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PURPOSE. To examine location-specific retinal vascular changes in intermediate age-related
macular degeneration (iAMD) using age-matched, high-density en face optical coherence
tomography angiography (OCTA) cluster analysis.

METHODS. En face OCTA images of the 6 × 6 mm macular area were retrospectively
acquired from 60 iAMD eyes and 60 age-matched normal eyes and then subdivided into
126 × 126 (47.62 × 47.62 μm) grids within the superficial and deep vascular complex.
Grid-wise vessel perfusion (VP) were compared between iAMD and normal eyes from
the corresponding 10-yearly age cohort, forming difference plots. Difference plots were
further separated by normative topographical map spatial clusters (C1-6), derived from
normaldatabase eyes (n = 236, 20–81 years old).

RESULTS. Overall difference plots showed decreased VP in the superficial (−12.19%)
and deep vascular complex (−6.44%) of iAMD compared to normal eyes (P < 0.0001
both comparisons). Cluster-based difference plots highlighted nonuniform changes in
the superficial vascular complex, with sparing of VP at the nasal macula (corresponding
to the radial peripapillary capillary plexus) versus decreased VP toward the temporal
macula and foveal avascular zone (FAZ) (C1–6 all comparisons P < 0.0001, except C1 vs.
C2 P > 0.99 and C4 vs. C5 P = 0.11). The deep vascular complex displayed diffusely
decreased VP, greater at the FAZ (P < 0.0001).

CONCLUSIONS. High-density en face OCTA cluster analysis suggests relative sparing of the
radial peripapillary capillary plexus and impairment of underlying retinal vasculature,
supporting potential anterograde transsynaptic degeneration in iAMD. These location-
specific data may better guide future diagnostic and management protocol of iAMD.

Keywords: optical coherence tomography angiography, vessel perfusion, age-related
macular degeneration

Age-related macular degeneration (AMD) is one of the
leading causes of irreversible blindness worldwide,1

typically characterized by insult at the outer retina.2 Studies
using a variety of techniques such as histology and Doppler
flowmetry have also implicated an expanse of vascular
changes associated with the early stages of AMD, includ-
ing decreased flow and increased resistivity of extraocu-
lar vessels,3–7 and altered structure of intraocular vessels at
the choroid and retina.8–11 More recently, optical coherence
tomography angiography (OCTA) studies have provided
greater insight into in vivo intraocular vascular change asso-
ciated with the early stages of AMD,12–23 demonstrating new
opportunities for clinical assessment of the disease.

OCTA studies describing retinal vascular change in
the early stages of AMD demonstrate conflicting results.
Some studies report reduced vessel density or perfusion in
the superficial, deep or both vascular complexes,12–17,19,24

whereas others describe no significant changes in either
vascular complex.18,20–23 Varying study designs such as lack
of control or adjustment for signal strength (which has a

significant effect on OCTA outcomes)25–27 in a majority of
OCTA studies may explain discordant results. Also of note,
all studies12–16,18–23 except Trinh et al.17 have analyzed reti-
nal vasculature within a 3 × 3 mm macular area, overlook-
ing vascular change that may occur beyond this area. Mean-
while, a paucity of research into more localized retinal vascu-
lar changes in the early stages of AMD may also explain
conflicting results. Studies that have provided further spatial
analysis13,14,18 were based on the early treatment for diabetic
retinopathy study (ETDRS) sectors, which assume concen-
tricity around the fovea, in discordance with actual retinal
vascular topography, which emanates from a nasally situ-
ated optic nerve head.28,29 The lack of appropriate spatial
detail with regards to OCTA studies of the retinal vasculature
means that there is a current gap in knowledge regarding
where the retinal vasculature may be impacted in the early
stages of AMD, which would be valuable to guide future
diagnostic and management protocol.

Recently, in vivo topographical maps that follow histo-
logically defined retinal topography have been developed
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for both retinal structural and functional outcomes using
a process known as “spatial clustering.”30–34 Clustering
involves the grouping of data according to statistical like-
ness, facilitating reduced variability compared to non-cluster
analyses because comparison of output parameters to a clus-
ter of data is statistically more powerful than comparison
to individual data.34 However, OCTA output in the early
stages of AMD are yet to be assessed using spatial cluster-
ing, potentially missing important spatial detail in the vascu-
lar pathophysiology of AMD. Thus this study applies high-
density en face OCTA cluster analysis to examine location-
specific retinal vessel perfusion (VP) changes of intermedi-
ate AMD (iAMD) eyes versus age-matched normal eyes. By
elucidating the spatial patterns of retinal vascular change
in the early stages of AMD, we may better understand its
pathophysiology and provide guidance toward specific reti-
nal areas of interest for future diagnostic and management
protocols.

