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Purpose: To evaluate retinal and choriocapillaris (CC) vascular flow changes on optical coherence tomography angiography (OCTA)
associated with progression of intermediate age-related macular degeneration (1IAMD) to geographic atrophy (GA) or neovascular
AMD (nAMD).

Patients and Methods: This retrospective, longitudinal cohort study included 68 eyes from 50 patients with iAMD at baseline who
underwent OCTA and clinical examination at baseline and at 24 months. Quantitative analysis of CC flow deficits (FDs) and
superficial capillary plexus vessel density (VD) was performed at baseline and after 24 months by comparing eyes that progressed
to GA or nAMD to eyes that remained stable.

Results: Over 24 months, 7 eyes (10.3%) developed GA and 9 eyes (13.2%) developed nAMD, including 2 that progressed to both.
Eyes that developed GA had significantly greater CC FD total area at baseline when compared with stable iAMD eyes (p=0.013) and
developed significant decrease in parafoveal VD (p=0.026) and full macular VD (p=0.019) after GA onset. In contrast, eyes that
developed nAMD showed no significant OCTA differences at baseline when compared to stable iAMD eyes but developed a new
significant increase in CC FD total area (p=0.044) and FAZ perimeter (p=0.036) after nAMD onset (p=0.044).

Conclusion: In iAMD eyes progressing to GA, CC ischemia was detectable before GA onset, with subsequent retinal VD loss after
GA development. In iAMD eyes progressing to nAMD, CC ischemia developed concurrent with neovascularization. OCTA-derived
CC and retinal flow metrics may serve as non-invasive biomarkers to stratify iAMD eyes at risk for progression.
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Introduction
Age-related macular degeneration (AMD) is a leading cause of irreversible vision loss, with a rising trend estimated to
reach 288 million by 2040." While early stages of AMD often present with minimal visual symptoms, advanced forms,
such as geographic atrophy (GA) and neovascular AMD (nAMD), can lead to significant visual impairment and reduced
quality of life.* For nAMD, long-term intravitreal administration of anti-angiogenic agents remains the preferred
treatment.* For GA, two recently approved therapies, pegcetacoplan and avacincaptad pegol, have been shown to slow
GA lesion growth rate and may be particularly valuable for cases where the fovea is still spared.” All these treatments
require early administration to maximize the visual benefit. Thus, identifying eyes that are most likely to progress to
advanced AMD would be important, such that appropriate treatment can be administered in a timely manner.®

Optical coherence tomography (OCT) and OCT angiography (OCTA) are non-invasive imaging modalities used to
assess structural and vascular flow changes in the retina and choroid.” Several OCT-based morphologic biomarkers, such
as increased central drusen volume, intraretinal hyperreflective foci, and subretinal drusenoid deposits, have been
identified to be associated with increased risk of AMD progression.* ' More recently, OCTA studies have added
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valuable insights, revealing that choriocapillaris (CC) flow deficits (FDs) are associated with progression to GA and
nAMD. ' 13 Notably, CC FDs may precede the onset of retinal pigment epithelium (RPE) atrophy with more diffuse CC
FD resulting in GA.'>'"? Retinal vascular changes on OCTA were studied in eyes with GA and nAMD and retinal
vascular alterations, such as enlargement of the foveal avascular zone (FAZ) and decreased macular retinal vascular flow
density (VD), have been observed which appear to increase with longer follow-up, especially in GA eyes.'*'> These
study findings highlight the possible role of CC and retinal vascular dysfunction in AMD progression.

In this study, we utilize OCTA to investigate both changes in CC and retinal vascular flow in eyes with intermediate
AMD (iAMD) at baseline and after 24 months follow-up. Unlike previous longitudinal studies that evaluated either CC
FD or retinal VD,"*!* our longitudinal study evaluates both the flow changes in CC and retina concurrently to provide
a more comprehensive analysis of flow changes associated with AMD progression.

Materials and Methods

This study was approved by the University of California, Davis Institutional Review Board (IRB#992141). The approved
protocol was titled “Clinical and Imaging Outcomes of Retinal Disease and Therapeutic Treatment”. Initial approval was
granted on December 6, 2016, with multiple minor modifications, and the most recent approval was on February 15,
2024 (not requiring annual renewal). The study was conducted as a single-site, retrospective chart review. Thus, informed
consent and HIPAA authorization were not applicable.

