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Age-related macular degeneration (AMD) affects 30 percent of Americans over 80 years of
age and is a leading cause of blindness in the elderly.! While early stages of the disease are
characterized by drusen and pigmentary changes, advanced forms of AMD may include
retinal pigment epithelium (RPE) and photoreceptor loss in geographic atrophy (GA), or
development of choroidal neovascularization (CNV) in exudative AMD. Previous studies on
AMD pathogenesis have focused mostly on oxidative stress, complement dysregulation, and
lipofuscin or lipid accumulation,?=> but the advent of optical coherence tomography
angiography (OCT-A) has prompted renewed interest in the vascular contribution to this
disease.

A hemodynamic model of AMD was first proposed by Friedman, who hypothesized that
scleral stiffening results in impaired choroidal blood flow leading to RPE damage and
drusen formation. Angiographic and histopathologic analyses have also demonstrated
decreased choroidal blood flow in eyes with AMD.”-10 More recent studies using OCT-A
further supported this hypothesis, demonstrating reduced choriocapillaris density across a
spectrum of AMD phenotypes from soft drusen or reticular pseudodrusen-14 to various
forms of CNV.15-17 Choriocapillary loss has also been implicated as a predictor of drusenl8
or GA progression.19: 20

While the role of the choroidal vasculature in AMD has been well-established,?1: 22 the
contribution of retinal vessels to AMD pathogenesis remains unclear. Snyder and colleagues
first suggested a possible role of the retinal vasculature in exudative AMD by demonstrating
that the presence of a cilioretinal artery may be protective against CNV based on color
fundus photographs from the Age-Related Eye Disease Study (AREDS).23 Later OCT-A
studies also showed lower retinal vessel density (VD) and larger foveal avascular zones
(FAZ) in eyes with non-exudative AMD compared with normal individuals,1: 24, 25
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suggesting that a loss in retinal vascularity may be associated with early AMD, although the
impact on advanced stages of AMD was unclear.

In this study, we compare retinal VD in non-exudative and exudative AMD eyes using OCT-
A to determine if differences in retinal perfusion may be associated with CNV. We
hypothesized that eyes with exudative AMD may have reduced retinal capillary perfusion in
the central macula. We further evaluate the role of intravitreal anti-angiogenesis treatments
and geographic atrophy on the retinal VD in the macular region and speculate on the impact
of retinal perfusion on the pathogenesis and management of exudative and non-exudative
AMD.

METHODS

Patient Selection

In this retrospective, cross-sectional study, we identified all patients who were seen at the
University of California, Davis Eye Center between January 27, 2017 and February 28, 2019
who were diagnosed with AMD (ICD-9-CM code 362.5 or ICD-10-CM code H35.3x) and
underwent both spectral-domain OCT and OCT-A imaging. The study was performed in
accordance with the Declaration of Helsinki and in compliance with the Health Insurance
Portability and Accountability Act. It was approved by the Institutional Review Board at the
University of California, Davis. Eyes with any media opacity, retinal vascular conditions,
macular disease other than AMD, or prior retinal surgeries were excluded from analysis.
Patient demographics and clinical characteristics including age, sex, laterality, best-corrected
visual acuity (BCVA, logMAR), refractive error (spherical equivalent), lens status (phakic or
pseudophakic), intraocular pressure (IOP, mmHg), type of AMD (exudative or non-
exudative) and severity of non-exudative AMD (early, intermediate, or advanced) as
diagnosed by the physician, and prior treatments including number and type of previous
intravitreal anti-vascular endothelial growth factor (anti-VEGF) treatments, were collected
from the visit date when the imaging was performed. Eyes with unclear documentation of
total number of prior anti-VEGF injections were excluded from analyses evaluating the
impact of anti-VEGF treatments. Additionally, healthy age-matched volunteer subjects
without any retinal diseases were recruited as normal controls.

