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Abstract

Purpose To determine whether the optic nerve head (ONH) and parapapillary choroidal vessel density (VD),
measured by optical coherence tomography angiography (OCTA), differ between two common optic disc
phenotypes (ODPs) in normal-tension glaucoma (NTG).

Design A retrospective case-control study.

Methods This cross-sectional study analyzed 100 NTG patients with visual field (VF) loss confined to a single
hemifield (50 eyes with focal ischemic [FI] ODP and 50 eyes with myopic glaucomatous [MG] ODP, matched for age
[< 10 years] and VF severity [mean deviation < 1 dB]) as well as 50 healthy eyes. Using OCTA, ONH VD (ONH-VD) was
evaluated on a 4.5x4.5 mm ONH en-face image using the whole-signal mode. The parapapillary choroidal VD (pCVD)
was measured on en-face choroidal layer image within the entire 3-parapapillary atrophy (3-PPA) zone using imageJ
software. The ONH-VD and pCVD were compared among the three groups. The relationships between ONH-VD and
pCVD outcomes and various clinical variables were assessed using linear regression analyses.

Results The average ONH-VD and pCVD were significantly lower in eyes with MG ODPs than those with FI ODPs
(56.9% vs. 60.4%, 67.1% vs. 71.8%; both P<0.05). Multivariable linear regression analysis indicated that MG ODP,

lower peripapillary retinal nerve fiber layer thickness and VD in the hemiretina, corresponding to hemifield VF loss, in
addition to the presence of choroidal microvasculature dropout, were significantly associated with lower ONH-VD and
pCVD (P<0.05).

Conclusions The OCTA-measured ONH-VD and pCVD are significantly lower in eyes with MG ODPs rather than Fl
ODPs. MG ODP is independently associated with lower ONH-VD and pCVD in NTG eyes.

Keywords optic disc phenotype, focal ischemic disc, myopic glaucomatous disc, optical coherence tomography
angiography
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Introduction

There are four distinct optic disc appearances or pheno-
types (ODPs) recognized in glaucomatous optic nerve
heads (ONHs): focal ischemic (FI), myopic glaucomatous
(MG), senile sclerotic (SS), and generalized enlargement
(GE) [1-3]. The classification of ODPs may be clinically
relevant as there are a variety of clinical features associ-
ated with them. Glaucoma patients with an FI ODP have
a high prevalence of migraines and vasospasms, suggest-
ing that this particular type may be linked to a localized
vascular event or optic disc hemorrhage (ODH) [3, 4].
In contrast, an MG ODP can be associated with papillo-
macular nerve fiber layer damage and central visual field
(CVF) defects due to shearing forces across the tempo-
ral sides of the lamina cribrosa (LC) [5, 6]. Among the
various types of glaucomatous ODPs, FI and MG are the
most common phenotypes observed in normal-tension
glaucoma (NTG) patients [7].

The recent advent of optical coherence tomography
angiography (OCTA) has enabled the clinicians to non-
invasively evaluate the microvasculature system of the
ONH, peripapillary retina, and macula in glaucoma
patients. The superficial peripapillary vessel density
(pVD) measured with OCTA has shown good reproduc-
ibility in healthy and glaucomatous eyes [8, 9], and also
equivalent glaucoma diagnostic capabilities, compared
to conventional structural parameters such as the peri-
papillary retinal nerve fiber layer thickness (pRNFLT)
measured by optical coherence tomography (OCT) [10].
Moreover, microvasculature dropout in the parapapillary
choroid detected by OCTA has been found to be associ-
ated with more advanced glaucomatous visual field (VF)
loss as well as reduced pRNFLT, pVD, and parapapillary
choroidal thickness in open-angle glaucoma (OAG) eyes
[11-13]. As parapapillary choroidal circulation is closely
linked to ONH perfusion [11], the assessment of ONH
and parapapillary choroid using OCTA may offer an
excellent opportunity to study the vascular pathogenesis
of OAG.

While an FI ODP is structurally associated with local-
ized neuroretinal rim loss that may be related to a local
weakness in the LC or localized vascular event such as
ODH [2, 3], an MG ODP results from posterior stretch-
ing of the ONH and parapapillary choroid from a myo-
pic axial elongation [11, 14—16]. We hypothesized from
this that glaucomatous eyes with different ODPs may
exhibit a varying distribution of the vessel density (VD)
in the ONH and parapapillary choroid. The aim of our
current study was to quantitatively compare the ONH
VD (ONH-VD) as well as parapapillary choroidal VD
(pCVD) between NTG eyes with FI and MG ODPs,
matched for age and glaucoma severity using OCTA. In
addition, clinical factors associated with ONH-VD and
pCVD were investigated.
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Methods

Patients

We performed a retrospective cross-sectional chart
review of patients who visited the glaucoma clinic of
Asan Medical Center, Seoul, Korea, between Novem-
ber 2021 and June 2022. The Institutional Review Board
(IRB) of Asan Medical Center approved the study proto-
cols, and all procedures followed the principles of Decla-
ration of Helsinki. The requirement for informed consent
from the subjects was waived by the IRB due to the retro-
spective nature of the study design.

All subjects had to complete the following initial oph-
thalmic evaluations: best-corrected visual acuity (BCVA),
slit-lamp biomicroscopy, intraocular pressure (IOP) read-
ings with Goldmann applanation tonometry, gonioscopy,
axial length (AL), and central corneal thickness (CCT).
Other tests included Humphrey field analyzer Swedish
Interactive Threshold Algorithm (SITA)-Standard 24-2
VF testing (Carl Zeiss Meditec) and dilated color fundus
photography, ONH stereoscopic photography, and red-
free retinal nerve fiber layer (RNFL) photography. Sys-
tolic and diastolic blood pressures (BPs) were measured
during outpatient visits, in which the mean arterial pres-
sure (MAP) was estimated as diastolic BP +1/3 x (systolic
BP-diastolic BP), and the mean ocular perfusion pres-
sure (MOPP) as the difference between 2/3 of the MAP
and IOP measured during the same visit [17].

