrared reflectance (NIR), OCTA, and infrared
retinography. Exclusion criteria were applied to reduce confounding factors and avoid
artifacts that could bias the analysis, as follows: (1) history of ophthalmological disorders,
particularly retinal disorders other than AMD, including degenerative, traumatic, vascular,
and inherited retinal disorders, high myopia (axial length > 26 mm), and uveitis; (2) history
of systemic disorders, including arterial hypertension and diabetes mellitus; (3) poor
imaging quality due to media opacity or image artifacts; (4) incomplete medical records.

Conventional drusen were diagnosed as multiple RPE elevations with variable internal
reflectivity on OCT B-scans. Reticular pseudodrusen (RPD), also known as subretinal
drusenoid deposits (SDDs), were recognized as conical or flat hyperreflective deposits
within the RPE and the boundary between the inner and outer segments of photoreceptors,
better seen on infrared reflectance. The presence of dPED was diagnosed through clinical
and multimodal imaging evaluations, adopting the Age-Related Eye Disease Study criteria,
with a minimum horizontal diameter of 350 um [29].

2.2. Optical Coherence Tomography Image Acquisition

OCTA images were obtained using the ANGIOVUE software integrated with the
commercially available RTVue XR spectral domain-OCT device (Optovue, Inc., Fremont,
CA, USA). This instrument features an A-scan rate of 70,000 scans per second, using a
light source centered at 840 nm with a bandwidth of 45 nm. A split-spectrum amplitude-
decorrelation angiography (SSADA) algorithm, explained in detail elsewhere [23], was

used to detect erythrocyte movement and depict blood flow in a 3 x 3 mm?

scanning area
centered on the fovea.

Enface OCTA angiograms were segmented using the built-in software segmentation
algorithm to define the superficial capillary plexus (SCP), DCP, and choriocapillaris (CC).
The 3 x 3 mm? volumetric images were processed using the 3D projection artifact removal
(PAR) tool provided by ANGIOVUE software.

Image quality was ascertained by excluding images with a quality index of <5 and/or
motion artifacts. Motion artifacts or poor image quality were revised by a single expert

operator (T.R.) and excluded prior to the analysis.

2.3. Displacement Measures

Dislocation was evaluated by measuring the displacement between pairs of consec-
utive 3 x 3 mm? wide images acquired through RTVue XR spectral domain-OCT device
(Optovue, Inc., Fremont, CA, USA) by means of an optical flow algorithm described in
detail elsewhere®. The microvascular displacement during the first 6 months was assessed
by comparing baseline and 6-month follow-up (T¢—Tg).
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Displacements between consecutive OCTA slabs were computed on a regular grid
composed of 36 x 36 nodes. To ensure precise and reproducible quantification of vascular
displacement, the image processing consisted of the following steps: image pre-processing,
alignment, motion estimation, and post-processing [20-22]. All OCTA images were first
converted to grayscale and subjected to local histogram equalization to standardize contrast.
Rigid roto-translational alignment was then applied to correct image orientation and cen-
tration, ensuring precise alignment, as previously detailed [21]. In brief, a two-component
displacement map was computed using the Farneback algorithm. Next, the roto-translation
that minimized the sum of squared differences across the 36 x 36 displacement vectors
was determined and applied to the second image. This alignment step was iteratively
repeated until convergence, defined as a change of less than 3% in the sum of squared
differences between consecutive iterations. After alignment, microvascular displacements
were measured using the Farneback two-frame motion estimation algorithm [30], which
estimates a dense displacement field by comparing the neighborhoods of corresponding
nodes as quadratic polynomial expansions and tracking their translation between images.
The resulting per-pixel displacement vectors (dx, dy) were expressed in micrometers, and
the displacement magnitude for each vector was computed as D = /Dx? + Dy? [22].

Measurements were obtained for predefined regions of interest: (i) whole image; and
(ii) three circular regions centered on the foveola with radii equal to 0.5 mm, 0.75 mm,
and 1.5 mm (Figure 1). The 0.5 mm radius corresponds to the central subfield (1 mm
diameter) and encompasses the foveal avascular zone (FAZ); the 0.75 mm radius (1.5 mm)
lies between the central subfield and part of the parafovea; and the 1.5 mm radius (3 mm)
corresponds to the parafovea. This multiscale sampling enables the detection of spatially
dependent patterns of microvascular displacement.

Deformation [pm]

10 20 30 40 50 60 70 80 90

Figure 1. Optical coherence tomography angiography (OCTA) of the superficial capillary plexus,
with the overlaid regions used to analyze the retinal deformation: (A) central circle with a radius
of 0.5 mm; (B) the second concentric circle has a radius of 0.75 mm; (C) the outermost circle with a
radius of 1.5 mm.
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The final output consisted of vascular slabs overlaid with yellow arrows indicating
vectorial displacement direction between baseline and 6 months, with arrow length repre-
senting the absolute value of the vector. The magnitude of the vascular displacement is
expressed as deformation with a color-coding (Figure 1, bottom), where red signifies the
greatest displacement, measured in micrometer (um). The deformation scale is comprised
between 0 and 90 um.

2.4. Statistical Analysis

Quantitative data are expressed as mean =+ standard deviation together with 95%
confidence intervals (95% CI), unless otherwise specified. Given the pilot nature of the
study, a formal sample size calculation was not conducted; the sample size was determined
by the number of eligible cases meeting the inclusion criteria within the study period. The
Shapiro-Wilk test was employed to evaluate the normality of the data distribution. A paired
t-test was performed to assess changes at the different time points (T and T¢). Cohen’s d
was calculated to estimate effect sizes. To compare vascular displacement among different
microvascular slabs, a linear mixed-effects model was applied with slab type (CC, DCP,
SCP) as a fixed effect and patient ID as a random effect to account for repeated measures.
The CC slab was used as the reference category. Model assumptions (normality of residuals,
homoscedasticity) were verified prior to inference. Estimated marginal means with 95% CI
were reported, along with effect sizes and p-values for fixed-effect contrasts. All statistical
tests were two-tailed, and p-values < 0.05 were considered statistically significant.