Patient Population

Our study population is a subset of the study population previously included in a published study on retinal VD in AMD
patients.'*'> All patients with a diagnosis of AMD in the electronic health record based on International Classification of
Diseases (ICD) 9-CM 362.5 or ICD-10-CM H35.3x and seen between January 2017 and July 2021 at the University of
California Davis Eye Center were identified. Our study included all patients aged 55 and older with a diagnosis of iIAMD
at baseline, according to the Beckman classification criteria,'® and with a comprehensive eye exam, macular spectral-
domain OCT (SD-OCT) and OCTA imaging at baseline and 24 months later. Patients who had media opacity, concurrent
optic neuropathy, or retinopathy other than AMD at baseline and during study follow-up were excluded. Demographic
and clinical data, including age, sex, eye laterality, best corrected visual acuity (BCVA, LogMAR), lens status,
intraocular pressure (IOP), and AMD severity, were collected at baseline and 24 months follow-up upon review of the
electronic health record and OCT/OCTA images (Figure 1).

Imaging Acquisition

Macular OCT and OCTA imaging were performed using the Zeiss Cirrus HD-OCT 5000 with Angioplex software (Carl
Zeiss Meditec, v11.0). A 3x3 mm scan, composed of 245x245 A-scans, centered on the fovea, was used. All OCTA
scans were reviewed by a trained image grader (MJ) to ensure data quality and consistency. Manual corrections were
performed for any misalignment in foveal centration, segmentation errors in the superficial capillary plexus (SCP), or
inaccurate delineation of FAZ. Eyes imaged only with 6x6 mm OCTA scans were excluded from analysis due to the
lower image resolution expected with larger OCTA scan, which can reduce the accuracy of quantitative measurements
such as retinal VD and FAZ metrics.'”'® Retinal VD in the SCP was quantified within three regions defined by the Early
Treatment Diabetic Retinopathy Study (ETDRS) grid: the central 1-mm foveal zone, the 3-mm parafoveal ring, and the
entire 3-mm circular macular area (full VD). Macular SD-OCT images were reviewed to obtain central subfield thickness
(CST) and to evaluate for the presence of complete RPE and outer retinal atrophy (cRORA), incomplete RORA
(IRORA), intraretinal fluid (IRF), and subretinal fluid (SRF). The CST was automatically measured using the OCT
software and the ETDRS macular thickness map, while line scan OCT images were analyzed to assess GA. GA was
defined as cRORA based on the Classification of Atrophy Meetings (CAM) group criteria for OCT assessment.'”

Quantification of Choriocapillaris Flow Deficit on OCTA
En-face OCTA scan of the CC layer was extracted using structural and flow images from the OCTA device, with manual
segmentation to define the CC slab in all eyes with nAMD and GA to ensure correct and consistent segmentation; a maximum
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Figure | Study Flowchart. The original cohort of 125 eyes with age-related macular degeneration (AMD) and OCTA included 57 eyes with advanced AMD at baseline. The
remaining 68 eyes with intermediate AMD were followed longitudinally for 24 months and classified into 3 study groups based on AMD stage at follow-up: stable
intermediate AMD (54 eyes); progressed to advanced AMD (14 eyes including 5 eyes that progressed to geographic atrophy (GA), 7 eyes that progressed to neovascular
AMD (nAMD) and 2 eyes that progressed to both GA and nAMD.

projection was utilized on the segmented volume to produce the en face angiograms. ImageJ Fiji software (National Institutes
of Health, Bethesda, MD, USA) was used to analyze CC FDs quantitatively. After segmenting the CC slab in the structural
OCT images and locating the corresponding CC flow slab in the OCTA scan, signal compensation was used to correct for CC
flow attenuation caused by structural changes in the RPE/Bruch’s membrane complex—, signal attenuation followed by inverse
intensity transform enhances the en face structural image.'*° The processed images were then Gaussian-blurred, multiplied
by the CC flow image using the image calculator function, and binarized using the Phansalkar threshold (with a radius of 15
pixels). All CC flow parameters were calculated with and without above correction and four CC metrics were measured using
the “Analyze Particles” function in Imagel: (1) FD count, representing the total number of distinct CC FDs; (2) average FD
size, defined as the mean area of individual CC FDs (in mm?); (3) total FD area, calculated as the sum of all individual CC FD
areas to reflect the overall extent of CC nonperfusion (in mm?); and (4) FD percentage (FD%), determined by dividing the

total FD area by the total image area and multiplying by 100, providing a normalized measure of nonperfusion. (Figure 2).