Study subjects consisted of NTG patients as well as
normal healthy subjects. Inclusion criteria were an
age>18 years, a BCVA of 20/30 or better, refraction
between +3 and -8 diopters (D) sphere and +3D cyl-
inder, open angles revealed by gonioscopy, and visible
[-parapapillary atrophy (B-PPA) on fundus photography.
NTG patients were required to have (1) glaucomatous
VF defects confined to a single hemifield with a mean
deviation (MD) of > -10 dB to evaluate eyes with early-
to-moderate stage glaucoma [18, 19]; and (2) glaucoma-
tous-appearing ONHs consistent with VF defects without
a history of untreated maximum IOP =22 mmHg during
multiple outpatient visits. Glaucomatous VF defects con-
fined to a single hemifield were defined as those with (1)
three or more adjacent points with P<0.05 on a pattern
deviation (PD) probability map, or with two or more test
points with P<0.02 or smaller on a PD probability map
in a single hemifield; (2) no clusters of three points with
P<0.05 or two points with P<0.02 on both the total devi-
ation and PD probability maps in the opposite hemifield;
and (3) a glaucoma hemifield test (GHT) result outside
normal limits [18].

All NTG patients that met the initial study inclu-
sion criteria were evaluated consecutively to determine
their ODPs with stereoscopic optic disc photographs
using a simultaneous stereoscopic viewer (Asahi Pentax
Stero Viewer; Tokyo, Japan). Two experienced glaucoma
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specialists (M.K.S. and J.W.S), who were blind to the
patients’ clinical information, independently classified
ODPs into one of the following categories, in accordance
with Nicolela and Drance’s classification method (Fig. 1);
(1) FI with localized neuroretinal rim loss at the supe-
rior pole, inferior pole, or both, but good preservation
of the remaining neuroretinal rim, (2) MG with tilted
optic discs showing a temporal crescent with additional
glaucomatous damage characterized by neuroretinal rim
thinning superiorly, inferiorly, temporally, or a combina-
tion thereof in the absence of degenerative myopia, (3)
SS with a saucerized and shallow cup exhibiting a rela-
tively pale, moth-eaten neuroretinal rim, parapapillary
atrophy, and choroidal sclerosis, or (4) GE with enlarged
round cups but no localized neuroretinal rim loss or pal-
lor, and well preserved parapapillary retina. Optic discs
with mixed ODP appearances or obscure ODPs in which
the observers could not reach a consensus were excluded
from the analysis.

In the current study, FI and MG ODPs were selected
in the final analysis, since they are the most predominant
phenotypes found in Korean NTG patients [7]. MG ODP
eyes were consecutively matched in a 1:1 ratio with FI
ODP eyes with respect to age (<10 years) and glaucoma
severity (mean deviation [MD] +1dB) from the enrolled
NTG database, as these parameters may affect the ONH-
VD and pCVD measurements [10—13]. The healthy eyes
were matched to NTG phenotypes by age (<10 years).
The healthy controls had bilateral (1) IOP <21 mmHg in
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outpatient clinic; (2) no family history of glaucoma; (3)
visible B-PPA on fundus photography; (4) normal ante-
rior and posterior segments upon ophthalmologic exam-
ination; (5) normal VF test results (defined as a pattern
standard deviation within 95% confidence intervals and a
GHT result within normal limits); and (6) a non-glauco-
matous optic nerve.

Subjects were excluded from the analyses if they dis-
played cataracts of more than C2, N2, or P2 based on the
Lens Opacities Classification System III [20]; severe myo-
pic disc or fundus changes, including posterior staphy-
loma, that impaired adequate ONH/VF assessment for
glaucoma. Other exclusion criteria included unclear
ONH boundaries and p-PPA margins; a history of any
intraocular surgery or laser procedure; or a history of
other ophthalmic or neurologic diseases that could affect
VF testing or ONH/retinal evaluations, including age-
related macular degeneration, diabetic retinopathy, and
retinal vascular occlusive diseases. Eyes with unreliable
VF results (fixation loss >20%, false-positive error >15%,
and false-negative error > 15%) were also excluded.

Peripapillary Vessel Density and Retinal Nerve Fiber Layer
Measurements

All subjects underwent OCTA (AngioVue; Optovue, Inc.)
during the initial outpatient visit, using an existing and
well-described methodology [21]. In the current study,
all OCTA images were analyzed using AngioVue soft-
ware version 2018.1.0.37. The pVD was measured on a

b Myopic Glaucomatous (MG)
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Fig. 1 Two types of glaucomatous optic disc classified in accordance with the procedure of Nicolela and Drance. (a) Focal ischemic disc: optic disc had a
focal loss of nerve fibers within the neuroretinal rim at the superior pole, inferior pole, or both, but good preservation of the remaining neuroretinal rim.
(b) Myopic glaucomatous disc: temporal parapapillary atrophy was evident with temporal cupping and neuroretinal rim thinning superiorly, inferiorly,
temporally, or a combination thereof in the absence of degenerative myopia
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4.5x4.5 mm volumetric scan (Angio Disc mode), cen-
tered on the ONH. The average pVD was automatically
calculated within the RNFL after removal of large ves-
sels within a region defined as a 1000-um-wide ellipti-
cal annulus extending from the optic disc boundary. The
device provides two 180 degree regional measurements
of the pVD (superior, inferior), which represent the supe-
rior and inferior hemiretinal values for this parameter.
Poor-quality images, defined as those with (1) a signal
quality (SQ) score below 7; (2) poor image clarity; (3)
motion artifact visualized as an irregular vessel pattern
or disc boundary on en-face images; (4) local weak signal
due to media opacity (e.g., floaters); or (5) RNFL segmen-
tation errors, were excluded.

