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Abstract: Peripapillary and macular vessel density (VD) are reduced in myopic non-glaucomatous
eyes, the dynamic range of VD may be decreased by myopia, and whether VD measurement has the
potential in differentiating stages of glaucoma severity in patients with myopic glaucoma remains
questionable. This observational, cross-sectional study aimed to clarify the changes in peripapillary
and macular VDs in preperimetric glaucoma (PPG) and primary open-angle glaucoma in the early,
moderate, and late stages. A total of 1228 eyes from 661 participants (540 normal, 67 PPG, and
521 glaucomatous) were included. Participants underwent free blood tests at the internal medicine
clinic to retrieve systemic data. Patients with glaucoma were grouped by disease severity, defined by
glaucomatous visual field mean defect, including early-(224 eyes), moderate-(103 eyes), and late-stage
glaucoma (194 eyes), and further divided into advanced (158 eyes) and terminal glaucoma (36 eyes).
Macular VD, peripapillary VD, circumpapillary retinal nerve fiber layer (cpRNFL) thickness, and
ganglion cell complex (GCC) thickness were evaluated and divided into superior and inferior parts.
One-way analysis of variance was performed, followed by Tukey’s post-hoc test. The peripapillary
VD was significantly different between the healthy and PPG groups and the early-, moderate-,
and late-stage glaucoma subgroups (all p < 0.001). Peripapillary VD measurements are helpful in
differentiating the various stages of glaucoma even in patients with myopic glaucoma.

Keywords: glaucoma; macula; peripapillary; optical coherence tomography-angiography; vessel
density; myopia

1. Introduction

Glaucoma, which is the global leading cause of irreversible blindness in individuals
aged 50 years and older, accounts for 11% of all blindness cases in 2020 [1]. In previous
studies, Asians and Africans are disproportionately affected by glaucoma, and the number
of patients with glaucoma worldwide is expected to increase to 111.8 million in 2040 [2].
Having a subtle chronic disease course, the pathogenesis of glaucoma has been theorized
to correlate with microcirculatory defects in the retina. With regard to the prevention of
glaucoma-related vision impairment, once detected, therapy for glaucoma can significantly
preserve the visual field (VF) and slow its deterioration [3]. Early detection and treatment
of glaucoma are very important in preserving vision, reducing morbidity, and diminishing
the burden on healthcare systems. Optical coherence tomography angiography (OCTA) is a
noninvasive, rapid, and high-resolution technique that provides three-dimensional images
to illustrate blood supply status, different segmentations, and parameters to indicate the
blood flow and microvasculature in the eyes.
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The mean defect (MD) in the VF is an important categorical severity classification
system for glaucoma. OCTA parameters such as vessel density (VD) have been shown to
be moderately or highly correlated with VF parameters [4]. For visual function decline in
glaucomatous eyes, OCTA parameters are better biomarkers than OCT parameters since
vascular loss has a stronger correlation with VF MD than with structural changes [5-10].
Some researchers suggest that OCTA may provide useful additional information for moni-
toring progression in later disease stages [4].

It has been reported that peripapillary and macular VDs are reduced in myopic non-
glaucomatous eyes [11-21], and the simultaneous presence of myopia and open-angle
glaucoma results in a greater level of microvascular attenuation than that with either
pathology alone [22]. In myopic eyes, reduced VD may increase the susceptibility to
vascular and age-related eye diseases [23,24]. The dynamic range of VD may be decreased
by myopia, and whether VD measurement has the potential in differentiating stages of
glaucoma severity in patients with myopic glaucoma remains questionable.

The current study aimed to evaluate the changes in peripapillary and macular VDs
in preperimetric glaucoma (PPG) and primary open-angle glaucoma (POAG) in various
(early, moderate, advanced, and terminal) stages and to compare the potential of OCT and
OCTA parameters in differentiating the stages of glaucoma severity, particularly in the
myopic population.

2. Materials and Methods
2.1. Study Participants

Patients aged 20 to 80 years who visited the ophthalmologic outpatient department
of our hospital between June 2019 and February 2020 were included. This cross-sectional,
observational study was conducted and approved by the institutional review board ((IRB)
number: NTUHHCB 108-025-E) of the National Taiwan University Hospital Hsin-Chu
Branch, Taiwan, and in accordance with the tenets of the Declaration of Helsinki (1964).
Informed consent was obtained from all the participants in the study.

All of the participants underwent a series of full ophthalmic examinations, includ-
ing refractive error measurement by ARK-510A (Nidek Co., Gamagori, Japan), slit-lamp
examination, gonioscopy, intraocular pressure (IOP) measurement by non-contact tonome-
ter NT-530P (Nidek Co., Gamagori, Japan), open anterior chamber angle by gonioscopy,
fundoscopy, visual field (VF) test by Humphrey Field Analyzer-840 (HFA-840; Carl Zeiss
Meditec, Inc. Dublin, CA, USA), and axial length (AL) by AL-SCAN (Nidek Co., Gamagori,
Japan). The bilateral eyes of every participant were evaluated and imaged. Then, they
underwent a free blood test at the internal medicine clinic to retrieve systemic data, includ-
ing mean arterial pressure (MAP), heart rate, serum triglyceride, high-density lipoprotein
(HDL), low-density lipoprotein (LDL), serum sugar, HbA1C, alanine aminotransferase
(ALT), creatinine, and uric acid.

All controls had best-corrected visual acuity (BCVA) better than 12/20. To avoid
poor image quality, the study excluded participants older than 60 years without previous
cataract surgery. Further exclusion criteria were as follows: history of ocular surgery
aside from uncomplicated cataract surgery; uveitis; ocular trauma; vitreoretinal diseases;
non-glaucomatous optic neuropathy; and retinopathy, such as diabetic retinopathy, hy-
pertensive retinopathy, maculopathy; any other known disease that may cause optic neu-
ropathy, retinopathy or VF loss, unreliable VF (false-positive and false-negative rate > 15%,
fixation losses > 20%), and unreliable OCTA image quality, such as a signal strength index
less than 40.