Statistical Analysis
Descriptive statistics were used to characterize the study population, with continuous variables expressed as means and

standard deviations (SD), and categorical variables reported as percentages. Appropriate statistical tests, including the
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Figure 2 Measurement of Choriocapillaris Flow Deficits Using Image J; This figure illustrates the image processing pipeline for quantifying choriocapillaris (CC) flow deficits
(FDs) using optical coherence tomography angiography (OCTA). On the left, structural OCT cross-sections and en face images of the CC are preprocessed through
inversion and blurring to enhance vessel contrast. On the right, flow-based OCT cross-sections and corresponding en face images of the CC are generated. The two
processed images are multiplied to create a decompensated CC map, highlighting FDs. The resulting map is then analyzed to calculate |5-radius CC loss deficits.

Student’s #-test for continuous variables and the Pearson chi-square test for categorical variables, were applied. All
statistical analyses were two-sided, with a p-value of less than 0.05 being considered statistically significant. Given the
exploratory nature of this study, formal correction for multiple comparisons was not applied. Data analysis was
performed using IBM SPSS Statistics for Windows, Version 29.

Results

A total of 68 eyes from 50 patients with iAMD at baseline were analyzed. The study included 54 stable iAMD eyes, 7 eyes
that progressed to GA, and 9 eyes that progressed to nAMD (with combined cases represented in both advanced
subgroups). The majority of eyes were from White patients (74.1% in stable group, 42.9% in GA group, and 44.4% in
nAMD group), followed by much smaller proportions of Hispanic, Asian, and African American individuals. Patient
demographics and ocular characteristics are summarized in Table 1. At baseline, the average age of patients was 76.2 +8
years; the majority was female (35 patients, 70%). All eyes included in the study had iAMD at baseline. After 24 months of
follow-up, 14 eyes (20.6%) progressed to advanced AMD: 7 eyes (10.3%) progressed to GA and 9 eyes (13.2%) progressed
to nAMD, including 2 eyes that progressed to both GA and nAMD. None of the study eyes were pachychoroid. Patients
with eyes that advanced to GA or nAMD were significantly older than patients with AMD eyes that remained stable (p=
0.043). Visual acuity tended to be worse in eyes that progressed to GA or nAMD compared to stable eyes (p= 0.010).

Eyes That Progressed to GA
At baseline, eyes that progressed to GA after 24 months follow-up had no significant difference in FAZ parameters and
retinal VD when compared to stable iAMD eyes (Table 2; p > 0.05). After 24 months, the retinal VD for the full macular

4654 https: Clinical Ophthalmology 2025:19



Johari Moghadam et al

Table | Baseline Demographics and Clinical Characteristics of Study Eyes and Patients

Total Stable iAMD Eyes | Eyes that Progressed to GA | Eyes that Progressed
to nAMD

Number of Eyes 68 54 7 9

Age, mean year (SD) 76 (8.5) 74 (8.5) 80.3 (8.5) 78.7 (8.6)

Sex, Female, No (%) 48 (70.6) 38 (70.3) 3 (42.8) 8 (88.8)

Visual Acuity, mean logMAR (SD) 0.25 (0.27) 0.20 (0.14) 0.45 (0.52) 0.4 (0.47)

Intraocular Pressure, mmHg, mean (SD) | 14.3 (4.2) 14 (4.1) 16.4 (3) 14.7 (4.6)

Lens Status, Phakic, No (%) 37 (54.4) 32 (59.2) 2 (28.5) 4 (44.4)

Abbreviations: GA, geographic atrophy; iAMD, intermediate age-related macular degeneration; nAMD, neovascular age-related macular degeneration; SD, standard

deviation.