3. Results

Eighteen eyes of 18 patients with iAMD (8 males and 10 females) were included in the
study. The mean age was 68.1 & 7.9 years. The main characteristics of the study subjects
are reported in Table 1.

Table 1. Main characteristics of the intermediated age-related macular degeneration (IAMD) patients
enrolled at baseline (T() and 6 months of follow-up (T).

Time Points

Variables Ty Te CI 95% p (To-Tp)
BCVA (ETDRS letters) 82.17 £ 4.54 81.78 £5 —3.59,2.81 0.80
Snellen equivalent 20/25 20/25 - -

Macular Thickness (pm) 287.8 £323 2879 +334 —16.49,16.69 0.99

BCVA: Best corrected visual acuity; ETDRS: Early Treatment Study Group; CI 95%: 95% confidence interval for
the paired mean difference. Values are expressed as mean = standard deviation. Snellen equivalent is expressed
as a fraction, representing the conversion of BCVA.

3.1. En-Face Retinal Displacement

Average coronal vascular displacement calculated between baseline and 6-month
follow-up (Tp—Tg) was 13.69 + 8.65 um for the SCP, 15.10 &+ 12.72 um for the DCP, and
19.02 p & 12.67 pum for the CC slab. Average displacement values at different eccentricities
are presented in Table 2.

Different degrees of coronal vascular displacement were observed at all microvas-
cular levels in iAMD eyes. The linear mixed model confirmed a significant difference in
displacement among layers (p < 0.01), with estimated marginal means reported in Table 3.
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Table 2. Average tangential vascular displacement in microns (Tp—Tg) calculated over the entire
observation period at different eccentricities.

Vascular Displacement (um)
Radius scp 95% CI DCP 95% CI cC 95% CI

<0.5 mm 119+76 8.1-15.7 104 £6.3 7.3-13.5 142 +£9.2 9.6-18.8
<0.75 mm 11 £ 6.5 7.8-14.2 10.7 £59 7.8-13.6 149 £9.5 10.2-19.6
<1.5 mm 127 £ 6.7 9.4-16 135+£79 9.6-17 .4 17.6 £10.6 12.3-22.9

Ty: baseline; Tg4: 6-month; SCP: superficial capillary plexus; DCP: deep capillary plexus; CC: choriocapillaris.
CI95%: 95% confidence interval.

Table 3. Linear mixed model of the microvascular displacement in microns (um) at different mi-
crovascular levels.

95% CI
Microvascular Slabs  Estimate SE Lower Upper
Superficial 13.393 1.273 10.897 15.888
Deep 14.590 1.614 11.426 17.754
Choriocapillaris 18.517 1.182 16.200 20.834

CI: confidence interval.

Patients showing RPD presented a significantly higher vascular displacement in the
DCP (p = 0.04), but neither in the SCP (p = 0.98) nor in the CC (p = 0.47).

3.2. Qualitative Features Associated with a Tangential Vascular Displacement

Eyes with the greatest vascular displacement in the DCP showed a significant associa-
tion with RPD in 6/9 eyes (66.7%, p = 0.02), while the remaining 3/9 eyes (33.3%) developed
iRORA after 6 months of follow-up. An exemplary case is shown in Figure 2. Moreover,
eyes with the greatest vascular displacement observed at the CC level demonstrated dPED
at 6 months of follow-up in all the cases considered (3/3 eyes, p = 0.02). Among eyes with
similarly mild vascular displacement changes between DCP and CC, the preponderant
phenotype was characterized by conventional drusen in 5/6 eyes (83.3%) with a tendency
toward confluence over the 6-month follow-up (p = 0.68). For further details, see Figure 3.

Figure 2. Examples of vascular displacement in a case with drusen compared to a case with reticular
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pseudodrusen (RPD). (A), Case with drusen: the original superficial capillary plexus (SCP) slab is
shown alongside the corresponding horizontal (green) and vertical (dark red) B-scans. Microvascular
layers are displayed as SCP, deep capillary plexus (DCP), and choriocapillaris (CC). The output dis-
plays yellow arrows indicating the vectorial displacement direction, with arrow length proportional
to the displacement magnitude. The deformation is color-coded (bottom), where red represents
the greatest displacement, measured in micrometers. Displacement vectors represent the vascular
dislocation observed between baseline visit and 6-month follow-up. (B), case with RPD: demonstrates
more pronounced deformation, with vectors pointing centripetally, in contrast to the case with drusen
(A), where only subtle changes are evident. Vascular displacement is most pronounced at the DCP,
where an impressive remodeling is evident as vectors (yellow arrows) and deformation expressed in
microns (dark red). The colorimetric scale displayed at the bottom of the figure provides a legend
of the deformation measurements expressed in microns (um). In contrast, the case with drusen
((A), DCP) shows only minimal changes, primarily confined to the central region. At the CC, subtle
changes are observed in the case with drusen, mostly in the outermost superior region. However,
the case with RPD demonstrates significant changes in the displacement vectors, indicating notable
vascular remodeling.

Figure 3. Examples of vascular displacement in a case with drusen compared to drusenoid pigment
epithelial detachment (dPED). Displacement vectors represent the vascular dislocation observed
between baseline visit and 6-month follow-up. (A), case with drusen and (B) case with dPED, both
demonstrating no relevant changes in the vascular displacement at superficial capillary plexus (SCP).
At deep capillary plexus (DCP), the displacement vectors are more represented, particularly in the
case with dPED (B) when compared to drusen alone (A). At choriocapillaris (CC), subtle changes
are observed in the case with drusen ((A), CC panel), mostly in the outermost superior region. By
contrast, the case with dPED ((B), CC panel) demonstrates changes in the displacement vectors,
particularly in the central and outermost regions (inferior, nasal, and temporal).

