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Abstract

Purpose To investigate peripapillary vessel density at various
spatial locations and layers in healthy and normal tension
glaucoma eyes using optical coherence tomography angiogra-
phy (OCTA).

Methods A commercial OCTA device (AngioPlex; Carl Zeiss
Meditec) was used to image microvasculature in a 6 x 6-mm
optic disc region. Vessel densities of superficial and deep ret-
inal layers were calculated using an automatic thresholding
algorithm. Vessel density maps were plotted by averaging
individual angiogram images. The spatial characteristics of
vessel densities were analyzed at clock-hour sectors and in
five 0.7-mm-thick concentric circles from a diameter of 2.0
to 5.5 mm. Areas under the receiver operating characteristics
curves (AUCs) assessed the glaucoma diagnostic ability.
Results Vessel density maps of superficial and deep retinal
layers were significantly reduced at the 7 and 11 o’clock po-
sitions in glaucomatous eyes. In superficial layer, vessel den-
sity significantly decreased as the distance from the optic disc
margin increased, except in the innermost circle (2.0—
2.7-mm). There were significant differences in AUCs of su-
perficial vessel density between innermost circle and the other
outer circles. In the deep layer, the innermost circle showed

>< Kyung Rim Sung
sungeye@ gmail.com

Department of Ophthalmology, College of Medicine,University of
Ulsan, Asan Medical Center, 388-1 Pungnap-2-dong, Songpa-gu,
Seoul 138-736, South Korea

Department of Ophthalmology, Hanyang University Guri Hospital,
College of Medicine, Hanyang University, Guri, South Korea

significantly higher vessel density than the outer circles.
Vessel density at 7 o’clock showed the best diagnostic perfor-
mance (AUCs, 0.898 and 0.789) both in the superficial and
deep layers. The innermost circle showed eccentric feature
compared to the outer circles in terms of spatial characteristics
and diagnostic ability.

Conclusions Understanding of the spatial characteristics of
peripapillary vasculature may be helpful in clinical practice
and determining the optimal measurement area of vessel
density.

Keywords Optical coherence tomography angiography -
Glaucoma - Vessel density - Superficial and deep retinal layers

Introduction

Glaucomatous optic neuropathy is defined as the progressive
death of retinal ganglion cells (RGCs), a reduction in their
axons, and an accompanying deterioration in visual function.
Two separate hypotheses have been advanced to explain the
possible pathogenesis of this glaucoma, the ischemic theory
and the mechanical theory [1-5]. Radial peripapillary capil-
lary (RPC) networks are the most superficial layer of capil-
laries and a crucial source of nutrition for RGCs and their
axons [6, 7]. The importance of RPCs in glaucoma has been
proposed in past studies [8, 9], but has not been studied in
detail due to a lack of effective tools to evaluate retinal vas-
culature [10]. Although fluorescein angiography is broadly
used to image the retinal vasculature, only 30% of exams
provide clear retinal capillary images [11]. In addition, the
deeper retinal capillaries are not visualized in angiography
because of the effect of a light scattering known as back-
ground choroidal fluorescence [11].
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The recent advent of optical coherence tomography angi-
ography (OCTA) has allowed fast and noninvasive assess-
ment of microvascular perfusion. OCTA can differentiate
and visualize the microvasculature of various retinal layers
by exploiting depth information. Recent OCTA studies
showed reduced vessel density in the optic disc and
peripapillary retina of glaucomatous eyes [12—-15]. A de-
creased vessel density spatially corresponds with damaged
retinal nerve fiber layer (RNFL) bundles [16, 17]. However,
the spatial characteristics of peripapillary microvasculature
were incompletely understood in previous OCTA studies be-
cause the area for measuring vessel density was confined to a
small region around the optic disc. There is no established
consensus for the proper region of vessel density measure-
ment. Moreover, the role of the deep capillary plexus in glau-
coma remains unclear. A precise layer-by-layer assessment of
the glaucomatous vascular change in conjunction with spatial
information would greatly expedite research into the vascular
mechanisms of glaucoma.