Table 2 Retinal and Choroidal Vascular Flow Parameters at Baseline in Intermediate AMD Eyes That Remained Stable or Progressed

to GA or nAMD During Follow-Up

mm?2 (Corrected)

Parameter Baseline (Stable) Baseline (GA) P value* | Baseline (hnAMD) P value*
(GA) (nAMD)

Foveal VD, % 18.14 (5.99) 20.5 (6.1) 0.212 16.7 (5.6) 0.746

Parafoveal VD, % 34.45 (4.93) 29.9 (6.7) 0.286 32.7 (4.5) 0.751

Full VD, % 32.61 (4.80) 28.8 (6.4) 0.399 30.9 (4.5) 0.744

FAZ Area, mm2 0.22 (0.08) 0.15 (0.09) 0.079 0.24 (0.12) 0.66

FAZ Perimeter, mm 2.14 (0.37) 1.87 (0.4) 0.083 2.15 (0.6) 0.924

FAZ Circularity, mm2 0.60 (0.10) 0.51 (0.08) 0.121 0.62 (0.07) 0.243

Choriocapillaris Deficit, 1496.43 (389.22) 961.8 (674.2) 0.085 1422.9 (399.0) 0.603

N (No correction)

Choriocapillaris Deficit, 1401.44 (465.80) 998 (726.3) 0.072 1516.8 (462.8) 0.995

N (Corrected)

Choriocapillaris FD Area, mm2 15124591 (149,426.57) | 484,258.6 (299,546.6) 0.044** 229,634.9 (167,114.0) | 0.552

(No correction)

Choriocapillaris FD Area, mm2 131335.20 (157,758.78) | 469,815.6 (316,750.3) 0.013** 212,343.4 (168,792.1) | 0.266

(Corrected)

Proportional Choriocapillaris FD 14.42 (14.25) 46.18 (28.57) 0.044* 21.90 (15.94) 0.552

Area, % (No correction)

Proportional Choriocapillaris FD 12.53 (15.05) 36 (29.2) 0.013%* 18.8 (14.6) 0.266

Area, % (Corrected)

Choriocapillaris FD Average size, 128.63 (193.09) 1,473.0 (2,161.5) 0.104 227.6 (294.9) 0.304

mm2 (No correction)

Choriocapillaris FD Average size, 111.71 (184.32) 1386.6 (1960.4) 0.11 203.5 (272.3) 0.465

Notes: Data presented as mean (standard deviation). *p values are compared to stable iIAMD eyes. **Statistically significant (p < 0.05) when compared to stable iAMD eyes.
Abbreviations: FAZ, Foveal avascular zone; GA, geographic atrophy; nAMD, neovascular age-related macular degeneration; VD, Vessel density.
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area imaged and parafoveal VD were significantly lower in eyes that developed GA when compared to stable eyes (full
VD: p= 0.019; parafoveal VD: p= 0.026) (Table 3).

For quantifying CC FD, image J analysis was used, either uncorrected or after correcting to minimize artifacts
from overlying structural changes (see Methods). At baseline, the CC FD total area was significantly larger in iAMD
eyes that developed GA when compared to stable iAMD eyes, regardless of whether shadowing artifacts correction
was incorporated or not (corrected: p = 0.013; uncorrected: p = 0.044; Table 2). After 24-months follow-up, CC FD
total area remained larger in eyes that developed GA when compared to stable iAMD eyes (corrected: p = 0.029;
uncorrected: p = 0.047; Table 3; Figures 3 and 4).

Eyes That Progressed to nAMD
Among iAMD eyes that progressed to nAMD after 24 months, baseline FAZ parameter, retinal VD and CC FD total area
were not significantly different from iAMD eyes that remained stable after 24 months (Table 2; p > 0.05 for all OCTA

parameters), However, after 24 months, there was a progressive increase in CC FD total area in eyes that developed

Table 3 Retinal and Choroidal Vascular Flow Parameters at 24-Month Follow-Up in Intermediate AMD Eyes That Remained Stable or

Progressed to GA or nAMD

Parameter Follow-Up (Stable) Follow-Up (GA) P value** | Follow-Up (hnAMD) | P value**
(GA) (nAMD)

