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Abstract

Purpose The aim of this study is to report changes in and associations of macular vessel density (VD) and perfusion density (PD)
using optical coherence tomography angiography (OCTA) in mild, moderate, and severe open-angle glaucoma.

Methods One hundred thirty-three patients with open-angle glaucoma (133 eyes: 47 mild, 33 moderate, and 53 severe glaucoma)
and 73 normal subjects (right eyes) were included in this cross-sectional study. All subjects underwent Cirrus OCTA measure-
ments. One-way analysis of variance (ANOVA) was used to compare macular VD and PD between the controls and mild,
moderate, and severe glaucoma groups. Multiple linear regression was performed with OCTA parameters as the predicted
variable and age, gender, spherical equivalent (SE), intraocular pressure (IOP), mean deviation (MD), signal strength (SS),
and mean macular ganglion cell-inner plexiform layer (mGCIPL) thickness as the predictor variables.

Results The total area of VD showed significant differences between the controls vs. mild (p < 0.001) and moderate vs. severe
glaucoma (p = 0.003); no significant difference was found between mild and moderate glaucoma (p = 1.000). Macular VD was
associated with age (5 =—0.02, p =0.003), MD (3= 0.04, p =0.001), SS (3= 1.43, p < 0.001), and mGCIPL thickness (3= 0.04,
p =0.002) but not with gender, SE, and IOP (all p > 0.05).

Conclusions Macular microcirculation declined significantly in mild and severe glaucoma. No significant difference was found
between mild and moderate glaucoma. Decrease macular VD was independently associated with age, severe MD, lower SS, and
thinner mGCIPL thickness.

Key messages:

® Using OCTA researchers have reported decreased optic disc, peripapillary and macular vessel density in
glaucoma patients compared to normal subjects. However, the relationship between the severity of damage
of vascular density and the functional and anatomical changes in glaucoma have not been established.

® In this study, we found macular microcirculation declined significantly in mild and severe glaucoma. No
significant difference was found between mild and moderate glaucoma. OCTA-measured macular vascular
parameters may be a promising tool for monitoring very early or late-stage glaucoma progression.

®  Macular microcirculation was associated with age, mean deviation, signal strength and inner macular thickness,
but not with gender, spherical equivalent and intraocular pressure.
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Introduction

Glaucoma is an optic neuropathy characterized by progressive
loss of the retinal ganglion cells (RGCs) and their axons in the
peripapillary retinal nerve fiber layer (p)RNFL) with character-
istic changes in the optic nerve head (ONH) and visual field
(VF) [1].

The vascular system and ocular blood flow may play an
important role in the pathophysiology of primary open-angle
glaucoma (POAG) [2, 3]. Impaired regulation of ocular blood
flow results in periods of relative ischemia that damage neu-
rons resulting in pRNFL and ganglion cell layer thinning [3].
After the introduction of optical coherence tomography angi-
ography (OCTA) which can visualize the retinal microcircu-
lation status in a repeatable and reproducible manner, many
studies have investigated the role of OCTA in the field of
glaucoma [4—-11]. Using OCTA, researchers have reported
decreased optic disc, peripapillary, and macular vessel density
in glaucoma patients compared to normal subjects; these find-
ings showed correlations with glaucomatous structural thin-
ning or visual field defects [5, 6, 12]. The decreased
peripapillary vessel density was significantly associated with
the severity of visual field damage [6]. The relationship be-
tween the severity of damage of macular vascular density and
the functional and anatomical changes in glaucoma have not
been established. The objective of this study was to compare
macular vascular microcirculation in mild, moderate, and se-
vere glaucomatous damage and explore the possible correla-
tion between macular vascular density, neural structure, and
visual field loss in POAG and study its associations with other
factors.

Methods

This study protocol was reviewed and approved by the
Institutional Review Board of the Beijing Tongren Hospital
of Capital Medical University, Beijing, China (no. 2016012),
and it was in accordance with the tenets of the Declaration of
Helsinki. The written informed consents were signed by all
subjects before any examination was performed.

Participants and examinations

One hundred seventy consecutive patients who presented with
primary open-angle glaucoma (POAG) to the Beijing Tongren
Eye Center between May 2017 and June 2019 were enrolled.
Inclusion criteria were an intraocular pressure (IOP) of >
21mmHg, age > 18 years, best-corrected visual acuity (BCVA)
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> 20/40, spherical equivalent (SE) + 6 diopters, open angles on
gonioscopy, and clear ocular media. Exclusion criteria were clin-
ically significant opacities of the optic media, OCT and OCTA
signal strength (SS) < 8 (as recommended by the manufacturer),
unreliable VF results, ocular surgery in the last 6 months, evi-
dence of vitreoretinal disease, uveitis, diabetic retinopathy, hy-
pertensive retinopathy, ocular trauma, Parkinson’s disease,
Alzheimer’s disease, stroke, and other diseases that could cause
VF loss or optic disc abnormalities.