METHODS

Study Population

Participant data were obtained through retrospective analy-
sis of records from July 7, 2016, to June 5, 2020, of patients
attending the Centre for Eye Health in Sydney, Australia.
The Centre for Eye Health is a referral-only clinic provid-
ing advanced diagnostic eye testing and disease manage-
ment by specially trained optometrists and ophthalmolo-
gists.35 All patients had given prior written informed consent
to use their deidentified data for research in accordance with
the Declaration of Helsinki and approved by the Biomedical
Human Research Ethics Advisory Panel of the University of
New South Wales.

Inclusion criteria for normal eyes were no evidence of
posterior ocular disease nor any significant structural abnor-
malities such as subretinal or intraretinal deposits, pigment,
fluid, or vascular abnormalities within the 6 × 6 mm area
surrounding the fovea. Studies have demonstrated minimal
to no significant difference in results using a 3 × 3 mm or 6
× 6 mm image, although the latter provides a greater field
of view.36–39 Inclusion criteria for iAMD eyes were age 50
years or older, diagnosis of iAMD,40 and no evidence of other
posterior ocular disease nor significant structural abnormal-
ities unrelated to iAMD within the 6 × 6 mm area surround-
ing the fovea. Classification of iAMD were based on evalua-
tions of fundus photography between at least two nonblind
investigators using a modified Beckman Initiative classifica-
tion system,40 that is, participants 50 to 54 years of age in
this study were considered to have iAMD if they followed all
iAMD phenotypic criteria in the classification system (as has
been done in other notable studies).41–44 Specifically, iAMD
eyes had large drusen (>125 μm) or pigmentary abnor-
malities associated with at least medium drusen (63–125
μm), without signs of late AMD such as neovascularization,
geographic atrophy, or both. Scanning laser ophthalmoscopy
photography and OCTs (Cirrus SD-OCT ∼21° × 21° macular
volume scans; Carl Zeiss Meditec, Jena, Germany; Spectralis
SD-OCT 30° × 25° macular volume scans; Heidelberg Engi-
neering, Heidelberg, Germany) were used to exclude eyes
with signs of late AMD or other posterior ocular disease. Any
participants with hypertension, diabetes mellitus, or other
significant systemic vascular disease that may confound
OCTA outcomes were excluded from analyses.45–48

Image Acquisition

Cirrus HD-OCT v11.0.0.29946 Zeiss Cirrus Angioplex (Carl
Zeiss Meditec; Jena, Germany) 6 × 6 mm (20.93° × 20.93°)
en face macular cube scans were extracted for the superficial
and deep retinal vascular slabs.17 Only one eye per partici-
pant was included in this study. In cases where both eyes of a
participant were eligible for inclusion, the image with higher
signal strength index (SSI) and lesser artefacts were selected.
Scans were accompanied by fixation-tracking software, a
motion correction algorithm, and a projection removal tool.
Retinal vascular slabs were automatically segmented based
on the Zeiss Cirrus Angioplex definitions of the superfi-
cial vascular slab (between the inner limiting membrane
to approximately the outer border of the inner plexiform
layer; also known approximately as the superficial vascular
complex; Supplementary Fig. S1A)29 and the deep vascular
slab (between approximately the outer border of the inner
plexiform layer to approximately the outer border of the
outer plexiform layer; also known approximately as the deep
vascular complex; Supplementary Fig. S1B).29 Any images
with significant segmentation errors that were not manu-
ally correctable by MT or LNS were excluded, that is, one
image. Images with missing B-scans, significant artefacts
(e.g., blinking or motion artefacts), or SSI less than seven
were excluded.

Postimage Processing

Postimage processing using ImageJ v1.52a (National Insti-
tutes of Health, Bethesda, MD, USA) involved 8-bit conver-
sion of en face OCTA images of the superficial and deep
vascular complex, binarization (using the auto-threshold
default method because of its proven reliability and diagnos-
tic sensitivity and specificity),49 and skeletonization whereby
all vessels were converted to a single pixel width (5.95 μm
or 0.02°).17 Images were then divided into 126 × 126 equal
grids (47.62 × 47.62 μm or 0.17 × 0.17°) using “stacks,” and
grid-wise VP quantified as the percentage of pixels attribut-
ing to a vascular flow signal per grid (Fig. 1A). VP were
used rather than vessel density to eliminate the potential
confounding effect of vessel diameter (i.e., changes in vessel
density may be related to vessel diameter, length, or both,
whereas changes in VP are only related to vessel length
because of skeletonization). VP has also been shown to be
more sensitive to perfusion changes than vessel density.50

Development of Normative Topographical Maps of
VP in the Superficial and Deep Vascular Complex

