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Abstract

Purpose

To investigate the correlation between quantifiable vessel density, computed in an auto-
mated fashion, from ultra-widefield fluorescein angiography (UWFFA) images from patients
with proliferative diabetic retinopathy (PDR) with visual acuity and macular thickness.

Methods

We performed a secondary analysis of a prospective randomized controlled trial. We
designed and trained an algorithm to automate retinal vessel detection from input UWFFA
images. We then used our algorithm to study the correlation between baseline vessel den-
sity and best corrected visual acuity (BCVA) and CRT for patients in the RECOVERY study.
Reliability of the algorithm was tested using the intraclass correlation (ICC). 42 patients from
the Intravitreal Aflibercept for Retinal Non-Perfusion in Proliferative Diabetic Retinopathy
(RECOVERY) trial who had both baseline UWFFA images and optical coherence tomogra-
phy (OCT) data were included in our study. These patients had PDR without significant cen-
ter-involving diabetic macular edema (central retinal thickness [CRT] <320um).

Results

Our algorithm analyzed UWFFA images with a reliability measure (ICC) of 0.98. A positive
correlation (r=0.4071, p = 0.0075) was found between vessel density and BCVA. No corre-
lation was found between vessel density and CRT.

PLOS ONE | https://doi.org/10.1371/journal.pone.0238958 September 11, 2020

1/14


http://orcid.org/0000-0002-4032-083X
http://orcid.org/0000-0003-4006-9371
http://orcid.org/0000-0001-9735-9519
http://orcid.org/0000-0001-7756-5091
https://doi.org/10.1371/journal.pone.0238958
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0238958&domain=pdf&date_stamp=2020-09-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0238958&domain=pdf&date_stamp=2020-09-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0238958&domain=pdf&date_stamp=2020-09-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0238958&domain=pdf&date_stamp=2020-09-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0238958&domain=pdf&date_stamp=2020-09-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0238958&domain=pdf&date_stamp=2020-09-11
https://doi.org/10.1371/journal.pone.0238958
https://doi.org/10.1371/journal.pone.0238958
http://creativecommons.org/licenses/by/4.0/

PLOS ONE

Automated vessel density detection correlates with vision in proliferative diabetic retinopathy

to Prevent Blindness, and grant P30EY001319-35
from the National Institutes of Health. The
sponsors and funding organizations had no role in
the design or conduct of this research.

Competing interests: | have read the journal’s
policy and the authors of this manuscript have the
following competing interests: The research
presented in this manuscript made use of images
from the RECOVERY study. While the RECOVERY
study was funded by Regeneron, the work
presented here was not supported by any funding
from Regeneron or any other commercial entity.
Charles C. Wykoff has received consulting fees
from Adverum, Bayer, PolyPhotonix,
RecensMedical, Kodiak, Alimera Sciences, Allegro,
DORC, ONL Therapeutics, Allergan, Apellis,
Clearside Biomedical, EyePoint (formerly pSivida),
Genentech/Roche, Novartis, Regenxbio, Santen,
Regeneron, Aerpio, Fosun, Iveric Bio (formerly
Ophthotech), and Takeda. Charles C. Wykoff also
has grants from Neurotech, Opthea, Samsung, and
Chengdu Kanghong. Ajay E. Kuriyan receives
consulting fees from Genentech/Roche,
Regeneron, Alimera Sciences, Allergan, Bausch
Health. AEK also receives grants from Second
Sight and Genentech/Roche. No other authors have
any financial interests to disclose in relation to this
study. No author has any conflict of interest in any
material presented in the paper and this does not
alter our adherence to PLOS ONE policies on
sharing data and materials.

Abbreviations: BCVA, best corrected visual acuity;
CRT, central retinal thickness; DME, diabetic
macular edema; DMI, diabetic macular ischemia;
DR, diabetic retinopathy; ETDRS, Early Treatment
of Diabetic Retinopathy Study; FA, fluorescein
angiography; FAZ, foveal avascular zone; ICC,
intraclass correlation; NPDR, non-proliferative
diabetic retinopathy; OCT, optical coherence
tomography; OCT-A, optical coherence
tomography angiography; PDR, proliferative
diabetic retinopathy; UWFFA, ultra-widefield
fluorescein angiography.