Image Acquisition & Analysis

OCT-A images were acquired using the Zeiss Cirrus HD-OCT 5000 with AngioPlex
software (Carl Zeiss Meditec, Dublin, CA, USA, version 11.0), which uses an 840 nm laser
with an A-scan rate of 68 kHz. The AngioPlex software uses the OCT-microangiography
complex algorithm (OMAG) which identifies changes in both phase and intensity
information to quantify motion contrasts. 245 x 245 A-scans images were captured over a 3
x 3 mm area centered on the fovea. OCT-A scans were assessed and manually adjusted to
ensure accurate centration over the foveal center, accurate segmentation of the superficial
retinal capillary plexus (defined as the layer between the internal limiting membrane to the
inner plexiform layer), and accurate delineation of the FAZ. Images with significant
segmentation errors, severe atrophy involving the inner retinal layers, or signal strength of 5
or less were excluded from analysis, based on published reliability studies of vessel density
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measured using the Angioplex OCT-A algorithm and platform.26 Eyes with 6 x 6 mm OCT-
A scans were excluded due to reduced accuracy in FAZ measurements.2” Retinal VD was
automatically measured from the central 1 mm area (fovea), surrounding 3 mm diameter
inner ring (parafovea), and full 3 x 3 mm circular region (full), based on the Early Treatment
of Diabetic Retinopathy Study (ETDRS) grid using the AngioPlex review software. The
FAZ area, circularity, and perimeter were also measured automatically using the software.

Spectral-domain OCT images captured at the same visit were also analyzed for the presence
or absence of GA, defined as complete RPE and outer retinal atrophy (cCRORA) as termed by
the Classification of Atrophy Meetings (CAM) group,28 in the central 1 mm region (central)
or outside the central 1 mm region (non-central). All images were evaluated by two
independent graders (SL, ST), with discrepancies in grading resolved by adjudication by a
senior image grader (GY).

Statistical Analysis

RESULTS

Differences in demographic, clinical, or ocular characteristics between exudative and non-
exudative AMD were assessed by Fisher’s exact tests for categorical variables (sex,
laterality, and lens status) and Mann-Whitney U tests for scale variables (age, refractive
error, BCVA, and IOP). The association between exudative or non-exudative AMD with
foveal, parafoveal, and full VD or FAZ area, perimeter, and circularity were measured using
multivariate regression analyses with age and central subfield thickness (CST) as covariates
to adjust for age-related and OCT thickness changes in retinal vascularity, and generalized
estimating equations to account for more than one eye per subject. Multivariate regression
analyses were also used to determine the number of intravitreal injections in exudative
AMD, or the association of AMD stage (early, intermediate, or advanced) or presence of
central or non-central GA in non-exudative AMD, with retinal vascular measurements. A P-
value of < 0.05 was considered statistically significant. Statistical analyses were conducted
using SPSS software (IBM Corp., NY, USA; version 22.0).

Demographic & Clinical Characteristics

182 subjects were included in this study. Mean age was 78.8 + 8.8 years and most subjects
(66.5%) were female. Of the 310 eyes that met inclusion criteria for analysis, 168 eyes
(54.2%) had non-exudative AMD and 142 eyes (45.8%) had exudative AMD. Patients with
eyes with non-exudative AMD were slightly younger than those with exudative AMD (77.6
+8.4vs. 79.7£9.2, P =0.028), and less likely to be pseudophakic (48.8% vs. 60.6%, P =
0.040) (Table 1). As expected, visual acuity in eyes with non-exudative AMD were superior
to those with exudative AMD (logMAR BCVA 0.32 £ 0.32 vs. 0.60 £ 0.48, P < 0.001).
Otherwise, there were no significant differences in sex, laterality, refractive error, or IOP
between eyes with non-exudative and exudative AMD (Table 1). We also included 33 eyes
of 22 age-matched healthy subjects without retinal pathology as normal controls (mean age
69.8 + 8.7 years and 68% female).
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Retinal Vessel Density in Age-Related Macular Degeneration

Across all eyes with AMD, the superficial retinal VD decreased with age, including the
foveal (B = -0.211, P < 0.001), parafoveal (p = —-0.305, P < 0.001), and full 3 mm macular
regions (B = —0.295, P < 0.001) (Figures 1A-1F), consistent with prior studies.2%-32 Retinal
VD also increased with CST for the foveal (f = 0.047, P < 0.001) and full (8 =0.013,P =
0.020) regions but did not differ for the parafoveal region (B = 0.009, P = 0.125). Using
multivariate linear regression analyses that adjusted for age and CST, we found that eyes
with exudative AMD demonstrated a lower VD in the foveal (13.6 + 7.2% vs. 16.7 £ 6.7%,
P =0.002), parafoveal (29.8 £ 6.3% vs. 33.0 + 5.7%, P < 0.001), and full macular regions
(27.9 £ 6.2% vs. 31.2 + 5.5%, P < 0.001) as compared to eyes with non-exudative AMD
(Figures 1G-11). Due to the variability in FAZ size between individuals, VD measurements
in the foveal 1 mm region were predictably more variable than the parafoveal ring or full
region, as shown on scatterplot analyses (Figures 1D-1F). Normal eyes showed similar
mean retinal VD as non-exudative AMD and published studies,?9-32 with no statistical
difference with either type of AMD in the foveal (16.6 + 6.6%, P = 0.406 — 0.664),
parafoveal (34.2 £ 5.4%, P = 0.248 — 0.400), and full macular regions (32.1 £ 5.4%, P =
0.277 — 0.365) after adjusting for age and CST (Figures 1G-11), likely due to the smaller
number of healthy eyes for comparison.