4. Discussion

The present study investigates the microvascular coronal displacement in iAMD
eyes over a 6-month follow-up. Retinal vascular displacement was calculated using a
recently developed image analysis algorithm applied to consecutive OCTA slabs [20,21].
This method estimates displacement by comparing pairs of images acquired at different
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time points to detect motion between them [30]. The use of OCTA images allows the
calculation of coronal displacement across different microvascular networks. The main
advantage of this approach is its ability to provide separate, layer-specific analyses of each
microvascular plexus [24].

By examining different retinal vascular plexuses, this study observed microvascular re-
modeling at all levels, particularly evident in the DCP and CC. Extracellular deposits charac-
teristic of AMD such as basal laminar deposits (BLamDs) and basal linear deposits, drusen,
dPED, and RPD are thought to act as a physical barrier to retinal oxygenation [25,31-34].
Such choroidal hypoxia may contribute to intraretinal migration of RPE cells, inducing a
cytokine environment that supports vascular reorganization in the DCP, with or without
neovascular potential [25]. Microvascular anomalies at the DCP level have been described
in the absence of neovascularization [27]. Neovascular complexes originating at this level
may be promoted by inflammation and ischemia, a substrate that could also contribute to
vascular remodeling. In this context, microvascular modifications might facilitate blood
flow to a newly growing neovascular complex, involving both newly formed or pre-existing
vessels [35,36]. Therefore, although reduced vessel density in DCP is often more evident in
advanced disease stages [37,38], the ability of our method to detect microvascular displace-
ment patterns offers a novel means of capturing early microvascular adaptations that may
precede clinically evident atrophy or neovascularization.

Interestingly, the retinal microvascular displacement varied among microvascular
plexi according to the phenotypic iAMD lesions. In this regard, RPD was associated with
the greatest displacement at the DCP level, and eyes with the most relevant changes in
the DCP were predominantly associated with RPD (66.7%). Few studies have explored
the relationship between the SCP and DCP microvascular parameters in the setting of
RPD. A reduced DCP vessel density has been reported in eyes with RPD, which has been
linked to inner retinal thinning [7,39]. However, most of the existing literature reports
significant ischemic changes at the level of CC [40,41]. Therefore, it has been proposed that
RPD may originate from pre-existing localized choroidal hypoperfusion, which could be
exacerbated following RPD formation [42]. By analyzing topographical vessel perfusion
on OCTA slab, a recent study by Nam et al. [43] revealed decreased vessel perfusion
on both SCP and DCP, extending nasally and superiorly from the fovea. The authors
speculated a direct role of RPD in vascular impairment based on the observed spatial
co-localization between RPD and microvascular alterations. Moreover, the involvement of
the inner retina in RPD reported in several studies [7,39,44] has opened the hypothesis of a
trans-synaptic degeneration driven by suffering photoreceptors or a consequence of chronic
and progressive hypoperfusion [7,44]. Notably, a recent experimental study has tested
the possible role of RPE hypoxia, secondary to CC hypoperfusion, in the development of
RPD/SDD. Under normoxic conditions in AMD, apoE-containing lipopoprotein particles
are secreted both apically into the subretinal space and basally into the sub-RPE space,
contributing to the formation of RPD/SDD and drusen, respectively. However, under
severe hypoxic stress, RPE polarity becomes disrupted, resulting in preferential apical
secretion of apoE and reduced basal secretion. This imbalance may exacerbate pre-existing
choroidal hypoperfusion, observed in eyes with prominent RPD/SDD but few drusen,
accompanied by photoreceptor outer segment abnormalities [45,46]. This mechanism may
hypothetically help explain why the most prominent vascular remodeling occurs in the
deep retinal plexus rather than the CC, which is already compromised. Our finding of
greater displacement in the DCP may represent a secondary, compensatory remodeling
process. In this context, DCP reorganization is consistent with the hypothesis of an adaptive
response aimed at maintaining photoreceptor oxygenation when CC is hypoxic. This
hypothesis complements, rather than contradicts, the established role of CC impairment
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in RPD pathophysiology. Whereas OCTA primarily assesses vessel flow, our innovative
method measures microvascular displacement, representing the spatial shift in the vascular
network observed between consecutive follow-ups. This measure is independent of flow
detection and instead reflects the coronal displacement of the microvasculature, indicating
a reorganization of vascular arborization in response to hypoxic conditions.

It has been hypothesized that part of the apparent loss in vascular density seen
in AMD may actually result from vascular remodeling, which involves alterations in
vessel length, diameter, branching patterns, and overall complexity [47]. An experimental
animal model of AMD demonstrated that microvascular changes related to hypoxia can
precede neovascularization [19]. These changes include vascular congestion, vesiculation,
increased endothelial thickness, luminal projections from endothelial cells, and splitting
existing extravascular columns. Before neovascularization, vascular leakage may involve
the dissolution of tight junctions and the enlargement of endothelial fenestrations [19].
These ischemic changes in the choriocapillaris, observed in eyes with RPD, could contribute
to a reorganization of vascular plexuses, leading to remodeling of the DCP. This vascular
plexus has been proven to contribute, on average, 15% to photoreceptor oxygenation under
dark adaptation and 11% in light conditions, increasing to 23% under both conditions at
the edge of the avascular region [14].