Conclusions

Our algorithm is capable of reliably quantifying vessel density in an automated fashion from
baseline UWFFA images. We found a positive correlation between computed vessel density
and BCVA in PDR patients without center-involving macular edema, but not CRT.

Translational relevance

Our work is the first to offer an algorithm capable of quantifying vessel density in an auto-
mated fashion from UWFFA images, allowing us to work toward studying the relationship
between retinal vascular changes and important clinical endpoints, including visual acuity, in
ischemic eye diseases.

Introduction

Detection and monitoring of retinal ischemia have the potential to play an important role in
the management and prognosis of patients with diabetic retinopathy and a number of other
vision-threatening pathologies, including retinal vein occlusion and sickle cell retinopathy
[1-4]. Prior to any visible vascular changes, diabetic retinopathy patients develop thinning
of specific retinal layers as seen on spectral domain optical coherence tomography (OCT)
images [5, 6]. Later, vascular changes are evident and histopathologic studies show micro-
vascular occlusions in retinal capillaries [7, 8]. Further, irreversible damage and occlusion of
macular capillaries has been shown to cause their dropout, leading to ischemia. Ischemia in
the macula is especially concerning for vision loss. A cross-sectional study in diabetic
patients found higher rates of diabetic macular ischemia (DMI) in more severe stages of dia-
betic retinopathy [3]. Reduced visual acuity has been seen in eyes with moderate to severe
DMI [3].

Two imaging modalities are currently used to visualize blood flow in retinal vessels: fluo-
rescein angiography (FA) and OCT angiography (OCT-A). Quantifying retinal vascular
changes using these modalities is important to reproducibly compare longitudinal changes in
the retinal vasculature of patients, to evaluate the impact of treatments on retinal vasculature,
and to improve our understanding of the relationship between retinal vasculature and clinical
outcomes, such as visual acuity and macular edema. Studies using quantitative vasculature
data from OCT-A have found a positive correlation between macular vessel density and
visual acuity in diabetic patients [9-11]. Studies are equivocal on the correlation between ves-
sel density and macular thickness. A study of eyes with diabetic macular edema, found that
lower macular vessel density correlated with greater macular thickness [12]. Another study
found that in diabetic patients with no diabetic retinopathy (DR) or mild non-proliferative
diabetic retinopathy (NPDR), the loss of vessel density was associated with macular ganglion
cell layer thinning on OCT [13]. Similarly, another study in diabetic patients with and with-
out retinopathy found a positive correlation between vessel density and central retinal thick-
ness (CRT) [14].

In clinical applications, as compared to OCT images, ultra-widefield fluorescein angiogra-
phy (UWFFA) images are currently assessed qualitatively. For research studies, the quantifica-
tion of UWFFA has been focused on manually measuring the absence of retinal vessels or
retinal non-perfusion and calculating an ischemic or nonperfusion index [15-18]. However,
limitations of this labor-intensive approach include the time required for manual
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measurement and the impact of contrast on accurate vessel detection [19]. Despite these limi-
tations, one study using this approach has found ischemic index in the mid-periphery was neg-
atively associated with CRT and macular volume in patients with diabetic macular edema
(DME) [20].

Currently, no widely accepted automated techniques exist to quantify retinal vascular
changes in UWFFA similar to those employed in OCT-A. Such an automated technique for
UWFFA would provide the ability to study longitudinal changes in vessels and relationships
between vessel density and clinical endpoints, such as visual acuity and CRT. Our group has
worked to address this unmet need by developing an automated algorithm that can detect reti-
nal vasculature on UWFFA using a deep learning approach [21].

