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e TOPIC: This systematic review evaluates the method-
ologies used for assessing the choriocapillaris (CC) in age-
related macular degeneration (AMD) using optical co-
herence tomography angiography (OCTA). It focuses on
identifying methodological heterogeneity in imaging and
analysis protocols and its implications for clinical and re-
search applications.

o CLINICAL RELEVANCE: AMD is a leading cause of vi-
sion loss, and assessing CC perfusion provides critical in-
sights into its pathophysiology. OCTA has emerged as a
noninvasive imaging technique offering high-resolution
visualization of the CC. However, variability in method-
ologies has hindered the standardization of CC assess-
ments. Establishing consistent practices is essential for
improving clinical and research outcomes in AMD man-
agement.

e DESIGN: Systematic review.
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e METHODS: Studies included in this review were se-
lected on the basis of eligibility criteria defined by the
Population, Intervention, Comparator, Outcome, Study
design framework. Participants included patients with
early, intermediate, and late AMD. Interventions in-
volved the use of OCTA for CC assessment, with no re-
strictions on device type or scan parameters. Comprehen-
sive searches of MEDLINE, Web of Science Core Col-
lection, and the Cochrane Library were conducted up to
November 30, 2024. Data extractions and narrative syn-
thesis focused on device types, scan protocols, segmen-
tation techniques, compensation strategies, and quantita-
tive metrics.

e RESULTS: A total of 102 studies, encompassing 4047
patients with AMD and 4415 eyes, were analyzed. Fifty-
two studies used spectral-domain OCTA, and 49 studies
used swept-source OCTA, with significant heterogeneity
in segmentation boundaries and slab thickness (4.4-30
pm). Only 32 studies used compensation strategies to ad-
dress signal attenuation under drusen. Quantitative met-
rics varied widely, with CC flow deficit percentage being
the most common. However, inconsistencies in thresh-
olding methods and lack of standardized Phansalkar ra-
dius reporting limited comparability. The review high-
lights gaps in reporting segmentation boundaries and com-
pensation techniques, which impact the ability to assess
the reliability of findings.

e CONCLUSIONS: This review underscores substan-
tial variability in methodologies for CC assessment
in AMD, highlighting the urgent need for standard-
ized imaging protocols and analytical approaches. De-
spite advances in OCTA technology, inconsistencies in
segmentation, thresholding, and compensation strate-
gies challenge data reliability and reproducibility. Fu-
ture research should prioritize methodological stan-
dardization to enhance comparability and clinical ap-
plicability.  (Am ] Ophthalmol 2025;277: 482-496.
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INTRODUCTION

GE-RELATED MACULAR DEGENERATION (AMD) 1s A
Aleading cause of vision loss in the elderly.'” AMD

may be classified into different stages: early AMD
(ie, drusen >63 pm), intermediate AMD with large drusen
(>125 pm) or pigmentary abnormalities, and late AMD
characterized by the presence of macular neovascularization
or geographic atrophy (GA).!*

Although the precise mechanisms underlying AMD re-
main unclear, research indicates that its development and
progression are influenced by a combination of factors, in-
cluding oxidative stress, environmental influences, and ge-
netic predisposition.”® Despite the complexity of these
mechanisms, AMD ultimately leads to alterations in the
unit formed by the photoreceptors, retinal pigment ep-
ithelium (RPE), Bruch’s membrane (BM), and the chori-
ocapillaris (CC). Changes in the CC have been identi-
fied as a significant biomarker of AMD, as evidenced by
histopathological studies.”!® Advances in imaging tech-
nologies have significantly improved our ability to study
the CC, particularly through optical coherence tomogra-
phy angiography (OCTA).” Specifically, the latter imag-
ing modality may offer high-resolution visualization of the
CC, enabling qualitative and quantitative assessment of its
perfusion.!’ As a result, numerous studies using OCTA to
investigate CC changes in patients with AMD have been
published.

Although OCTA has significantly enhanced our ability
to evaluate the CC, this assessment is not without chal-
lenges. Lesions commonly associated with AMD, such as
drusen and areas of hypopigmentation or hyperpigmenta-
tion, can generate shadow artifacts. In this context, swept-
source (SS) OCTA systems, with their longer wavelengths,
offer improved penetration through the RPE, reducing the
effect of shadowing artifacts and enhancing the visualiza-
tion of the CC in AMD eyes compared with spectral-
domain (SD) OCTA systems, primarily due to reduced opti-
cal scattering in retinal tissue at longer wavelengths. Addi-
tionally, quantifying CC perfusion involves algorithms that
vary in their approaches, including differences in the slabs
used for CC visualization, binarization thresholds, bright-
ness/contrast adjustments, and methods for compensating
signal attenuation using structural information. Some algo-
rithms also account for the tailing effect caused by over-
lying highly scattering materials, such as calcified drusen,
which can generate ghost signals at the CC.!” Although
existing reviews primarily describe CC changes in AMD,
no systematic reviews have been published to examine the
methodologies used for CC assessment in these patients.
To address this gap, our research systematically investi-
gated the various methodologies used for CC assessment
in AMD. By examining these approaches, we aim to un-
cover the heterogeneity in CC assessments for AMD and
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emphasize the need for standardization in CC assessment
methodologies.