Foveal VD, % 18.36 (6.85) 17.9 (4.2) 0.921 152 (8.1) 0.394

Parafoveal VD, % 34.71 (4.60) 26.4 (6.4) 0.019** 31.9 (5.1) 0.35

Full VD, % 32.84 (4.63) 25.4 (6.7) 0.026** 30 (5.1) 0.336

FAZ Area, mm2 0.23 (0.11) 0.15 (0.08) 0.05 0.28 (0.13) 0.341

FAZ Perimeter, mm 2.19 (0.53) 1.89 (0.3) 0.05 2.47 (0.44) 0.176

FAZ Circularity, mm2 0.59 (0.09) 0.50 (0.13) 0.264 0.55 (0.13) 0.567

Choriocapillaris Deficit, 1464.98 (401.32) 962.4 (589.3) 0.069 1279.9 (512.4) 0.518

N (No correction)

Choriocapillaris Deficit, 1394.20 (434.10) 1050.8 (727) 0.139 1396.1 (518.5) 0.701

N (Corrected)

Choriocapillaris FD Area, mm2 170744.93 (158,740.68) | 426,401.6 (247,503.3) | 0.047** 325,743.7 (185,776.5) | 0.009

(No correction)

Choriocapillaris FD Area, mm2 146472.98 (161,899.93) | 408,889.4 (284,641) 0.029%* 292,341 (185,738.6) 0.044*

(Corrected)

Proportional Choriocapillaris FD 16.28 (15.14) 40.66 (23.60) 0.047** 31.07 (17.72) 0.009

Area, % (No correction)

Proportional Choriocapillaris FD 13.97 (15.44) 35.4 (23.3) 0.029%* 27.5 (15.7) 0.044*

Area, % (Corrected)

Choriocapillaris FD Average size, 156.77 (242.21) 1,078.2 (1,540.7) 0.159 406.9 (477.0) 0.061

mm2 (No correction)

Choriocapillaris FD Average size, 132.14 (228.34) 1061.1 (1381.5) 0.096 313 (338.2) 0.154

mm2 (Corrected)

Notes: Data presented as mean (standard deviation). *p values are compared to stable iAMD eyes. **Statistically significant (p < 0.05) when compared to stable iAMD eyes.

Abbreviations: FAZ, Foveal avascular zone; GA, geographic atrophy; nAMD, neovascular age-related macular degeneration; VD, Vessel density.
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Figure 3 Longitudinal follow-up of OCT and OCTA images of a study eye that developed geographic atrophy (GA) and choroidal neovascularization (CNV) over two years
follow-up. The top row represents baseline imaging, while the bottom row shows follow-up after two years in the same eye. (First column) B-Scan Structural OCT image,
highlighting retinal layers changes. Choriocapillaris OCTA images illustrate vascular perfusion, with darker areas indicating reduced flow. Choriocapillaris flow deficit maps
show regions of vascular loss, with white areas marking perfusion deficits. Over time, the OCT images reveal GA progression (Red arrow) and CNV development.
Choriocapillaris flow deficit is extensive at baseline with some further increase during 2 years follow-up.

nAMD, such that the CC FD total area became significantly higher in eyes that developed nAMD when compared to
stable iIAMD eyes (corrected: p = 0.044; uncorrected: p = 0.009) (Table 3, Figures 3 and 4).

Longitudinal Changes in Retinal and Choriocapillaris Vascular Parameters in Eyes
Progressing to GA or nAMD

Table 4 and Figure 4 summarize the longitudinal changes in retinal and CC OCTA parameters in eyes that progress to GA or
nAMD after 24 months when compared to stable iIAMD eyes. In eyes that progressed to GA, there was a significant reduction
in parafoveal (p = 0.038) and full macular VD (p = 0.042) over 24 months when compared to baseline. FAZ area, perimeter,
and circularity remained stable over time in the GA group (all p > 0.05). Choriocapillaris flow deficit (CC FD) parameters,
including number of deficits (corrected and uncorrected), total area, proportional area, and average size, showed no
statistically significant change from baseline at 24 months follow-up among iAMD eyes that progressed to GA (all p > 0.05).