In this study, we utilized our automated algorithm to examine the relationship between ves-
sel density, estimated via automated analysis, and best corrected visual acuity (BCVA) and
CRT at the baseline visit of patients enrolled in the RECOVERY trial [22]. This trial is studying
the effect of intravitreal aflibercept on retinal capillary non-perfusion in patients with prolifer-
ative diabetic retinopathy without macular edema. Our overall goal is to investigate how quan-
tifiable vascular changes from UWFFA images can be used to predict clinically meaningful
endpoints. For this specific study, we focused on evaluating only the macular vessel density to
determine if we can reproduce relationships found in OCT-A studies between macular vessel
density and BCVA and CRT, using our automated tools for UWFFA.

Methods
Study subjects and data

Patients with proliferative diabetic retinopathy without center-involving macular edema
(defined as central subfield thickness >320 pm) who were enrolled in the RECOVERY trial
were included in our study [22]. The RECOVERY trial assessed the safety and efficacy of intra-
vitreal aflibercept injections given either every 4 weeks or every 12 weeks for the treatment of
retinal capillary non-perfusion. Primary objectives of the RECOVERY study were to measure
treatment-related adverse events and change in non-perfusion. Secondary outcomes included
assessments of changes in visual acuity, changes in area of macular capillary non-perfusion as
seen on UWFFA images, and changes in area of retinal capillary non-perfusion outside of the
macula. For the current study, patients with complete baseline UWFFA images and visual acu-
ities were included (n = 42).

Sterling Institutional Review Board/Ethics Committee approval was obtained for the enroll-
ment, study, and treatment of patients in this Health Insurance Portability and Accountability
Act (HIPAA)-compliant trial adhering to the tenets of the Declaration of Helsinki. Data were
collected at Retina Consultants of Houston (Houston, Katy, and Woodlands, Texas). De-iden-
tified images and corresponding clinical data were transmitted to the University of Rochester
for the analysis described in the current study. The University of Rochester Research Subject
Review Board approved the current study and determined that the secondary analysis of de-
identified images conducted is not research involving human subjects as defined by Depart-
ment of Health and Human Services and Federal Drug Administration regulations.

UWFFA images for each patient were acquired using the Optos California and 200Tx cam-
eras (Optos, Marlborough, MA, USA) [23]. Using software available from the manufacturer,
UWFFA images were then transformed into stereographic projection images to create stan-
dard montage images for our analysis. Visual acuity was tested using Early Treatment of Dia-
betic Retinopathy Study (ETDRS) letters. The Heidelberg Spectralis OCT (Heidelberg
Engineering, Inc., Heidelberg, Germany) was used to determine the CRT.
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BCVA/CMT

Correlation

Detected Vessel Map

Fig 1. Vessel density computation from UWFFA images using our novel fully-automated algorithm. A deep neural
network is trained to generate a vessel map by segmenting retinal vessels from input ultra-widefield fluorescein
angiography (UWFFA) images. From the vessel map, vessel density is automatically estimated within a circular region
around the fovea. The output vessel density can then be correlated to best corrected visual acuity (BCVA) and central
retinal thickness (CRT).

https://doi.org/10.1371/journal.pone.0238958.9001

Vessel detection and quantification

The proposed framework for correlating vessel density with BCVA and CRT is depicted in Fig
1. As shown in the lower branch in Fig 1, retinal blood vessels are detected using a deep neural
network organized in the U-Net architecture [24] that has been extensively utilized for medical
image segmentation. The network was trained on a dataset consisting of 8 UWFFA images
and the corresponding binary ground truth vessel maps using a novel human-in-the-loop pro-
cedure that reduces the burden of annotation [25]. The trained network achieved the area
under the Precision-Recall curve of 0.930. Additional, technical details can be found in an
independent publication [21], parts of which have been reported in preliminary form [19, 26,
27]. We apply the trained deep neural network to the (baseline) UWFFA images used in this
study. The output from the deep neural network is a vessel map where pixel intensity, ranging
from 0 to 1, indicates the probability of a corresponding pixel being a vessel. The probabilistic
vessel map is then converted into the binary representation by setting a threshold of 0.5, which
is shown to be close to the optimal threshold [21].