METHODS

e REVIEW PROTOCOL AND REGISTRATION: This system-
atic review adhered to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses guidelines. The
protocol for the review was registered with the Interna-
tional Prospective Register of Systematic Reviews (PROS-
PERO, CRD42024627204).

« ELIGIBILITY CRITERIA AND OUTCOMES: Study eligibil-
ity was defined using the Population, Intervention, Com-
parator, Outcome, Study design framework.

Population (P): Patients diagnosed with any stage of
AMD, including early AMD, intermediate AMD, neovas-
cular AMD, and GA. There were no restrictions on age,
gender, or ethnicity.

Intervention (I): Studies using OCTA to evaluate CC.
Studies using any type of OCTA device, including SD- and
SS-OCTA, with any scan sizes, were eligible.

Comparator (C): Methodological comparisons (eg, dif-
ferences in devices, scan sizes, segmentation approaches)
were also eligible. Studies without explicit comparators
were included if they satisfied other criteria.

Outcome (O): Outcomes focused on methodological
details and metrics for assessing CC perfusion or non-
perfusion. Key parameters included segmentation bound-
aries, segmentation techniques, manual corrections, thresh-
olding methods, and image analysis metrics such as flow
deficit (FD) density, perfusion density, and vessel density
(VD).

Study Design (S): Prospective or retrospective studies
focused on AMD and OCTA-based CC assessments were
eligible. Review articles, commentaries, editorials, meet-
ing abstracts, case reports, and studies lacking sufficient
methodological or result details were excluded.

e SEARCH STRATEGY: On November 1, 2024, the au-
thors conducted a systematic search to capture references
on PubMed, Web of Science Core Collection, and the
Cochrane Library published from inception. The search was
updated on November 30, 2024, to identify any new pub-
lications. The search involved MeSH headings and text-
term mapping to AMD and CC and equivalents as shown
in Supplementary Table 1.

The initial electronic search was augmented by a further
manual search of the reference lists from included stud-
ies. Citations were captured and exported to Covidence
for further screening. Two reviewers independently per-
formed the search (C.E and L.U.). Disagreements were re-
solved through discussion with a senior reviewer (E.B.) who
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would provide a final decision if consensus could not be
reached.

e STUDY SELECTION AND DATA COLLECTION: Two
reviewers (C.E and L.U.) screened titles and abstracts
independently based on predefined inclusion and exclu-
sion criteria. Full-text reviews were conducted for eligible
studies, with disagreements resolved through discussion
with a senior reviewer (E.B.) who would provide a final
decision if consensus could not be reached. The study
selection process is summarized in a Preferred Reporting
Items for Systematic Reviews and Meta-Analyses flow
diagram.

Data extraction was carried out independently by 2 re-
viewers (C.E and L.U.) using a predefined, pilot-tested data
collection form. All extracted data were recorded in Mi-
crosoft Excel (Version 16.93.1). The extracted informa-
tion included study details, patient characteristics, OCTA
scan parameters, choriocapillaris segmentation strategy and
boundaries, image processing techniques and analytical
methods, and outcome measures.

Discrepancies were resolved by discussion or consultation
with a senior reviewer (E.B.) who would provide a final de-
cision if consensus could not be reached.

e STRATEGY FOR DATA SYNTHESIS: A qualitative synthe-
sis was conducted to describe the methodology used within
the studies, including differences in imaging devices, pro-
tocols, and analysis techniques. The synthesis focused on
summarizing methodologies while identifying trends and
inconsistencies. The heterogeneity of outcomes did not al-
low for a meaningful meta-analysis.

RESULTS

The literature search retrieved 3971 studies after removing
duplicates. After title and abstract screening, 369 articles
remained. Of these, 102 studies met the inclusion criteria
and were included in the review (Figure 1).%% 12111 The se-
lected studies were published between 2014 and 2024. The
included studies analyzed data from 4415 unique eyes across
4047 patients with AMD, comprising 2693 eyes with early
or intermediate dry AMD, 913 eyes with neovascular AMD,
and 809 eyes with late dry AMD.

e OCTA DEVICES: A total of 52 studies used SD devices to
analyze the CC, and 49 studies used SS devices. Only 1
study directly compared SS-OCTA and SD-OCTA, using
a 400 kHz prototype SS device and the RTVue XR Avanti
(Optovue). Among the studies using SS-OCTA, the most
frequently used device was the PLEX Elite 9000 (Carl Zeiss
Meditec) in 38 studies, followed by the DRI OCT Triton
(Topcon Corporation) in 9 studies, and a 400 kHz ultra-
high-speed prototype device in 3 studies. For SD-OCTA,
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the RTVue XR Avanti (Optovue) was the most commonly
used device in 34 studies, followed by the Cirrus 5000 (Carl
Zeiss Meditec) in 12 studies, the Spectralis HRA+OCT
(Heidelberg Engineering) and the Solix (Optovue) in
3 studies each, and the Nidek Mirante (Nidek) in 1
study.