The choriocapillaris dropout in AMD is well documented [3,16,48,49], and choriocapil-
laris vulnerability increases in iAMD compared to physiological aging and early AMD [50].
However, imaging CC flow with OCTA has several limitations. These include signal at-
tenuation beneath drusen or dPED, choroidal hypertransmission caused by atrophy, and
segmentation inaccuracies, all of which can lead to misinterpretation when evaluating
CC flow [51,52]. Our approach, therefore, offers a different perspective on microvascular
reorganization when flow is compromised. Notably, our study observed that the greatest
changes in CC vascular displacement were detected in eyes with dPED, a phenotype often
associated with marked alterations in choroidal perfusion. In dPED, the structural modifi-
cations of the RPE are thought to be proportional to the volumetric changes in the PED [53].
The legacy of RPE alterations accompanying dPED can result from intrinsic signaling
to the RPE cells, inducing apoptosis and migration, or as a consequence of prolonged
ischemia [53,54]. In this regard, the increased distance between the choriocapillaris-Bruch’s
membrane from RPE-BL and the outer retina can create chronic and progressive ischemia,
leading to RPE and photoreceptor dysfunction [54]. A progressive choroidal thinning
during the dPED lifecycle may further reinforce a possible impairment of choriocapillaris
and choroidal vasculature [55]. Areas of RPE loss have been reported to co-localize with a
reduced choriocapillaris perfusion, characterized by severe vasoconstriction and loss of
fenestrations [56]. Viable RPE cells produce VEGEF, which may stimulate the formation
of fenestrations and vasodilatation of choroidal circulation [9]. Therefore, it is plausible
that, since most RPE alterations occur at the PED apex —where the separation from the
underlying choriocapillaris is greatest—the residual RPE cells increase the production of
VEGF and other growth factors in an attempt to improve the choriocapillaris microcircu-
lation [57,58]. The resulting microvascular reorganization may be detectable through our
vectorial displacement model, which focuses on remodeling of residual capillaries rather
than only on flow deficits [4,48].

This study has several limitations, including a small sample size, a relatively short lon-
gitudinal follow-up, and a focus on the direct correlation between microvascular perfusion
parameters. The small sample size (18 eyes) limits statistical power and generalizability,
especially given the phenotypic heterogeneity of iAMD. Furthermore, potential confound-
ing factors such as high axial length, systemic vascular conditions, and segmentation
artifacts were minimized through strict exclusion criteria. As a pilot study, the primary



J. Clin. Med. 2025, 14, 6030

10 of 14

aim was to assess the feasibility and clinical relevance of a novel vectorial image analysis
method. Correlations with functional outcomes such as BCVA or microperimetry were not
performed because microperimetry data were largely unavailable, and the limited sample
would have yielded underpowered analyses. However, the innovative approach used
in this analysis provides preliminary insights into microvascular reorganization in AMD
that appear to vary according to the different phenotypic lesions observed. Future studies
with larger, prospectively enrolled cohorts, extended follow-up, and a broader range of
phenotypic presentations are needed to validate these preliminary observations, refine the
measurement methodology, and assess the prognostic utility of microvascular displacement
as a biomarker in iAMD. Despite these limitations, the consistent trends observed across
phenotypes support the biological plausibility of the findings and provide a rationale for
further investigation. The microvascular rearrangement was more prominent at the DCP
level. In this regard, RPD and the development of outer retinal atrophy were associated
with the most significant changes observed in the DCP. Meanwhile, microvascular displace-
ment in the choriocapillaris was most frequently associated with the development of dPED,
a finding that may be influenced by significant ischemia due to the increased separation
between the outer retina and RPE.

5. Conclusions

This study demonstrates that microvascular plexuses in iAMD undergo distinct pat-
terns of coronal displacement over time, suggesting active remodeling processes. The
degree and distribution of vascular displacement differ across plexuses and are influenced
by specific phenotypic lesions such as RPD and dPED, reflecting underlying pathophysi-
ologic mechanisms. In eyes with RPD, the greatest remodeling was observed within the
deep retinal circulation, consistent with the hypothesis of microvascular adaptation to early
and diffuse CC ischemia aimed at maintaining photoreceptor oxygenation. In dPED, the
separation between photoreceptors and the RPE is greatest at the lesion apeXx, creating a
potential niche where the surrounding choriocapillaris may contribute to the delivery of
oxygen and nutrients.

From a translational perspective, the ability to detect early microvascular displace-
ment patterns in iAMD phenotypes may help clarify the pathogenic model of vascular
adaptation to hypoxic stress. Our findings suggest that specific phenotypes, such as RPD
and dPED, exhibit distinct remodeling responses in the DCP and CC, respectively, which
may reflect different adaptive strategies to maintain retinal metabolic demands. Under-
standing these early adaptive mechanisms could refine current disease models and provide
a framework for interpreting vascular changes observed with OCTA. While the present
pilot study was not designed to directly inform clinical guidelines, and its inherent design
limitations must be acknowledged, it provides preliminary evidence that may help bridge
structural imaging biomarkers with the underlying pathophysiological processes in AMD.
Moreover, understanding these microvascular dynamics may help predict the pathogenic
cascade leading to macular complications and support the development of more targeted
monitoring and therapeutic strategies. Future prospective, longitudinal studies with larger
cohorts are warranted to validate these findings, explore their prognostic value, and further
elucidate the role of microvascular displacement in iAMD.
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AMD  Age-related macular degeneration

CcC Choriocapillaris

DCP Deep capillary plexus

dPED  Drusenoid pigment epithelial detachment
OCTA  Optical coherence tomography angiography
RPD Reticular pseudodrusen

SDD Subretinal drusenoid deposits
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References

1.  Fleckenstein, M.; Keenan, T.D.L.; Guymer, R.H.; Chakravarthy, U.; Schmitz-Valckenberg, S.; Klaver, C.C.; Wong, W.T.; Chew, E.Y.
Age-related macular degeneration. Nat. Rev. Dis. Primers 2021, 7, 31. [CrossRef] [PubMed]

2. Lutty, G.A.; McLeod, D.S.; Bhutto, I.A.; Edwards, M.M.; Seddon, ].M. Choriocapillaris dropout in early age-related macular
degeneration. Exp. Eye Res. 2020, 192, 107939. [CrossRef] [PubMed]

3.  Biesemeier, A.; Taubitz, T.; Julien, S.; Yoeruek, E.; Schraermeyer, U. Choriocapillaris breakdown precedes retinal degeneration in
age-related macular degeneration. Neurobiol. Aging 2014, 35, 2562-2573. [CrossRef]

4. Sacconi, R.; Corbelli, E.; Borrelli, E.; Capone, L.; Carnevali, A.; Gelormini, F; Querques, L.; Bandello, F.; Querques, G. Chori-
ocapillaris flow impairment could predict the enlargement of geographic atrophy lesion. Br. J. Ophthalmol. 2021, 105, 97-102.
[CrossRef]