The top branch in Fig 1 shows the selection region over which the analysis is performed.
For each UWFFA image, we manually annotated the center of the fovea. We chose the center
of the fovea because it provides a consistent landmark that allows us to select the same region
of interest for analysis across different participants. Circular regions centered at the fovea are
created for computing the vessel density, which is estimated as the ratio of the number of vessel
pixels to the total number of pixels within the circular area. The vessel density was estimated
for circular regions centered on the fovea. pixels. The step size is 1 pixel, which translates to
540 circular regions with radii ranging from 10 to 550 pixels. The physical dimensions corre-
sponding to the pixel measurements were determined by using the OptosAdvance software
[28].

To measure the reliability of the automated vessel detection technique, we chose, for each
patient, two consecutive UWFFA images that were captured after the vessels were fully per-
fused. Vessel density within a common circular region containing the macula was estimated
for each pair of UWFFA images using the automated technique. For the reliability test, we
chose the circular region around the fovea with the radius of 550 pixels, which is the largest
region of analysis for the study thus far. The reliability test is currently limited to this circular
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region and future studies will aim to analyze the peripheral regions of the UWFFA. Note that
the reliability analysis requires more than one FA image for each patient, which were selected
from the original FA frames without the stereographic projection into the standard montage.

Statistical analysis

For each radius, the Spearman rank correlation coefficient [29] was computed between the
estimated vessel density and the BCVA reported as per the ETDRS letters. The correlation
coefficient takes values from -1 to +1. Values of +1 and -1 indicate perfect positive and perfect
negative monotonic correlations between the ranks, respectively, and a value of 0 represents
no correlation. A statistical significance test was performed; the null hypothesis is that no cor-
relation exists between the vessel density and BCVA. A p-value less than 0.05 is considered sta-
tistically significant. The radius at which the computed correlation coefficients showed
minimum variability (assessed by repeatedly computing correlation coefficients leaving out
data for one patient and computing the standard deviation of the resulting 42 values) was used
for further analysis. Correlation between the estimated vessel density and the CRT was simi-
larly computed and analyzed for statistical significance. The reliability of estimating vessel den-
sity was assessed by visualizing the inter-sample agreement using Bland-Altman plots and
quantified by computing the intraclass correlation coefficient (ICC) [30].

Results

Forty-two patients from the RECOVERY trial were included in our study. Statistics of the
baseline demographics and clinical data of these patients are reported in Table 1. Examples of
vessel maps detected from UWFFA images using the automated technique are shown in Fig 2.
These examples highlight the challenge of contrast variations in FA images and the advantage
that automated detection provides. The highlighted rectangular regions in the leftmost image
in Fig 2 contain many fine vessels that are difficult to identify in the original UWFFA images.
Our automated detection algorithm, however, is not affected by changes in image contrast and
is able to detect these vessels [21]. Careful contrast enhancement of these regions validates that
the fine vessels are actually present. The automated vessel detection can be performed quickly
to allow it to be integrated into the clinical workflow; mean time for automated vessel detec-
tion from a UWFFA image is 22.05 seconds (standard deviation 0.21 seconds).

Fig 3 shows the Bland-Altman plot that illustrates the agreement between vessel density
estimates from the two different captures. The mean difference between vessel density was
0.002 (standard deviation 0.008). The ICC is computed by a 2-way mixed-effects model,

Table 1. Baseline demographics and clinical data of patients from the RECOVERY trial included in the current
study.

Study Patients (n = 42)

Mean age, years (median, IQR) 47.8 (47, 42-56)
Female, n (%) 20 (48)

OD Study Eye, n (%) 21 (50)
Mean HbAlc, % (median, IQR) 9.48 (8.9, 7.5-10.5)
BCVA (ETDRS letters), mean (SD) 79 (7.6)
Macula thickness, mean pm (SD) 278 (31)

BCVA = best corrected visual acuity, ETDRS = Early Treatment Diabetic Retinopathy Study, HbAlc = hemoglobin
Algc, IQR = inter-quartile range, OD = right eye, SD = standard deviation.