e SCAN PROTOCOLS: The most commonly used OCTA
scan size for evaluation of CC was 6 x 6 mm, used in 57 stud-
ies, followed by 3 x 3 mm in 46 studies. Other scan sizes were
used far less frequently: 4.5x4.5 mm in 4 studies, 6.4x6.4
mm in 3 studies, 2x2 mm in 3 studies, 4.4x4.4 mm in 2
studies, and 6x4.5 mm and 8x8 mm in 1 study each. All
scans were centered on the fovea.

* SEGMENTATION: The segmentation boundaries used to
assess the CC varied widely across the included studies, with
notable differences in the inner and outer boundaries, as
well as slab thickness (Table 1).

BM was the reference layer for both the superior and infe-
rior boundaries in 42 studies, with CC slab thicknesses rang-
ing from 4.4 pm to 30 um. In 14 studies, the inner bound-
ary was placed directly at the BM. Among these, the outer
boundary was positioned at 20 um below BM in 8 studies,
10.4 um below in 4 studies, 25 um below in 1 study, and
30 pm below in 1 study. In 11 studies, the inner bound-
ary was placed 4 um beneath BM, with the outer bound-
ary positioned at 20 pm below BM in 8 studies, 16 um be-
low in 1 study, 19 um below in 1 study, and 24 um below
in 1 study. In 6 studies, the inner boundary was placed 10
um beneath BM, with the outer boundary positioned at 30
um below BM in 4 studies and 18 um below in 2 studies.
Other reported ranges included 10.4 to 20.8 pm (1 study),
3 t0 30 pum (1 study), 5 to 25 pm (1 study), 9 to 30 um (1
study), 9 to 31 pum (1 study), 21 to 31 um (1 study), 26 to
49 um (1 study), and 30 to 60 um (1 study). Additionally, 2
studies did not specify the exact positioning of the bound-
aries but reported a slab thickness of 4.4 um with reference
to BM.

The RPE layer (without specifying whether the inner or
outer boundary was considered) was used as the reference
layer in 13 studies, with CC slab thicknesses ranging from
8 pm to 30 pm. In 7 studies, the inner boundary was placed
31 um below the RPE. Among these, the outer boundary
was positioned at 61 um below the RPE in 3 studies, 41
pum below in 3 studies, and 59 pum below in 1 study. In 2
studies, the inner boundary was placed directly at the RPE,
with the outer boundary positioned 10 pm below in 1 study
and 20 um below in another. Two studies defined the slab
as spanning 29 to 49 um beneath the RPE, and 1 study used
29 to 37 pm. One study positioned the inner boundary 30
pum below the RPE and the outer boundary 60 pm below
the RPE.

Two studies used the RPE centerline as the reference
layer, placing the inner boundary at 31 pm below it and
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FIGURE 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses flow diagram of study selection process.

the outer boundary at 41 um below in 1 study and 61 pm
in 1 study.

One study instead used the inner limit of the RPE line as
the reference, with boundaries placed 30 and 40 um below,
respectively.

The RPE fit, which approximates the inner boundary of
BM, was used as the reference layer in 12 studies. In 5 of
these studies, the inner boundary was placed 31 pm beneath
the RPE fit, with the outer boundary positioned at 41 um
below BM. Two studies placed the inner boundary 10 pm
below the RPE fit, with the outer boundary positioned at
31 pm in 1 study and 40 um in another. Another study re-
ported a range of 21 to 31 pm beneath the RPE fit. One
study used the RPE fit as the inner boundary and BM as
the outer boundary, and another study defined the slab as
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spanning 16 to 31 um beneath the RPE fit. Figure 2 shows
how the choice of different segmentation boundaries affects
the appearance of the en face CC slabs and influences CC
metrics quantification.

Additionally, 2 studies used the RPE-BM complex as the
reference layer. In 1 study, the boundaries spanned 16 to 31
pum beneath the complex, whereas in the other study, the
slab extended from 31 to 41 pm below it.

Five studies reported only the slab thickness without
specifying a reference layer, with thicknesses of 10 um in
2 studies, 20 pm in 2 studies, and 40 um in 1 study.

Finally, the accuracy of the segmentation boundaries was
not reported in 26 studies.