5. Bhutto, I; Lutty, G. Understanding age-related macular degeneration (AMD): Relationships between the photoreceptor/retinal
pigment epithelium/Bruch’s membrane/choriocapillaris complex. Mol. Asp. Med. 2012, 33, 295-317. [CrossRef] [PubMed]

6. Toto, L.; Borrelli, E.; Mastropasqua, R.; Di Antonio, L.; Doronzo, E.; Carpineto, P.; Mastropasqua, L. Association between outer
retinal alterations and microvascular changes in intermediate stage age-related macular degeneration: An optical coherence
tomography angiography study. Br. J. Ophthalmol. 2017, 101, 774-779. [CrossRef]

7. Cicinelli, M.V,; Rabiolo, A.; Sacconi, R.; Lamanna, F.; Querques, L.; Bandello, F.; Querques, G. Retinal vascular alterations in
reticular pseudodrusen with and without outer retinal atrophy assessed by optical coherence tomography angiography. Br. J.
Ophthalmol. 2018, 102, 1192-1198. [CrossRef]

8. Ferrara, N.; Hillan, K.J.; Gerber, H.P.; Novotny, W. Discovery and development of bevacizumab, an anti-VEGF antibody for
treating cancer. Nat. Rev. Drug Discov. 2004, 3, 391-400. [CrossRef]

9.  Ferrara, N. Vascular endothelial growth factor: Basic science and clinical progress. Endocr. Rev. 2004, 25, 581-611. [CrossRef]


https://doi.org/10.1038/s41572-021-00265-2
https://www.ncbi.nlm.nih.gov/pubmed/33958600
https://doi.org/10.1016/j.exer.2020.107939
https://www.ncbi.nlm.nih.gov/pubmed/31987759
https://doi.org/10.1016/j.neurobiolaging.2014.05.003
https://doi.org/10.1136/bjophthalmol-2019-315800
https://doi.org/10.1016/j.mam.2012.04.005
https://www.ncbi.nlm.nih.gov/pubmed/22542780
https://doi.org/10.1136/bjophthalmol-2016-309160
https://doi.org/10.1136/bjophthalmol-2017-311317
https://doi.org/10.1038/nrd1381
https://doi.org/10.1210/er.2003-0027

J. Clin. Med. 2025, 14, 6030 12 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Fragiotta, S.; Bassis, L.; Abdolrahimzadeh, B.; Marino, A.; Sepe, M.; Abdolrahimzadeh, S. Exploring Current Molecular Targets in
the Treatment of Neovascular Age-Related Macular Degeneration toward the Perspective of Long-Term Agents. Int. J. Mol. Sci.
2024, 25, 4433. [CrossRef]

Schierling, W.; Troidl, K.; Troidl, C.; Schmitz-Rixen, T.; Schaper, W.; Eitenmdiller, I.K. The role of angiogenic growth factors in
arteriogenesis. J. Vasc. Res. 2009, 46, 365-374. [CrossRef]

Sacconi, R.; Fragiotta, S.; Sarraf, D.; Sadda, S.R.; Freund, K.B.; Parravano, M.; Corradetti, G.; Cabral, D.; Capuano, V.; Miere, A;
et al. Towards a better understanding of non-exudative choroidal and macular neovascularization. Prog. Retin. Eye Res. 2022, 92,
101113. [CrossRef] [PubMed]

Wu, S.; Wu, X.; Zhu, W.; Cai, W.J.; Schaper, J.; Schaper, W. Immunohistochemical study of the growth factors, aFGF, bFGF,
PDGF-AB, VEGF-A and its receptor (Flk-1) during arteriogenesis. Mol. Cell. Biochem. 2010, 343, 223-229. [CrossRef] [PubMed]
Birol, G.; Wang, S.; Budzynski, E.; Wangsa-Wirawan, N.D.; Linsenmeier, R.A. Oxygen distribution and consumption in the
macaque retina. Am. . Physiol. Heart Circ. Physiol. 2007, 293, H1696-H1704. [CrossRef]

Wu, J.; Zhang, J. Neovascular Remodeling and Subretinal Fibrosis as Biomarkers for Predicting Incomplete Response to Anti-VEGF
Therapy in Neovascular Age-Related Macular Degeneration. Front. Biosci. 2022, 27, 135. [CrossRef]

Savastano, M.C.; Rizzo, C.; Gambini, G.; Savastano, A.; Falsini, B.; Bacherini, D.; Caputo, C.G,; Kilian, R.; Faraldi, F.; De Vico,
U.; et al. Choriocapillaris Vascular Density Changes: Healthy vs. Advanced Exudative Age-Related Macular Degeneration
Previously Treated with Multiple Anti-VEGF Intravitreal Injections. Diagnostics 2021, 11, 1958. [CrossRef] [PubMed]

Ting, D.S.W.; Yanagi, Y.; Agrawal, R.; Teo, H.Y.; Seen, S.; Yeo, 1.Y.S.; Mathur, R.; Chan, CM.; Lee, S.Y.; Wong, E.YM.; et al.
Choroidal Remodeling in Age-related Macular Degeneration and Polypoidal Choroidal Vasculopathy: A 12-month Prospective
Study. Sci. Rep. 2017, 7, 7868. [CrossRef] [PubMed]

Fragiotta, S.; Costanzo, E.; Viggiano, P.; De Geronimo, D.; Scuderi, G.; Varano, M.; Parravano, M. Functional Correlates of Outer
Retina Remodeling in Intermediate Age-Related Macular Degeneration Using Microperimetry. Investig. Ophthalmol. Vis. Sci. 2022,
63, 16. [CrossRef] [PubMed]

Ali, Z.; Mukwaya, A.; Biesemeier, A.; Ntzouni, M.; Ramskold, D.; Giatrellis, S.; Mammadzada, P.; Cao, R.; Lennikov, A.; Marass,
M.; et al. Intussusceptive Vascular Remodeling Precedes Pathological Neovascularization. Arterioscler. Thromb. Vasc. Biol. 2019,
39, 1402-1418. [CrossRef]