Control participants must show no evidence of retinal pathology or glaucoma in either
eye, intraocular pressure of 21 mm Hg or less, no chronic ocular or systemic corticosteroid
use, normal-appearing optic discs, and a normal result of VF examination. A normal VF
was defined as a pattern standard deviation (PSD) within the 95% confidence limit and a
normal glaucoma hemifield test result using a reliable VF test.
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In this study, preperimetric glaucoma (PPG) was defined on the basis of lesions in
decreasing circumpapillary retinal nerve fiber layer (cpRNFL) thickness or ganglion cell
complex (GCC) thickness by OCTA without glaucomatous VF abnormalities. Glaucoma-
tous VF abnormalities were defined as follows: (1) PSD beyond 95% normal limits (p < 0.05)
and glaucoma hemifield test beyond normal limits; (2) various glaucoma stages were de-
fined with 24-2 models as early (—2.0 dB > MD > —6 dB), moderate (—6 > MD > —12 dB),
and late stage further divided into advanced (—12 dB > MD > —30 dB) and terminal stage
(MD < —30 dB).

2.2. OCTA Measurements

All participants underwent OCTA (AngioVue, Optovue Inc., Fremont, CA, USA) ex-
aminations, which were reviewed manually to ensure correct segmentation and applicable
quality. VD in the peripapillary area with a 4.5 x 4.5 mm? scan size was divided into
superior and inferior hemifields. VD in the macular area was centered on the fovea with a
scan size of 3 x 3 mm? with two concentric circles and diameters of 1 mm and 3 mm. It
was further divided into center, superior, and inferior parts. The scan base was between
the inner border of the internal limiting membrane and 10 um above the outer border of
the inner plexiform layer. The cpRNFL thickness was measured in an annulus centered
on the optic disc with an outer and inner diameter of 4 mm and 2 mm, respectively. The
GCC scan, including the nerve fiber, ganglion cell, and inner plexiform layers, covered
a7 mm x 7 mm area that is centered 1 mm temporal to the fovea. All images and data
containing an optic nerve head analysis, including cup/disc ratio, rim area, and disc area,
were automatically acquired using a built-in software.

2.3. Statistical Analysis

Categorical variables were expressed as percentages, while continuous variables as
mean values and standard deviation (SD). Categorical variables were compared using the
chi-square test and a two-sample independent t-test for other continuous variables.

The propensity score (PS) was derived using logistic regression to model the probabil-
ity of receipt in the control or glaucoma groups (PPG + glaucoma (G)) as a function of all
the potential confounders listed in Table 1. Matching analysis based on the PS was used
for different groups of glaucomatous and control participants to reduce selection biases
between each pair of groups. Glaucoma groups (PPG + G) were matched to control groups
(using the greedy matching algorithm) at a 1:1 ratio, 1:9 PS-matching for PPG groups and
control groups, 1:1 PS-matching for glaucoma eye (excluding PPG) and control groups,
and 1:5 PS-matching for glaucoma eye (excluding PPG) and PPG groups. Sex and age were
used as covariates.

The balance in baseline characteristics for different groups of glaucomatous and
control participants among the PS-matched population was assessed using the Mantel-
Haenszel test for sex and paired t-test for age.

To compare OCTA and OCT parameters within glaucoma severity groups, one-way
analysis of variance was performed, followed by the Tukey’s post-hoc test. Two paired
sample t-tests were used to compare the percentage loss of the superior and inferior
regions of the macular and peripapillary VDs and cpRNFL and GCC thicknesses within the
control, PPG (mean control — PPG)/mean control), and glaucoma groups (mean control —
glaucoma)/mean control).

Pearson’s correlation coefficient was used to evaluate the relationship between struc-
tural thickness and VD. Multivariable linear regression models using a generalized estimat-
ing equation (GEE) model were utilized for correlations between outcome and predictive
variables, while adjusting for within-patient and inter-eye dependence. After adjusting for
age, sex, and AL, the working correlation matrix was defined as exchangeable (compound
symmetry); that is, the two eye measurements were assumed to be equally correlated and
independent of the sequence. Statistical analysis was performed using the SAS (version 9.4;
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SAS Inc., Cary, NC, USA) and R (version 3.6.2) software. All tests were two-sided, and
p-values < 0.05 were considered significant.

3. Results

Of the 1275 eyes of 690 participants aged 20-80 years that were initially enrolled
in the study, 540 eyes from 290 control participants and 588 eyes from 371 glaucoma
participants were eligible for the study. A flowchart for selecting the eligibility criteria is
shown in Figure 1.

Initial recruitment

N =690
( 1275 eyes)
Excluded:
* Missing data (4 eyes)
* BCVA < 12/20 (40 eyes) in controls
* Diabetic retinopathy (2 eyes)
N =661
(1228 eyes) 101 patients with one eye met
the control group criteria and
the other eye had glaucomatous
change, only glaucomatous eyes
were included (exclude 101
eyes from control group)
Control eyes Glaucoma eyes
N =290 N =371
(540 eyes) (588 eyes)
PPG eyes Glaucoma eyes
(67 eyes) (521 eyes)

Figure 1. Flow chart of eligible eyes selection. After manual evaluation of the raw data to exclude
ineligible eyes, we grouped the eyes into control eyes (540 eyes), PPG eyes (67 eyes), and glaucoma
eyes (521 eyes) for the analysis. BCVA, best corrected visual acuity; PPG, pre-perimetric glaucoma.

All raw data were manually evaluated, and four eyes with missing data, 40 eyes in
controls with best-corrected visual acuity <0.6, and two eyes whose fundus photography
showed diabetic retinopathy were excluded. Furthermore, 101 patients who had one eye
that met the control group criteria, while the other eye with glaucomatous change, were
excluded; hence, only glaucomatous eyes were included. A total of 1128 eyes were included
in the database with SVD, cpRNFL thickness, and GCC thickness. For further multivariable
linear regression models with GEE analysis, 58 eyes that were selected from those who
only had a single eye that met the inclusion criteria were excluded.

The demographics and characteristics of the control and glaucoma participants are
summarized in Table 1 (Supplementary Table S1). No significant difference was found
among the groups in terms of the prevalence of nephropathy, self-reported diabetes,
self-reported hypertension, asthma, and CVA history (p > 0.05). The groups differed
by age, sex, blood pressure, MAP, heart rate, HDL, Ante Cibum (AC) sugar, ALT, and
eGEFR (all p < 0.05). After matching for sex and age (Table 2, N = 200/200 in each group)
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(Supplementary Table S2), significant differences were not observed in the factors men-
tioned above in both groups.