Normative OCTA-derived topographical maps of VP in the
superficial and deep vascular complex were derived using
a process analogous to what has been previously done for
OCT-derived normative topographical maps of retinal layer
thicknesses.31,32,34 Specifically, en face OCTA images from
a large database of normaldatabase eyes of varying ages (n =
236 eyes from 236 participants, 20–81 years old; Supplemen-
tary Table S1) were acquired and processed into 126 × 126
equal grids, with each grid VP quantified as described above.
Considering the covariables of age, SSI, right or left eye,
sex, ethnicity, spherical equivalent refraction, ganglion cell
complex thickness, retinal nerve fiber layer thickness, and
ganglion cell layer-inner plexiform layer thickness versus
average VP in multi-variable regression, age (as expected)
were the only covariables significantly associated with
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FIGURE 1. Schematic example of age-matched, high-density en face OCTA cluster analysis of the superficial vascular complex for a 63-year
old Asian male with iAMD. (A) 6 × 6 mm en face OCTA image were extracted and processed (8-bit, binarized, and skeletonized), then divided
into 126 × 126 (15,876) equal grids (47.62 × 47.62μm). Underlying fundus photo provided for spatial context. Grid-wise VP were quantified
(red square). (B) The same process was applied to normal eyes from the corresponding 10-yearly age cohort of 60-69 years old. Average
grid-wise cluster VP were quantified (green squares), whereby spatial clusters were derived from the normative topographical maps of VP
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in the superficial vascular complex (represented by distinct colors) (C). Grid-wise VP were subtracted by the average grid-wise cluster VP
of normal eyes from the corresponding 10-year age cohort and displayed as a percentage of the latter, forming percentage difference values
(checkered arrows). Percentage difference values were assigned a color scale, and calculation for all 15,876 grids resulted in a qualitative
and quantitative (D) overall difference plot. The overall difference plot was further separated according to the aforementioned clusters
(C), forming (E) cluster-based difference plots. Analyses were repeated in the deep vascular complex. All images are in right eye format
as demonstrated by the optic nerve location. OCTA, optical coherence tomography angiography; VP, vessel perfusion; iAMD, intermediate
age-related macular degeneration; C1-6, cluster 1−6 in order of highest to lowest VP.

average VP in the superficial and deep vascular complex that
were not equally distributed between normaldatabase 10-yearly
age cohorts (β = −0.01, P < 0.0001 for both complexes;
Supplementary Table S2).

Average grid-wise VP for each 10-yearly age interval in
each retinal vascular complex were then grouped into spatial
clusters of statistically similar values using K-means cluster-
ing via SPSS Statistics v25.0 (IBM Corporation, Armonk, NY,
USA).31,32,34 This method was selected because of its proven
robustness against other traditional clustering methods.51

For each retinal vascular complex across all age groups, final
cluster numbers were selected on the basis of the maximum
number of clusters required to separate cluster means by
≥1 SD (equivalent to d′ = 1 from signal detection theory).52

Cluster separability were confirmed using Tukey’s multiple
comparisons test for the superficial vascular complex and
Student’s t-test for the deep vascular complex (P < 0.0001
all comparisons). Resultant clusters formed normative topo-
graphical maps of VP in the superficial and deep vascular
complex, useful as a spatial template for further location-
specific analysis of iAMD eyes.

Location-Specific Analysis of iAMD Eyes
Compared to Age-Matched Normal Eyes

Grid-wise VP of iAMD eyes (Fig. 1A) were subtracted by the
average grid-wise cluster VP of normal eyes from the corre-
sponding 10-year age cohort (Fig. 1B), whereby spatial clus-
ters were derived from normative topographical maps of VP
in both the superficial (Fig. 1C) and deep vascular complex.
Resultant difference values were displayed as a percent-
age of the average grid-wise cluster VP of normal eyes,
whereby negative values indicated decreased VP, and posi-
tive values indicated increased VP in iAMD eyes. Percentage
difference values were assigned a color scale, and calcula-
tion for all 15,876 grids formed qualitative and quantitative
overall difference plots (Fig. 1D). Overall difference plots
were further separated by the aforementioned clusters that
formed the normative topographical maps, creating cluster-
based difference plots (Fig. 1E). The process is summarized
in Figure 1 (checkered arrows).

Mitigating the effect of skewed data as comparison to
normative values near zero would elicit a greater percent-
age magnitude of difference than comparison to normative
values near 100%, and the median difference (%) was used
as the primary summary statistic.