Rossi, T.; Querzoli, G.; Cosimi, P; Ripandelli, G.; Steel, D.H.; Romano, M.R. TANGENTIAL RETINAL DISPLACEMENT
INCREASES AFTER MACULAR PUCKER SURGERY: An Apparent Nonsense. Retina 2024, 44, 610-617. [CrossRef] [PubMed]
Scarinci, F.; Querzoli, G.; Cosimi, P; Ripandelli, G.; Romano, M.R.; Cacciamani, A.; Munk, M.R.; Rossi, T. RETINAL TECTONICS
AFTER MACULAR PUCKER SURGERY: Thickness Changes and En Face Displacement Recovery. Retina 2024, 44, 102-110.
[CrossRef]

Rossi, T.; Querzoli, G.; Ripandelli, G.; Placentino, L.; Parravano, M.; Steel, D.H.; Romano, M.R. RETINAL DISPLACEMENT
AFTER IDIOPATHIC MACULAR HOLE SURGERY: Layer by Layer Analysis. Retina 2025, 45, 410-419. [CrossRef]

Jia, Y.; Tan, O.; Tokayer, J.; Potsaid, B.; Wang, Y.; Liu, J.J.; Kraus, M.E; Subhash, H.; Fujimoto, J.G.; Hornegger, J.; et al. Split-
spectrum amplitude-decorrelation angiography with optical coherence tomography. Opt. Express 2012, 20, 4710-4725. [CrossRef]
Campbell, ].P.; Zhang, M.; Hwang, T.S.; Bailey, S.T.; Wilson, D.J.; Jia, Y.; Huang, D. Detailed Vascular Anatomy of the Human
Retina by Projection-Resolved Optical Coherence Tomography Angiography. Sci. Rep. 2017, 7, 42201. [CrossRef]

Faes, L.; Bijon, J.; Bacci, T.; Freund, K.B. Review of type 3 macular neovascularization in age-related macular degeneration: No
DRAMA (Deep Retinal Age-related Microvascular Anomalies). Eye 2025, 39, 870-882. [CrossRef] [PubMed]

Curcio, C.A.; Zanzottera, E.C.; Ach, T.; Balaratnasingam, C.; Freund, K.B. Activated retinal pigment epithelium, an optical
coherence tomography biomarker for progression in age-related macular degeneration. Investig. Ophthalmol. Vis. Sci. 2017, 58,
BIO211-BIO226.

Cabral, D.; Pereira, T.; Ledesma-Gil, G.; Rodrigues, C.; Coscas, F.; Sarraf, D.; Freund, K.B. Volume Rendering of Dense B-Scan
Optical Coherence Tomography Angiography to Evaluate the Connectivity of Macular Blood Flow. Investig. Ophthalmol. Vis. Sci.
2020, 61, 44. [CrossRef] [PubMed]

Ferris, FL., 3rd; Wilkinson, C.P,; Bird, A.; Chakravarthy, U.; Chew, E.; Csaky, K.; Sadda, S.R.; Beckman Initiative for Macular
Research Classification Committee. Clinical classification of age-related macular degeneration. Ophthalmology 2013, 120, 844-851.
[CrossRef] [PubMed]

Cukras, C.; Agron, E.; Klein, M.L,; Ferris, FL., 3rd; Chew, E.Y.; Gensler, G.; Wong, W.T.; Age-Related Eye Disease Study Research
Group. Natural history of drusenoid pigment epithelial detachment in age-related macular degeneration: Age-Related Eye
Disease Study Report No. 28. Ophthalmology 2010, 117, 489-499. [CrossRef]

Farnebick, G. Two-Frame Motion Estimation Based on Polynomial Expansion. In Proceedings of the Image Analysis, Halmstad,
Sweden, 29 June-2 July 2003; pp. 363-370.

Hartnett, M.E.; Weiter, ].J.; Staurenghi, G.; Elsner, A.E. Deep retinal vascular anomalous complexes in advanced age-related
macular degeneration. Ophthalmology 1996, 103, 2042-2053. [CrossRef]


https://doi.org/10.3390/ijms25084433
https://doi.org/10.1159/000189797
https://doi.org/10.1016/j.preteyeres.2022.101113
https://www.ncbi.nlm.nih.gov/pubmed/35970724
https://doi.org/10.1007/s11010-010-0517-3
https://www.ncbi.nlm.nih.gov/pubmed/20559689
https://doi.org/10.1152/ajpheart.00221.2007
https://doi.org/10.31083/j.fbl2704135
https://doi.org/10.3390/diagnostics11111958
https://www.ncbi.nlm.nih.gov/pubmed/34829305
https://doi.org/10.1038/s41598-017-08276-4
https://www.ncbi.nlm.nih.gov/pubmed/28801615
https://doi.org/10.1167/iovs.63.3.16
https://www.ncbi.nlm.nih.gov/pubmed/35289843
https://doi.org/10.1161/ATVBAHA.118.312190
https://doi.org/10.1097/IAE.0000000000004001
https://www.ncbi.nlm.nih.gov/pubmed/37973044
https://doi.org/10.1097/IAE.0000000000003928
https://doi.org/10.1097/IAE.0000000000004352
https://doi.org/10.1364/OE.20.004710
https://doi.org/10.1038/srep42201
https://doi.org/10.1038/s41433-024-03343-3
https://www.ncbi.nlm.nih.gov/pubmed/39394372
https://doi.org/10.1167/iovs.61.6.44
https://www.ncbi.nlm.nih.gov/pubmed/32561927
https://doi.org/10.1016/j.ophtha.2012.10.036
https://www.ncbi.nlm.nih.gov/pubmed/23332590
https://doi.org/10.1016/j.ophtha.2009.12.002
https://doi.org/10.1016/S0161-6420(96)30389-8