https://doi.org/10.1371/journal.pone.0238958.t001
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Fig 2. Sample results of vessel detection in UWFFA images using our automated algorithm show that the
algorithm is able to detect vessels that are difficult to identify manually in low-contrast images. From left to right:
original ultra-widefield fluorescein angiography (UWFFA) image, enlarged views of rectangular regions that have low
contrast, and the corresponding automatically detected vessel maps, and contrast-enhanced views. Our automated
detection algorithm detects fine vessels that are difficult to manually identify in low contrast views and are verified as
actual vessels by the contrast enhanced views.

https://doi.org/10.1371/journal.pone.0238958.g002

average measures, and absolute agreement [30]. A high ICC of 0.980 (95% confidence interval:
0.963 to 0.990) was obtained that indicates excellent reliability.

Fig 4 shows the correlation coefficients and mean vessel density as a function of the circular
radius, in pixels, used for the analysis. We found significant positive correlations between ves-
sel density and BCVA for radii larger than 53 pixels (p<0.05), indicating that higher vessel
density is associated with better vision. No significant correlation was found between vessel
density and CRT.

The correlation coefficients between the vessel density and BCVA showed minimum vari-
ability for radius of 315 pixels, which was chosen for presentation of further results and
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Fig 3. Bland-Altman plot indicating the reliability of using our algorithm for vessel density estimation from
UWFFA images. The Bland-Altman plot illustrates the agreement between vessel density estimates from two
consecutively acquired ultra-widefield fluorescein angiography (UWFFA), with a mean difference between vessel
density of only 0.002 (standard deviation 0.008).

https://doi.org/10.1371/journal.pone.0238958.9003
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Fig 4. Average vessel density and correlation with best corrected visual acuity (BCVA) and central retinal
thickness (CRT) for circular regions with varying radii. Vessel density shows correlation with BCVA but not with
CRT. A. Plot of correlation coefficients of BCVA (solid red line) with vessel density (dashed blue line) computed from
circular pixel regions with radii ranging from 10 to 550 pixels centered on the fovea. There were significant positive
correlations between vessel density and BCVA for radii larger than 53 pixels (p<0.05). B. Plot of correlation
coefficients of CRT (solid red line) with vessel density (dashed blue line) computed from circular pixel regions with
radii ranging from 10 to 550 pixels centered on the fovea. No significant correlation was found between vessel density
and CRT for any radii.

https://doi.org/10.1371/journal.pone.0238958.9004

analysis. Fig 5 shows the circular mask with a radius of 315 pixels overlaid on a sample
UWFFA image (Fig 5a) and the corresponding detected vessel map (Fig 5¢). Scatter plots
between vessel density and BCVA, and between vessel density and CRT, are shown in Fig 5b
and 5d, respectively. For this mask, the correlation coefficients of BCVA and CRT are 0.4071
(p =0.0075) and 0.0533 (p = 0.7376), respectively. Using the Optos Advance software [28] we
found that masks with a radius of 315 pixels corresponded to a diameter of approximately
11.05 mm (standard deviation 0.12 mm). Detected vessel maps from UWFFA regions of two
patients who have high BCVA and two patients who have low BCVA are shown in Fig 6.
Patients with worse BCVA exhibited lower vessel densities.

Discussion

Current literature on OCT-A image analysis has shown positive correlations between macular
vessel density and visual acuity. The objective of our study was to demonstrate that quantita-
tive estimates of vessel density obtained from automated vessel extraction in UWFFA, a
modality that has only been studied qualitatively in the past, similarly exhibits a positive corre-
lation with visual acuity and is consistent with the OCT-A based finding. Replication of the
finding based on automated UWFFA image analysis potentially opens the path for greater use
of quantitative analysis based on UWFFA images. UWFFA is the current method of choice for
assessing far peripheral retina diabetic ischemia, and, to our knowledge, we are the first group
to offer an algorithm capable of quantifying vessel density in an automated fashion from
UWEFFA images, allowing us to work toward our goal of automating peripheral retinal vessel
evaluation.