The pRNFLT was measured using the Cirrus SD-OCT
device in all subjects. The optic disc cube scan calculates
this parameter along a circle of 3.45 mm in diameter
centered on the ONH. The pRNFLT was measured glob-
ally and on each sector of a four-quadrant map. Superior
and inferior quadrant measurements of the pRNFLT
were used in our analysis to represent its correspond-
ing regional values at the superior and inferior hemireti-
nae. Poor-quality OCT images defined as those with (1)
motion artifacts; (2) poor centration; (3) localized weak
signals caused by artifacts such as floaters; (4) segmen-
tation failure; or (5) signal strength<7, were excluded.
In the current study, the pVD/pRNFLT values measured
in the hemiretinae of NTG eyes, corresponding to the
hemifields with VF loss, were defined as perimetrically-
affected hemi-pVD/pRNEFLT. Conversely, the values mea-
sured in perimetrically-intact hemiretinae were defined
as perimetrically-unaffected hemi-pVD/pRNFLT.

ONH-VD and pCVD Measurement using OCTA

In our present analyses, the OCTA whole-signal mode
imagery was utilized to measure the ONH-VD on the
ONH en-face image. These whole-signal mode images
were constructed from all OCTA signals below the inter-
nal limiting membrane (ILM) of the ONH. Briefly, the
ONH boundary was defined manually as the inner mar-
gin of the peripapillary scleral ring identified on scan-
ning laser ophthalmoscopy (SLO) images (Fig. 2a & b,
left, red line) [22, 23]. This boundary was applied to the
same position of the ONH on the ONH en-face images
of OCTA, (Fig. 2c & d, middle, red line) in which the
centroid of the ONH was determined using Image] soft-
ware (version 1.52; Wayne Rasband, National Institutes
of Health, Bethesda, MD) [22, 23]. The temporal side of
the vertical line passing through the ONH centroid with
the longest diameter was used in the current analysis
(Fig. 2c¢ & d, middle, aqua blue line), since the imaging
of deep layers of the ONH using OCT is limited at the
nasal side of the optic disc due to large vessels and a thick
neural rim [22, 23]. The horizontal line perpendicular
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to the vertical line was drawn from the centroid of the
ONH, which was used to represent the superior and infe-
rior hemi-sector of the ONH (Fig. 2c¢ & d, middle, aqua
blue line). For the measurement of ONH-VD, the region
of interest (ROI) was marked manually within the tem-
poral ONH, excluding large vessels within the temporal
side of the ONH (Fig. 2c & d, middle, aqua blue line) [23].
The superior and inferior hemi-sector ONH-VDs that
were measured represented the regional ONH-VD val-
ues (i.e., superior vs. inferior). The superior or inferior
hemi-sector ONH-VD corresponding to the hemifield
with VF loss was defined as the perimetrically-affected
hemi-ONH-VD, while that corresponding to the hemi-
field without VF loss was defined as the perimetrically-
unaffected hemi-ONH-VD.

The pCVD was investigated on the 4.5x4.5 mm ONH
choroidal layer en-face projection image produced by
layer segmentation of signals from the retinal pigment
epithelium to the inner border of the sclera [11, 13, 19].
For pCVD measurements, the entire f-PPA area was
marked as a ROI, while excluding large projecting ves-
sels wider than 3 pixels (approximately >33 pum) from the
retinal layer within the B-PPA on SLO images [13, 19, 24,
25]. This ROI was applied to the same position within the
B-PPA of the choroidal en-face image (Fig. 2c & d, mid-
dle, yellow line) using Image] software. In this current
study, the pCVD was analyzed within the entire 3-PPA
zone, since there is no standard method to regionalize
the B-PPA zone into superior and inferior halves to topo-
graphically match the location of parapapillary choroidal
circulation corresponding to the area of the hemifield,
with or without VF loss.

An 8-bit binary slab was created based on the mean
threshold algorithm of the Image] software using ONH
and choroidal layer en-face images [13, 19]. These thresh-
old values are created automatically based on the average
of the local grayscale distribution. The selected ROIs for
the ONH-VD and pCVD measurement were applied to
the 8-bit binary slab of the en-face images. After assign-
ing white pixels to vessels and black pixels to the back-
ground, VDs were automatically calculated using Image]
software as a percentage of vessel pixels within the ONH
and B-PPA area relative to the total number of pixels
within the ROI [13, 19].

Choroidal Microvasculature Dropout (CMvD) Assessment

The CMvD was defined in this present study as an area of
focal complete loss of the choriocapillaries and choroidal
microvasculature within the B-PPA on the 4.5x4.5 mm
ONH choroidal layer en-face projection image, and iden-
tified when the minimum angular width of the microvas-
culature dropout was greater than 200 pm or than the
width of the central retinal vein (Fig. 3, red line) [11, 13,
19]. The presence of CMvD was independently assessed
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pCVD 56.23%

global ONH-VD 49.40%
inferior QNH-V
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" pCVD 50.16%
Global ONH-VD 40.53%
Inferior ONH-VD 40.36%

D 50.06%
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GHT: Outside Normal Limits

VFI124-2C: 94%
MD24-2C: -3.31dBP <1%
PSD24-2C: 4.75dB P < 0.5%

GHT:

Qutside Normal Limits

VFI24-2C: 93%
MD24-2C: -288dBP < 1%
PSD24-2C: 3.92dB P <0.5%

Fig. 2 Representative eyes with a focal ischemic (a, ¢, ) and myopic glaucomatous (b, d, f) optic disc phenotype (ODP) of a similar glaucoma severity.
(@) A 55-year-old male with normal-tension glaucoma (NTG) showing focal ischemic ODP in the right eye. (b) A 49-year-old male with NTG in the right
eye displaying a myopic glaucomatous ODP. These patients were matched by age and visual field severity (e, f). The myopic glaucomatous eye showed
lower vessel density within the optic nerve head (ONH) in both the global and perimetrically-affected hemifield (inferior hemiretina) and the entire 3-PPA

zone than the focal ischemic eye (c, d)

by M.K.S. and J.W.S, with any discrepancies resolved by a
third specialist (M.S.K.).