In iIAMD eyes that progressed to nAMD, no significant changes were observed over 24 months in retinal VD in the
fovea, parafovea, or full macula regions (all p > 0.05). FAZ perimeter increased significantly from baseline in these eyes
as they developed nAMD (p = 0.036), but FAZ area and circularity did not change significantly. Among CC FD metrics,
both uncorrected CC FD total area and proportional area showed a trend toward increase during 24 months follow-up
with nAMD development (p = 0.053 and p = 0.053, respectively; Table 4 and Figure 4).

Discussion

This study used OCTA to quantitate the macular CC and retinal flow in eyes with iAMD at baseline and at 24 months
follow-up to determine vascular flow changes that may be associated with progression of iAMD eyes to GA or nAMD.
We performed both cross-sectional and longitudinal analysis by comparing OCTA parameters in the subgroup of eyes
that progressed to GA or nAMD during the 24-month study to iAMD eyes that remained stable during the same
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Figure 4 Box plots comparing OCTA parameters (foveal avascular zone (FAZ) parameters, retinal vessel density (VD), and choriocapillaris flow deficits) at baseline and
after 24 months in eyes with age-related macular degeneration (AMD). The first row depicts FAZ metrics, including FAZ area, FAZ perimeter, and FAZ circularity, which
showed no significant differences between stable intermediate AMD eyes (blue box) and eyes that progressed to geographic atrophy (GA; tan box) or neovascular AMD
(nAMD; green box). The second row illustrates retinal vascular density (VD) changes, showing a significant reduction in parafoveal and full macular VD after 24 months in
eyes that progressed to GA when compared to stable intermediate AMD eyes. The third row demonstrates choriocapillaris flow deficit parameters, revealing significantly
larger total flow deficit area at baseline in eyes that later progressed to GA (tan box), and progressive increase in choriocapillaris flow deficit area and deficit size after 24
months follow-up in eyes that progressed to nAMD (green box).

follow-up period. This study provides the most comprehensive and longest longitudinal OCTA analysis of eyes with
iAMD associated with AMD progression. Our results show that an increase in CC FD and a decrease in retinal VD can
be observed in iAMD eyes that progress to advanced AMD, However, the time course of these changes on OCTA
appears to differ in eyes that develop GA when compared to eyes that develop nAMD during 24 months follow-up. As

such, the study findings provide some invaluable insight into retinal and choroidal vascular changes associated with the
pathogenesis of GA versus nAMD.

Table 4 Longitudinal Changes in Retinal and Choriocapillaris OCTA Parameters Over 24 Months in
Intermediate AMD Eyes Progressing to GA or nAMD

Parameter GA nAMD
Mean Change | P value* | Mean Change | P value*
Foveal VD, % —2.6 0.104 -1.5 0.659
Parafoveal VD, % =35 0.038* -0.8 0.750
Full VD, % -34 0.042%* —-0.9 0.729
FAZ Area, mm2 0 0.871 0.04 0.100
(Continued)
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Table 4 (Continued).

Parameter GA nAMD
Mean Change | P value* | Mean Change | P value*

FAZ Perimeter, mm 0.02 0.698 0.32 0.036
FAZ Circularity, mm2 -0.01 0.743 -0.07 0.145
Choriocapillaris Deficit, N (No correction) 0.6 0.995 —143 0.142
Choriocapillaris Deficit, N (Corrected) 52.8 0.163 —-120.7 0.284
Choriocapillaris FD Area, mm2 (No correction) —57,857 0.211 96,108.8 0.053
Choriocapillaris FD Area, mm2 (Corrected) —60,926.2 0.071 79,997.6 0.095
Proportional Choriocapillaris FD Area, % (No correction) —5.52 0.211 9.17 0.053
Proportional Choriocapillaris FD Area, % (Corrected) -0.6 0.071 87 0.095
Choriocapillaris FD Average size, mm2 (No correction) —394.8 0.233 179.3 0.081
Choriocapillaris FD Average size, mm2 (Corrected) —325.5 0.325 109.5 0.153

Notes: Data presented as mean (standard deviation). *p values statistically significant (p < 0.05).
Abbreviations: FAZ, Foveal avascular zone; GA, geographic atrophy; nAMD, neovascular age-related macular degeneration; VD, Vessel density.