Table 1. Demographics and Characteristics of the Control and Glaucoma groups.

Control Glaucoma Val
(N = 290) (N = 371) p-vatne
Age (years) 45.19 + 14.23 51.95 + 14.12 <0.001
<40 109 (37.6%) 76 (20.5%)
40-60 142 (49.0%) 190 (51.2%)
>60 39(13.5%) 105 (28.3%)
Gender <0.001
Male 91 (31.4%) 231 (62.3%)
Female 199 (68.6%) 140 (37.7%)
SBP (mmHg) 123.81 +£17.91 128.77 + 18.61 <0.001
DBP (mmHg) 73.26 +12.35 76.07 & 12.1 0.004
MAP (mmHg) 90.11 + 13.31 93.63 + 13.07 <0.001
HR (/min) 79.34 + 12.46 75.31 +12.03 <0.0001
TG (mg/dL) 106.84 + 70.33 117.08 &+ 55.63 0.192
HDL (mg/dL) 56.04 + 13.75 51.86 + 15.29 0.024
LDL (mg/dL) 113.89 + 33.05 108.98 + 30.45 0.292
AC sugar (mg/dL) 94.86 + 14.73 104.39 + 23.19 <0.001
HbAlc (%) 5.98 + 0.65 6.01 = 0.88 0.798
ALT (U/L) 21.54 + 18.05 27.21 +19.37 0.007
Creatinine (mg/dL) 09 +1.22 0.95 £ 0.77 0.641
eGFR (mL/min/1.73 m?2) 99.83 + 22.24 91.92 + 21.34 0.001
Uric Acid(mg/dL) 5.24 + 1.51 5.94 4+ 1.36 <0.001

Note. SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; HR, heart
rate; TG, triglyceride; HDL, high-density lipoprotein (cholesterol); LDL, low-density lipoprotein (cholesterol);
ALT, aspartate aminotransferase; eGFR, estimated glomerular filtration rate.

Table 2. Demographics and Characteristics of the Control and Glaucoma groups after Gender and

Age Matching.
Control Glaucoma Val
(N =200) (N = 200) p-vatue

Age (years) 474 +15.2 49.3 + 14.7 0.08

<40 62 (31.0%) 51 (25.5%)

40-60 101 (50.5%) 107 (53.5%)

>60 37 (18.5%) 42 (21.0%)
Gender 0.19

Male 88 (44.0%) 75 (37.5%)

Female 112 (56.0%) 125 (62.5%)
SBP (mmHg) 124.7 £17.9 1269 +19.4 0.23
DBP (mmHg) 742 +11.8 73.3 £ 115 0.45
MAP (mmHg) 91.0 £ 12.9 91.2 +13.1 0.91
HR (/min) 784 £ 13.1 76.3 £ 124 0.10
TG (mg/dL) 114.7 + 84.5 102.9 +52.2 0.29
HDL (mg/dL) 56.1 &+ 15.0 54.7 +15.2 0.56
LDL (mg/dL) 107.2 & 31.0 104.9 4+ 31.2 0.70
AC sugar (mg/dL) 96.5 + 16.1 101.9 +24.2 0.10
HbAlc (%) 6.0 £0.7 5.8 +0.7 0.25
ALT (U/L) 23.6 4 20.9 25.8 £ 21.1 047
Creatinine (mg/dL) 1.0+13 09+04 0.45
eGFR (mL/min/1.73 m?2) 97.1+21.4 95.6 +22.4 0.63
Uric Acid(mg/dL) 55+1.8 5.6 £1.5 0.93

Note. SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; HR, heart
rate; TG, triglyceride; HDL, high-density lipoprotein (cholesterol); LDL, low-density lipoprotein (cholesterol);
ALT, aspartate aminotransferase; eGFR, estimated glomerular filtration rate.
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Table 3 (Supplementary Table S2) summarizes the ophthalmic characteristics of the
control and glaucoma groups after matching for sex and age. Significant differences were
not found in eye laterality between the groups. The glaucoma group had significantly
longer AL and thinner central corneal thickness (CCT) as expected, higher CD ratio, lower
rim area, and worse VA, VE, VD, cpRNFL thickness, and GCC thickness (all p < 0.001) than
those in the healthy group. A significant difference (p = 0.51) was not observed in the IOP
between the two groups because of ethical and medical concerns. Moreover, the patients
in the current study did not stop using antiglaucoma eye drops; therefore, patients with
glaucoma in the present study should be more precisely described as those with medically
treated glaucoma.

Table 3. Ocular Data of the Control and Glaucoma groups after Gender and Age Matching.

Control Eyes Glaucoma Eyes

(N = 343) (N = 343) p-Value

OD/0Ss 0.76

OD 173 (50.4%) 177 (51.6%)
oS 170 (49.6%) 166 (48.4%)
VA (logMAR) 0.1+02 0.3 £0.6 <0.001

AL (mm) 251+1.7 257 +21 <0.001

<24 100 (29.2%) 75 (22.0%) <0.001
24-25.9 145 (42.3%) 101 (29.6%)
>26 98 (28.6%) 165 (48.4%)
IOP (mmHg) 149 £ 3.6 147 £ 4.1 0.509
CCT (um) 547.1 4 33.2 535.4 -+ 37.9 <0.001
VE: Mean Defect -12+18 —82+83 <0.001
Macular VD (%)

Superior 50.1 +4.7 438+74 <0.001
Center 187 + 6.4 164 +£7.0 <0.001
Inferior 49.6 +4.7 414 +81 <0.001

Peripapillary VD (%)

Superior 51.6 £5.0 40.5 +£10.7 <0.001
Inferior 52.7+5.0 379 +£10.5 <0.001

cpRNFL Thickness (um)

Superior 100.0 £ 9.6 782 £ 155 <0.001
Inferior 96.1 +£9.1 72.0 £15.1 <0.001

GCC Thickness (um)
Superior 95.6 £5.5 784 £ 125 <0.001
Inferior 95.0+5.5 723 +13.2 <0.001
Cup/Disc Ratio (%) 51.2 £ 18.6 792 £16.0 <0.001
Rim Area (0.01 mm?) 131.1 £ 36.9 759 £ 39.8 <0.001
Disc Area (0.01 mm?) 203.5 +49.4 212.1 £ 61.5 0.046

Note. OD, right eye; OS, left eye; VA, visual acuity; AL, axial length; CCT, central corneal thickness; VFE, visual
field; VD, vessel density; cpRNFL, circumpapillary retinal nerve fiber layer; GCC, ganglion cell complex.