VF Defect Location

Since ONH-VD and pCVD may be influenced by the
location of VF defect—specifically whether the defect is
in the central or peripheral VF region—the central and
peripheral VF regions were defined according to a previ-
ously described method [13]. In brief, a CVF defect at ini-
tial presentation was characterized as a glaucomatous VF
defect in one hemifield within 10° of fixation, with at least
one point at P<0.01 located at the two innermost para-
foveal points on the pattern deviation plot [13], regard-
less of any extension into the 10° to 24° VF area. Eyes with
peripheral VF defects were defined as those with defect
clusters confined solely to the 10° to 24° region within the
affected hemifield.

Statistical Analyses

Inter-examiner agreements for determining ODP and the
presence of CMvD were assessed using Kappa statistics.
A normal distribution was tested using the Kolmogorov—
Smirnov test. For comparisons among the groups, one-
way analysis of variance (ANOVA) test was performed
for continuous variables, based on the normality test.
Post hoc analysis was carried out via Tukey’s HSD
for equal variances and using the Dunnett T3 test for
unequal variances. Categorical variables were compared
using the chi-square test with the Bonferroni correction
for multiple comparisons. To determine the factors asso-
ciated with global ONH-VD and pCVD, univariable and
multivariable linear regression models were built using
patient demographics, OCT parameters (i.e., pRNFLT),
and the pVD derived from OCTA as independent vari-
ables and global ONH-VD and pCVD as the dependent
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Fig. 3 Representative eyes with focal ischemic (a, ¢) and myopic glaucomatous (b, d) optic disc phenotypes (ODPs). (a) A 69-year-old female with
normal-tension glaucoma (NTG) showing focal ischemic ODP and choroidal microvasculature dropout (CMvD) along the inferior disc border within the
B-PPA zone of the left eye (c). (b) A 60-year-old female with NTG in the left eye displaying myopic glaucomatous ODP and showing CMvD along the
inferotemporal disc border within the B-PPA zone of the left eye (d). The CMvDs are marked as red lines (c, d)

variables. Variables with a P value less than 0.1 in the uni-
variable analyses were included as independent variables
in the multivariable model using a backward elimination
approach. To avoid multicollinearity within the OCT and
OCTA parameters, two separate multivariable models
were constructed for global and regional pRNFLT and
pVD parameters (i.e., model 1: global; model 2: regional)

as independent variables. All statistical analyses were
conducted using Statistical Package for Social Science
version 22.0 (SPSS, IBM Corp., Armonk, NY), with two-
tailed P-values <0.05 considered statistically significant.
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Results

Of the 130 NTG patients and 55 healthy subjects that ini-
tially met the eligibility criteria, and were 1:1 matched for
this study, 12 (6.4%) and 23 (12.4%) eyes were excluded
(i.e., 30 NTG eyes and 5 healthy subjects) due to poor
OCTA image clarity and weak signal quality (SQ<7),
respectively, as this would have prevented proper CMvD
evaluation or ONH-VD/pCVD quantification. Hence,
our final analysis included 50 OAG eyes each in the FI
and MG ODP group, matched for age (<10 years) and
VE MD (<1 dB). Fifty healthy eyes were also matched
to the NTG group for comparison. Inter-examiner
agreements regarding the determination of the ODP
(k=0.933; P<0.001) and presence of CMvD were excel-
lent (k=0.915; P<0.001).

Comparisons of the demographic and clinical charac-
teristics among the three groups are presented in Table 1.
There were no significant among-group differences in
age, sex, SBP, DBP, MOPP, CCT, baseline IOP, or SQ
score. The AL was significantly longer, and SE was more
myopic in the MG ODP group compared to either the
healthy or FI ODP groups (both P<0.001). The VF MD
was similar between the MG and FI ODP group (-5.18
vs. -5.13 dB, P=1.00), while it was significantly lower in
both NTG groups compared to the healthy group (both
P<0.01). There were no significant differences in the
average pRNFLT and pVD between the FI and MG ODP
groups when analyzed globally and regionally (i.e., peri-
metrically-affected and -unaffected hemiretinal regions;
all P>0.05). Moreover, there were no significant between
group differences in baseline location of hemifield VF
defects (i.e., superior vs. inferior) and the location of VF
defect in the affected hemified VF loss (central vs. periph-
eral; both P>0.05).

It was notable however that the global ONH-VD was
significantly lower in the MG ODP group than in the FI
ODP or healthy groups (P=0.02 for MG vs. FI ODP group
and P<0.001 for MG vs. normal controls, respectively).
Regionally, the ONH-VDs in both perimetrically-affected
and -unaffected hemiretinae were significantly lower in
the MG ODP group than in the FI ODP or healthy group
(P<0.05 for all comparisons). Moreover, the pCVD was
significantly lower in the MG ODP group than in the FI
ODP group or control group (74.3 vs. 71.8 vs. 67.1%, post
hoc all P<0.01). The prevalence of superior hemifields, as
perimetrically—affected hemifields, was similar between
the two ODP groups (MG vs. FI; 82% vs. 86%, P=0.763).
In each ODP group, the same number of eyes [22 of 50
eyes (44%)] showed the presence of CMvD, showing that
the proportion of CMvD occurrence was similar between
the FI and MG ODP groups (P=1.00).