All subjects underwent a comprehensive ophthalmic exam-
ination including visual acuity, refraction, Goldman
applanation tonometry, gonioscopy using a contact two mirror
lens, slit-lamp biomicroscopy, fundus photography, VF
(Humphrey Field analyzer with Swedish Interactive
Thresholding Algorithm, SITA 24-2 test program; Carl Zeiss
Meditec Dublin, CA), spectral domain (SD)-OCT, and
OCTA.

Glaucomatous eyes were defined as those with a
glaucomatous defect on VF testing and correlating optic nerve
head changes of diffuse or localized rim thinning, disc hem-
orrhage, increased cupping (a vertical cup-disc ratio of > 0.7),
and inter-eye cup asymmetry > 0.2. Based on the modified
Hodapp-Anderson-Parrish grading scale, glaucomatous eyes
were divided into mild (mean deviation (MD) > -6dB), mod-
erate (MD between —6 and —12 dB), and severe glaucoma
(MD worse than —12 dB) [13, 14]. VF testing was considered
reliable when fixation losses were < 20%, and false-positive
and false-negative errors were < 15%; the perimeter software
calculated the MD and pattern standard deviation (PSD) [13].

The control group comprised 85 subjects (right eye) select-
ed from hospital staff and their relatives who had a normal
ophthalmic examination with no history of eye disease or
intraocular surgery. Control eyes had a BCVA of 20/40 or
better, intraocular pressure below 21 mm Hg, a normal-
appearing optic nerve head, and normal VF tests with normal
glaucoma hemi-field test and a normal MD and PSD.

OCT and OCTA image acquisition

SD-OCT imaging was performed with the Cirrus SD-OCT
software version 10.0 (Cirrus HD-OCT 5000, Carl Zeiss
Meditec Dublin CA). The macular (Macular Cube 512x128)
and optic disc (Optic Disc Cube 200%200) programs of the
Cirrus SD-OCT were used to measure mean pRNFL and
mGCIPL thickness, and only images with SS > 8 were includ-
ed for analysis.

All eyes underwent macular angiography imaging with a
6x6 mm scan using the Zeiss Cirrus 5000 system. This instru-
ment operates at a central wavelength of 840 nm and a speed
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0f 68,000 A-scans per second; there were 245 A-scans in each
B-scan along the horizontal and vertical dimensions in the
6x6 mm scan pattern [15]. The optical microangiography-
complex algorithm analyzed the changes in complex signals
and then produced en face microvascular images. The vascu-
lar images of the superficial capillary plexus (SCP) were
displayed automatically. All scans were analyzed using
Cirrus OCTA software (AngioPlex, version 10.0). The mea-
surement area of 6x6 mm scan was divided into 3 subfields
(Imm center, 3mm annulus, 6mm annulus) according to the
Early Treatment of diabetic Retinopathy Study (ETDRS).
Three vessel parameters provided distinct and biologically
relevant information about microvasculature perfusion.
Vessel density (VD), defined as the total length of perfused
vasculature per unit area in a region of measurement, includ-
ing total area, lmm center, inner average (3mm), and outer
average (6mm); perfusion density (PD), defined as the total
area of perfused vasculature per unit area in a region of mea-
surement, including total area, lmm center, inner average
(3mm), and outer average (6mm); and area, perimeter, and
circularity (defined as 47tA/P, where A was the area and P
was the perimeter) of the foveal avascular zone (FAZ) were
also measured. Figure 1 presents examples of the microvas-
culature in the macular region in normal eyes and eyes with
mild, moderate, and severe glaucoma. All OCT and OCTA
scans were performed by the same experienced operator on
the same instrument, and all scans were reviewed individually
by two investigators (Zhang W and Guo Y) for quality eval-
uation (i.e., loss of fixation, segmentation errors, focal
shadows caused by floaters and motion artifacts); and substan-
dard scans were excluded.

Normal

mGCIPL Thi‘ckness

Vascular En Face Image

P

Fig. 1 Examples of the microvasculature in the macular region in normal
eyes and eyes with mild, moderate, and severe glaucoma (based on the
visual field mean deviation system). Top layer: macular ganglion cell-

Statistical analyses

Statistical analysis was performed using SPSS software, ver-
sion 23.0 (IBM Corp., Armonk, NY, USA). Data are present-
ed as mean values =+ standard deviation. The SD-OCT param-
eters were the mean pRNFL thickness and mean mGCIPL
thickness mentioned earlier. The OCTA parameters were
VD (total area, center, inner average, and outer average), PD
(total area, center, inner average, and outer average), and FAZ
(area, perimeter, and circularity). Chi-square test was used to
compare differences in eye-specific demographics between
the control and glaucoma groups. One-way analysis of vari-
ance (ANOVA) was used to compare OCTA parameters and
glaucoma medications between the mild, moderate, and se-
vere glaucoma groups. The Bonferroni test was used for post
hoc multiple comparisons of statistically significant ANOVA
results. Multiple linear regression was performed with OCTA
parameters as the predicted variable and age, gender, SE, IOP,
signal strength (SS), and mean mGCIPL thickness as the pre-
dictor variables. p < 0.05 was considered statistically
significant.

