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Purpose: To establish a continuous topography of retinal vessel density in normal eyes
using optical coherence tomography angiography (OCTA).

Methods:A retrospective chart reviewwasperformed, and8-mm×8-mmOCTA images
from 22 normal eyeswere analyzed. Vessel density was plotted as a continuous function
of distance from the foveal center (radial vessel density) anddirectionalmeridians (direc-
tional vessel density) for the superficial capillary plexus and deep capillary plexus.

Results: Continuous radial and directional vessel density plots for the superficial and
deep capillary plexus were generated. Radial vessel density analysis revealed transition
points at 657 microns (95% confidence interval [CI], 619–696) and 950 microns (95% CI,
903–997) from the foveal center for the superficial plexus and deep plexus, respectively.
Directional vessel density analysis demonstrated significant vessel density variations
in these vascular layers and provided greater detail compared to traditional quadrant
analysis.

Conclusions: There are significant topographic variations of retinal vessel density in
normal eyes. Continuous vessel density analysis offers greater sensitivity in detecting
topographic vessel density changes compared to traditional methods of analysis.

Translational Relevance: This study establishes a normative continuous vessel density
topography thatmayhelp elucidate the role of the vascular bed indifferent chorioretinal
diseases.

Introduction

The neurosensory retina has a dual blood supply
composed of the retinal and choroidal vasculature that
supply the inner and outer layers of the retina, respec-
tively. Each vascular supply exhibits its own character-
istic pattern. For example, the retinal vasculature does
not supply the center of the macula, known as the
foveal avascular zone. The blood supply to this region is
dependent on the choroidal vasculature.1 Many retinal
diseases follow characteristic topographic patterns that
are specific for individual diseases. For example, sickle
cell retinopathy leads to peripheral ischemia and is
accompanied by irregular enlargement of the foveal
avascular zone and focal macular thinning without
significant changes in the choriocapillaris.2,3 Bull’s-

eye maculopathy due to hydroxychloroquine toxicity
is known to affect the parafovea in its early stages.4
While the exact pathophysiology of many diseases is
not fully understood, some of the different topographic
patterns may be attributable to the differences in struc-
tural topographic density of cells, including the retinal
and choroidal vasculature.

For decades, fluorescein angiography and indocya-
nine green angiography have been the gold standard
for imaging the retinal and choroidal vasculature.5
However, these modalities are unable to distinguish
between the different vascular layers within the retina,
as the captured images do not contain resolved depth
information. Optical coherence tomography angiogra-
phy (OCTA) is a noninvasive imaging modality that
allows segmentation of the individual vascular layers,
including the superficial vascular plexus, deep vascular
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plexus, and choriocapillaris. OCTA has become widely
used by clinicians and researchers to describe the poste-
rior segment vasculature in normal eyes and eyes with
chorioretinal pathology, such as diabetic retinopathy,
age-related macular degeneration, and retinal artery
and vein occlusions.6–13

Previous OCTA studies have demonstrated that
chorioretinal diseases such as diabetic retinopathy and
macular degeneration are associated with decreased
vessel density compared to normal eyes.6,7,13 These
studies compare the average vessel density of entire
maculae and do not report vessel density variation
within the macula. A few studies have illustrated
that there are regional differences in the retinal vessel
density in normal eyes, particularly at different discrete
parafoveal quadrants of the macula.9,14,15 However,
these prior analyses were performed on discrete sectors
of the macula. A continuous analysis of topographic
variations in retinal vessel density has not yet been
well characterized. In the present study, we use high-
resolution OCTA images of normal eyes to establish
the continuous topographic variations of vessel density
at the superficial and deep capillary plexus.

Methods

A retrospective chart review was performed on
patients who had undergone OCTA imaging as part of
their care at the Yale Eye Center between April 2018

and January 2020. This study was approved by the Yale
University Institutional Review Board, and informed
consent was waived for this retrospective chart review.
The study was conducted in accordance with the tenets
of the Declaration of Helsinki.

The 8-mm × 8-mm OCTA images of normal eyes
were included for the analysis (Fig. 1). Inclusion crite-
ria included a normal anterior segment examination,
normal dilated fundus examination, normal OCT B-
scan, and visual acuity of 20/25 or better. Patients
with a normal eye examination with visual symptoms
that could not be explained were excluded from the
study. Eyes that had undergone ocular surgery, includ-
ing cataract surgery, or had documented disease,
including chorioretinal disease, optic neuropathy, or
glaucoma, were excluded. Patients with systemic hyper-
tension or diabetes without documented hypertensive
or diabetic retinopathy were not excluded from the
study. Eyes with poor-quality images on OCTA due to
eye movements or media opacities, indicated by signal
strength of less than 6/10, were excluded.