The results of the univariable and multivariable lin-
ear regression analyses for determining the clinical fac-
tors associated with ONH-VD are provided in Table 2.
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By univariable analyses, MG ODP (p = -5.152, P<0.001),
VF MD ($=0.488, P=0.001), global pRNFLT ($=0.114,
P=0.010), global pvD ($=0.358, P<0.001), perimetri-
cally-affected hemiretinal pRNFLT ($=0.061, P=0.004),
both perimetrically-affected and -unaffected hemiretinal
pVDs (=0.356, P<0.001; p=0.273, P=0.001, respec-
tively), and the presence of CMvD ( = -3.750, P=0.002)
were significantly associated with ONH-VD. In two sepa-
rate multivariable analyses to avoid collinearity of global
and regional pRNFLT and pVD, MG ODP ( = -2.858,
P=0.016) showed significant associations with ONH-
VD in model 1 for global parameter analysis. In regional
parameter analysis (model 2), MG ODP (B = -3.315,
P=0.005), perimetrically-affected hemiretinal pRN-
FLT (p=0.081, P=0.022), and perimetrically-affected
hemiretinal pVD (p=0.469, P=0.001) showed significant
associations with ONH-VD.

The results of univariable and multivariable linear
regression analyses of the clinical factors associated
with pCVD are presented in Table 3. Based on univari-
ate analyses, this parameter showed significant corre-
lations with MG ODP (B = -7.206, P=<0.001), AL (§ =
-1.435, P=0.001), and the presence of CMvD (p = -5.558,
P=<0.001). In addition, pCVD was found to be signifi-
cantly associated with VF MD ($=0.593, P<0.001), aver-
age and perimetrically-affected hemiretinal pRNFLT
(p=0.178, P<0.001; p=0.107, P<0.001, respectively),
and average and perimetrically-affected and—unaffected
hemiretinal pVD (f=0.457, P<0.001; $=0.294, P<0.001;
p=0.192, P=0.013, respectively). Multivariable linear
regression analyses which were performed separately for
global (model 1) and regional (model 2) parameter analy-
sis, indicated that MG ODP (f = -2.464, P=0.042), AL (
=-0.905, P=0.024), global pVD (f = -2.464, P=0.04) and
the presence of CMvD (B= -3.992, P<0.001) remained
significantly associated with pCVD in model 1. The
analyses for model 2 produced these same correlations
with the addition of perimetrically-affected hemiretinal
pRNFLT (p=0.076, P=0.001) and perimetrically-affected
hemiretinal pVD (B=0.221, P=0.008) also having signifi-
cant associations with pCVD.

Figure 2 shows representative NTG eyes with FI ODP
(a, ¢, e) and MG ODP (b, d, f). The subjects presented
were a 55-year-old man with FI ODP in his right eye (a)
and a 49-year-old man with MG ODP in his right eye
(b). The MG ODP eye showed lower pCVDs in the para-
papillary choroid (50.2% vs. 56.2%) and global ONH-VD
(40.5% vs. 49.4%) compared to those of the FI ODP eye
on OCTA en-face images (c, d). The clinical and demo-
graphic characteristics, including age (<10 years) and VF
severity (MD < 1dB), were similar between these two eyes
(e, ).
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Table 1 Demographics and clinical characteristics of the study subjects

A: Healthy group  B:Focal C: Myopic P value
(n=50) ischemicgroup  glaucomatous group (Avs.B,Avs.C,Bvs.C)
(n=50) (n=50)
Age (year) 56.2+9.8 585+9.8 552493 0.229
Sex (M/F) 23/27 25/25 22/28 0.829t1
SBP (mmHg) 1227164 12594143 121.7+£145 0.466
DBP (mmHg) 737111 766+83 748+8.2 0422
MOPP (mmHg) 493476 524+6.2 49.5+6.5 0.113
AL (mm) 246+13 244413 257410 <0.001
(0.443,<0.001,<0.001)
SE (diopter) -19+2.7 -1.0£23 -39+3.0 <0.001
(0.190, 0.001, <0.001)
CCT (um) 542.1+29.1 5333+282 5325+433 0.654
IOP at baseline (mmHg) 152+32 146£2.6 15643 0402
VF MD (dB) 047+09 -5.18+3.1 -5.13+£28 <0.001
(<0.001, <0.001, 1.000)*
Signal quality score (OCTA) 8.7 (84 89) 8.4 (8.286) 8.3(8.18.5) 0.145
Global pRNFLT (um) 90.3+9.0 729+10.2 72.7+85 <0.001
(<0.001,<0.001, 0.297)
Affected 116.0£18.0 728+144 69.8+11.0 <0.001*
hemi-pRNFLT (um) (<0.001,<0.001,0.559)
Unaffected 1080+17.8 100.0+£19.8 96.7+£17.2 <0.001
hemi-pRNFLT (um) (0.081,0.007,0.639)
Global pVD (%) 5046+3.6 4444450 4262+5.1 <0.001
(<0.001,<0.001,0.131)
Affected 4949+8.1 41.16+58 39.94+6.1 <0.001
hemi-pVD (%) (<0.001, <0.001, 0.642)
Unaffected 4942+82 4756+54 4576+5.7 <0.001
hemi-pVD (%) (0.338,0.017,0.359)
Global ONH-VD (%) 62.05+6.7 60.38+6.2 56.90+6.3 <0.001
(0.396,<0.001, 0.020)
Affected 62.79+74 59.15+7.7 53.81+9.1 0.001
hemi-ONH-VD (%) (0.048,0.001,0.032)
Unaffected 62.04+6.8 61941066 5762+84 0.003
hemi-ONH-VD (%) (0.997,0.008,0.010)
pCVD (%) 743+44 71.8+5.1 67.1+7.0 <0.001
(0.031,<0.001,0.001)*
Location of (5/1) hemifield loss (%) 44/6 (88%) 41/9 (82%) 0.763
Location of (central/peripheral) hemifield loss (%) 32/18 (64%) 43/7(86%) 0.12
CMvD presence 22/50 (44%) 22/50 (44%) 1.0001