Comparison of Location-Specific Analysis Using
Clusters Versus Traditional Methods

Location-specific analysis using clusters to define the norma-
tive topography of VP were also compared to traditional
definitions of normative topography. The same processes as
above were applied to form overall difference plots compar-
ing grid-wise VP of iAMD eyes to average grid-wise VP of a

global area or average grid-wise VP of ETDRS sectors (using
grids matching the sectors as closely as possible) of normal
eyes. Comparisons were then drawn between the various
methods, that is, using clusters versus a global area versus
ETDRS sectors.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism
Version 8, SPSS Version 25, and Microsoft Excel Version
2009. Significance was considered as P < 0.05. Multivariable
linear regression using backward stepwise elimination53 was
performed to determine potential confounders associated
with VP. Single comparisons between continuous variables

TABLE. Normal and iAMD Participant Demographics

Normal Intermediate AMD P Value

Eyes, n
Total 60 60 —
50-69 17 11
60-69 27 24 0.18*

70+ 16 25
Age (years)

Total 65.26 ± 6.87 67.32 ± 8.2 0.14†

50-69 57.13 ± 1.97 55.92 ± 2.87 0.2‡

60-69 65.18 ± 3.07 64.09 ± 2.95 0.2‡

70+ 74.01 ± 2.96 75.45 ± 3.81 0.23‡

Sex (males/females)
Total 26:34 21:39 0.45§

50-69 12:5 9:2 0.67§

60-69 13:14 14:10 0.58§

70+ 9:7 16:9 0.75§

Ethnicity (W:A:O)
Total 31:13:16 35:7:18 0.34*

50-69 6:4:7 6:2:3 0.6*

60-69 15:7:5 12:4:8 0.43*

70+ 10:2:4 17:1:7 0.59*

SE Rx (diopters)
Total 0.41 ± 1.43 0.43 ± 1.95 0.95†

50-69 -0.02 ± 1.38 0.61 ± 0.61 0.22‡

60-69 0.46 ± 1.35 0.27 ± 2.01 0.17‡

70+ 0.77 ± 1.56 0.53 ± 2.25 0.78‡

SSI
Total 9.43 ± 0.77 9.17 ± 0.96 0.1†

50-69 9.18 ± 1.07 9.73 ± 0.47 0.21‡

60-69 9.56 ± 0.58 9 ± 1.08 0.1‡

70+ 9.5 ± 0.63 9.12 ± 0.93 0.23‡

Continuous values are expressed as mean ± standard deviation
(SD). Categorical values are expressed as counts. Cohorts were anal-
ysed by 10-yearly age intervals.

W, White; A, Asian; O, Other; SE Rx, spherical equivalent refrac-
tion; SSI, signal strength index.

*χ2 test.
† Student’s t-test
‡ Mann-Whitney U test
§‖ Fisher’s exact test.
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were assessed with the Student t-test or Mann-Whitney
U test, depending on the relevant assumptions for data.
Multiple comparisons were performed with Mann-Whitney
U testing with the Bonferroni adjustment, that is, signif-
icance considered as P < 0.05

6 for the superficial vascular
complex clusters or P < 0.05

2 for the deep vascular complex
clusters, or Kruskal-Wallis and Dunn’s multiple comparison
tests where appropriate. Multiple comparisons of variance
were performed using the Brown-Forsythe test.

RESULTS

Participant Demographics

Sixty eyes with iAMD from 60 participants and 60 normal
eyes from 60 age-matched participants were included in
location-specific analysis. There was no significant differ-
ence with age, sex, ethnicity, spherical equivalent refraction,
or SSI between the two cohorts (Table 1).

Location-Specific Analysis in the Superficial
Vascular Complex

In the superficial vascular complex, normaldatabase grid-wise
VP were averaged across 10-yearly cohorts and grouped into
spatial clusters based on statistically similar values across
all age groups. The normative topographical map showed
a temporal-to-nasal cluster pattern with a semblance of
concentricity (C1-6 in order of highest to lowest VP; Fig. 2A).
Cluster means were confirmed to be significantly different
(Tukey’s multiple comparisons test, P < 0.0001 all compar-
isons).

Using this normative topographical map as a spatial
template for further location-specific analysis, we formed a
difference plot of iAMD eyes compared to normal eyes. The
overall difference plot demonstrated significantly decreased
VP (median difference, −12.19%, P < 0.0001; Fig. 2B).

The magnitude of these VP changes clearly varied with
spatial location across the macula, and to further explore
this, the overall difference plot was separated into clus-
ters (Fig. 2C). There were no significant differences in VP
at C1 and C2 (Mann-Whitney U tests; median difference,
−0.4% and 0.62%, adjusted P = 0.27 and 0.03, respectively),
but significant differences in VP at C3-6 (−8.4%, −17.35%,
−19.39%, and −100%, respectively; adjusted P < 0.0001
for all comparisons; Fig. 2D). Decreased VP in iAMD eyes
were greater for clusters toward the temporal macula (C4–5)
and FAZ (C6) (Kruskal Wallis test P < 0.0001, post-hoc
Dunn’s multiple comparisons test P < 0.0001 for all inter-
cluster comparisons except C1 vs. C2 P > 0.99, and C4 vs. C5

P = 0.11).

Location-Specific Analysis in the Deep Vascular
Complex

In the deep vascular complex, the normative topographical
map showed a relatively diffuse pattern occupied largely by
a single cluster (C1) with a second smaller cluster at the FAZ
(C2, in order of highest to lowest VP; Fig. 3A). Cluster means
were confirmed to be significantly different (Student’s t-test,
P < 0.0001).