Only 61 studies reported manually adjusting the seg-
mentation when the automated segmentation, either built-
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TABLE 1. Segmentation Boundaries Used for the Definition of Choriocapillaris Slabs in the Included Studies

Inner Boundary Position

Outer Boundary Position No. of Studies

BM

BM

BM

BM

3 um below BM

4 um below BM

4 um below BM

4 um below BM

4 um below BM

5 um below BM

9 um below BM

9 um below BM

10 um below BM

10 um below BM

10.4 um below BM

21 pm below BM

26 pm below BM

30 um below BM

30 um below RPE inner limit
RPE

RPE

31 um below RPE

31 um below RPE

31 um below RPE

29 um below RPE

29 um below RPE

30 um below RPE

31 um below RPE centerline
31 um below RPE centerline
RPE fit

10 um below RPE fit

10 um below RPE fit

16 um below RPE fit

21 um below RPE fit

31 um below RPE fit

16 um below RPE-BM complex
31 um below RPE-BM complex
Slab Thickness With No Reported Boundaries
4.4 um (with reference to BM)
10 um (no reference)

20 pm (no reference)

40 um (no reference)

40 pm below RPE inner limit

41 um below RPE centerline
61 um below RPE centerline

31 um below RPE-BM complex
41 pm below RPE-BM complex

10.4 um below BM
20 pm below BM
25 pm below BM

30 pm below
30 pm below BM
16 pm below
19 um below
20 pm below
24 um below
25 um below BM
30 um below
31 um below BM
18 um below
30 um below

20.8 pm below BM
31 um below BM
49 pm below BM
60 um below BM

10 pm below RPE
20 um below RPE
41 um below RPE
61 um below RPE
59 um below RPE
37 um below RPE
49 pm below RPE
60 um below RPE

BM
31 um below RPE fit
40 pm below RPE fit
31 um below RPE fit
31 um below RPE fit
41 um below RPE fit

- a1 = = o e D) = = ) W) = = b NN = b o 00 = A 4 a0 D

2 DN =

BM = Bruch’s membrane; RPE = retinal pigment epithelium.

in or provided by external software, was deemed inaccu-
rate.

e COMPENSATION: Thirty-two of 102 studies reported us-
ing a compensation strategy to account for signal attenu-
ation under drusen. All studies followed the methodology
proposed by Zhang and associates in 2018, which consists
of using the inverted structural signal from the CC struc-
tural slab to restore the signal in areas under drusen where
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it has been attenuated. In detail, the CC structural slab is
first inverted and then multiplied by the CC flow slab to
obtain the compensated CC flow image where the atten-
uation artifacts due to drusen are mitigated. This process
has been validated in drusen-resolving eyes, providing the
same CC status both before and after drusen reabsorption,
but has not been validated or proved effective in restoring
the signal under other structures like hyperreflective foci or
calcified drusen.
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RPEfit (0 to 31 pm) RPEfit (0 to 8 ym)

RPEfit (4 to 20 pm)

.CCFD%: 11.5%

RPEfit (31 to 61 pm)

By

- /CCFD%: 7.8%

FIGURE 2. Compensation and binarization of choriocapillaris (CC) flow slabs from swept-source optical coherence tomography
angiography (SS-OCTA) scans using 3 different slab boundaries. Row 1 (A1-D1): Slab boundaries set from the RPE fit to 8 um
below it. Row 2 (A2-D2): Slab boundaries set from the RPE fit to 31 pm below it. Row 3 (A3-D3): Slab boundaries set from 4
pm below the RPE fit to 20 um below it. Row 4 (A4-D4): Slab boundaries set from 31 pm below the RPE fit to 61 pm below it.
Column A (A1-A4): CC structural slabs. Column B (B1-B4): Uncompensated CC flow slabs. Column C (C1-C4): Compensated
CC flow slabs. Column D (D1-D4): CC flow deficit (FD) binary maps generated from the compensated CC flow slabs. The choice
of slab boundaries affects the appearance of the en face CC slabs and influences the computed CCFD%, highlighting the sensitivity
of CC analysis to segmentation parameters. RPE = retinal pigment epithelium.

Among these 32 studies, 26 used SS-OCTA and 6 used
SD-OCTA. The strategy has been validated on SS-OCTA
and should work also on SD-OCTA, but it has not been
validated yet.

Eighteen studies instead opted for the removal of drusen
from the analyzed area using drusen masks or to only analyze
areas not affected by drusen.

e THRESHOLDING AND BINARIZATION: Of the 102 stud-
ies, 87 conducted a quantitative assessment of CC flow,
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and 15 reported only qualitative analyses. Among the stud-
ies performing quantitative analyses, 8 used software pro-
vided by the device manufacturer, whereas the remaining
79 relied on external software. Image] was the most com-
monly used external software, used in 47 studies, followed
by custom software in 28 studies. Other software solutions
included Adobe Photoshop (3 studies) and Imagenet 6.0 (1
study).

Among the 15 studies that exclusively performed a quali-
tative assessment, the analyzed characteristics included the
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presence of reduced flow signal, the presence of dark halo,
and the presence of macular neovascularization including
its area and morphology.