Hence, we aimed to investigate the characteristics of
peripapillary vessel density at various spatial locations and
layers in healthy and glaucomatous eyes using commercially
available OCTA. The discrimination capability of vessel den-
sity between healthy and glaucomatous eyes was also evalu-
ated at various spatial locations and layers. We sought to de-
termine the optimal region for peripapillary vessel density
measurement by assessing spatial characteristics and diagnos-
tic ability.

Methods

This cross-sectional study was performed on healthy and glau-
coma individuals who visited the glaucoma clinic of Asan
Medical Center, Seoul, Korea, from April 2016 to
July 2016. The institutional review board of Asan Medical
Center approved this study, and the study design was executed
in accordance with the principles of the Declaration of
Helsinki. Written informed consent was obtained from healthy
subjects before participation, and age-matched data of
glaucomatous eyes were consecutively obtained from a med-
ical record review of the relevant period.

Study subjects

All subjects underwent a comprehensive ophthalmologic ex-
amination, including a review of medical history, measure-
ment of best-corrected visual acuity (BCVA), slit-lamp
biomicroscopy, Goldmann applanation tonometry,
gonioscopy, central corneal thickness assessment (DGH-550;
DGH Technology, Inc., Exton, PA, USA), axial length mea-
surement (IOLMaster; Carl Zeiss Meditec, Dublin, CA), fun-
doscopic examination, stereoscopic optic disc photography,
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red-free photography, standard automated perimetry
(Humphrey Field analyzer with Swedish Interactive
Threshold Algorithm standard 24-2 test; Carl Zeiss
Meditec), and commercial spectral-domain OCTA (Cirrus
HD-OCT 5000 system with AngioPlex OCT angiography;
Carl Zeiss Meditec).

To be included, all participants had to meet the following
criteria at their initial assessment: a BCVA of 20/40 or better, a
spherical refractive error between —6.0 and +3.0 diopters (D),
a cylinder correction within +3 D, a normal anterior chamber
and open-angle on slit-lamp and gonioscopic examinations,
and no history of intraocular pressure (IOP) >21 mmHg.
Healthy subjects were included if they had a normal visual
field (VF) and a normal appearing optic disc head. In Korea,
normal tension glaucoma (NTG) is predominant form of pri-
mary open angle glaucoma. Hence, we focused on NTG in
current study. NTG subjects, who had no history of IOP
>21 mmHg, were included based on the presence of RNFL
defects on red-free photography or the presence of
glaucomatous optic disc changes on optic disc photography
(such as disc hemorrhage or neuroretinal rim notching or thin-
ning) and the presence of VF defects that corresponded with
RNFL defects and optic disc changes. A VF defect was de-
fined as: (1) the presence of a cluster of three or more
non-edge contiguous points on a pattern deviation plot with
a P value of less than 5% (one of which had a P value less than
1%) confirmed by at least two consecutive examinations, (2) a
pattern standard deviation with a P value less than 5%, or (3) a
glaucoma hemifield test result outside normal limits. Only
reliable VF test results (i.e., false-positive errors <15%,
false-negative errors <15%, and fixation loss <20%) were in-
cluded in the analysis. The severity of glaucomatous damage
was classified as mild (VF mean deviation [MD] > —6 dB) or
moderate-to-advanced (VF MD < —6 dB). Patients with any
ophthalmic or neurologic disease known to affect the optic
nerve head (ONH) or VF were excluded. When both eyes of
a subject were eligible, one eye was selected at random.

Optical coherence tomography angiography

The commercial AngioPlex OCTA device was used to image the
microvasculature around the optic disc. This device operates at a
central wavelength of 840 nm and a speed of 68,000 A-scans per
second. The optical microangiography-complex (OMAG®) algo-
rithm analyzes the change in complex signal (both intensity and
phase changes contained within sequential B-scans performed at
the same position) [18, 19] and then generates en face microvas-
cular images in a 6 x 6 mm?” region. The 6 x 6 mm scan pattern is
composed of 350 A-scans and 350 B-scans. The vascular images
of the superficial and deep layers of the retina are displayed
separately. The boundaries of the superficial and deep retinal
layer slab are automatically determined: (1) from the internal
limiting membrane to the inner plexiform layer, and (2) from
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the inner plexiform layer to the outer plexiform layer. AngioPlex
incorporates the FastTrac retinal-tracking technology to reduce
motion artifacts. All scans were individually reviewed by two
investigators (J.W.S. and K.R.S.) for quality evaluation (i.c., sig-
nal strength, segmentation error, loss of fixation, or motion arti-
fact), and substandard scans were excluded.