When this normative topographical map was used for
further location-specific analysis of iAMD eyes, the overall
difference plot demonstrated significantly decreased VP for

iAMD eyes compared to normal eyes (median difference,
−6.44%, P < 0.0001; Fig. 3B). Decreased VP in the deep
vascular complex were lesser in magnitude compared to the
superficial vascular complex (−6.44% vs. −12.19%, respec-
tively; P < 0.0001).

Further separation of the overall difference plot into clus-
ters (Fig. 3C) showed significant differences in VP at C1 and
C2 (−6.07% and −24.38%, respectively; adjusted P < 0.0001
for both comparisons; Fig. 3D). Decreased VP were greatest
at the FAZ cluster (C2 vs. C1, P < 0.0001), whereas decreased
VP at C1 were mostly diffuse with subtly lesser magnitude
toward the temporal area.

Correlation of Grid-Wise VP Between the
Superficial and Deep Vascular Complex

There remained a possibility that outcomes in the deep
vascular complex were shaped by outcomes in the super-
ficial vascular complex, because the nature of en face imag-
ing means that the penetration of OCTA signal to the deep
vascular complex may be contingent on initial penetra-
tion through the superficial vascular complex. Therefore we
correlated VP between the superficial and deep vascular
complex for each normal and iAMD eye. We found no signif-
icant correlation for overall VP (P = 0.69 and 0.48, respec-
tively).

Grid-wise VP between the superficial and deep vascu-
lar complex also showed no significant correlations in most
areas and otherwise weak-to-moderate correlations in very
limited areas. Specifically, most grids were either not signifi-
cantly correlated (P≥ 0.05; 14,608/15,896 [91.9%] for normal
eyes and 14,703 [92.49%] for iAMD eyes) or weakly corre-
lated (Spearman’s r < 0.3; P < 0.05; 454/15,896 [2.86%] for
normal eyes and 458/15,896 [2.88%] for iAMD eyes; Fig.
4]. In a minority of grids, there were significant moder-
ate correlations (Spearman’s r = 0.3 to 0.6; P < 0.05 for
colored grids; 834/15,896 [5.27%] grids for normal eyes and
735/15,896 [4.62%] grids for iAMD eyes). There was also
a statistically significant but weak association between the
strength of grid-wise correlation and cluster location in
normal and iAMD eyes (Spearman’s r = 0.15 and 0.08; P <

0.0001 and < 0.01, respectively), that is, correlation of grid-
wise VP between the superficial and deep vascular complex
were stronger toward the temporal macula and FAZ clus-
ters. Qualitatively, this aligned with observations that corre-
lations were stronger at the peripheral macula and perifovea,
coinciding with areas where the vascular plexuses converge
anatomically.

Comparison of Location-Specific Analysis Using
Clusters Versus Traditional Methods

The performance of location-specific analysis using clus-
ters was compared to traditional methods of using a global
area or ETDRS sectors to define normative topography
of VP. Overall difference plots of the superficial vascular
complex using each method highlighted a similar pattern
of decreased VP towards the temporal macula and FAZ
(Figs. 5A–5C). Median difference VP were significantly less
using clusters versus a global area versus ETDRS sectors,
suggesting conservative outcomes using clusters or exag-
gerated outcomes using traditional methods (Kruskal Wallis
test P < 0.0001; −12.19% vs. −15.81% vs. −15.18%, respec-
tively; post-hoc Dunn’s multiple comparisons test P< 0.0001
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FIGURE 2. Location-specific analysis: VP difference plots of iAMD eyes compared to normal eyes for the superficial vascular complex. All
images are in right eye format as demonstrated by the optic nerve location. (A) Normative topographical map of VP in the superficial
vascular complex (gray ETDRS overlay for reference). Each cluster is represented by distinct colors and includes grid-wise locations of
statistically similar values. Mean ± SD values in Supplementary Table S3. Intercluster separability for all comparisons (P < 0.0001) were
confirmed. Comparison of grid-wise VP of iAMD eyes versus average grid-wise cluster VP of normal eyes formed the (B) overall difference
plot, demonstrating significantly decreased VP in iAMD eyes. Color scale at the bottom. Further separation by clusters resulted in qualitative
and quantitative (C) cluster-based difference plots. Corresponding (D) box and whisker plots of median differences (%) (fifth and ninety-fifth
percentiles) showed greater significance from normal and greater magnitude of decreased VP toward the temporal macula (C4–5) and FAZ
(C6) clusters. *P < 0.05, ****P < 0.0001. Multiple comparisons between VP of iAMD eyes versus normal eyes at C1–6 were performed with
Bonferroni adjustment, that is, P < 0.05