In eyes that developed GA over 24 months follow-up, we observed a greater CC FD total area at baseline when compared to
iAMD eyes that remained stable during follow-up. The baseline CC FD did not significantly increase further during the 24
months study follow-up as GA developed. In contrast, retinal VD and FAZ parameters at baseline were not significantly different
in the eyes that developed GA when compared to stable iAMD eyes. After 24 months follow-up, the retinal VD showed
a significant decrease at 24 months follow-up and after development of GA when compared to stable iIAMD eyes. These findings
suggest that CC ischemia likely precedes the development of GA. The relative retinal ischemia in the macula noted at 24 months
follow-up appears to occur later and may be concurrent or secondary to GA development. This theory is supported by a prior
OCTA report showing progressive decrease in retinal VD in GA eyes during a 2-year follow-up after development of GA."

Our study findings also are consistent with prior histologic and OCTA reports also supporting the role of choroidal
ischemia in GA development. The CC layer is essential for delivering oxygen and nutrients to the RPE layer and
maintaining photoreceptor homeostasis.?! As such, CC flow impairment has been associated with vision loss from various
retinal disorders, including AMD.****> Ramrattan et al found that CC vascular density decreases with age in normal
postmortem eyes, a finding further supported by OCTA studies.?® ® Yet, it remains controversial whether CC degeneration
is a primary cause of AMD progression or secondary to RPE and photoreceptor degeneration. Seddon et al examined donor
eyes using UEA lectin staining and found a marked CC loss in eyes with GA, especially beneath the area of RPE atrophy.?’
Surviving CC vessels showed reduced diameter, suggesting morphological and functional impairment. Bhutto et al, on the
other hand, proposed that RPE damage occurs first in AMD, with CC degenerating as a secondary event.*”

Our study findings suggest that CC degeneration and ischemia precede the development of GA. Intermediate AMD
eyes that progressed to GA had significantly larger total area of CC FD at baseline when compared to stable iAMD eyes.
This CC FD total area remained relatively stable at 24 months follow-up after GA developed clinically. Similar
observations have been made in prior OCTA studies that examined CC FDs in iAMD eyes progressing to GA.'*!?
Concurrent with development of GA at 24 months follow-up, our study also found a significant decrease in retinal VD in
the macula in eyes with GA when compared to stable iAMD eyes. Based on our study data, we propose that CC damage
leads to RPE and outer retina atrophy, which in turn would lowers metabolic demand of the overlying retina and trigger
retinal vasoconstriction and reduced VD in the macula.

In contrast, IAMD eyes that progressed to nAMD had OCTA parameters that were not significantly different at baseline from
stable iAMD eyes. However, at 24 months follow-up, these eyes that developed nAMD had a significant increase in CC FD when
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compared to stable IAMD eyes. Our findings suggest that the development of nAMD is concurrent with a progressive increase in
CC ischemia. This is consistent with the mechanism proposed by Bhutto et al for nAMD development.*® Increasing RPE
ischemia from CC loss will result in secretion of angiogenic factors, such as vascular endothelial growth factor (VEGF), that
stimulate the development of choroidal neovascular membrane. Our findings differ from a small prior OCTA study showing no
significant CC FD between nAMD and normal eyes.”' Interestingly, in our study, eyes that developed nAMD did not have
significant difference in retinal VD or FAZ parameters when compared to stable iIAMD eyes at baseline and after development of
nAMD at 24 months. This latter finding differs somewhat from our previous larger cross-sectional study showing decreased
retinal VD on OCTA in eyes with nAMD when compared eyes without nAMD.'* This difference may be due to the relatively
smaller sample size and limited duration of nAMD of eyes in our current study. Longer duration of nAMD was associated with
progressive changes in retinal VD in a longitudinal study.'®

GA and nAMD are two subtypes of advanced AMD that share certain clinical features but exhibit distinct patterns of
vascular pathology and choroidal involvement.>**' The balance between residual vascular capacity, molecular signaling (eg
VEGF), and genetic predisposition may ultimately determine whether CC ischemia in AMD eyes results in progression to
neovascularization or atrophic degeneration. In contrast to the widespread choroidal thinning typically seen in GA, the
choroid in nAMD eyes tend to show localized vascular remodeling and dilation in Haller’s and Sattler’s layers.>' This is
likely due to the higher metabolic demands resulting from the neovascular complex and disruption of the neighboring CC.
In line with this proposed model are recent findings that development of nAMD may slow down enlargement of GA by
improving perfusion of the RPE and outer retina.*> > In contrast, extensive CC loss would favor GA development.