Tables 4 and 5 (Supplementary Table S3) show the demographic and ophthalmic
characteristics and ocular data, respectively, of the control, PPG, and glaucoma (G) groups
after sex and age matching. The heart rate was significantly higher in the control group,
whereas the AC sugar and HbA1C levels were significantly lower in the PPG group than
those in the G group. The G group had significantly worse VA, thinner CCT, and longer AL
than those in the control group. VF in the G group was significantly lower than that in the
control and PPG groups. Significant differences in the hemifield macular VD, peripapillary
VD, and cpRNFL and GCC thicknesses were noted among the three groups when compared
in pairs (all p < 0.05) except for the center macular VD, which was only significantly lower
in the G group than that in the control group.
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Table 4. Demographics and Clinical Characteristics after Gender and Age Matching for Groups of Glaucomatous Subjects

and Control Subjects.
Avs.B Avs. C Bvs. C p-Value
N =288:32 N = 314:314 N = 62:310 a b c
Age 447 +13.9 48.6 +15.7 477 £ 144 482 +129 469 £ 12.2 50.6 + 14.1 0.12 0.52 0.33
<40 112 (38.9%) 9 (28.1%) 81 (25.8%) 95 (30.2%) 15 (24.2%) 75 (24.2%) 0.24 0.95 0.20
40-60 142 (49.3%) 18 (56.3%) 177 (56.4%) 150 (47.8%) 40 (64.5%) 163 (52.6%)
>60 34 (11.8%) 5 (15.6%) 56 (17.8%) 69 (22.0%) 7 (11.3%) 72 (23.2%)
Gender 1.00 1.00 0.23
Male 72 (25.0%) 8 (25.0%) 156 (49.7%) 156 (49.7%) 43 (69.3%) 190 (61.3%)
Female 216 (75.0%) 24 (75.0%) 158 (50.3%) 158 (50.3%) 19 (30.7%) 120 (38.7%)
SBP 1225+17.7 1303+184 1262+184 1259+175 1295+16.0 129.0+ 18.6 0.03 0.85 0.82
DBP 72.0 +£12.0 76.8 +£13.0 75.4 +12.0 745+ 11.7 78.6 £12.5 76.0 +=12.3 0.03 0.35 0.13
MAP 88.9 £+ 13.0 94.7 £ 13.5 924 +13.2 91.7 £ 125 95.6 + 12.7 93.6 +£13.1 0.02 0.51 0.28
HR 794+ 124 75.5+9.8 78.8 £12.3 747 £11.5 749 +£10.1 75.5 +£12.3 0.08 <0.001 0.71
TG 105.7 £69.9 1023 +456 1227 +871 113.1+49.7 108.6 =450 1169 +57.2 0.64 0.27 0.52
HDL 559 £ 13.5 55.2 +£12.4 52.4 +14.1 52.5+14.8 52.0 £ 11.7 50.4 +15.5 0.77 0.96 0.63
LDL 113.7 £32.8 1152 +£35.1 113.6+34.1 109.1 £29.1 1192 +274 113.4+31.7 0.89 0.35 0.47
ACsugar 94.1+143 934 £+ 8.1 969 +14.1 100.3 +19.8 95.4 + 8.1 104.2 +£22.5 0.70 0.12 0.001
HbAlc 6.0+ 0.7 51+03 6.0 £ 0.5 6.1+1.1 54+06 6.1 4+0.9 0.02 0.33 0.01
ALT 202 +17.1 32.0 £21.9 222 +11.9 23.8 £ 16.2 31.1 +£21.7 25.7 +18.3 0.03 0.38 0.18
Creatinine 09+12 0.8+0.2 1.0£+15 09+0.8 0.9+0.2 09+0.8 0.49 0.47 0.27
eGFR 1009 £21.3 99.2 +£16.6 95.0 £21.4 959 +21.2 979 +£17.7 93.0 £21.2 0.37 0.71 0.26
Uric Acid 51+13 53+13 57+1.6 59+13 59+13 60+t14 0.51 0.46 0.85

Group A, control eyes; Group B, pre-perimetric glaucoma eyes; Group C, glaucoma eyes; a p-value, A vs. B; b p-value, A vs. C; c p-value,
B vs. C; Unit. Age (years); SBP (mmHg); DBP (mmHg); MAP (mmHg); HR (/min); TG (mg/dL); HDL (mg/dL); LDL (mg/dL); AC sugar
(mg/dL); HbAlc (%); ALT (U/L); Creatinine (mg/dL); eGFR (mL/min/1.73 m?); Uric Acid (mg/dL); Abbreviations. SBP, systolic blood
pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; HR, heart rate; TG, triglyceride; HDL, high-density lipoprotein

(cholesterol); LDL, low-density lipoprotein (cholesterol); ALT, aspartate aminotransferase; eGFR, estimated glomerular filtration rate.

Table 5. Ocular Data after Gender and Age Matching for Groups of Glaucomatous subjects and Control subjects.