FAZ Measurements in Age-Related Macular Degeneration

In our cohort of eyes with AMD, FAZ area ( = 0.001, P = 0.411), perimeter (B = 0.004, P =
0.287), and circularity (f =-0.001, P = 0.363) did not show any relationship with age
(Figures 2A—-2F). Even after adjusting for age and CST, we found no significant difference
in FAZ area (p = 0.009, P = 0.503), perimeter (f = 0.042, P = 0.523), or circularity (B =
-0.002, P = 0.907) between eyes with non-exudative and exudative AMD (Figures 2G-21).
We also found no significant difference between normal eyes and eyes with either type of
AMD in FAZ area (P = 0.261 — 0.528) and FAZ perimeter (P = 0.757 — 0.782) after age and
CST adjustments. FAZ circularity was slightly greater in normal eyes compared with eyes
with exudative AMD (B = 0.052, P = 0.035), but not significantly different from non-
exudative AMD (P = 0.257).

Retinal Vascular Measurements after Anti-Vascular Endothelial Growth Factor Treatments

Based on their mechanisms of action, intravitreal anti-VEGF treatments have been shown to
impact choroidal thickness33 34 and reduce choriocapillaris and deep capillary plexus VD in
eyes with exudative AMD.3% Among the 134 eyes in our cohort with exudative AMD and
documented number of anti-VEGF treatments, the median number of prior anti-VEGF
injections was 9 (range 0 to 89). To determine if multiple anti-VEGF treatments negatively
impacts the superficial capillary plexus, we performed multivariate regression analyses
adjusting for age, and found no adverse impact across all VD and FAZ measurements
(Figures 3A-3F). Thus, the number of intravitreal anti-VEGF treatments did not appear to
impact the integrity of the superficial retinal vasculature.
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Retinal Vascular Measurements in Non-Exudative Age-Related Macular Degeneration

To examine if the severity of non-exudative AMD impacted superficial retinal VD and FAZ
parameters, we performed subgroup analyses on eyes with early, intermediate, or advanced
AMD. Adjusting for age and CST, we found that eyes in the advanced group exhibited lower
parafoveal VD (29.2 + 6.3% vs. 34.0 = 5.5%, P = 0.030) and full VD (27.5 £ 6.0% vs. 32.2
+ 5.4%, P = 0.042) compared with eyes with intermediate AMD (Figures 4A—-4C). There
were no statistical differences in retinal VD between eyes with early and intermediate or
advanced AMD at any location (P = 0.055 — 0.841). FAZ area was similar in all 3 subgroups
(P =0.102 — 0.926, Figure 4D), FAZ perimeter was slightly reduced in early versus
intermediate AMD (2.1 + 0.6 mm vs. 2.3 £ 0.5 mm, P = 0.015, Figure 4E), and FAZ
circularity was reduced in advanced AMD compared with either early or intermediate AMD
(0.5+£0.1vs.0.6+0.1vs.0.6+0.1, P =0.039 - 0.047, Figure 4F).