All OCTA images had been obtained using the Zeiss
Cirrus HD-OCT 5000 with Angioplex (Zeiss Meditec,
Dublin, CA, USA). The device has an A-scan rate of
68,000 scans per second and light source with a central
wavelength of 840 nm, with anA-scan depth of 2.0mm
in tissue, axial resolution of 5 microns, and transverse
resolution of 15 microns. These images are generated
using the OCT-microangiography complex algorithm.
The OCTA device also incorporates a retinal-tracking

Figure 1. OCTA image selection. OCTA images from 22 normal eyes from 20 patients were included for the study.
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technology to achieve three-dimensional en face angio-
graphic images that have minimal movement artifacts.
En face 8-mm × 8-mmOCTA images of the superficial
plexus, deep plexus, and choriocapillaris were analyzed
for the study. Automatic built-in retinal segmentation
was used to segment the superficial capillary plexus
from the inner limiting membrane to the inner plexi-
form layer and the deep capillary plexus from the inner
nuclear layer to the outer plexiform layer.16 All images
were exported in 1024 × 1024 pixel resolution.

Imaging Processing

The foveal avascular zone was manually outlined
on the en face OCTA images at the superficial and
deep layers by two independent graders (MMP, BKY)
using ImageJ (National Institutes of Health, Bethesda,
MD, USA) as previously described.7,11,14,17 The foveal
avascular zone was used to identify the foveal center
for each eye. Images were binarized using the local
threshold Phansalkar method set to a radius of

Figure 2. Imaging processing. (A) The 8-mm× 8-mmen faceOCTA of a normal eye at the superficial capillary plexus. (B) The foveal avascu-
lar zone has been manually determined. (C) The image has been binarized using the local Phansalkar method, which depicts each pixel as
black or white. (D) The image has been binarized and skeletonized, reducing each vessel into a single pixel in diameter regardless of the
vessel diameter.
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Figure 3. The 8-mm × 8-mm en face OCTA layer segmentation. OCTA provides segmentation of the (A) superficial capillary plexus and
(B) deep capillary plexus. The images have been processed for the (C) superficial plexus and (D) deep plexus.

15 pixels, as previously reported, to control for varia-
tions in illuminations or contrast within the image.17–21
The binarized images were then skeletonized to convert
all vessels into a single pixel diameter, regardless of the
original vessel caliber. This skeletonization step ensured
that the larger-caliber vessels, which do not play a
significant role in gas exchange, do not overestimate
vessel density in the analysis.11 Imaging processing is
summarized in Figure 2. OCTA images at the superfi-
cial and deep plexus for one representative eye, before
and after processing, are shown in Figure 3.

Vessel Density

Vessel density was defined as the percentage of a
given area that was occupied by blood vessels. As blood
vessels are depicted on binarized and skeletonized

images as white pixels, vessel density was calculated
from these images by taking the ratio of white pixels to
total pixels in an area. The vessel density in concentric
rings around the foveal center was calculated (Fig. 4).
Each concentric ring was exactly 1 pixel in radius larger
than the previous. Vessel density at progressively larger
concentric rings was calculated until an edge of the
image was met. In this fashion, a continuous radial
vessel density plot as a function of pixels away from the
foveal center was generated. Pixels were then converted
to microns, as each image was exactly 1024 pixels and
8 mm in width. Radial analysis for the superficial and
deep capillary plexus began from 300 microns away
from the foveal center to minimize the inherent noise
around the foveal avascular zone in OCTA images.
Vessel density was then replotted as a percentage of
each individual eye’smaximumvessel density, and these
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Figure 4. Schematic of radial continuous vessel density analysis. A
binarized, skeletonizedOCTA image is depictedwith alternatinggray
and black concentric rings. The vessel density in each concentric ring
was calculated. Each ringwas exactly 1 pixel larger than the previous
ring, in order to create a radial vessel density topography map as a
continuous function of distance from the foveal center. Rings shown
are greater than 1pixel apart for illustration purposes. Radial analysis
for the superficial and deep capillary plexus began from300microns
away from the foveal center.

normalized vessel density plots were used to create
an average continuous radial vessel density plot for
each vascular layer. These continuous radial plots were
generated using Python 3.7 (Python Software Founda-
tion,Wilmington, DE,USA).MatPlotLib andNumPy
library software were used in conjunction with Python
for visualization of data and calculation of 95% confi-
dence intervals (CIs), respectively.