The AngioPlex OCTA system provides an Optic Disc
Cube scan protocol for RNFL evaluation. The RNFL thick-
nesses were measured in the 6 x 6 mm? optic disc area. A
built-in algorithm automatically determined the boundary and
center of the optic disc and then calculated the area of the optic
disc and the circumpapillary RNFL thickness in a
3.46-mm-diameter circle.

Vessel density measurement and mapping

Image processing and vessel density measurements were per-
formed by a computer program written using MATLAB soft-
ware (The MathWorks, Inc., Natick, MA, USA). The automat-
ic thresholding algorithm generated a microvasculature image
with 25 levels around the optic disc in a 6 x 6 mm region. To
minimize missed microvasculature, the tests were repeated 25
times at different threshold levels in each angiography. If the
pixel of interest passed a threshold test, 1 score was added at
each time. Vessels were defined as regions with more than 5
scores. Vessel density was calculated by the ratio of the total
vessel area to the total area of the region of interest.
Peripapillary vessel density was measured at various distances
from the optic disc center in five 0.7-mm-thick concentric
circular regions from a diameter of 2.0 to 5.5 mm (i.e.,
Circle 1, 2.0 to 2.7 mm; Circle 2, 2.7 to 3.4 mm; Circle 3,
3.4 to 4.1 mm; Circle 4, 4.1 to 4.8 mm; and Circle 5, 4.8 to
5.5 mm). The spatial characteristics of the vessel density were
evaluated at quadrant and clock-hour sectors according to the
angular location. The clock-hour sectors were measured in a
clockwise direction in right eyes and in a counterclockwise
direction in left eyes, with the temporal equator set at 9
o’clock. Given that the vascular network pattern differs ac-
cording to retinal depth [20], vessel density was separately
evaluated in superficial and deep retinal layers. Figure 1
shows the schematic regions of vessel density measurements
and microvasculature images in the 25 levels demarcated by
the automatic thresholding algorithm. The vessel density
maps of the healthy and NTG groups were plotted by averag-
ing the individual angiogram images (Figs. 2 and 3). These
maps display the probability of the existence of vascular com-
ponents in a specific spatial location.

Statistical analysis
Statistical analyses were performed using commercial soft-

ware (MedCalc, ver. 14.8.1, Mariakerke, Belgium; SPSS,
ver. 20.0, IBM Corp., Armonk, NY, USA). Independent

t-tests were used to compare continuous variables between
healthy and glaucoma subjects. Categorical variables were
compared using the chi-square test. Repeated measures anal-
ysis of variance (rANOVA) with Tukey’s multiple comparison
was performed to compare vessel densities among various
spatial locations. The Bonferroni correction was used to coun-
teract the problem of multiple comparisons. To evaluate the
glaucoma diagnostic ability of vessel density and RNFL thick-
ness, areas under the receiver operating characteristics curves
(AUCs) were calculated. Significant differences between
AUCs were assessed using the method described by DeLong
et al. [21] Univariate and multivariate regression analyses
were performed to determine the clinical factors associated
with vessel density in glaucoma subjects. P values of .05 or
less were considered statistically significant.

Results

Forty-two NTG eyes and 51 healthy eyes were included in the
final analysis. Because of the unacceptable quality of their
OCTA images, 10 eyes were excluded. Table 1 summarizes
the demographic and clinical characteristics of participants.
The VF MD and average RNFL thickness were significantly
different between the normal and glaucoma subjects
(P < .001). The proportion of early (MD > —6 dB) and
moderate-to-advanced (MD < —6 dB) glaucoma was 30:12
(71.4:28.6%). There were no significant differences in age,
sex, intraocular pressure, refractive error, axial length, central
corneal thickness, and disc area between the two groups (all
P> .05).