To further assess if the presence and location of GA affected retinal VD or FAZ parameters,
we compared non-exudative AMD eyes with no GA, center-involving GA, and non-central
GA. Adjusting for age, we found that eyes with central GA demonstrated lower parafoveal
VD (28.7 £ 5.3% vs. 33.9 + 5.2%, P = 0.007) and full VD (26.9 + 4.9% vs. 32.0 £ 5.1%, P =
0.005) compared with eyes without any GA, while the foveal VD showed no difference
between the 3 groups (P = 0.205 — 0.300), likely due to the lower VD and variable FAZ in
this central foveal region (Figures 5A-5C). We also found that eyes with central GA showed
slightly greater FAZ perimeter (2.6 £ 0.7 mm vs. 2.2 + 0.6 mm, P = 0.047) and reduced FAZ
circularity (0.5+ 0.1 vs. 0.6 £ 0.1, P =0.002) compared with eyes without any GA, but no
clear difference in FAZ area between the groups (P = 0.861, Figures 5D-5F). Eyes with non-
central GA did not differ significantly with eyes without GA across all retinal vascular
measurements (Figures 5A-5F). Together, our data suggests that the presence of central GA
may also reduce retinal VD and FAZ morphology.

DISCUSSION

While the hemodynamic contribution of the choroid to AMD pathogenesis has been well-
established, the role of retinal vessels in AMD has been less clear. Retinal VD was
previously shown to be decreased in eyes with intermediate AMD compared to age-matched
normal subjects, but longitudinal changes in retinal capillary perfusion did not correlate with
drusen volume growth over 12 months.36 Although the sensitivity for measuring drusen
volume or VD changes using OCT-A over this time period may not be sufficiently high, it is
also possible that eyes with lower VD are predisposed to drusen progression without
necessarily exhibiting a correlative decline. In this study, we found that VD is reduced in
eyes with exudative AMD as compared with non-exudative AMD, but was not impacted by
the amount of anti-VEGF therapy. Due to the retrospective nature of our study, we cannot
conclude whether the lower retinal VD may increase the risk of developing CNV, or occurs
as a consequence of CNV development in eyes with AMD. It is also unclear if anti-VEGF
therapy may reduce VD in eyes with exudative AMD, although the absence of a linear
relationship with total intravitreal injections opposes this notion.

Despite the differences in VD, we noted no difference in FAZ area, circularity, or perimeter
between exudative and non-exudative AMD. Our findings are consistent with prior studies
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showing decreased VD but no difference in FAZ measurements between eyes with early or
intermediate AMD and normal eyes.11: 37 Similarly, although the presence of a cilioretinal
artery is protective against CNV, whether the vessel traverses the foveal center did not
impact this effect.38 These evidences suggest that while retinal perfusion in the macula may
play a role in the pathogenesis of AMD or CNV, perfusion of the foveal center may not be as
important. Unlike retinal vascular conditions such as diabetic retinopathy or retinal vein
occlusions, where disease severity is associated with FAZ enlargement, the impact of retinal
perfusion in AMD may be more widespread. Additional studies to explore the relationship
between the cilioretinal artery and VD in AMD eyes may provide further insight.

In subgroup analyses, we found lower retinal VD and FAZ circularity in eyes with advanced
AMD compared to those with intermediate AMD. We also found slightly lower VD, larger
FAZ perimeter, and reduced FAZ circularity in eyes with center-involving GA when
compared to eyes without GA, but not those with non-central GA. Although we excluded
eyes with severe GA and inner retinal layer loss on structural OCT, we cannot exclude the
possibility of inner retinal dysfunction without incorporation of functional imaging.
Nevertheless, recent studies suggest that choriocapillary impairment at GA margins may
predict progression.39 Thus, future studies to correlate GA areas with retinal VD defects
may help determine if the retinal vasculature may also play a role in the pathogenesis of GA.

Our study focused only on the superficial, rather than the intermediate or deep retinal
capillary plexuses, because the VD and FAZ parameters in the superficial layer has been
well-validated using this OCT-A platform,25: 26. 40 and less likely to be impacted by CNV
pathology in the outer retinal layers. Thus, we cannot exclude the possibility that vascular
parameters from deeper retinal layers may have a stronger relationship with exudative or
non-exudative AMD. Anti-VEGF treatments have been shown to impair the choriocapillaris
and deep retinal capillary plexus, but not superficial capillary plexus in eyes with exudative
AMD, 3% indicating the need for more robust analyses of different retinal capillary layers.
However, different OCT-A algorithms employ different boundaries for layer segmentation,*!
and may contribute to differences in VD and FAZ measurements across different imaging
platforms. Comparisons between different studies must therefore account for differences in
OCT-A systems and measurement methodologies.