Avs.B Avs.C Bvs. C p-Value
N = 288:32 N = 314:314 N = 62:310 a b c
OD/0OS 0.68 0.58 0.68
OD 151 (52.4%) 18 (56.3%) 160 (51.0%) 153 (48.7%) 30 (48.4%) 159 (51.3%)
0s 137 (47.6%) 14 (43.7%) 154 (49.0%) 161 (51.3%) 32 (51.6%) 151 (48.7%)
VA
(logMAR) 0.1+£0.2 02+0.6 0.1+£0.2 03+£05 0.3£0.6 04+£07 0.37 <0.001 0.20
AL (mm) 252+ 1.8 25.6 £ 1.8 251 +1.8 25.7 £ 2.1 259 +1.9 25.6 +24 0.22 <0.001 0.37
<24 78 (27.1%) 7 (21.9%) 97 (30.9%) 71 (22.8%) 13 (21.0%) 86 (27.8%)
24-25.9 121 (42.0%) 8 (25.0%) 118 (37.6%) 100 (32.0%) 16 (25.8%) 87 (28.2%)
26 89 (30.9%) 17 (53.1%) 99 (31.5%) 141 (45.2%) 33 (53.2%) 136 (44.0%)
(mIr(n)II-)Ig) 146 £ 3.4 149 £ 3.3 148 £ 3.6 14.8 £ 4.0 15.1+4.0 14.7 £ 3.8 0.66 0.84 0.45
CCT (um) 543.9+359 5422 +31.0 544.0+354 536.4+341 530.7+447 536.5+36.0 0.80 0.007 0.34
VF -14+138 —-14+15 —-12+19 —9.0+8.6 -1.0£13 —-103+9.0 0.98 <0.001 <0.001

Macular
VD (%)

Superior 50.1 + 4.8 473 +5.1 499 +5.3 435+7.1 464 + 6.7 429+75 0.002 <0.001 <0.001
Center 184 +6.8 18.0 £ 6.4 18.6 £ 6.3 16.1+£7.0 178 £ 6.2 16.0 £ 6.9 0.72 <0.001 0.06
Inferior 495+ 5.1 46.1 4.8 494 +54 41.0+7.7 45.7 £ 6.1 40.2 + 8.0 0.001 <0.001 <0.001

Peripapil-

lary VD (%)

Superior 51.7 £ 5.2 471+ 64 51.3 +5.3 39.1 +10.6 473 +5.9 379 +10.6 <0.001 <0.001 <0.001

Inferior 52.7 + 5.4 485+ 5.2 524 +54 36.6 +10.2 474 + 5.1 3544+ 103 <0.001 <0.001 <0.001
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Avs.B Avs.C Bvs. C p-Value
N = 288:32 N = 314:314 N = 62:310 a b c
cpRNFL
Thickness
(nm)
Superior 101.0 +£10.1 85.6+10.2 100.8+10.0 76.0+16.0 86.6£10.3 751+154 <0.001 <0.001 <0.001
Inferior 96.9 +94 85.1 +9.8 96.3 + 8.9 69.3+15.0 815+£107 67.8+134 <0.001 <0.001 <0.001
GCC
Thickness
(um)
Superior 96.0 + 5.9 863 +74 958 +5.4 76.6 £12.2 85.9 + 8.0 76.3 £13.0 <0.001 <0.001 <0.001
Inferior 95.4 +5.9 83.5+73 95.1 5.6 70.5 £ 12.5 81.3 £8.1 70.0 £12.8 <0.001 <0.001 <0.001
C/DRatio 498+195 665+18.6 51.5+£194 807+156 705+148 825+134 <0001 <0.001 <0.001
Rim Area 1333 +372 1093 +63.7 130.8+371 72.0+39.1 98.1+50.8 69.8+37.9 0.04 <0.001 <0.001
Disc Area 203.5+484 2189+562 2042+494 2126601 212.8+488 216.4+59.5 0.09 0.06 0.66

Group A, control eyes; Group B, pre-perimetric glaucoma eyes; Group C, glaucoma eyes; a p-value, A vs. B; b p-value, A vs. C; c p-value,
B vs. C; Unit. VA (logMAR); VF (mean deviation); VD (%); thickness (um); C/D ratio (%); Rim area (0.01 mm?); Disc area (0.01 mm?);
Abbreviation. OD, right eye; OS, left eye; VA, visual acuity; AL, axial length; CCT, central corneal thickness; VF, visual field; VD, vessel
density; cpRNFL, circumpapillary retinal nerve fiber layer; GCC, ganglion cell complex; C/D Ratio, cup to disc ratio.

Table 6 (Supplementary Table S4) summarizes the characteristics of the glaucomatous
subgroups, which were divided according to the VF (MD) values, including the control
(group 0), PPG (group 1), and early-(group 2), moderate-(group 3), and late-stage (group 4)
glaucoma subgroups. Significant differences among the groups were not observed in terms
of sex. Participants in the late-stage group were significantly older than those in the other
groups, and their AL was significantly shorter. The peripapillary VD values were highest in
the control eyes, followed by the PPG and early-, moderate-, and late-stage glaucoma eyes;
all pairwise comparisons were statistically significant (p < 0.05, Tukey’s honestly significant
difference). Superior and inferior macular VDs showed significant differences between the
control, early, moderate, and late glaucoma groups but could not be differentiated between
the PPG and early glaucoma groups.

Table 6. One Way Analysis of OCTA parameters and OCT measurement among the glaucoma severity groups.

Group 0 Group 1

Group 2

Group 3

Group 4

N =540 N =67 N =224 N =103 N=194  PValue  TukeyTest
Age (years) 444 +13.8 457 £12.7 483 +12.2 51.3 £12.8 56.1 + 14.5 <0.001 4>0,1,2,3
Axial Length (mm) 252+ 1.7 259 + 1.8 259 + 1.8 26.3 +2.8 251 +22 <0.001 1,2,3>0,4
Gender 0.463
Male 169 (31.3%) 43 (64.2%) 137 (612%) 69 (67.7%) 132 (68.0%)
Female 371 (68.7%) 24 (35.8%) 87 (38.8%) 33 (32.4%) 62 (32.0%)
Macular VD (%)

Superior 50.3 £4.8 46.6 + 6.5 46.1 £ 6.0 412+ 6.6 381+75 <0.001 0>1,2>3>4
Center 184 + 6.4 181+ 6.1 17.0 + 6.6 14.7 + 6.1 145+7.0 <0.001 02>>2’30’41’
Inferior 49.7 +£5.0 46.0 £ 5.9 43.7 + 6.8 38.0+72 352477 <0.001 0>1,2>3>4

Peripapillary VD (%)

Superior 51.8 £4.9 474 +5.8 43.6 + 84 37.1+£10.2 29.5+9.2 <0001 0>1>2>3>4

Inferior 529 +5.2 47.6 £5.0 415 +8.1 332+9.2 269 + 7.8 <0.001 0>1>2>3>4
cpRNFL Thickness
(um)

Superior 100.8 +£9.7 86.8 +10.4 81.2 £13.5 74.0 + 14.6 67.1 +£14.9 <0.001 0>1>2>3>4

Inferior 96.8 +£9.0 82.0 +£10.7 74.6 +12.8 65.2 +14.0 61.1 £134 <0.001 0>1>2>3>4
GCC Thickness (um)

Superior 959 + 5.8 86.0 7.8 81.1 £10.2 739 +12.6 69.4+12.4 <0.001 0>1>2>3>4

Inferior 953 +£5.7 815+ 8.0 75.0 +£12.1 65.9 + 104 642 +11.1 <0001 0>1>2>3>4
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Table 6. Cont.