The vessel density along different directional merid-
ians was also calculated. Images were converted
to polar coordinates using Python 3.7 and Scikit-
Learn library tools (French Institute for Research in
Computer Science and Automation, Rocquencourt,
France). Vessel density along a linear vector extend-
ing from the foveal center toward the nasal periph-
ery, designated as the 0-degree meridian, was calcu-
lated. This process was repeated at every 1-degree
meridian for 360 degrees around the foveal center,
where 90 degrees represents the superior meridian,
180 degrees temporal, and 270 degrees inferior (Fig. 5).
The normalized directional vessel density plots were
used to create a mean continuous directional vessel
density plot for each vascular layer. The average vessel

density of the nasal, superior, temporal, and inferior
quadrants was then calculated for each vascular layer.

Statistical Analysis

A segmented mixed regression analysis was
performed on the continuous radial plots to identify the
vessel density transition points for the superficial plexus
and deep capillary plexus.22 A repeated-measures
analysis of variance with the Geisser–Greenhouse
correction to adjust for deviation from sphericity
and Tukey’s multiple comparisons test were used to
compare the mean vessel density between quadrants. A
P value <0.05 was considered statistically significant.
A sensitivity analysis was performed by removing one
eye at a time from the statistical analysis to evaluate for
any outliers in the sample. All statistical analysis was
performed with Prism v8.0 (GraphPad Software, San
Diego, CA, USA).

Results

The 8-mm × 8 mm OCTA images from 22 normal
eyes from 20 patients (45% male) were included for
this analysis. Eighteen patients in the cohort had
documented ocular pathology or unexplained visual
symptoms in the fellow eye. Two patients had two eyes
that met inclusion criteria. The average patient age in
this cohort was 44.3 ± 15.1 years (range, 18–63 years).

Vessel density as a continuous function of distance
from the foveal center was plotted for the superficial
and deep plexus (Fig. 6). A segmentedmixed regression
analysis revealed a statistically significant transition
point at both vascular layers (Supplementary Fig. S1).
The transition point occurred at 657 microns from the
foveal center (95% CI, 619–696 microns; P < 0.001
between slopes of two phases) for the superficial plexus
and 950 microns (95% CI, 903–997 microns; P < 0.001
between slopes of two phases) for the deep plexus
(Fig. 7).

Vessel density as a function of directional merid-
ians was plotted for the superficial and deep plexus
(Fig. 8). These plots revealed significant directional
vessel density variability within each vascular layer.
Vessel density was greatest along the 25-degree merid-
ian in the superficial plexus and lowest in the 280-
degree meridian in the deep plexus. Average vessel
densities at the nasal, superior, temporal, and inferior
quadrants were then generated for supplemental analy-
sis (Fig. 9). In the quadrant analysis of the superfi-
cial plexus, the nasal quadrant had the greatest vessel
density (P < 0.0001), and the superior quadrant
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Figure 5. Schematic of directional continuous vessel density analysis. A binarized, skeletonized image is shownwith a linear vector extend-
ing in differentmeridians from the foveal center (thin arrows). The vessel density along this linear vector was calculated and repeated at each
1-degreemeridian for 360 degrees around the foveal center (thick arrows). Zero degrees corresponds to nasal meridian, 90 degrees superior,
180 degrees temporal, and 270 degrees inferior, for both the right and left eyes.

had greater vessel density compared to the temporal
(P = 0.0003) and inferior quadrants (P < 0.0001).
In the deep plexus, the nasal, superior, and tempo-
ral quadrants had greater vessel density compared
to the inferior quadrant (P < 0.0124). A sensitivity
analysis was performed removing one eye at a time
and confirmed these quadrant relationships remained
consistent.