Additional strengths of our algorithm include its high reliability, and its ability to automati-
cally detect vessels in image regions in the presence of significant variations in the contrast
between the background and the vasculature, variations which are ubiquitous in UWFFA
imagery. While the detected vessels can be seen manually via a process of repeatedly adjusting
contrast and viewing different regions, the tedium and time requirement for doing this are
prohibitive in clinical practice.
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Fig 5. Vessel density within circular posterior pole region of radius 315 pixels (approximate diameter of 11.05
mm) correlates with best corrected visual acuity (BCVA), but not central retinal thickness (CRT). A. Example of
ultra-widefield fluorescein angiography (UWFFA) image with the circular posterior pole region of radius 315 pixels
(approximate diameter 11.05 mm) highlighted as an orange circle. B. Example of detected vessel map for the circular
region. C. Scatter plots of vessel density vs. BCVA for the 42 patients in the study demonstrating a significant positive
correlation between vessel density and BCVA (r = 0.4071, p = 0.0075). D. Scatter plots of vessel density vs. CRT for the
42 patients in the study, demonstrating absence of significant correlation between vessel density and CRT (r = 0.0533,
p =0.7376).

https://doi.org/10.1371/journal.pone.0238958.9005

As a way to limit the amount of manual adjustments, a number of prior studies have
focused on only the foveal avascular zone (FAZ) as a potential metric to screen for and track
ischemic eye diseases. Studies using both qualitative and manual quantification methods have
shown that the FAZ can enlarge and become irregular as ischemic diseases, such as DR,
advance [31-35]. One study examining FA images for a link between FAZ and visual function
found no relationship between FAZ area and visual acuity in mild grades of ischemia, but
found worse vision in patients with moderate to severe ischemia who had larger FAZ areas [3].
A few studies, however, indicate that FAZ interpretation has diagnostic limitations—the FAZ
can be highly variable within control groups and among healthy subjects [10]. It is also sug-
gested that parafoveal retinal tissue is able to function normally without direct retinal blood
supply [36].

Vessel density in the entire macula is being explored as a promising new metric to measure
the extent of disease in eyes affected by DR and other conditions that can alter retinal
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Fig 6. Example images across the range of best corrected visual acuity (BCVA) seen in the study demonstrating
differences in vessel density. From top to bottom: fundus image, original UWFFA, contrast-enhanced UWFFA views,
and detected vessel maps for four patients over circular regions centered at the fovea. Example images in columns (a)
and (b) have better BCVA and higher vessel densities, while those in columns (c) and (d) have worse BCVA and lower
vessel densities.

https://doi.org/10.1371/journal.pone.0238958.g006

vasculature. Current commercially available OCT-A machines are generally used to image the
macula. Studies have shown, using OCT-A, that patients with eye diseases, such as DR, have
lower macular vessel densities than healthy controls [37-40]. Further, macular vessel density
has been correlated with important clinical outcomes, such as visual acuity and macular thick-
ness [9, 12, 34, 41].

Though OCT-A has been the imaging modality of choice in these studies due to its non-
invasive nature, methods gauging vessel density using published sets of OCT-A images have
differed significantly in their results. The algorithms used to calculate vessel density in OCT-A
images vary; they may accompany instruments as proprietary software, or they may be made
by research groups or companies to allow for post-image processing of exported images. As a
result, the ensuing vessel density measurement of the same image sets or patients differ among
the various devices, algorithms, scan locations, and scanned area sizes [42-45]. Moreover,
studies comparing a variety of OCT-A-based algorithms to detect vessel density have found no
single algorithm that outperforms others in all retinal plexuses examined [37]. Significant
motion and segmentation artifacts have been noted when using the manufacturer’s OCT-A
algorithms [46]. Overall, it has been found that methods that incorporate manual annotation
of OCT-A images offer the best discrimination of retinal vessels across plexuses [37]. Manual
annotation, however, is highly subjective, highly time-consuming, and further, requires
trained graders.