An advantage of focusing on the superficial retinal layers is the avoidance of signal
attenuation and artifacts associated with drusen and other AMD pathologies and avoiding
shadowing effects that can impact the deeper retinal layer VD on OCTA.#2 43 In our study,
we also performed manual adjustments of OCT segmentation to ensure accuracy of OCT-A
measurements. We excluded images with poor signal strength or uncorrectable
segmentation, although the exclusion process may also have resulted in some selection bias.
Additional strengths of our study include the large sample size, exclusion of eyes with other
retinal pathologies, and independent determination of GA presence by image graders.
Finally, because macular perfusion and VD decreases with age,2% 44 45 we adjusted for age
in all statistical analyses.

As mentioned previously, the retrospective design only demonstrates an inverse relationship
between retinal vascular perfusion and exudative AMD. Future studies are necessary to
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determine if eyes with lower VD are more likely to develop CNV and/or GA in a prospective
manner. Nevertheless, our findings support the intriguing notion that the superficial retinal
vasculature may play a role in the pathogenesis of exudative AMD and provide prognostic
information for risk for CNV development.
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Figure 1. Retinal Vessel Density in Non-exudative & Exudative Age-Related Macular

Degeneration.

Representative optical coherence tomography-angiography (OCT-A) and spectral-domain
OCT scans of eyes with non-exudative (A) and exudative (B) age-related macular
degeneration (AMD) and a normal control (C) with grid overlay demonstrating the central
fovea, parafoveal inner ring, and full 3 mm macular region for vessel density (VD)

measurements. Scatterplots with linear regression trendlines showing foveal (D), parafoveal
(E), and full (F) VD in eyes with non-exudative and exudative AMD and normal eyes across
different patient ages. Box-and- whisker plots comparing foveal (G), parafoveal (H), and full
(1) VD in eyes with non-exudative and exudative AMD and normal eyes. **, P<0.01; ***,
P<0.001
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Figure 2. FAZ Measurements in Non-exudative and Exudative Age-Related Macular

Degeneration.

Representative OCT-A and spectral-domain OCT scans of eyes with non-exudative (A) and
exudative (B) AMD and a normal control (C) with foveal avascular zone (FAZ) area
highlighted. Scatterplots with linear regression trendlines showing FAZ area (D), perimeter
(E), and circularity (F) in eyes with non-exudative and exudative AMD and normal eyes
across different patient ages. Box-and-whisker plots comparing FAZ area (G), perimeter (H),
and circularity (1) in eyes with non-exudative and exudative AMD and normal eyes. *,

P<0.05; **, P<0.01
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Figure 3. Retinal Vascular Measurements after Anti-Vascular Endothelial Growth Factor

Treatments.

Scatterplots with trendlines showing the relationship between the number of intravitreal anti-
vascular endothelial growth factor (anti-VEGF) injections and foveal (A), parafoveal (B),
and full (C) VD, as well as FAZ area (D), perimeter (E), and circularity (F) in eyes with

exudative AMD.
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Figure 4. Retinal Vascular Measurements in Non-exudative Age-Related Macular Degeneration.
Box-and-whisker plots comparing foveal (A), parafoveal (B), and full (C) VD, as well as

FAZ area (D), perimeter (E), and circularity (F) in eyes with early, intermediate, or advanced
non-exudative AMD. *, P<0.05
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Figure 5. Retinal Vascular Measurements in Geographic Atrophy.
Box-and-whisker plots comparing foveal (A), parafoveal (B), and full (C) VD, as well as

FAZ area (D), perimeter (E), and circularity (F) in eyes with non-exudative AMD and no
geographic atrophy (GA), central GA, or non-central GA. *, P<0.05; **, P<0.01
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Table.
Demographics & Clinical Characteristics
Non-exudative AMD  Exudative AMD  P-value
Eyes, n 168 142
Age (mean + SD) 776 8.4 79.7+9.2 0.028%
Sex (female) 67.3% 68.3% 0 90317
Laterality (right) 48.2% 52.1% 0 569b
BCVA (logMAR) 0.32+0.32 0.60 + 0.48 <0.0017
Rx (diopters) +0.05 + 2.68 -006+1.88  0.4467
Lens (phakic) 51.2% 39.4% 0 04017
10P (mmHg) 13.9+3.7 13.8+3.7 0.607%

aMann-Whitney U test

b_.
Fisher’s exact test

Page 16

Abbreviations: AMD, age-related macular degeneration; SD, standard deviation; BCVA, best corrected visual acuity; Rx, refractive error; IOP,

intraocular pressure.
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