Group 0 Group 1 Group 2 Group 3 Group 4
N =540 N =67 N =224 N =103 N=194  PValue  Tukey Test
Cup/Disc Ratio (%) 49.7 £19.5 69.5 + 16.0 77.5 £14.0 83.4 £13.7 89.5 £ 11.0 <0.001 0<1<2<3<4

Rim Area (0.01 mm?)
Disc Area (0.01 mm?)

133.3 £36.7 100.1 £ 50.2
2034 +£48.6 2139+498 2095+£51.8 221.0£819 216.7 £60.6 0.006

78.5 £ 339 69.8 £38.2 51.6 £30.3 <0.001 0>1>2,3>4

Group 0, control eyes; Group 1, pre-perimetric glaucoma eyes; Group 2, early glaucoma eyes with —2 dB > VF(MD) > —6 dB; Group 3,
moderate glaucoma eyes with —6 dB > VF(MD) > —12 dB; Group 4, late glaucoma eyes with VF(MD) < —12 dB; OD, right eye; OS, left
eye; VA, visual acuity; AL, axial length; CCT, central corneal thickness; VF, visual field; VD, vessel density; cpRNFL, circumpapillary
retinal nerve fiber layer; GCC, ganglion cell complex; MD, mean deviation.The OCTA-based VD and OCT-based structural thickness of
the two groups (advanced, terminal stage) are shown in Table 7. No significant difference was noted between the two groups in terms of
peripapillary and macular VDs, cpRNFL and GCC thickness, or CD ratio.

Table 7. Comparison of advanced or terminal glaucoma with OCTA parameters and OCT measurement.

Advanced Glaucoma  Terminal Glaucoma

(N =158) (N =36) p-Value
Age (years) 56.06 + 14.44 56.47 + 14.91 0.879
Male subjects 110(69.62) 22(61.11) 0.323
Macular VD (%)

Superior 38.13 £7.44 37.84 +7.93 0.845
Center 13.98 £+ 6.48 17.19 £+ 8.88 0.064
Inferior 35.15 + 7.56 35.64 + 8.36 0.759

Peripapillary VD (%)

Superior 29.68 + 8.84 28.70 + 11.02 0.635
Inferior 26.86 + 7.33 27.16 +9.92 0.876

cpRNFL Thickness (um)

Superior 66.99 £+ 13.61 67.75 + 19.56 0.827
Inferior 60.94 + 13.20 61.72 +14.21 0.753

GCC Thickness (um)

Superior 69.58 + 11.95 68.56 + 14.44 0.667

Inferior 63.96 + 10.89 65.26 +11.81 0.536

Cup/Disc Ratio (%) 90.04 £9.79 87.11 £ 15.17 0.274
Rim Area (0.01 mm?) 49.92 £+ 25.06 59.03 + 46.49 0.262
Disc Area (0.01 mm?) 217.80 £ 59.97 211.69 £ 63.65 0.587
AL (mm) 25.07 +£2.19 2498 +2.24 0.818

VF (mean defect) —20.24 £5.49 —31.71 £0.87 <0.001
VA (logMAR) 0.55 £ 0.79 091 £1.20 0.148

Note. Advanced glaucoma, —12 dB > VF(MD) > —30 dB; Terminal glaucoma, VF(MD) < —30 dB; Abbreviation.
VD, vessel density; cpRNFL, circumpapillary retinal nerve fiber layer; GCC, ganglion cell complex; VA, visual
acuity; AL, axial length.

The OCTA-based VD and OCT-based structural thickness of the two groups (advanced,
terminal stage) are shown in Table 7 (Supplementary Table S5). No significant difference
was noted between the two groups in terms of peripapillary and macular VDs, cpRNFL
and GCC thickness, or CD ratio.

Multivariable linear regression models with the GEE for correlations between MD VF
with OCTA parameters and OCT measurements are shown in Table 8. Positive correlations
were found between MD VF with VD in the macula and peripapillary areas and cpRNFL
and GCC thicknesses (all p < 0.001) except for the central macular VD. According to the
B-value, the rates of increase were highest in macular VD (0.55%, 0.54% every dB), followed
by peripapillary VD (0.47%, 0.53% every dB), GCC thickness (0.38 um, 0.35 um every dB),
and cpRNFL thickness (0.24 um, 0.25 um every dB).

The superior and inferior hemifield asymmetries of the percentage loss of peripapillary
and macular VDs and cpRNFL and GCC thickness were compared in the PPG and G groups
(Table 9). In the PPG group, the GCC thickness showed significant intra-eye asymmetry,
whereas the other factors did not. However, all factors were significantly more affected
severely in the inferior hemifield of the glaucoma group (p < 0.001).
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Table 8. Multivariable linear regression models with generalized estimating equation (GEE) model *
for correlations between visual field in mean defect with OCTA parameters and OCT measurement.

B SE p-Value
Macular VD (%)

Superior 0.55 0.05 <0.001
Center 0.16 0.10 0.123
Inferior 0.54 0.05 <0.001

Peripapillary VD (%)

Superior 0.47 0.04 <0.001
Inferior 0.53 0.03 <0.001

cpRNFL Thickness (um)

Superior 0.24 0.03 <0.001
Inferior 0.25 0.03 <0.001

GCC Thickness (um)
Superior 0.38 0.03 <0.001
Inferior 0.35 0.03 <0.001
Cup/Disc Ratio (%) —-0.23 0.04 <0.001
Rim Area (0.01 mm?) 0.07 0.01 <0.001
Disc Area (0.01 mm?) 0.00 0.01 0.936

OCTA, optical coherence tomography angiography; VD, vessel density; cpRNFL, circumpapillary retinal nerve
fiber layer; GCC, ganglion cell complex. * Adjusted for age, gender, axial length.