Spatial analysis of vessel density map in the superficial
layer

The vessel density maps showed at a glance the spatial char-
acteristics of peripapillary vessel distribution in healthy and
glaucomatous eyes (Figs. 2 and 3). Five concentric circular
areas were compared in the superficial and deep retinal layers.
In the superficial layer (Fig. 2), the vessel density of healthy
and glaucomatous eyes gradually decreased according to the
distance from the optic disc margin (from circle 2 to circle 5)
in every clock-hour sector (all P < .001, rANOVA). The in-
nermost circle in healthy and glaucomatous eyes showed low-
er superficial vessel density than adjacent outer circles from 7
to 11 o’clock. The superficial vessel density was highest at 7
and 11 o’clock in healthy eyes, whereas these regions showed
the largest amounts of vascular loss in glaucomatous eyes.

Spatial analysis of vessel density map in the deep layer

In the deep layer (Fig. 3), the innermost circle in healthy and
glaucomatous eyes showed significantly higher vessel density
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Fig. 1 Vessel density measurements in optical coherence tomography
angiography. (a) Peripapillary vessel density was measured at various
distances from the optic disc center in five 0.7-mm-thick concentric
circular regions from a diameter of 2.0 to 5.5 mm. Quadrant and clock-
hour vessel density was measured according to the angular location. (b)
Our automatic thresholding algorithm generated a microvasculature
image with 25 levels around the optic disc in a 6 x 6-mm region. The
tests were repeated 25 times at different threshold levels in each

than the outer circles in each clock-hour sector (all P < .001).
The average deep vessel density of healthy and glaucomatous
eyes was not significantly different among circles 3, 4, and 5
(all P> .05). In these circles, deep vessel density was highest
at 7 o’clock in healthy eyes, followed by 2 and 11 o’clock.
Significant deep vascular loss was observed at 7 and 11
o’clock in glaucomatous eyes (all P < .001).

Superficial Vascular Density in Healthy Group (n=51)

Superficial Vascular Density in Glaucoma Group (n=42)

angiography. If the pixel of interest passed a threshold test, 1 score was
added each time. Regions with more than 5 scores were defined as
vessels. Vessel density was calculated by the ratio of the total vessel
area to the total area of the region of interest. Image processing and
vascular density measurements were performed by a computer program
written using MATLAB software (The MathWorks, Inc., Natick, MA,
USA)

Interestingly, deep vessel density was extremely decreased
at 12 and 5 o’clock in healthy eyes. In the deep vessel density
maps, wedge-shaped vascular insufficiency was observed
among relatively rich vascular networks. The deep vessel den-
sities of these areas were not significantly different between
healthy and glaucomatous eyes.

Area Under Receiver Operating Characteristics Curves
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Fig. 2 Superficial vessel density map in healthy (first column) and glaucomatous (second column) eyes. Area under receiver operator characteristic
curves of superficial vessel density for discriminating healthy and glaucomatous eyes (third column)
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Deep Vascular Density in Healthy Group (n=51)

Deep Vascular Density in Glaucoma Group (n=42)

Area Under Receiver Operating Characteristics Curves
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Fig. 3 Deep vessel density map in healthy (first column) and
glaucomatous (second column) eyes. Area under receiver operator

Diagnostic ability of vessel density

The AUC:s of vessel density in various locations and layers are
presented in Figs. 2 and 3. Circle 3 in the superficial layer
showed the best diagnostic performance at 7 o’clock (sensi-
tivity, 85.2%; specificity, 85.3%; and AUC, 0.899). In both
layers, the highest AUC was observed at 7 o’clock, except in
the innermost circle. In the superficial layer, there were signif-
icant differences in AUCs at 7 o’clock between the innermost
circle and the other outer circles (all P <.05). In the deep layer,
all of the AUCs were less than 0.8, regardless of circle mea-
surement location.