6 . Significance values (red) denote intercluster comparisons performed with Kruskal-Wallis and Dunn’s
multiple comparisons tests, that is, P < 0.0001 for all intercluster comparisons except C1 versus C2 and C4 versus C5. C1–6, cluster 1−6 in
order of highest to lowest VP.
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FIGURE 3. Location-specific analysis: VP difference plots of iAMD eyes compared to normal eyes for the deep vascular complex. Presentation
as in Figure 2. (A) Normative topographical map of VP in the deep vascular complex [gray ETDRS overlay for reference]. (B)Overall difference
plot, demonstrating significantly decreased VP in iAMD eyes. (C) Cluster-based difference plots, and corresponding (D) box and whisker
plots of median differences (%) (fifth and ninety-fifth percentiles) showed greater magnitude of decreased VP at the FAZ cluster (C2).
****P < 0.0001. Multiple comparisons between VP of iAMD eyes versus normal eyes at C1-2 were performed with Bonferroni adjustment,
i.e., P < 0.05

2 . Significance value (red) denotes inter-cluster comparison performed with Mann-Whitney U test. C1–6, cluster 1−6 in order of
highest to lowest VP.

for all method comparisons except global area vs. ETDRS
sectors P < 0.05; Fig. 5D). There was also significantly
less variability using clusters versus a global area versus
ETDRS sectors, highlighting improved accuracy using clus-
ters (Brown-Forsythe test, fifth and ninety-fifth percentiles;
[−50.58, 23.92] vs. [−57.9, 69.02] vs. [−56.58, 29.77], respec-
tively; P < 0.0001; Fig. 5D).

Finally, qualitative analysis of the overall difference plots
displayed outcomes that were more consistent in the context
of pathophysiological change when using clusters. Specif-
ically, use of a global area and ETDRS sectors exhibited
high amounts of increased VP nasally (Fig. 5B, C, green
colored grids). Use of ETDRS sectors also produced abrupt
changes in VP at sector borders (Fig. 5C, black arrows).
These unusual changes were absent with use of clusters that
accounts for actual retinal vascular topography. Location-
specific analysis of the deep vascular complex using clusters
versus traditional methods were not significantly different
(data not shown).

DISCUSSION

This study found significant, location-specific retinal vascu-
lar changes in the superficial and deep vascular complex
of iAMD eyes compared to normal eyes using high-density
en face OCTA cluster analysis. Decreased VP were greater
toward the temporal macula and FAZ in the superficial
vascular complex, whereas decreased VP were greatest at
the FAZ and diffuse elsewhere in the deep vascular complex.
These spatial patterns suggest sparing of the RPCP and
impairment of the underlying retinal vasculature in iAMD
eyes, supporting potential anterograde transsynaptic degen-
eration as a key pathway in AMD pathophysiology.

OCTA-Derived Normative Topographical Maps Are
Representative of Retinal Vascular Anatomy

Development of OCTA-derived normative topographical
maps of VP in the superficial and deep vascular complex
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FIGURE 4. Correlation map between VP in the superficial versus deep vascular complex in (A) normal eyes and (B) iAMD eyes. All images
are in right eye format. Color scale (bottom) denotes grids with no statistically significant correlation or weak correlations (r < 0.3; NS, gray),
and grids with statistically significant correlation (P < 0.05; colored) that were not weak (r ≥ 0.3). No Spearman’s r values were beyond 0.6.
Note the moderate correlations at the peripheral macula and perifovea. r, Spearman’s rho.

matched the established anatomical profiles of these
complexes from histological and OCTA studies.28,29,37,54–62

Specifically in the superficial vascular complex, nasal clus-
ters represented the RPCP, which has been described as a
vascular plexus of radial, nasal distribution that becomes
sparse away from the immediate peripapillary zone and
then absent at the central macula.63 It is unlikely that
the nasal clusters represent the large retinal arterioles and
venules because VP were independent of vessel diameter.
The remaining clusters would then represent the underly-
ing SVP, corresponding to approximately the GCL vascular
plexus described by Campbell et al.29 In the deep vascular
complex, the majority of the macula area likely represents
the ICP and DCP because of their relatively homogeneous
configurations within a small portion of the IPL, and the INL
and OPL.28,54

Location-Specific Analysis Reaffirms Impaired
Retinal Vasculature in iAMD

In this study, location-specific analysis found decreased VP
in the superficial and deep vascular complex. This was in
concordance with a number of previous OCTA studies that
have also found decreased vessel density or perfusion in
the superficial, deep or both vascular complexes.12–17,19,24

Some studies, however, suggest no significant changes in
either vascular complex in the early stages of AMD.18,20–23