Sixty studies used a binarization process to obtain CC
perfusion or nonperfusion metrics. Thirty-one studies used a
local thresholding strategy, with the Phansalkar method be-
ing the most commonly used in 29 studies, followed by the
Niblack method in 2 studies. Eighteen studies used a global
thresholding approach, with 4 specifically using the Otsu
method, 2 using MaxEntropy, 1 applying the Fuzzy C-means
method, and 1 using an SD approach. Additionally, 2 stud-
ies compared the performance of the Phansalkar method
and Fuzzy C-means on the same dataset of eyes. Finally, 10
studies did not report the thresholding method used.

Of the 29 studies using the Phansalkar thresholding
method, 27 reported the radius used for the binarization
process. The radius is typically reported in pixels, ranging
from 1 to 15 pixels. However, the pixel dimension of CC
flow images can vary across devices and may also change
during image processing. Consequently, although a scan
covers a fixed area of the macula (eg, 6x6 mm or 3x3 mm),
the number of pixels in the image affects the physical size
represented by each pixel, altering the area covered by a
given radius.

For instance, a radius of 15 pixels corresponds to approx-
imately 87.9 pm in a 6x6 mm scan with 1024 x 1024 pix-
els, 180 um in a 6x6 mm scan with 500x500 pixels, and
43.94 um in a 3x3 mm scan with 1024 x 1024 pixels. Re-
porting the radius solely in pixels without specifying the im-
age dimensions is therefore insufficient to standardize com-
parisons across studies.

Among the 8 studies that reported the radius only in pix-
els, 7 used a radius of 15 pixels, and 1 used a radius of 5 pix-
els. For the studies reporting a 15-pixel radius, 5 used 6x6
mm scans, and 2 used a 3x3 mm scan. The single study
using a 5-pixel radius analyzed a 6x6 mm scan. However,
because of the lack of reported image dimensions, it was not
possible to calculate the radii in micrometers for these stud-
ies.

For 20 studies, the radius in micrometers was either di-
rectly reported or calculable based on the reported image di-
mensions. For studies using 6 x 6 mm scans, the radii ranged
from 18 pm to 152 pm. For studies using 3 x3 mm scans, the
radii ranged from 43.94 pm to 180 um. Two studies used
4.4x4.4 mm scans, both using a radius of 43.94 um. Ad-
ditionally, one study compared results using different radii,
ranging from 10 pm to 150 um, for both 3x3 mm and 6 x6
mm scans. Another study directly compared the outcomes
of using a 43.94 um radius versus an 87.9 pm radius for 6x6
mm scans.

e PROJECTION ARTIFACT REMOVAL: Because the pres-
ence of projection artifacts from overlying retinal vessels
(or other superficial reflective pathology) can alter CC met-
rics quantification, the removal of this projection usually is
performed by the device or in the postprocessing analysis.
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These algorithms are usually embedded in the OCTA de-
vice. However, in case of exporting the raw data, custom
algorithms should be used to remove projections. Of the
90 studies performing quantitative analysis, 56 specifically
mentioned the removal of projection artifacts using either
built-in or custom software. For the remaining 32 studies, it
was not possible to determine whether projection artifacts
were removed or the strategy used to remove them.

e METRICS: Since the introduction of OCTA devices, nu-
merous quantitative parameters have been introduced to
represent CC perfusion or nonperfusion. Among these, CC
FDs are the most widely used parameter to characterize ar-
eas of decreased perfusion. CC FDs are defined as regions
of undetectable flow that are larger than the physiological
flow voids normally present between capillaries. Alterna-
tive terms used to describe this metric include flow void,
signal void, or inner-choroidal FDs, all of which represent
the same concept.

Quantitative metrics related to CC FDs include CC FD
percentage (CCFD%), which was assessed in 42 studies and
is defined as the proportion of the total area occupied by CC
FDs relative to the entire CC area in the analyzed scan. The
average size or area of CC FDs was measured in 17 studies,
and the number of CC FDs was evaluated in 10 studies. Six
studies assessed the total area of flow voids, 1 study eval-
uated the number of CC FDs per mm?, and 1 study ana-
lyzed the fractal dimension of CC FDs. Likewise, the per-
cent nonperfused CC area, also referred to as the percent
area of CC nonperfusion, was calculated as the ratio of pix-
els falling below the threshold (total area of signal voids)
to the total number of pixels in the analyzed CC area in 7
studies.

A key consideration in CC FD analysis is whether physi-
ological intercapillary flow voids were accounted for or ex-
cluded. Among the 42 studies that assessed CCFD%, 17 ex-
plicitly removed normal intercapillary spacing, with 16 ap-
plying a threshold of 24 pm (the estimated normal intercap-
illary distance) to exclude physiological voids,''? whereas 1
study used a threshold of 172 pm? for removal.

In contrast to nonperfusion metrics, some studies quanti-
fied perfusion by evaluating the status of capillaries. Twenty
studies measured the VD of the CC, and 3 studies assessed
perfusion density or vessel perfusion, which is calculated as
the skeletonized VD. One study also analyzed the diameter
of CC vessels.