One-way ANOVA test, Tukey HSD as post hoc analysis, * Dunnett T3 test as post hoc analysis

tChi-square test
Significant P values are shown in bold type

M=male; F=female; SBP=systolic blood pressure; DBP=diastolic blood pressure; MOPP=mean ocular perfusion pressure; AL=axial length; SE=spherical
equivalent; CCT=central corneal thickness; IOP =intraocular pressure; VF MD =visual field mean deviation; pRNFLT = peripapillary retinal nerve fiber layer thickness;
OCTA =optical coherence tomography angiography; pVD = peripapillary vessel density; pCVD = parapapillary choroidal vessel density; ONH-VD =optic nerve head
vessel density; CMvD =choroidal microvasculature dropout; Affected hemi- = perimetrically-affected hemiretinal; Unaffected hemi- = perimetrically-unaffected

hemiretinal; S=superior; I=inferior

Discussion

We have here used OCTA to compare ONH-VD and
pCVD of FI and MG ODPs in NTG patients, matched
for age and glaucoma severity. We found that eyes with
MG ODPs had a significantly lower ONH-VD both glob-
ally as well as regionally in the perimetrically-affected
and -unaffected hemiretinal sectors compared to FI
ODP cases, despite both groups having a similar age and

glaucoma severity. Moreover, the pCVD was significantly
lower in the MG ODP subjects. These findings were
further supported by multivariable analyses, indicating
that MG ODP is an independent risk factor for lower
ONH-VD and pCVD, even after adjusting for confound-
ing factors. Our study findings have thus suggested that
ONH-VD and pCVD are inherently affected by ODP in
NTG patients, which should be taken into consideration
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Table 2 Univariable and multivariable linear regression analyses for factors associated with global optic nerve head vessel density
(ONH-VD) in all subjects

Global optic nerve head vessel density

Univariable analysis Multivariable analysis 1 (global) * Multivariable analysis 2 (regional) *
B-coefficient ~ Pvalue B-coefficient 95%ClI Pvalue B-coefficient 95%Cl Pvalue
Age (year) -0.018 0.747
Gender (M to F) -1.165 0.291
ODP (MG to FI) -5.152 <0.001 -2.858 -5.185t0-0532  0.016 -3.315 -5.626t0-1.004 0.005
AL (mm) -0.276 0.542
CCT (um) -0.008 0.627
Base IOP (mmHg) -0.178 0.259
VF MD (dB) 0.488 0.001
Global pRNFLT 0.114 0.010
Affected hemi-pRNFLT 0.061 0.004 0.081 0.149t0 0.012 0.022
Unaffected hemi-pRNFLT  0.054 0.061
Global pvVD 0.358 <0.001
Affected hemi-pVD 0.3556 <0.001 0.469 0.191 t0 0.746 0.001
Unaffected hemi-pVD 0.273 0.001
pCVD (%) 0.120 0.165
CMvD presence -3.750 0.002 -2.332 -4.758 t0 0.093 0.059

*Multivariable linear regression analyses were performed in separate models for global (model 1) and regional (model 2, hemiretinal) parameters
Significant P values are shown in bold type

M=male; F=female; ODP =optic disc phenotype; MG =myopic glaucomatous; FI=focal ischemic; AL=axial length; CCT=central corneal thickness; IOP =intraocular
pressure; VF MD=visual field mean deviation; pRNFLT =peripapillary retinal nerve fiber layer thickness; pVD =peripapillary vessel density; pCVD =parapapillary
choroidal vessel density; CMvD =choroidal microvasculature dropout; Affected hemi- = perimetrically-affected hemiretinal; Unaffected hemi- = perimetrically-
unaffected hemiretinal

Table 3 Univariable and multivariable linear regression analyses for factors associated with parapapillary choroidal vessel density
(pCVD) in all subjects

Global parapapillary choroidal vessel density

Univariable analysis Multivariable analysis 1 (global)* Multivariable analysis 2 (regional)*
B-coefficient Pvalue pB-coefficient 95% Cl Pvalue pB-coefficient 95% Cl Pvalue
Age 0.024 0.670
Gender (M to F) -0.157 0.886
ODP (MG to Fl) -7.206 <0.001 -2464 -4833t0-0.095 0.042 -3.051 -5602t0 0.5 0.019
AL (mm) -1.435 0.001 -0.905 -1.686t0-0.123  0.024 -0.860 -1.654t0-0.067 0.034
CCT (um) -0.004 0.785
Base IOP (mmHq) -0.096 0.540
VF MD (dB) 0.593 <0.001
Global pRNFLT (um) 0.178 <0.001
Affected hemi-pRNFLT (um) 0.107 <0.001 0.076 0.0311t00.122 0.001
Unaffected hemi-pRNFLT (um)  0.042 0.125
Global pVD (%) 0457 <0.001 0251 0062100439  0.011
Affected hemi-pVD (%) 0.294 <0.001 0.221 0.060 to 0.382 0.008
Unaffected hemi-pVD (%) 0.192 0.013
Global ONH VD (%) 0.031 0.671
Affected hemi-ONH VD (%) 0014 0.812
Unaffected hemi-ONHVD (%)  -0.014 0.834
CMVD presence -5.558 <0.001 -3.992 -6.2t0-1.785 <0.001 -4.342 -6.751t0-1.935 0.001