Discussion

OCTA is a useful imaging technique that allows
reliable, noninvasive, three-dimensional imaging of the
retinal microvasculature. It allows for segmentation of
individual layers of the posterior vasculature, which is
not available on standard fluorescein and indocyanine
green angiography.23,24 OCTA is widely used to calcu-
late vessel density in these different vascular layers in
both normal eyes and eyes with chorioretinal pathol-
ogy. Prior studies have identified regional differences in
vessel density in normal eyes, particularly in the differ-
ent parafoveal regions.9,14,15 To the best of our knowl-
edge, a continuous topographic analysis of the retinal
vasculature has not yet been performed.

Radial Vessel Density Analysis

Our radial vessel density analysis at the superfi-
cial and deep capillary plexus demonstrates a sharp

increase in vessel density followed by a plateau at
a specific distance away from the foveal center. We
determined that this transition point occurs at approx-
imately 657 microns from the foveal center at the
superficial plexus and 950 microns at the deep plexus.
Interestingly, the identified transition points occur
beyond the edge of the foveal avascular zone, which has
been cited to have a radius of 250 to 350 microns for
the superficial capillary plexus and 300 to 450 microns
for the deep plexus on previous OCTA studies.11,14,25
Our study suggests that the superficial and deep capil-
lary plexus are not homogeneous networks of vessels
beyond the foveal avascular zone, as was previously
suggested.Gadde et al.14 found that there was no differ-
ence in the vessel density in three concentric rings of
increasing diameter around the foveal avascular zone
in both the superficial and deep capillary plexus of
normal eyes. It is important to note that the rings used
in the analysis by Gadde et al.14 were each 250 microns
wide, whereas the present study usesmuch smaller rings
that are approximately 8 microns wide, offering greater
sensitivity to vessel density changes. Further studies are
needed to determine the clinical significance of these
identified transition points at the superficial and deep
capillary plexus and what role they may have in the
pathogenesis of various chorioretinal diseases.

Directional Vessel Density Analysis

Prior studies evaluating the directional differences
in vessel density have compared the vessel density at
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the superior, inferior, nasal, and temporal quadrants
of the macula.9,14 Our directional vessel density
plots offer a novel way to report vessel density as a
continuous function of directional meridians, which
is more precise than traditional quadrant analysis.

In our analysis, we demonstrate that the superficial
plexus has the greatest vessel density along the super-
onasal meridian, and the deep plexus has the lowest
vessel density along the inferonasal meridian. These
findings raise interesting questions about the utility of

Figure 6. Continuous radial vessel density plots. Radial vessel density curves were generated using binarized and skeletonized OCTA
images for the superficial plexus (top row) and deep plexus (bottom row). (Left) Absolute vessel density is plotted as a function of distance
from the foveal center for 22 eyes. (Middle) Vessel density curves were normalized as a percentage of each eye’s maximum vessel density.
(Right) Mean vessel density plots are shown with a 95% CI.

Figure 7. (A) The superficial plexus has a transition point at 657 microns from the foveal center. (B) The deep plexus has a transition point
at 950 microns. The mean transition points are outlined in each vascular layer (broken white lines).
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Figure 8. Continuous directional vessel density plots. Directional vessel density plots were generated using binarized and skeletonized
OCTA images. Vessel density was plotted as a function of directional meridians as linear plots (top) and polar plots (bottom). Zero degrees
represents the nasal meridian, 90 degrees superior, 180 degrees temporal, and 270 inferior. The mean vessel density with a 95% CI is shown
at the superficial plexus (A, C) and deep plexus (B, D).

traditional quadrant analyses and may suggest that
spatial differences in vessel density may be more
accurately represented by analyzing the superonasal,
superotemporal, inferotemporal, and inferonasal
quadrants. Our continuous analysis is also able to
detect subtle vessel density fluctuations that quadrant
analysis cannot detect. For example, our continuous
analysis revealed a small, relative vessel density peak
inferotemporally along the 200-degree meridian at
both the superficial and deep plexus. These smaller
vessel density peaks were lost when we performed
the traditional quadrant analysis. We advocate for
the use of continuous vessel density plots as adjuncts
to quadrant analysis in future studies. This concept
is already widely employed in glaucoma, where the
retinal nerve fiber thickness is reported not just in
quadrants but also as a continuous, directional nerve
fiber thickness plot. It is likely that continuous plots
will be more sensitive at detecting early changes in the

vascular bed for each of the three layers as disease
develops.