The disparity in results may be due, in part, to confounders,
whereby only some studies controlled for the potential
confounding effect of systemic vascular disease13,14,16,18,20,22

or SSI,13,19,23 which has significant correlation to OCTA
outcomes.25,26,26,27 Additionally, some studies used unval-
idated postimage processing or maintained unprocessed
manufacturer software imaging,18,22 which could affect
outcomes because postimage processing has been demon-
strated to be a vital step in mitigating noise and improv-
ing diagnostic sensitivity and specificity of OCTA imag-
ing.49,64,65 Our study, however, used strict inclusion criteria
that excluded any participants with hypertension, diabetes
mellitus, or other significant systemic vascular disease, and
any images with SSI below seven.We also performed postim-

age processing that has been proven to have high reliabil-
ity and diagnostic sensitivity and specificity.49 As such, the
results from our study present strong evidence supporting
other studies that have indicated at least some degree of
retinal vascular impairment in early stages of AMD.12–17,19,24

An important question to answer is whether evidence of
retinal vascular impairment in the early stages of AMD by
our study (and others’ studies)12–17,19,24 is clinically signif-
icant. Continual improvements in OCTA output signal-to-
noise ratio via hardware and software augmentations66 has
meant that there is yet an unsteady concept of a mini-
mal clinically significant effect size.67–69 Qualitatively, our
results emphasize that grouping together the supposed
RPCP and underlying vasculature in OCTA analyses is inap-
propriate, as exampled by the mixed cluster patterns we
observed in the superficial vascular complex of normal eyes
(temporal-to-nasal with a semblance of concentricity) and
also by the contrasting intercluster outcomes in the super-
ficial vascular complex of iAMD eyes. Quantitatively, trans-
lation of our results along with other studies will only be
clinically applicable once commercial OCTA devices (which
produce qualitative or limited quantitative output) adopt
more research-proven augmentations. Further study will
help amass and refine OCTA augmentations that may help
translate significant research findings into clinically usable
output.

Cluster-Based Location-Specific Analysis
Corroborates Anterograde Transsynaptic
Degeneration in iAMD

This study revealed decreased VP toward the temporal
macula and FAZ clusters in the superficial vascular complex
with relative sparing of VP at the nasal macula in iAMD eyes
corresponding to location of the RPCP.63 Thus our findings
suggest relative RPCP sparing in the early stages of AMD,
which has some interesting connotations.

Previously, it has been theorized that AMD may emerge
as a localized manifestation of systemic disease because
of the common inflammatory and vascular pathways AMD
shares with systemic comorbidities such as hypertension,
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FIGURE 5. Overall difference plots comparing iAMD eyes to normal eyes in the superficial vascular complex, with normative topography
of VP defined using (A) clusters, (B) a global area, and (C) ETDRS sectors. All images are in right eye format. Color scale at the (bottom).
Qualitatively, note the more consistent outcomes in the context of pathophysiological change when using clusters (A), versus the high
amounts of increased VP nasally when using a global area and ETDRS sectors (B, C), and the abrupt changes in VP at sector borders using
ETDRS sectors (C, black arrows). (D) Quantitative box and whisker plots of median differences (%) [fifth and ninety-fifth percentiles]
using the three methods, highlighting significantly less variability associated with use of clusters versus a global area versus ETDRS
sectors. Significance values (red) denote inter-method comparisons performed with Kruskal-Wallis and Dunn’s multiple comparisons tests.
*P < 0.05, ****P < 0.0001. C, clusters; G, global area; E, early treatment for diabetic retinopathy study sectors.

dyslipidemia, and coronary heart disease.70,71 Indeed, there
is evidence linking extraocular vascular impairment3–7 and
systemic disease particularly of a vascular nature72–76 to
the presence of AMD. Our results showed sparing of
the RPCP that controverts this systemic pathophysiologi-
cal model of AMD. The RPCP shares a common source,
that is, the ophthalmic artery, with other retinal vascu-
lar plexuses that otherwise demonstrated vascular impair-
ment in this study. Thus, if retinal vascular impairment
in iAMD were a direct consequence of systemic vascular
impairment, we would expect a generalized spatial pattern
of vascular loss in all areas of the superficial and deep

vascular complex. This study is not the first to present
evidence challenging this model, because not all diagnoses
of iAMD are accompanied by extraocular/systemic vascular
impairment.

Alternatively, Feigl et al.77 have proposed that AMD
involves primary, localized insult at the outer retina or
choroid that then propagates anterograde to involve the
inner retina as well—known as anterograde transsynap-
tic degeneration.78 This model is reflected in the spatial
patterns of retinal vascular impairment that we observed,
being relatively diffuse in the deep vascular complex and
partial in the superficial vascular complex. The observed
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sparing of the RPCP possibly suggests that chronologically,
the anterograde degeneration may not yet have reached
the most superficial portion of the retinal vasculature. In
following this line of reasoning, our results suggest that
primary insult in the early stages of AMD is more likely to
be at the outer retina rather than the choroidal vasculature.
The choroid is also commonly supplied by the ophthalmic
artery, and thus we would also expect RPCP impairment
if primary insult in the early stages of AMD were vascu-
lar in nature. Corroborative evidence for this theory may be
seen in histological studies demonstrating partial choroidal
degeneration underlying areas of complete retinal pigment
epithelium atrophy, suggesting the latter to be the primary
event.79,80 Similarly, Toto et al.16 have reported choroidal
vascular change at the intermediate but not early stage of
AMD, suggesting vascular change to be secondary to outer
retinal insult. Future studies involving longitudinal, location-
specific examination of the retinal vasculature in the early
stages of AMD eyes are needed to confirm the chronology of
events.