*Multivariable linear regression analyses were performed separately in 2 models for global (model 1) and regional (model 2, hemiretinal) parameters

Significant P values are shown in bold type

M=male; F=female; AL=axial length; ODP = optic disc phenotype; MG =myopic glaucomatous; Fl=focal ischemic; CCT=central corneal thickness; IOP =intraocular
pressure; VF MD =visual field mean deviation; pRNFLT = peripapillary retinal nerve fiber layer thickness; pVD =peripapillary vessel density; ONH-VD =optic nerve
head vessel density; CMvD=choroidal microvasculature dropout; Affected hemi- = perimetrically-affected hemiretinal; Unaffected hemi- = perimetrically-
unaffected hemiretinal
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when managing glaucoma patients with different ODPs
determined using OCTA.

Li et al. recently demonstrated using OCTA that the
microvascular network may be stretched in the poste-
rior pole of highly myopic eyes [26]. Myopia induces the
alteration of the retinal microvascular network, lead-
ing to narrowing and a decrease of the pVD in both the
superficial and deep retinal layer [26]. In line with this
finding, Ekici and colleagues reported lower pVD values
in OAG eyes with MG ODP compared to healthy sub-
jects after adjusting for confounders [27]. Nonetheless, to
the best of our knowledge, microvascular changes in the
ONH itself among different ODPs have not been previ-
ously characterized due to technical difficulties in imag-
ing the entire ONH. In our present study, we found a
greater ONH-VD decrease in eyes with MG ODP based
on the OCTA whole-signal mode image, capturing all
ONH signals below the ILM.

Myopic optic disc changes encompass a series of mor-
phological alterations due to the stretching of papillary
and peripapillary structures during axial elongation [28].
Hence, it could be inferred that these structural changes
occur in a global pattern involving the entire ONH in the
MG ODP group. This speculation is supported by our
present observation that ONH-VDs in both hemi-sectors
were significantly lower in eyes with MG ODPs com-
pared to the FI ODP and healthy control groups. In con-
trast, our FI ODP eyes showed similar ONH-VD in the
hemi-sector corresponding to perimetrically-unaffected
hemifield when compared to healthy eyes, while the
ONH-VD in the hemi-sector corresponding to perimet-
rically-affected hemifield was significantly lower in the FI
ODP group than in the healthy group. This indicated that
FI ODP is associated with localized ONH-VD loss corre-
sponding to a single hemifield VF loss.

Our current analyses revealed that the pCVD was
lower in the MG ODP subjects compared to the other
two groups. Previous studies have reported that myopic
eyes have a thinner choroid, including the parapapillary
choroid, due to the lower VD and smaller vessel diameter
in the choroidal layer [25, 29, 30]. Moreover, choroidal
VD has been reported to have a strong negative relation-
ship with AL, since posterior axial elongation induces a
smaller vessel diameter with reduced VD in the choroid
[31]. Since the MG ODDP eyes had a greater AL than those
with FI ODP (i.e., 25.7 mm vs. 24.4 mm) in our current
study population, AL differences may possibly explain
our current findings. As a lower pCVD is a known vas-
cular risk factor for future glaucoma progression [24],
the clinical relevance of its association with MG ODP
remains to be further determined in future longitudinal
studies.

In our present multivariable analyses, MG ODP,
lower pRNFLT and pVD in the perimetrically-affected
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hemiretina, and CMvD were the factors found to be asso-
ciated with lower ONH-VD and pCVD in NTG patients.
These findings suggest that optic disc appearance in
NTG eyes (i.e., MG ODP) is an independent factor for
low ONH-VD and pCVD, which may perhaps be related
to the risk of future disease progression. The association
between pRNFLT and pVD in the perimetrically-affected
hemiretinae and ONH-VD/pCVD may indicate a close
relationship between ONH-VD/pCVD and glaucoma
severity. Although the temporal relationship remains to
be clarified, a lower ONH-VD/pCVD value, which indi-
cates poor microvascular perfusion around and within
the ONH, can lead to a greater degree of glaucomatous
damage, resulting in significant positive associations
between pRNFLT and pVD in the perimetrically-affected
hemiretinae and ONH-VD/pCVD.

The parapapillary choroid is closely linked to ONH
perfusion since it is proximal to the ONH and receives
its blood supply from the short posterior ciliary arteries
[11, 32—-34]. Since CMvD represents an area of complete
loss of microvasculature within the parapapillary cho-
roid, it is not unexpected to find that its presence was sig-
nificantly associated with a diminished pCVD, as shown
in our multivariable analyses, although the association
between CMvD and ONH-VD decrease showed border-
line significance only (P=0.059). It could be postulated
therefore that the presence of CMvD in association with
a lower pCVD and ONH-VD may increase the risk of
future glaucoma progression. Indeed, recent studies have
demonstrated that VF progression and progressive RNFL
thinning are more frequently observed in OAG eyes with
CMvD than in those without, despite their having similar
IOP profiles during follow-up [25, 35].

From our present multivariable analysis, a longer AL
was independently associated with a lower pCVD, which
was not a surprising observation. Although the MG ODP
eyes in this present study cohort were selected based on
the clinical appearance of the optic disc, without taking
AL into account, a significant correlation between MG
ODP and AL cannot be ruled out (AL: 25.7 mm for MG
ODP group). Since myopic eyes have thinner choroid
around the ONH, along with lower VD and smaller vessel
diameter in the choroidal layer [29, 30], and the choroidal
VD has a strong negative relationship with AL [25], our
finding of a negative association between AL and pCVD
was consistent with those of earlier reports.