Results

One hundred thirty-three patients (133 eyes) and 73 normal
controls (73 eyes) fit the inclusion and exclusion criteria.
Twelve eyes in the control group and thirty-seven in the glau-
coma group were excluded. Forty-nine eyes (37 glaucoma and
12 healthy) were excluded for the following reasons: 30 due to

Severe Glaucoma

inner plexiform layer thickness; bottom layer: macular microvasculature
was measured in the superficial capillary plexus
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poor image quality, 11 due to the presence of macular dis-
eases, and 8 due to image artifacts.

Glaucomatous patients were divided into 3 groups: mild
glaucoma (47 eyes), moderate glaucoma (33 eyes), and severe
glaucoma (53 eyes). The demographic and clinical character-
istics of each group are shown in Table 1. There were no
differences in age, gender, SE, hypertension, or diabetes be-
tween groups (all p > 0.05). There were no differences in IOP
between mild glaucoma and moderate glaucoma compared to
controls (both p > 0.05). The IOP was significantly higher in
patients with severe glaucoma compared to controls (p =
0.022). MD and PSD were significantly worse in patients with
mild, moderate, and severe glaucoma compared to normal
participants (all p < 0.001). The mean pRNFL thickness and
mean mGCIPL thickness were higher in the control group
(99.73+£6.59um and 83.224+4.43um) than in glaucoma pa-
tients (66.31+11.86pum and 64.56+10.59um; both p < 0.001)
and decreased in patients with increasing severity of glauco-
ma. There were no differences in number of glaucoma medi-
cations between mild, moderate, and severe glaucoma groups
(p=0.627).

As shown in Table 2, the total area of macular VD and PD
differed significantly between the controls compared to the

mild, moderate, and severe glaucoma groups (all compari-
sons, p < 0.05). The total area of VD in controls and mild,
moderate, and severe glaucoma was 18.08+0.86 mm ', 16.88
+1.51 mm ', 16.62+1.54 mm ', and 15.57+1.62 mm ', re-
spectively (p < 0.001). In post hoc analyses, the total area of
VD showed significant differences between the controls vs.
mild (p < 0.001) and moderate vs. severe glaucoma (p =
0.003). No significant difference was found between mild
and moderate glaucoma (p = 1.000). The outer average VD
followed the same trend with glaucoma severity as the total
area of VD. The center VD showed no significant differences
between the control and mild, moderate, and severe glaucoma
(p = 0.161). The inner average of VD showed no significant
differences between the controls vs. mild, mild vs. moderate,
and moderate vs. severe glaucoma (all p > 0.05).

The total area of PD in controls and mild, moderate, and
severe glaucoma was 0.44+0.02, 0.42+0.06, 0.4140.04, and
0.3940.04, respectively (p < 0.001). In post hoc analyses, total
area of PD showed significant difference between the controls
vs. mild glaucoma (p = 0.030); no significant differences were
found between mild vs. moderate (p = 1.000) and moderate
vs. severe glaucoma (p = 0.118). The outer average PD
followed the same trend with glaucoma severity as the total

Table 1 Characteristics of study participants

Controls Mild glaucoma p value Moderate glaucoma  p value Severe glaucoma p value
N 73 47 - 33 - 53 -
Age (years) 46.56 41.98+13.71 0.058° 46.03£12.62 0.838° 43.40+15.29 0.199¢

+12.21

Female (%) 32 (43.8) 17 (36.2) 0.404¢ 10 (30.3) 0.187¢ 21 (39.6) 0.636"
SE (Diopters) —2.97+1.94 —3.12+2.07 0.688" —3.09+1.93 0.769° —2.5842.11 0.285°¢
IOP(mmHg) 16.29+4.09 17.91£5.26 0.077° 16.97+3.21 0.401° 18.69+6.63 0.022°
MD (dB) —1.58+1.51 —3.00£1.67 <0.001* —9.00+1.62 <0.001° —22.24+6.98 <0.001°
PSD (dB) 1.72+0.79 3.63£2.36 <0.001* 9.5242.69 <0.001° 9.8543.33 <0.001°
pRNFL (um) 99.73£6.59 75.62+10.65 <0.001* 65.36+9.86 <0.001° 58.64+7.64 <0.001°
mGCIPL (um) 83.22+4.43 73.81+8.46 <0.001* 64.76+7.60 <0.001° 56.25+6.19 <0.001°
Hypertension (1) 0 3 (6.4%) 0.055¢ 2(6.1%) 0.095° 3(5.7%) 0.072f
Diabetes () 0 3 (6.4%) 0.055¢ 0 - 2 (3.8%) 0.175"
Glaucoma medication (7) - 1.64+1.04 - 1.66+1.14 - 1.84+1.12 -
Post SLT (n) - 7 (14.9%) - 3(9.1%) - 4 (7.6%) -
Post-surgery (n) - 5(10.6) - 6 (18.2%) - 18 (34.0%) -