J. Clin. Med. 2025, 14, 6030 13 of 14

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Chen, L.; Messinger, ].D.; Kar, D.; Duncan, J.L.; Curcio, C.A. Biometrics, Impact, and Significance of Basal Linear Deposit and
Subretinal Drusenoid Deposit in Age-Related Macular Degeneration. Investig. Ophthalmol. Vis. Sci. 2021, 62, 33. [CrossRef]
Fleckenstein, M.; Schmitz-Valckenberg, S.; Martens, C.; Kosanetzky, S.; Brinkmann, C.K.; Hageman, G.S.; Holz, F.G. Fundus
autofluorescence and spectral-domain optical coherence tomography characteristics in a rapidly progressing form of geographic
atrophy. Investig. Ophthalmol. Vis. Sci. 2011, 52, 3761-3766. [CrossRef]

Fragiotta, S.; Dysli, C.; Parravano, M.; Sacconi, R.; Fantaguzzi, F.; Servillo, A.; Severo, A.A.; Tombolini, B.; Costanzo, E.; De
Geronimo, D.; et al. Phenotypic characterization of predictors for development and progression of geographic atrophy using
optical coherence tomography. Retina 2024, 44, 1232-1241. [CrossRef] [PubMed]

Spaide, R.F. New proposal for the pathophysiology of type 3 neovascularization as based on multimodal imaging findings. Retina
2019, 39, 1451-1464. [CrossRef] [PubMed]

Berlin, A.; Cabral, D.; Chen, L.; Messinger, ].D.; Balaratnasingam, C.; Mendis, R.; Ferrara, D.; Freund, K.B.; Curcio, C.A. Histology
of Type 3 Macular Neovascularization and Microvascular Anomalies in Treated Age-Related Macular Degeneration: A Case
Study. Ophthalmol. Sci. 2023, 3, 100280. [CrossRef]

You, Q.S.; Wang, J.; Guo, Y,; Flaxel, C.J.; Hwang, T.S.; Huang, D.; Jia, Y.; Bailey, S.T. Detection of Reduced Retinal Vessel Density in
Eyes with Geographic Atrophy Secondary to Age-Related Macular Degeneration Using Projection-Resolved Optical Coherence
Tomography Angiography. Am. J. Ophthalmol. 2020, 209, 206-212. [CrossRef] [PubMed]

Gao, M.; Guo, Y,; Hormel, T.T.; Wang, J.; White, E.; Park, D.W.; Hwang, T.S.; Bailey, S.T.; Jia, Y. Nonperfused Retinal Capillaries-A
New Method Developed on OCT and OCTA. Investig. Ophthalmol. Vis. Sci. 2025, 66, 22. [CrossRef]

Kalaw, FG.P; Alex, V.; Walker, E.; Bartsch, D.U.; Freeman, W.R.; Borooah, S. Inner Retinal Thickness and Vasculature in Patients
with Reticular Pseudodrusen. Ophthalmic Res. 2023, 66, 885-891. [CrossRef]

Abdolrahimzadeh, S.; Zweifel, S.A.; Di Pippo, M.; Bajka, A.; Scuderi, G.; Lotery, A.J. Central macular choriocapillaris impairment
as a manifestation of microvascular disease in eyes with subretinal drusenoid deposits. Eye 2024, 38, 173-178. [CrossRef]

Alten, F; Heiduschka, P.; Clemens, C.R.; Eter, N. Exploring choriocapillaris under reticular pseudodrusen using OCT-Angiography.
Graefes Arch. Clin. Exp. Ophthalmol. 2016, 254, 2165-2173. [CrossRef]

Li, J; Liu, Z.; Lu, J.; Shen, M.; Cheng, Y.; Siddiqui, N.; Zhou, H.; Zhang, Q.; Liu, J.; Herrera, G.; et al. Decreased Macular
Choriocapillaris Perfusion in Eyes With Macular Reticular Pseudodrusen Imaged With Swept-Source OCT Angiography. Investig.
Ophthalmol. Vis. Sci. 2023, 64, 15. [CrossRef] [PubMed]

Nam, J.; Nivison-Smith, L.; Trinh, M. Spatial Analysis Reveals Vascular Changes in Retinal and Choroidal Vessel Perfusion in
Intermediate AMD With Reticular Pseudodrusen. Investig. Ophthalmol. Vis. Sci. 2024, 65, 33. [CrossRef]

Trinh, M.; Eshow, N.; Alonso-Caneiro, D.; Kalloniatis, M.; Nivison-Smith, L. Reticular Pseudodrusen Are Associated With More
Advanced Para-Central Photoreceptor Degeneration in Intermediate Age-Related Macular Degeneration. Investig. Ophthalmol.
Vis. Sci. 2022, 63, 12. [CrossRef]

Digsby, K.; Zhang, Q.; Miller, ]. M.L. Basic science observations link subretinal drusenoid deposit formation to retinal pigment
epithelial hypoxia. Eye 2025, 39, 790-792. [CrossRef]

Curcio, C.A.; Goerdt, L. A cell culture system for RPE hypoxia, a physiologic stressor relevant to AMD deposit formation. Eye
2025, 39, 611-612. [CrossRef] [PubMed]

Trinh, M.; Kalloniatis, M.; Nivison-Smith, L. Vascular Changes in Intermediate Age-Related Macular Degeneration Quantified
Using Optical Coherence Tomography Angiography. Transl. Vis. Sci. Technol. 2019, 8, 20. [CrossRef]

Corvi, E; Tiosano, L.; Corradetti, G.; Nittala, M.G.; Lindenberg, S.; Alagorie, A.R.; McLaughlin, J.A.; Lee, TK,; Sadda, S.R.
Choriocapillaris Flow Deficit as a risk factor for progression of Age-Related Macular Degeneration. Retina 2020, 41, 686-693.
[CrossRef]

Nassisi, M.; Baghdasaryan, E.; Borrelli, E.; Ip, M.; Sadda, S.R. Choriocapillaris flow impairment surrounding geographic atrophy
correlates with disease progression. PLoS ONE 2019, 14, e0212563. [CrossRef]