Prior studies have shown that average pRNFLT
decreases with longer AL and that highly myopic eyes
have significantly thicker temporal pRNFLT and thin-
ner pRNFLTs in the non-temporal sectors compared
with eyes with low myopia [36, 37]. In the present study,
however, the MG ODP eyes had similar pRNFLT globally
and regionally compared to the FI ODP group. More-
over, while eyes with high myopia have a decreased pvD



Song et al. BMC Ophthalmology (2025) 25:152

compared with emmetropic eyes [38], there were no sig-
nificant differences in the pVD values between these two
ODP groups in the present study. This discrepancy might
be attributable to our strict matching between the two
groups in terms of age and glaucoma severity. Since pvVD
is known to be well-correlated with pRNFLT in glau-
comic eyes [10, 11], and both of our ODP study groups
had similar pRNFLT after matching for VF severity, no
significant difference in pVD was found either between
these two groups based on our present analyses.

In a previous cross-sectional study of primary open-
angle glaucoma (POAG) and NTG eyes, patients with
advanced NTG predominantly displayed MG ODDP,
with only a small proportion of eyes showing FI ODP
[39]. These findings suggest that MG ODP may lead to a
faster rate of VF loss and a tendency toward a faster rate
of optic disc deterioration than FI ODP, indicating that
ODPs might be related to the degree or speed of glau-
coma progression. The ONH-VD and pCVD values were
significantly lower in our present MG ODP group, sug-
gesting an association with a greater likelihood of disease
progression over time i.e., leading to advanced glaucoma.
Prospective longitudinal studies are needed to test this
proposition.

The clinical relevance of our findings suggests that
when utilizing raw ONH-VD and pCVD values from
OCTA for glaucoma diagnosis, it is essential to account
for variations in ODP among glaucomatous eyes, as these
parameters are inherently influenced by ODP in NTG
patients. Given that myopia results in significantly lower
ONH-VD and pCVD in eyes with MG ODP compared
to those with FI ODP—despite both groups having simi-
lar age and VF loss—greater emphasis may be placed on
functional assessments, such as VF testing, rather than
structural measures like ONH-VD or pCVD for diagnos-
ing and monitoring glaucoma in eyes with MG ODP.

There were several limitations to this present study of
note. First, a degree of subjectivity might have affected
the classification of ODPs or determination of the CMvD
presence. However, these decisions were made by con-
sensus between two experienced graders and there was
good interobserver agreement (k=0.933 and 0.915;
P<0.001, respectively). Another possible limitation was
that we included only two ODPs (i.e., FI and MG ODP)
in our study as GE and SS ODPs are relatively uncommon
in NTG patients [7]. It remains to be assessed whether
GE and SS ODPs might have different impacts on ONH-
VD and pCVD distribution. There was also an inability
to generalize our findings to patients with high-tension
glaucoma (classified by an IOP level >21 mmHg) and
to non-Asian individuals, as only Korean NTG patients
were included in our current cohorts. Another limita-
tion of our study is that our patient cohort included eyes
with early-to-moderate stage glaucoma, characterized
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by VF defects confined to a single hemifield and an MD
greater than —10 dB. As a result, our findings may not
be applicable to eyes with advanced glaucoma. Addition-
ally, the cross-sectional design of our study prevented us
from examining the temporal relationship between dif-
ferent ODPs and the reduction of ONH-VD and pCVD
over time. Furthermore, our study design does not allow
us to determine whether lower ONH-VD and pCVD are
associated with an increased risk of future glaucoma pro-
gression, which should be further investigated through
longitudinal studies. We must note also that our ONH-
VD measurements were performed manually using the
whole-signal mode image of OCTA, which can be sub-
ject to various artifacts. To overcome this limitation as
much as possible, only well-visualized ONH borders and
B-PPA zones were included and analyzed with the previ-
ously published methodology [22, 23]. In addition, since
there is currently no commercially available software to
automatically assess pCVD regionally, we manually eval-
uated this parameter within the entire the entire 3-PPA
zone using Image] software, which has been previously
validated [19, 21, 24, 25]. Finally, it is possible that ocular
anti-glaucoma eye drops can affect ocular blood flow in
glaucoma patients [40]. Hence, our current findings must
be interpreted with consideration of the possible com-
pounding effects of anti-glaucoma eye drops on OCTA
measurements, since our NTG patients were receiving
this treatment.

In conclusion, our results show that ONH-VD and
pCVD are affected by the ODP, even after controlling
for other confounding factors. ONH-VD is significantly
lower globally, and even in the hemi-sectors correspond-
ing to perimetrically-intact hemifields, in MG ODP com-
pared to FI ODP. The pCVD is also significantly lower
in MG ODP eyes. Clinicians must thus be aware of the
impact of ODP on the ONH-VD and pCVD when man-
aging NTG patients using OCTA.

Abbreviations

ONH optic nerve head
VD vessel density

OCTA optical coherence tomography angiography
ODPs optic disc phenotypes

NTG normal-tension glaucoma

VF visual field

Fl focal ischemic

MG myopic glaucomatous

pCVD parapapillary choroidal VD

3-PPA B-parapapillary atrophy

SS senile sclerotic

GE generalized enlargement

ODH optic disc hemorrhage

CVF central visual field

LC lamina cribrosa

pVD peripapillary vessel density

PRNFLT  peripapillary retinal nerve fiber layer thickness
OAG open-angle glaucoma

IRB Institutional Review Board

BCVA best-corrected visual acuity
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AL axial length

CCT central corneal thickness
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MAP mean arterial pressure
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MD mean eviation

GHT glaucoma hemifield test

SQ signal quality

ILM internal limiting membrane

SLO scanning laser ophthalmoscopy

ROI region of interest

CMvD Choroidal Microvasculature Dropout
POAG primary open-angle glaucoma
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