However, macular vessel density has not been studied using FA due to the limited ability to
quantify macular vessels using FA prior to this work. Using the approach described in this
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paper, we successfully demonstrated a relationship between visual acuity and macular vessel
density, similar to that found in prior OCT-A studies. While OCT-A is becoming more widely
adopted, FA, especially UWFFA, continues to play an important role in the assessment and
management of diabetic retinopathy. Significant peripheral retinal pathology can be seen in
diabetic patients, outside of the area examined by the ETDRS 7 standard fields [47, 48]. With
advances in retinal imaging technology, UWF images can capture more than 80% of the retina
for examination, leading to identification of additional diabetic lesions in the retina periphery
[47, 49]. UWF has advantages over the ETDRS 7 fields assessment, in that it increases the fre-
quency of identifying diabetic retinopathy, and decreases image acquisition and evaluation
time [50, 51].

A computerized approach to detecting retinal vasculature, like ours applied to UWFFA
images, provides the ability to quantify retinal vasculature more peripherally than swept-
source OCT-A devices [52]. Importantly, our algorithm is not affected by changes in image
contrast, which enables it to detect vessels that are not able to be visualized by manual vessel
detection without extensive attention to adjusting the contrast in order to detect all the vessels
present as highlighted in Fig 2 [21]. Future applications of the algorithm can potentially pro-
vide a quantitative assessment of retinal vasculature density in both the posterior pole and far
periphery without montaging, providing additional data compared to current OCT-A
machines. Furthermore, the algorithm can be applied to study longitudinal vascular density
changes in vascular diseases, and to study how local and systemic treatments impact retinal
vascular disease progression. Quantification of retinal vasculature can facilitate studying the
relationship between vascular changes and important clinical endpoints, including visual acu-
ity, in ischemic disease such as diabetic retinopathy, as shown in this study.

We have highlighted the clinical significance of our work by establishing a correlation
between vessel density and visual acuity in PDR patients without significant center-involving
macular edema (CRT >320 um). Our finding of a correlation between vessel density and visual
acuity is in agreement with that noted in a number of OCT-A studies, mentioned previously
[9, 12, 34, 41]. Although previous studies have found that decreased vessel density correlates to
increased macular thickness in patients with diabetic macular edema as opposed to healthy
controls [12]. Vessel density does not correlate with CRT in our study population, likely
because all of the patients in our study did not have significant center-involving macular
edema due to the exclusion criteria for the RECOVERY study (CRT >320 pum). One limitation
of our study is that we have used a small sample size to train our algorithm and to report our
outcomes. Despite this limitation, we have developed a highly reproducible algorithm for auto-
mated vessel detection. Although we developed an algorithm that was capable of detecting far
peripheral vessels, we focused on the posterior pole in this study to ensure that the algorithm
produced findings consistent with previously published reports using OCT-A data.

Our future directions include studying the relationship with visual acuity and vessel density
beyond the posterior pole at baseline as well as longitudinally during the course of the study.
This will also enable us to assess the impact of intravitreal aflibercept on peripheral non-perfu-
sion in a quantitative fashion. As a number of prior studies examining retinal vessel density in
various disease states have concluded, though vessel density may offer a future surrogate end-
point for clinical trials, research is still needed to uncover its full efficacy in predicting clinical
outcomes before it can be routinely incorporated into clinical practice [53].

Supporting information

S1 Table. Individual values of best corrected visual acuity (BCVA), central retinal thick-
ness (CRT), and vessel density for circular regions with different radii used for the
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correlation analysis presented in Figs 4 and 5. The excel table provides the data used for
computing the correlation coefficients between estimated vessel density and BCVA/CRT. Spe-
cifically, the file includes header and individual rows for each patient that provide the follow-
ing columns of information: ID Number: participant serial number; BCVA: baseline BCVA
value (ETDRS letters); CRT: baseline CRT value in micrometers; VD@R = Value: vessel den-
sity estimated from the circular region with radius R pixels, i.e. from pixels (x,y) such that (x-
XO)2+(y—YO)2 < R. This table provides the baseline best-corrected visual acuity, central retinal
thickness, and vessel density values at all the different diameter circles centered on the fovea
that were measured for each patient.

(XLSX)
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