3 4 5 6 7 8 . 9 10 1 122 1 2 3 4 5 6 7 8

Clock Hours

Clock Hours

characteristic curves of deep vessel density for discriminating healthy
and glaucomatous eyes (third column)

Optimal region for vessel density measurement

In this study, the optimal region for the measurement of
vessel density was determined to be the 2.7-
5.5-mm-diameter circle, because the innermost circle
showed eccentric features in spatial analysis and diag-
nostic ability. The AUCs of the vessel density of the
optimal measurement region and the RNFL thickness
are shown in Table 2. The superficial vessel density
showed significantly better diagnostic performance than
the deep vessel density in superior and inferior quad-
rants or at 11, 12, 1, 6, and 7 o’clock. On the other

Table 1 Demographic and

clinical characteristics of normal Healthy (7 = 51) Glaucoma (n = 42) P

and glaucoma subjects
Age (years) 50.7£15.7 51.8+14.2 0.642
Gender (male:female) 23:28 23:19 0.472
Intraocular pressure (mmHg) 143 +3.0 145+3.8 0.746
Refractive error (diopters) -1.37+£241 —2.53+3.27 0.097
Axial length (mm) 240+1.3 24.6+1.9 0.152
CCT (um) 5442 +37.3 534.1 £39.1 0.213
Visual field mean deviation (dB) -0.97 £ 1.86 —5.88+6.01 <0.001
Average RNFL thickness (pum) 95.2+10.3 79.3+11.0 <0.001
Disc area (mm?) 238 +0.51 227+0.69 0.383

CCT central corneal thickness, RNFL retinal nerve fiber layer
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hand, there were no significant differences in AUCs
between the superficial vessel density and RNFL thick-
ness, except in the 5 o’clock area.

Factors associated with superficial and deep vessel density
in glaucoma

In glaucoma subjects, the association between vessel density
and various clinical factors was assessed by univariate and
multivariate regression analyses (Table 3). A worse VF MD
and thinner average RNFL thickness were significantly asso-
ciated with a decreased superficial vessel density. A longer
axial length was significantly associated with a decreased
deep vessel density.

Discussion

In this study, we found that peripapillary vessel density varied
according to the measurement position. In particular, the in-
nermost circle (2.0-2.7-mm diameter) showed significantly
different vessel density characteristics than the outer circles
(2.7-5.5-mm diameter). Although recent OCTA studies
adopted peripapillary vessel density as a representative param-
eter for evaluating perfusion status, there is no established
consensus for the proper measurement position. In previous
studies, peripapillary vessel density was measured in 500-pum-
[12], 700-um- [13], and 750-pum-wide [15] elliptical annuli
extending from the optic disc boundary. Wang et al. [22] mea-
sured peripapillary vessel density between two concentric cir-
cles with a diameter from 1.5 to 3.4 mm. The absence of a
standardized measurement position might cause difficulties in
comparisons of the peripapillary vessel density. Various re-
gional analyses of vessel density could provide useful infor-
mation to determine the appropriate measurement position for
OCTA.

The optimal region (2.7-5.5-mm diameter circles) for mea-
suring vessel density was determined by considering the (1)
maximal inclusion of vascular information, (2) minimal influ-
ence of optic disc size, and (3) efficient diagnostic perfor-
mance. Most previous OCTA studies focused on the micro-
vasculature in the optic disc [23, 24] or the small region
(3 x 3 mm or 4.5 x 4.5 mm) adjacent to the optic disc [12,
13, 15, 22]. The RPC runs along the paths of the major
superotemporal and inferotemporal vessels 4-5 mm from the
optic disc [7]. Yarmohammadi et al. [15] reported that a larger
measurement area is better at detecting changes in the RPCs.
Recent commercial OCTA devices provide microvascular
flow images in a 6 X 6-mm region. To investigate the RPCs,
we explored the vascular characteristics as much as possible
around the optic disc.