Other less commonly reported metrics included CC
porosity, which was assessed in 1 study but lacked a clear
definition. Another study evaluated the CC decorrelation
signal index, defined as the average decorrelation value of
all pixels in the upper outer ETDRS sector of the en face
CC angiogram. The vascular/stromal ratio of the CC was
reported in 1 study and was defined as the ratio of VD to
stromal density (1 — VD).

Two studies introduced the concept of low perfusion area,
defined as the area where capillary density fell below the
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0.1 percentile threshold of the corresponding location in 40
normal healthy eyes. Focal perfusion loss was subsequently
defined as the percentage of CC loss within the low perfu-
sion area compared with normal controls.

Three qualitative studies evaluated the area of hy-
pointense CC flow signals by visually comparing them with
the surrounding regions, without relying on objective quan-
titative measurements.

DISCUSSION

This study systematically reviews the literature on the use
of OCTA to investigate the CC in patients with AMD. A
total of 102 studies were analyzed, underscoring the exten-
sive research and strong interest in understanding CC per-
fusion in AMD. However, this review reveals considerable
variability in the methodologies used to study the CC, in-
cluding differences in OCTA technologies, slabs selected
for CC visualization, binarization thresholds, strategies to
address signal attenuation using structural information, and
terminology used to define different metrics. This variabil-
ity highlights the need for standardization in CC assessment
methodologies to ensure consistency and reliability in fu-
ture research.

One of the main contributors to heterogeneity in stud-
ies assessing the CC in patients with AMD was the OCTA
technology used for imaging. Specifically, 52 studies (51%)
used SD-OCTA devices to analyze the CC, 49 studies used
SS-OCTA devices, and 1 study used both technologies. No-
tably, SD-OCTA systems may be less effective in visualizing
the CC."!° This limitation is primarily due to their use of a
wavelength of approximately 840 nm, which increases the
optical scattering at the RPE complex, and more so with
the presence of drusen, leading to signal attenuation and
shadowing artifacts that can affect analyses. In contrast, SS-
OCTA systems offer enhanced sensitivity and use a longer
wavelength, improving penetration of the RPE, reducing
shadowing artifacts, and enabling a more accurate evalua-
tion of the CC in eyes with AMD. Furthermore, SS-OCTA
systems typically acquire images at a faster rate (100 000-
400 000 A-scans per second) compared with SD-OCTA (70
000-100 000 A-scans per second), resulting in improved im-
age quality through better decorrelation between sequential
scans.'!? These technological advantages make SS-OCTA
a superior choice for detailed and high-resolution imaging
of the choroid, particularly in the context of AMD. The su-
periority of SS-OCTA for studying the CC beneath drusen
was demonstrated by Lane and associates,® who conducted
a comparative study of SS- and SD-OCTA systems to as-
sess CC flow impairment in early and intermediate AMD.
In this study, patients with drusen underwent imaging with
both systems on the same day. Ambiguous CC dropout was
defined as areas with low OCTA signals on en face CC im-
ages corresponding to low signals on en face structural OCT
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scans. The authors found that SS-OCTA was significantly
less prone to generating false-positive flow impairment ar-
eas, underscoring its advantages in AMD imaging.

Additionally, another important limitation in comparing
CC metrics across studies is the heterogeneity in OCTA
scan sizes and scanning resolutions. Although 6 x 6 mm and
33 mm scans were the most commonly used, other scan
dimensions were used less frequently, leading to inconsis-
tencies in the field of view and image sampling. Addition-
ally, scanning resolution varies between devices and scan
protocols, with smaller scan sizes (eg, 3 x 3 mm) typically of-
fering higher lateral resolution but covering a more limited
area, whereas larger scans (eg, 66 mm or 8x8 mm) pro-
vide a broader view at the expense of reduced resolution.
Differences in axial resolution, sampling density, and inter-
polation methods across SD- and SS-OCTA further con-
tribute to variability in CC assessment. Standardized imag-
ing protocols and reporting guidelines are needed to mini-
mize these discrepancies and improve reproducibility in fu-
ture research.

Although OCTA data are collected as volumetric data,
the en face 2-dimensional visualization used for qualita-
tive and quantitative assessment of the CC is typically cre-
ated by defining an inner and outer boundary within the
3-dimensional OCTA cube. The flow data within these
boundaries are projected to create the en face image. Cur-
rently, there is no clear consensus on the optimal bound-
aries or thickness of the CC slab. Ideally, the thickness of
the CC slab should match the axial diameter of a single CC
vessel, which decreases with age—from an average of 9.8
um in the first decade of life to 6.5 um in the tenth decade
of life.” Because of the convolutional effects of OCT resolu-
tion, which artificially enlarge biological structures during
imaging, a CC slab thickness of 10 to 20 um has been sug-
gested to be optimal.'! This slab should be positioned in
theory directly beneath the RPE/BM complex and shaped
parallel to the hyperreflective line corresponding to this
structure. !