Table 9. Comparison of percentage loss hemifield asymmetry of corresponding regions of OCTA
parameters between pre-perimetric glaucoma eyes and glaucoma eyes.

PPG * Glaucoma

- * . *
N =67 p-Value N =521 p-Value
Macular VD
Superior 0.07 +0.13 0.16 + 0.15
Inferior 0.08 + 0.12 094 0.20 + 0.16 <0.001
Peripapillary VD
Superior 0.09 £ 0.11 0.28 £ 0.21
Inferior 0.10  0.10 034 035 =+ 0.20 <0.001
cpRNFL Thickness
Superior 0.14 £ 0.10 0.26 £0.15
Inferior 0.15 + 0.1 036 030 £ 0.15 <0.001
GCC Thickness
Superior 0.10 4 0.08 0.21+0.13
Inferior 0.14 + 0.08 <0.001 027 + 013 <0.001

PPG, pre-perimetric glaucoma; VD, vessel density; cpRNFL, circumpapillary retinal nerve fiber layer; GCC, ganglion
cell complex; * Two sample pair t-test; ¥ PPG group = (Mean Control -PPG)/Mean Control; ¥ G group = (Mean
Control — G)/Mean Control.

In Table 10, the r values of Pearson’s correlation coefficient between the cpRNFL and
GCC thicknesses and VD were 0.636 to 0.674, and higher positive linear associations were
noted in the peripapillary area than that in the macular area. The associations were slightly
higher in the superior region than that in the inferior region.

Table 10. Pearson correlation coefficient between OCTA parameters with OCT measurement in
same region.

r p-Value
. GCC Thickness
Superior Macular VD 0.658 <0.001
. GCC Thickness
Inferior Macular VD 0.636 <0.001
Superior cpRNFL Thickness 0.674 <0.001

Peripapillary VD
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Table 10. Cont.

r p-Value

cpRNFL Thickness

Inferior Peripapillary VD

0.666 <0.001

OCTA, optical coherence tomography angiography; VD, vessel density; cpRNFL, circumpapillary retinal nerve
fiber layer; GCC, ganglion cell complex.

In Table 11, positive linear correlations were found between superior and inferior GCC
thicknesses with macular VD (all p < 0.001) and between superior and inferior cpRNFL
thicknesses with peripapillary VD (p < 0.001). According to the 3-value, the GCC and
cpRNEFL thicknesses of the superior macular, inferior macula, and superior peripapillary
areas increased at a rate of 1.04 um, 0.94 um, 0.90 pm, and 0.91 pum for every percent of VD,
respectively. The macular area has a higher 3-value than that in the peripapillary area.

Table 11. Multivariable linear regression models with generalized estimating equation (GEE) model *
for correlations between OCTA parameters with OCT measurement in same region: change in structural
thickness related with VD.

§] SE p-Value
Superior Gﬁgﬁ;ﬁk\?};ss 1.04 0.05 <0.001
Inferior Gl\cdiill‘;k\j‘gss 0.94 0.05 <0.001
. cpRNFL Thickness
Superior Peripapillary VD 0.90 0.06 <0.001
. cpRNFL Thickness
Inferior Peripapillary VD 091 0.05 <0.001

OCTA, optical coherence tomography angiography; VD, vessel density; cpRNFL, circumpapillary retinal nerve
fiber layer; GCC, ganglion cell complex; * Adjusted for age, sex, axial length.

Although myopia is a risk factor for glaucoma, the glaucoma group showed a longer
AL than the control group. However, we found that approximately half of the patients had
more VF defects in eyes with higher myopia than in the inter-eye asymmetry of the same
individual (Table 12).

Table 12. Proportion of higher myopia with more VF defect in all patients with glaucoma.

Glaucoma Subijects, N = 318 N %
Higher myopia with more VF defect ? 161 50.6
Others P 157 49.4

VEF, visual field;  In bilateral eyes: AL differences (mm) > 0 and VF differences (dB) < 0 or AL differences (mm) < 0

and VF differences (dB) > 0; b In bilateral eyes: AL differences (mm) < 0 and VF differences (dB) < 0 or AL
differences (mm) > 0 and VF differences (dB) > 0.

4. Discussion
In the present investigation,

1. Significant differences in the hemifield macular VD and peripapillary VD were noted
among the control, PPG, and glaucoma groups when compared in pairs (all p < 0.05)
except for the center macular VD.

2. Peripapillary VD showed better potential in differentiating the various stages of
glaucoma severity than macular VD even in the myopic population.

3. All parameters showed no significant differences between advanced and terminal
glaucoma.

4. Positive correlations between VF defect with VD and thickness were noted, and rates
of increase were highest in macular VD, followed by peripapillary VD, GCC thickness,
and cpRNFL thickness.



J. Clin. Med. 2021, 10, 5490

12 of 16

5. The GCC thickness in the PPG group showed significant intra-eye asymmetry of
percentage loss (p < 0.001), whereas peripapillary and macular VDs and cpRNFL
thickness did not.

6.  Only 50.6% of the patients had more VF defects in both eyes than that in the inter-eye
asymmetry of the same individual.

Peripapillary VD measurement showed better potential in differentiating the stages
(PPG, early, moderate, late) of glaucoma severity, whereas macular VD did not show a
significant difference between the PPG and early-stage glaucoma groups in our study.
However, the percent reduction in macular VD was significantly greater in the early
glaucoma group than in the PPG group (all p < 0.05), as reported by Wang et al. [25]. The
inconsistency may be attributed to our scan sizes being smaller than those of Wang's study;
and the most vulnerable macular area was found to be outside the central 3 x 3 mm? area
but inside the 6 x 6 mm? area [26].

There was no significant difference between the parameters of advanced- (—30 dB
<MD < —12 dB) and terminal-stage (MD < —30 dB) glaucoma. In the early stage of
disease, both structural and functional data could help making judgements about the rate
of progression. In the advanced stage, functional data, such as mean defect of VF, is more
useful for follow-up in these cases. Severity in the advanced group (VFMD —20.2 & 5.5 dB)
may have reached the measurement floor of cpRNFL and GCC thickness, as supported by
Moghimi et al. [27] and Phillips et al. [28]. Measurement floors of cpRNFL thickness and
macular VD in our population may be higher than that in Americans [27]. Measuring the
floor of peripapillary and macular VDs and cpRNFL and GCC thicknesses in the Asian
population should be performed in the future.