The major blood vessels of the retina radiate from the
ONH, and RPCs originate from retinal vessels around the
optic disc [25, 26]. RPCs are the most superficial layer of
capillaries lying in the inner part of the RNFL [7], and a close
relationship between RPCs and RNFL was found in a recent
OCTA study [17]. A histologic study showed that RNFL
thickness decreases as the distance increases from the optic
disc margin [27]. In this study, the superficial vessel density
gradually decreased according to the distance from the optic
disc margin. However, the innermost circle did not follow this
trend and the diagnostic performance of the innermost circle
was not as good as that of outer circles. The optic disc is quite
variable in appearance and its size affects peripapillary struc-
tural measurements [28]. The eccentric features of innermost
circle might be related to the variety of the optic disc.
Therefore, the region adjacent to the optic disc margin was
inappropriate for vessel density measurements.

In the present study, the peripapillary vessel density of
glaucoma patients was decreased in both superficial and deep
retinal layers. Loss of RPCs in the superficial retinal layer has
been shown in previous OCTA studies [12, 13, 15].

Table 3  Univariate and multivariate regression analysis to determine the factors associated with the vessel density in glaucoma subjects

Superficial vessel density

Deep vessel density

Univariate

Multivariate (R? = 0.299)

Univariate Multivariate (R> = 0.227)

Coefficient (95% CI) P Coefficient (95% CI) P

Coefticient (95% CI) P Coefficient (95% CI) P

Age —0.079 (-0.297; 0.139) 0.468 0.057 (-0.152; 0.266)  0.583
10P -0.185 (—0.951; 0.580)  0.628 —0.338 (-1.065; —0.039) 0.045 -0.314 (-1.195;0.566)  0.169
Axial length  —1.328 (—2.884; 0.229) 0.091 —1.613 (-2.871; -0.355) 0.014 —1.650 (—2.926;—-0.374) 0.013
CCT 0.007 (=0.070; 0.085) 0.848 —0.025 (=0.091; 0.040)  0.437
Disc area 2.039 (—3.404; 7.482) 0.451 3.445 (-1.748; 8.637)  0.186
VF MD 0.653 (0.228;1.078) ~ 0.003 0.733 (0.192; 1.274) 0.013  0.219 (-0.225; 0.663)  0.325
RNFLT 0.368 (0.030; 0.705) ~ 0.034 0.308 (0.012; 0.627) 0.045  0.069 (—0.275; 0.413)  0.686

CI confidence interval, /OP intraocular pressure, CCT central corneal thickness, VF MD visual field mean deviation, RNFLT retinal nerve fiber layer

thickness
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Interestingly, the deep capillary bed was also affected by the
glaucomatous change, although the difference was subtle
compared with that of RPCs in the superficial retinal layer
[e.g., the difference in the average vessel density between
healthy and glaucoma subjects: 10.5% (from 58.9% to
48.4%) in superficial vs. 5.6% (from 39.0% to 33.4%) in deep
retinal layers; Table 2]. Because RPCs anastomose with
deeper capillaries [7], an ischemic change in the superficial
retinal layer might cause collateral damage in the deep retinal
capillary plexus. When we interpreted the OCTA images, dis-
ruption of the capillary network was prominent in the super-
ficial layer but was hard to distinguish clearly in the deep layer
(Fig. 4). Quantification of the vessel density might help to
identify subtle vascular changes.

The posterior ciliary artery is the main source of blood supply
to the ONH and also supplies the choroid and the outer 130 pm
of the retina [29]. Because of the end-arterial nature of the pos-
terior ciliary arteries and their branches, watershed zones in cho-
roidal circulation have been confirmed in several studies [29-32].
The watershed zone could contribute to vascular insufficiency in
the ONH in glaucoma [29]. In this study, we found that the deep
vascular density was extremely decreased as a wedge-shaped
pattern at 12 and 5 o’clock in both healthy and glaucomatous
eyes. The vertically elongated vessel deficiency around the optic
disc resembles the distribution pattern of the choroidal watershed
zone [29, 30]. This finding implies the possibility of the presence

Fig. 4 Peripapillary vessel
density of glaucoma patients was
decreased in both superficial and
deep retinal layers. (Left column)
In optical coherence tomography
angiography image, the
disruption of the capillary
network (arrows) was prominent
in the superficial layer, but it was
hard to see clearly in the deep
layer. (Right column) A
multilevel threshold test enhanced
the visibility of the vascular
network in both superficial and
deep layers. Quantification of the
vessel density could assist to
identify subtle vascular changes

@ Springer

of a watershed zone in the deep retinal capillary network.
Because the watershed zone is vulnerable to ischemia, further
investigation is needed for deep vascular structure.