Notably, the present study showed that the segmenta-
tion boundaries used to evaluate the CC varied significantly
across the included studies, with marked discrepancies in
the inner and outer boundaries, as well as in slab thick-
ness. Our analysis showed that the CC slab thicknesses in
the reviewed studies ranged from 4.4 pm to 30 pm. In most
cases, the reference layer used to determine the inner and
outer inferior boundaries comprised the RPE, RPE center-
line, RPE fit, BM, and RPE-BM complex. However, these
choices are not interchangeable for different reasons. First,
the RPE thickness varies across the macula. When the RPE
is used as the upper boundary with a fixed offset for the lower
boundary, the slab’s position relative to the CC can vary,
even in normal eyes. This issue is further exacerbated in ag-
ing and AMD due to basal laminar deposits. Additionally,
in the presence of drusen or RPE detachments, the RPE
cannot be used as a reference to segment the CC and at-
tempts to overcome this led to the use of the RPE fit defined
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as a theoretical position of the RPE when no RPE detach-
ment is present. Considering all these segmentation incon-
sistencies, BM is widely considered the preferred reference
layer due to its stability. However, segmentation challenges
and limited manufacturer support in past software versions
have hindered its consistent use. Notably, no significant dif-
ferences in segmentation approaches were found between
SD- and SS-OCTA.

Notably, a substantial portion of studies (ie, 26 of 102)
did not report segmentation boundaries, leading to uncer-
tainty about the slabs used for CC visualization. It is impor-
tant to note that an accurate CC slab is crucial for the com-
pensation strategy (ie, see below), because slabs positioned
deeper within the choroid may lead to variegated en face
structural OCT images with brighter signals from choroidal
pillars, vessels, and pigment in the deeper choroid. This can
result in the introduction of artefacts when performing the
compensation strategy.’ 14

Previous studies examining the impact of slab position
and thickness on CC quantitative metrics in both normal
and GA eyes have shown that even minor positional shifts
can lead to significant differences in quantitative CC mea-
surement.*> 1% It was found that slabs positioned closer to
BM were more prone to artifacts, such as regions of hy-
pointensity, due to the inadvertent inclusion of the RPE
layer caused by subtle segmentation errors. In contrast,
deeper slabs demonstrated greater repeatability and were
less affected by segmentation artifacts. However, deeper
slabs may include signal contributions from structures lo-
cated at those depths, introducing additional confounders.
Of note, the optimal slab positioning is intrinsically tied to
the nominal placement, accuracy, and robustness of the seg-
mentation, because segmentation inconsistencies can ex-
acerbate measurement variability and impact the reliability
of CC metrics. Overall, variations in the CC slab position
make it challenging to compare qualitative and quantita-
tive CC data across different studies.

As mentioned above, to obtain the en face 2-dimensional
visualization of the CC, a transverse slab is created within
the 3-dimensional OCTA cube by defining an inner
and outer boundary. Algorithms typically determine these
boundaries by automatically detecting predefined macular
layers based on characteristics such as reflectivity and tex-
ture. However, these segmentation algorithms generally are
developed for healthy eyes and may fail in eyes with AMD.
In such cases, reviewing the segmentation on the B-scans
can reveal errors that require manual correction.

Notably, our systematic review found that only 61 stud-
ies reported manually adjusting the segmentation when
the automated segmentation was found to be inaccurate.
Even when manual corrections are performed, they are not
straightforward, and their quality can vary significantly, po-
tentially affecting the results. For instance, manual segmen-
tations of BM under drusen often exhibit large variations
across neighboring B-scans, introducing inconsistencies in

the final CC analysis.
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Averaging multiple en face OCTA images was shown to
enhance the visualization of the CC. Uji and associates' "’
demonstrated that this technique transforms the granular
and often ambiguous appearance of single-frame SD-OCTA
into a more coherent meshwork pattern, closely resembling
histologic architecture. These findings may suggest that av-
eraging can reduce noise and improve the accuracy of CC
assessments, but also introduces the need to register images,
which may also introduce variability, especially in eyes with
AMD. However, as highlighted by Hiya and associates,''
the test-retest variability of CCFD% in both intermediate
AMD and GA eyes is low, with intraclass correlation coef-
ficients of 0.98 and 0.96, respectively, within a 5-mm fovea-
centered circle. These results suggest that single scans may
already provide highly reproducible measurements, limiting
the incremental value of averaging in certain clinical or re-
search settings.