These two aforementioned models of AMD pathogen-
esis may be further complicated by the involvement of
astrocytes, located principally around the RPCP. Astrocytes
in the brain have demonstrated neurovascular coupling,81

whereby interaction of adjacent neurons and vascula-
ture maintains homeostasis. Similarly, recent studies have
suggested that retinal glial cells also propagate signal-
ing to enable neurovascular coupling in the retina.82 In
conjunction with astrocytes’ neurotrophic and mechanical
support of retinal nerve fibres,82 astrocytes may then also
provide a preservatory mechanism for the RPCP in disease.
The exact role of astrocytes and other glial cells in main-
taining retinal vascular integrity, however, is still being
explored.

Further Evidence of Interconnectivity Between
the Superficial and Deep Vascular Complex

OCTA en face imaging by nature is contingent on adequate
signal penetration through the superficial vascular complex
before it reaches the deep vascular complex. To deter-
mine whether there was a possibility that outcomes in the
deep vascular complex were shaped by outcomes in the
superficial vascular complex, we correlated grid-wise VP
between the two complexes in normal and iAMD eyes.
Correlational maps were in concordance with anatomical
data, showing moderate correlations between the super-
ficial and deep vascular complex in normal and iAMD
eyes at areas where the vascular plexuses converge, such
as toward the peripheral macula and perifoveal capillary
ring.29,83 This was likely exacerbated by use of OCTA manu-
facturer software that constrains segmentation of whole slab
borders without consideration for vascular plexus conver-
gence. Moderate correlations between the two vascular
complexes in the temporal macula may also explain the
subtly lesser magnitude of decreased VP toward the tempo-
ral macula in the deep vascular complex, because decreased
VP in the superficial vascular complex may “reveal” more of
the underlying deep retinal vasculature caused by greater
signal penetrance. Therefore future studies using en face
OCTA analyses will need to be cautious regarding inter-
pretations of the deeper retinal or even choroidal vascular
plexuses.

Location-Specific Analysis Using Clusters Provides
More Consistent Outcomes Relative to Traditional
Methods

We found that high-density en face OCTA analysis using
clusters produced an overall difference plot that was more
consistent in the context of iAMD pathophysiology, in
contrast to the unusual high amounts of increased VP nasally
when using global area and ETDRS sectors and also in
contrast to the abrupt changes in VP at sector borders
using ETDRS sectors. The use of clusters was also asso-
ciated with less variability than traditional methods, high-
lighting the reliability of location-specific analysis using clus-
ters. This was consistent with previous findings that clusters
more accurately reflect retinal anatomy compared to tradi-
tional methods such as using the ETDRS sectors.34 Similarly,
future OCTA analyses will need to appropriately account for
normative retinal vascular topography to avoid anomalous
outcomes such as those demonstrated in our comparison of
location-specific analysis methods.

Limitations

This study was associated with some limitations. Primarily,
we used cross-sectional data, which enables only inferences
of the pathophysiological changes and their temporal rela-
tionships within iAMD. In this study, only iAMD was consid-
ered because we hypothesized that the level of location-
specific retinal vascular changes in the early stages of AMD
would positively correlate with disease severity. Thus detect-
ing this change would have been most probable at the inter-
mediate rather than early stage of AMD. Future longitudinal,
location-specific OCTA examination of the retinal vascula-
ture in early and iAMD eyes may be able to confirm a time-
line of events. Similarly, our high-density en face OCTA clus-
ter analysis was applied to a cohort of iAMD participants
as assigned on the basis of the Beckman Initiative classifica-
tion scheme,40 meaning that participants may have had vary-
ing extents of drusen, pigmentary abnormalities, or nongeo-
graphic atrophy. Further study is underway to examine rela-
tionships between location-specific retinal vascular changes
in iAMD and specific iAMD phenotypes.

CONCLUSIONS

Location-specific retinal vascular changes in the superfi-
cial and deep vascular complex of iAMD eyes compared to
normal eyes were evident using age-matched, high-density
en face OCTA cluster analysis. Specifically, VP changes
in iAMD eyes suggests relative sparing of the RPCP and
impairment of the underlying retinal vasculature, support-
ing potential anterograde transsynaptic degeneration rather
than systemic causes of inner retinal changes in iAMD. These
results provide location-specific data regarding iAMD vascu-
lar impairment to better guide future diagnostic and manage-
ment protocol.
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