Interestingly, our quadrant analysis of the super-
ficial and deep capillary plexus differed from prior
studies that reported greater vessel density in the
superior and inferior macula compared to the nasal
and temporal macula.9,14 For direct comparison to
these prior studies that analyze a smaller region within
the retina, we repeated our analysis on the parafoveal
regions between 500 and 1250 microns from the
foveal center using binarized and skeletonized images
(Supplementary Fig. S2), as well as binarized-only
images (Supplementary Fig. S3). Despite these adjust-
ments, our analysis did not demonstrate greater vessel
density in the superior and inferior parafoveal regions.

There are several possible explanations for these
different results. First, these studies used images
obtained using different types of OCTA instruments. A
comparison of the four major commercially available



Topographic Variation of Vascular Density TVST | October 2021 | Vol. 10 | No. 12 | Article 15 | 9

Figure 9. Quadrant analysis from a radius of 0 to 4000 microns. Vessel density of quadrants on skeletonized, binarized images for the
(A) superficial capillary plexus and (B) deep capillary plexus. The nasal quadrant is defined as−45 to 45 degrees, the superior quadrant 45 to
135 degrees, temporal quadrant 135 to 225 degrees, inferior quadrant 225 to 315 degrees. (Left) The average vessel density (%) ± standard
deviation is reported for each quadrant. (Right) The average vessel density (%) with a 95% CI is reported for each quadrant. I, inferior; N,
nasal; ON, optic nerve; S, superior; T, temporal; Vmax, maximum vessel density. Symbols indicate statistically significant difference (P< 0.05)
between the means.

OCTA revealed that the continuity of the vessels, as
well as the overall reliability of the vessel imaging, was
dependent on the imaging acquisition equipment.26,27
Different methods of image processing, including
image binarization, have also been shown to affect
vessel density calculations.28 These studies also employ
different methods to estimate vessel density, with some
relying on pixel density as a surrogate and others using
fractal analysis.9,14 Further studies are necessary to
identify the most accurate OCTA imaging instrument,
imaging processing technique, and vessel density calcu-
lation methodology.

OCTA studies evaluating vessel density of normal
eyes have demonstrated that vessel density decreases
with age. Iafe et al.11 demonstrated that vessel density
decreases by 0.26% per year at the superficial capil-

lary plexus and 0.27% per year at the deep capillary
plexus. In the present study, we use the normalized
vessel density curves to eliminate the potential effect
of age in our cohort. Instead of reporting the absolute
vessel density, which may be affected by age, we report
individuals’ vessel density as a percentage of their own
maximum vessel density. This process effectively allows
each eye to serve as its own control and allows for
a refined analysis of the topographic trend in vessel
density while accounting for potential differences in the
absolute vessel density between different eyes. Another
advantage of the present study is the use of OCTA
images that are both binarized and skeletonized.
While previous studies mostly use binarized OCTA
images, the major advantage of using skeletonized
images is that the skeletonization process reduces the
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overestimation of vessel density that occurs when
larger vessels are included, as larger-caliber vessels do
not play a direct role in gas exchange.11

There are several limitations to our study. Image
artifacts, motion artifacts, and segmentation errors
are commonly reported artifacts in OCTA imaging.29
For example, overlying superficial vessels may cast a
shadow on deeper layers, including the deep plexus,
and artificially lower the vessel density calculation at
these areas, a process known as negative projection.
Our study also exclusively used images obtained on
the Zeiss Cirrus OCTA, which has been reported to
provide superior vessel imaging at the more superfi-
cial vascular layers but does not provide the definition
of the Swept Source OCTA at the deeper vasculature
beneath the retinal pigment epithelium.27,30–32 For this
reason, we analyzed the retinal vasculature and omitted
the choriocapillaris layer. The present study also uses
8-mm × 8-mm images to establish topographic trends
over a larger area of the posterior vasculature; however,
these images have lower resolution compared to 3-mm
× 3-mm and 6-mm × 6-mm images. Other limitations
of the study include the retrospective nature of the
study and the relatively small sample size.

In conclusion, our study provides a normative,
continuous vessel density topography map of the
retinal vasculature. The present study uses binarized
and skeletonized OCTA images, which have been
established as an effective and histologically accurate
method of imaging blood vessels.11,28 Our continu-
ous vessel density analysis offers greater sensitivity
in detecting topographic variations in vessel density
compared to traditional methods of analysis, which
report vessel density in discrete regions of the retina.
This continuous vessel density topography analysis
may serve as a normative database to better understand
the vascular changes that occur in different chorioreti-
nal diseases.
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