In AMD, the OCT and OCTA signals can be notably at-
tenuated when passing through disease-related lesions, such
as drusen. Although SS-OCTA provides improved penetra-
tion and signal detection in the presence of the RPE, signal
attenuation beneath drusen still occurs.®” This limitation
in assessing the CC using OCTA in patients with AMD
can be effectively addressed with a compensation strategy.
Zhang and associates*’ developed this approach, designing
an algorithm that uses an inverted structural image derived
from the CC slab to enhance the intensity of the CC flow
image. This strategy also compensates for the lack of unifor-
mity in the OCT signal across the scan area. Several studies
have validated the compensation strategy,' " '90 117 but it
does have limitations. Notably, it cannot address the pres-
ence of hyperreflective foci or calcified drusen, which re-
sult in complete signal loss that compensation strategies are
unable to resolve.! 121018120 Degpite these limitations,
the compensation strategy can enhance the qualitative and
quantitative assessment of the CC on OCTA. However, our
analysis revealed that this approach was used in only 33 of
102 studies.

Of the 102 studies included in our analysis, 87 con-
ducted a quantitative assessment of CC flow, and 15 re-
ported only qualitative analyses. To provide quantitative
metrics of the CC, OCTA en face images are processed
with a threshold that is applied to create binary images—
in which pixels with a grayscale value above the applied
threshold are displayed as white (or black) and pixels
falling under the threshold are displayed as black (or white,
respectively)—from grayscale images. In general, 3 different
methodologies may be used to binarize OCTA images, as
(1) “global” thresholding, (2) “local” thresholding, and (3)
“complex” thresholding, in which binarization is obtained
using both global and local thresholding algorithms. Of
note, although a global threshold applies the same thresh-
old value across the entire image, local (or adaptive) algo-
rithms adapt threshold values to different regions of the im-
age.” In the assessment of the CC in AMD, a local thresh-
olding might be considered as a preferable methodology to
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binarize images because it accounts for regional differences
in image brightness. However, only 31 studies used a local
thresholding strategy, with the Phansalkar method being
the most commonly used. Several significant studies have
suggested that the latter thresholding strategy may be the
most effective approach for assessing the CC in patients
with AMD.!:117

When using a local threshold, a critical factor influencing
the final binarized image is the radius applied. The radius
defines the size of the neighborhood area of pixels consid-
ered by the algorithm when determining whether a specific
pixel falls above or below the threshold. When determining
the radius, it is essential to consider the size of the pixels
comprising the image, because the same radius can corre-
spond to different neighborhood areas in images with vary-
ing dimensions and pixel densities. Among the analyzed
studies, 27 of 29 studies using the Phansalkar thresholding
method reported the radius size used, but 8 of these provided
the radius in pixels without specifying the scan size or the
pixel density—a key detail for determining the actual area.
Regardless of the level of detail provided, the radius size var-
ied significantly across the studies, even when the same im-
age size was used, further underscoring the heterogeneity of
the methodologies used.

Since the introduction of OCTA devices, various quan-
titative parameters have been developed to assess CC per-
fusion or nonperfusion. Among these, CC FDs are the most
widely used metric to characterize areas of nonperfusion.
CCFDs are defined as regions of nondetectable flow that ex-
ceed the size of the physiological flow voids typically found
between capillaries. As such, Zhang and associates''” have
recommended applying a size threshold, such as removing
FDs <24 um, to mitigate the impact of speckle noise and
enhance the reliability of CC quantification. Alternative
terms for this metric include flow voids, signal voids, or
inner-choroid FDs, all of which refer to the same concept.
Less commonly, some studies assessed CC perfusion by mea-
suring perfused areas rather than areas of nonperfusion. This
approach underscores the heterogeneity in the metrics used
to evaluate the CC, which complicates comparisons be-
tween different studies.

Although recent guidelines have offered valuable recom-
mendations for general CC imaging, particularly in terms of
segmentation strategies, preferred metrics such as CCFD%,
and thresholding approaches, they fall short in addressing
the unique challenges posed by AMD.!! Notably, there
is a lack of guidance on selecting appropriate compensa-
tion strategies and evaluating their case-by-case adequacy
in AMD eyes. Certain disease-specific features, such as hy-
perreflective foci and calcified drusen that are known to
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significantly attenuate or block the OCT signal, will pre-
vent the accurate assessment of the underlying CC on
OCTA.!% 11812 These lesions need to be excluded from the
CC assessment. In addition, a tailored approach is needed
to differentiate cases where compensation is necessary, such
as in eyes with drusen, from those where it may be inappro-
priate or even misleading, as in eyes with GA.'?> As such,
future standardization efforts must extend beyond gen-
eral imaging protocols and incorporate AMD-specific and
instrument-specific considerations.'”” Only through such
targeted and AMD-specific strategies can reproducibility
and clinical applicability of CC imaging in AMD be reli-
ably achieved.

In conclusion, this study revealed substantial hetero-
geneity in the methodologies used to investigate the CC in
AMD. This variability encompassed differences in OCTA
technologies, slab selection for CC visualization, binariza-
tion thresholds, and approaches to address signal atten-
uation using structural information. Although guidelines
for CC assessment have been published,'! our indings un-
derscore the critical need for further standardization of
methodologies to enhance consistency and reliability in fu-
ture research.
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