At 7 o’clock, where is the most susceptible area in glaucoma,
AUC (0.898) of superficial vessel density appeared to be highest.
In addition, the superficial vessel density showed similar AUCs
for the detection of glaucoma compared with RNFL thickness.
This finding is consistent with those of previous studies. Liu et al.
[13] reported that there was no significant difference between the
AUCs of vessel density (0.938) and RNFL thickness (0.970).
Yarmohammadi et al. [13] compared circumpapillary and whole
image vessel density (AUCs, 0.83 and 0.94, respectively) to
RNFL thickness (AUCs, 0.92).

On the other hand, the deep vessel density (highest AUC,
0.789 at 7 o’clock) showed a worse diagnostic performance than
the superficial vessel density and RNFL thickness. Recently,
Mammo et al. [33] reported that deeper capillary networks ap-
peared structurally normal in glaucomatous eyes while RPC loss
were identified in superficial layer. Their findings could explain
poor discriminating ability between normal and glaucomatous
eyes in this study. However, it should be noted a poor diagnostic
ability of deep vessel density could be simply caused by the
interrupted signal intensity from a flow projection artifact. The
visualization of deep retinal vasculature is disturbed by a flow
projection artifact, which comes from fluctuating shadows cast
by flowing blood cells in the more supetficial vessels [34]. Many
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attempts have been tried to minimize this problem, but removing
projection artifacts are still in the development phase [34, 35].

Large-scale population-based studies have reported that myo-
pia is a risk factor for glaucoma development [36—40].
Interestingly, axial length was correlated only with deep vessel
density, although both superficial and deep vasculatures were
reduced in glaucomatous eyes. Previous studies reported that
the choroid, which is a vascular layer providing oxygen and
nourishment to the outer retina, is decreased with myopia sever-
ity [41, 42]. These findings may imply that myopic changes
mainly affect deeper circulation rather than superficial RPCs in
glaucomatous eyes.

Our study has several limitations of note. The AUCs of aver-
age superficial vessel density and RNFL thickness were 0.775
and 0.841, respectively. These values were relatively lower com-
pared to many previous reports with high AUCs more than 0.9
[13, 15,43, 44]. However, the discrimination ability is dependent
on the severity of glaucoma, with better performance in discrim-
inating between healthy and more advanced disease compared
with discrimination of early stages of glaucoma [43, 45]. Our
study was composed of 71.4% early stage glaucoma and the
results should be interpreted in this context. Second, according
to previous publications [46, 47], most Korean open-angle glau-
coma patients have a statistically normal range of IOP values and
thus our current study focused in NTG patients. Hence, other
ethnicities with different IOP profiles may have different out-
comes. Third, because we used our customized program for
detailed analysis, the outcome may have to be re-analyzed when
manufacturer releases appropriate commercially available soft-
ware. Finally, a cause and effect relationship between glaucoma
pathogenesis and vascular factors could not be determined by
this cross-sectional study and any such possible relationship
should be confirmed in a future longitudinal study.

In conclusion, the vessel density maps provided spatial infor-
mation on the peripapillary vessel distribution in healthy and
glaucomatous eyes. Our results offer clues for the optimal area
for the measurement of peripapillary vessel density. Although
both superficial and deep vasculatures were reduced in
glaucomatous eyes, only the superficial vascular layer showed
comparable diagnostic performance in the diagnosis of glauco-
ma. The deep layer was affected by axial length and did not show
arelationship with glaucoma severity. Understanding of the char-
acteristics of vasculature at various spatial locations and layers
may be helpful in clinical practice and further research.
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