Mikelberg et al. found that 70% of glaucomatous eyes had initial damage limited to a
single hemifield, and 57% still had a single hemifield defect at the completion of follow-
up [29]. Therefore, the asymmetry of the percentage loss of VD and structural thickness
in the PPG and G groups was compared. All parameters were significantly more affected
severely in the inferior hemifield of the G group. In the PPG group, GCC thickness and
hemifield asymmetry could be seen in the PPG stage but not in peripapillary and macular
VDs, which was supported by previous studies. Chen et al. reported that macular ganglion
cell-inner plexiform layer (GCIPL) thickness asymmetry measurements have diagnostic
ability comparable to that of cpRNFL, GCIPL, and optic nerve head analysis for PPG [30].
Chang et al. also found that macular perfusion density asymmetry was not significantly
different between the healthy and PPG groups [31].

The peripapillary and macular VDs and GCC and RNFL thicknesses were significantly
more affected severely in the inferior hemifield than that in the superior hemifield of the
glaucoma group (p < 0.001). The literature shows that the inferior region of the macula
is particularly susceptible to glaucomatous damage [32]. Other studies have shown that
VD superior/inferior asymmetry may permit a more reproducible, objective diagnosis in
detecting early stages of glaucomatous changes [33,34]. As POAG progresses, the damage
becomes multifocal and diffuse, and asymmetry becomes smaller in the severe stages of the
disease [34]. Intra-eye VD asymmetry may have the potential to detect early glaucoma with
less influence of interindividual variation in factors, such as age, sex, race, AL, hypertension,
diabetes, and other systemic drug-related factors. In the future, it may be interesting to see
if the VF hemifield test matches upper and lower VD, cpRNFL, and GCC differences in
various stages of glaucoma.

A recent meta-analysis showed that individuals with myopia have a higher risk of
developing open-angle glaucoma than those without myopia. The overall odds ratio
(OR) was 1.95 for any myopia compared with emmetropia. The pooled ORs were 2.92 for
moderate/high myopia and 1.59 for low myopia, with a cutoff value of —3 D [23]. In our
study, the glaucoma group had longer AL than the control group, whereas in comparing
the inter-eye asymmetry of the same individual, only 50.6% of the patients with glaucoma
had more VF defects in eyes with higher myopia. In contrast, Lee et al. reported that in
inter-eye comparisons, more myopic eyes in myopic normal-tension glaucoma demonstrate
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more severe VF [35]. However, the literature showed that the rates of VF progression in the
myopic group (0.356 and 0.361 dB/y for 10° to 24°, respectively, and glaucoma hemifield
test maps) were not significantly different from those in the non-myopic group (0.349 and
-0.364 dB/y; p = 0.951 and 0.973, respectively) [36]. Other studies have reported that myopia
may be a protective factor against optic disc/RNFL or VF progression in those with open-
angle glaucoma [37-39]. Whether inter-eye asymmetrically higher myopia is associated
with inter-eye asymmetrically progressive open-angle glaucoma remains questionable.
Further studies are needed to clarify the association between the inter-eye asymmetry of
myopia and open-angle glaucoma progression.

Our study population included more myopia patients and had a longer mean AL
than those of other studies in healthy [27,40,41], PPG [40], and glaucoma groups [27,40].
The mean macular and peripapillary VD values of the glaucoma group in our study were
lower than those in other studies [27,40]. However, for the healthy and PPG groups, no
significant difference in the mean VD values was noted between our populations and
other studies [27,40,41]. It has been reported that peripapillary and macular VD may
be reduced in high myopia non-glaucoma patients [11-21]. While comparing the non-
glaucoma population with that of Korean studies, our control group had shorter AL,
lower macular and peripapillary VDs, and thinner RNFL [14,16]. Compared with studies
conducted in China, our population had AL similar to that of moderate myopia defined in
these studies, with higher macular VD in our group, lower peripapillary VD, and thinner
GCC and peripapillary RNFL, which were lower and thinner than those of their high-
myopia groups [15,17,20]. The dynamic range of VD was decreased by myopia, but using
peripapillary VD to differentiate between the various stages of glaucoma severity is feasible.
However, the simultaneous presence of myopia and open-angle glaucoma resulted in a
greater level of microvascular attenuation than with either pathology alone [22]. The values
of reduction related to glaucoma may have been overestimated. Considering the effect of
myopia, VD may be more valuable in following glaucoma progression in each individual
than comparing data between individuals in clinical practice, and different baseline values
of parameters should not be neglected.

According to the vascular theory of glaucoma, neural structure loss is a consequence
of reduced ocular blood flow. Ischemia may damage the neural tissues [42,43]. On the
contrary, the destruction of the neural tissue in glaucoma may lead to microvascular
reduction through decreased metabolic demand [44]. The possible reasons why some
studies failed to demonstrate this link might because of big variation of cross-sectional
design. Longitudinal studies perhaps still cannot clarify whether neural tissue loss or
vessel loss is the primary event since these events can be interdependent.

There are some limitations to our study. First, our scan size was only 3 x 3 mm?,
and a larger macular scan size (6 x 6 mm?) was reported to have a higher diagnostic
accuracy [26,45]. A larger scan size of macular VD may help us understand more macular
microvascular changes in the early stages of glaucoma. Second, the small sample size of
the PPG group in this study may have induced selection bias in our population. Moreover,
most systemic factors did not show differences between the control and glaucoma patients.
Further studies with more participants may provide different results. Finally, since this
was a cross-sectional study, the interindividual variability of measurements and disease
progression could not be discussed. Longitudinal studies will help elucidate the pattern of
microvascular damage in the various stages of glaucoma.

5. Conclusions

In conclusion, the current study showed that peripapillary VD was significantly
different between the healthy and PPG groups and the early-, moderate-, and late-stage
glaucoma subgroups. Our results revealed that peripapillary VD measurement is helpful
in differentiating the various stages of glaucoma severity, even in a myopic population.
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