Kar, D.; Amjad, M.; Corradetti, G.; Swain, T.A,; Clark, M.E.; McGwin, G,, Jr,; Sloan, K.R.; Owsley, C.; Sadda, S.R.; Curcio, C.A.
Choriocapillaris Impairment, Visual Function, and Distance to Fovea in Aging and Age-Related Macular Degeneration: ALSTAR2
Baseline. Investig. Ophthalmol. Vis. Sci. 2024, 65, 40. [CrossRef]

Berni, A.; Cheng, Y.; Shen, M.; El-Mulki, O.S.; Herrera, G.; Beqiri, S.; Kastner, ].D.; Zhang, Q.; Gregori, G.; Wang, RK; et al.
Updated Guidelines for Imaging the Choriocapillaris in Eyes with Age-Related Macular Degeneration Using Swept-Source
Optical Coherence Tomography Angiography. Am. . Ophthalmol. 2025, 278, 52—64. [CrossRef] [PubMed]

Berni, A.; Foti, C.; Ulla, L.; Vyas, C.; Chhablani, J.; Chaudhary, V.; Subhi, Y.; Gregori, G.; Wang, R.K.; Rosenfeld, PJ.; et al.
Choriocapillaris in Age-Related Macular Degeneration: A Systematic Review of Optical Coherence Tomography Angiography-
Based Assessments and Challenges in Standardization. Am. J. Ophthalmol. 2025, 277, 482-496. [CrossRef]

Balaratnasingam, C.; Yannuzzi, L.A.; Curcio, C.A.; Morgan, W.H.; Querques, G.; Capuano, V.; Souied, E.; Jung, J.; Freund, K.B.
Associations between retinal pigment epithelium and drusen volume changes during the lifecycle of large drusenoid pigment
epithelial detachments. Investig. Ophthalmol. Vis. Sci. 2016, 57, 5479-5489. [CrossRef]


https://doi.org/10.1167/iovs.62.1.33
https://doi.org/10.1167/iovs.10-7021
https://doi.org/10.1097/IAE.0000000000004090
https://www.ncbi.nlm.nih.gov/pubmed/38471039
https://doi.org/10.1097/IAE.0000000000002412
https://www.ncbi.nlm.nih.gov/pubmed/30550528
https://doi.org/10.1016/j.xops.2023.100280
https://doi.org/10.1016/j.ajo.2019.09.004
https://www.ncbi.nlm.nih.gov/pubmed/31526797
https://doi.org/10.1167/iovs.66.4.22
https://doi.org/10.1159/000530799
https://doi.org/10.1038/s41433-023-02654-1
https://doi.org/10.1007/s00417-016-3375-1
https://doi.org/10.1167/iovs.64.4.15
https://www.ncbi.nlm.nih.gov/pubmed/37052925
https://doi.org/10.1167/iovs.65.2.33
https://doi.org/10.1167/iovs.63.11.12
https://doi.org/10.1038/s41433-024-03167-1
https://doi.org/10.1038/s41433-024-03166-2
https://www.ncbi.nlm.nih.gov/pubmed/38871935
https://doi.org/10.1167/tvst.8.4.20
https://doi.org/10.1097/IAE.0000000000002990
https://doi.org/10.1371/journal.pone.0212563
https://doi.org/10.1167/iovs.65.8.40
https://doi.org/10.1016/j.ajo.2025.05.021
https://www.ncbi.nlm.nih.gov/pubmed/40467021
https://doi.org/10.1016/j.ajo.2025.05.051
https://doi.org/10.1167/iovs.16-19816

J. Clin. Med. 2025, 14, 6030 14 of 14

54.

55.

56.

57.

58.

Hilely, A.; Au, A.; Freund, K.B.; Loewenstein, A.; Souied, E.H.; Zur, D.; Sacconi, R.; Borrelli, E.; Peiretti, E.; Iovino, C.; et al.
Non-neovascular age-related macular degeneration with subretinal fluid. Br. J. Ophthalmol. 2020, 105, 1415-1420. [CrossRef]
Dolz-Marco, R.; Balaratnasingam, C.; Gattoussi, S.; Ahn, S.; Yannuzzi, L.A.; Freund, K.B. Long-term Choroidal Thickness Changes
in Eyes With Drusenoid Pigment Epithelium Detachment. Am. J. Ophthalmol. 2018, 191, 23-33. [CrossRef] [PubMed]

McLeod, D.S.; Grebe, R.; Bhutto, I.; Merges, C.; Baba, T.; Lutty, G.A. Relationship between RPE and choriocapillaris in age-related
macular degeneration. Investig. Ophthalmol. Vis. Sci. 2009, 50, 4982-4991. [CrossRef] [PubMed]

Grossniklaus, H.E.; Ling, ].X.; Wallace, T.M.; Dithmar, S.; Lawson, D.H.; Cohen, C.; Elner, VM.; Elner, S.G.; Sternberg, P, Jr.
Macrophage and retinal pigment epithelium expression of angiogenic cytokines in choroidal neovascularization. Mol. Vis. 2002,
8,119-126.

Elner, S.G.; Strieter, R.M.; Elner, V.M.; Rollins, B.J.; Del Monte, M. A.; Kunkel, S.L. Monocyte chemotactic protein gene expression
by cytokine-treated human retinal pigment epithelial cells. Lab. Investig. 1991, 64, 819-825.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1136/bjophthalmol-2020-317326
https://doi.org/10.1016/j.ajo.2018.03.038
https://www.ncbi.nlm.nih.gov/pubmed/29621509
https://doi.org/10.1167/iovs.09-3639
https://www.ncbi.nlm.nih.gov/pubmed/19357355

	Introduction 
	Materials and Methods 
	Study Participants 
	Optical Coherence Tomography Image Acquisition 
	Displacement Measures 
	Statistical Analysis 

	Results 
	En-Face Retinal Displacement 
	Qualitative Features Associated with a Tangential Vascular Displacement 

	Discussion 
	Conclusions 
	References