Our study has several limitations. First, this was a retrospective study with a relatively small sample size, which may
limit the statistical power and generalizability of our findings. Therefore, the results should be considered as exploratory
and hypothesis-generating. Our study may not be powered to detect more subtle differences in OCTA parameters among
study groups. Given the small sample size, formal correction for multiple comparisons was not performed. Nonetheless,
we observed significant changes in CC FD and retinal VD among our study groups that correlate with the progression of
AMD. Second, our study was limited to eyes that had 3x3 mm OCTA images. We used 3x3 OCTA images since smaller
scans potentially can produce higher resolution OCTA images with more reliable quantitative OCTA parameters.'”'® In
addition, prior studies in AMD eyes have shown most of the changes in CC occur in the central 3mm of the macula.”’ As
a result, our study limited our analysis to the central 3mm zone of the macula. The potential effect of perfusion changes
in the peripheral macula on AMD progression was not evaluated. A prior report found that CC FD in central 3mm of
macula was more likely to progress to nAMD while a more diffuse CC FD was more likely to progress to nAMD.'? The
reported findings differ from our study where CC FD in the central 3mm at baseline was significantly increased in iAMD
eyes that progressed to GA while no significant change in baseline CC FD was observed in eyes that eventually
progressed to nAMD. Next, the OCTA software used in our study calculated only the retinal VD of SCP. Vascular
flow density of the deep capillary plexus was not evaluated since unavailable. Finally, our study was limited to OCTA
analysis at baseline and at 24 months follow-up. As a result, when OCTA changes are observed at 24 months follow-up,
we cannot access whether the OCTA changes occurred before, concurrent or after progression to advanced AMD.
Additionally, our cohort was composed mostly of self-identified white patients, reflecting the demographics of the
patients seen at the study center. The study does not include AMD eyes with pachychoroid features. Thus, the study
findings may not be applicable to other races where other phenotypes, such as polypoidal choroidal vasculopathy, are
more prevalent. Inclusion of a more diverse populations in future studies would improve generalizability.

Our study strengths include the longitudinal design with two-year follow-up OCTA and clinical data and concurrent
analysis of CC and retinal flow changes. This study design provides a more dynamic and complete assessment of CC and
retinal vascular flow changes associated with AMD progression. As a result, we were able to observe a difference in the
time course of development of CC and retinal ischemia in eyes that developed GA when compared to nAMD eyes. Based
on our study findings, we may be able to identify intermediate AMD eyes at risk for progression to GA or nAMD based
on the magnitude and time course of onset of choriocapillaris ischemia.

In our study, CC FD was calculated with and without artifact correction. The artifact correction may enhance
measurement accuracy, but our study found that the uncorrected metrics still captured early CC ischemic changes
valuable for AMD risk stratification.
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Conclusion

In conclusion, this study demonstrates that increases in CC FDs and decreases in retinal VD on OCTA are associated
with progression of iAMD eyes to advanced AMD. Eyes that developed GA had increased CC FD before GA
development and new decreases in retinal VD after GA development when compared to stable iAMD eyes. In contrast,
eyes that developed nAMD had no significant difference in OCTA parameters at baseline when compared to stable
iAMD eyes but developed new progressive increase in CC FD during the 24 months follow-up with development of
nAMD. Whether these OCTA biomarkers of AMD progression are stronger predictors of AMD progression than known
morphologic OCT biomarkers are unknown at this time. Nonetheless, our findings highlight the critical role of
microvascular dysfunction in the retina and CC in AMD progression, reinforcing the value of OCTA as a non-
invasive tool for stratifying risk of progression of AMD eyes. Future larger studies with a more diverse AMD population
would be needed to validate our study observations and determine the generalizability of the findings.
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