Italicized values indicate significant differences

1OP intraocular pressure, MD mean deviation, mGCIPL macular ganglion cell-inner plexiform layer, pRNFL peripapillary retinal nerve fiber layer, PSD
pattern standard deviation, SE spherical equivalent, SLT selective laser trabeculoplasty

# Comparison between mild glaucoma and control groups (independent samples ¢ test)

® Comparison between moderate glaucoma and control groups (independent samples 7 test)

¢ Comparison between severe glaucoma and control groups (independent samples ¢ test)

9 Comparison between mild glaucoma and control groups (chi-square test)

¢ Comparison between moderate glaucoma and control groups (chi-square test)

f Comparison between severe glaucoma and control groups (chi-square test)
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Table2 Comparison of OCTA measurements between the control and glaucoma groups
1# Control (n=73) 2# Mild 3# Moderate 4# Severe p value pvalue pvalue p value

glaucoma (n=47)

glaucoma (n=33) glaucoma (n=53)

1# vs. 2# 2# vs. 3# 3# vs. 4#

Vessel density (mm 1)

Total area 18.08+0.86 16.88+1.51 16.62+1.54
Center 8.53+2.43 8.20+2.83 9.35+2.93
Inner average ~ 18.08+1.02 17.53+1.71 17.95+1.36
Outer average  18.40+0.84 17.01£1.53 16.50+1.67
Perfusion density

Total area 0.44+0.02 0.42+0.06 0.41+0.04
Center 0.19+0.57 0.18+0.07 0.21+0.07
Inner average  0.43+0.28 0.42+0.44 0.43+0.37
Outer average  0.46+0.02 0.42+0.41 0.41+0.04
Foveal avascular zone

Area (mm?) 0.30+0.11 0.28+0.11 0.25+0.11
Perimeter (mm) 2.21+0.43 2.19+0.44 2.10£0.53
Circularity 0.74+0.09 0.72+0.10 0.72+0.10
Signal strength ~ 9.47+0.78 9.19+0.82 9.46+0.62

15.57+1.62 <0.001* 1<2=3<4 <0.00I° 1.000°  0.003°
8.19+2.08 0.161% 1=2=3=4  1.000°  0284°  0.2349
17.29+1.42 0.008 1=2=3=4  0.184>  1.000°  0.181¢
15.33+1.77 <0.001* 1<2=3<4 <0.001° 0.715°  0.002°
0.39+0.04 <0.00I* 1<2=3=4 0.030°  1.000°  0.118¢
0.18+0.05 0.161* 1=2=3=4  1.000° 0273  0.256
0.4240.04 0.076 1=2=3=4  0221° 0308  0.671¢
0.38+0.05 <0.00I* 1<2=3<4 <0.00I° 1.000°  0.019°
0.25£0.10 0.061% 1=2=3=4  1.000°  1.000°  1.000°
2.07+0.45 0.288% 1=2=3=4  1.000°  1.000°  1.000°
0.70+0.10 0.116* 1=2=3=4  1.000°  1.000°  1.000
9.23+0.87 0.157* 1=2=3=4  0394°  0.873°  1.000¢

Italicized values indicate significant differences
OCTA optical coherence tomography angiography

# Comparison among four groups (one-way analysis of variance)

® Comparison between 2# mild glaucoma and 1# control groups (the Bonferroni test for post hoc multiple comparisons)

¢ Comparison between 2# mild and 3# moderate glaucoma groups (the Bonferroni test for post hoc multiple comparisons)

9 Comparison between 3# moderate and 4# severe glaucoma groups (the Bonferroni test for post hoc multiple comparisons)

area of VD. The inner average and center of VD showed no
significant differences between controls and mild, moderate,
and severe glaucoma (all p > 0.05).

For the FAZ parameters, there were no significant differ-
ences in the area, perimeter, and circularity between the con-
trol and mild, moderate, and severe glaucoma groups (all p >
0.05).

Table 3 shows the results of multiple linear regression of
age, gender, and clinical variables on total area of VD in 133
glaucoma eyes. The multiple R* for the model was 0.65 (p <
0.001). For each year of increase in age, total area of VD was
decreased by 0.02mm™" (95% CI, —0.03 to —0.007). The total
area of VD was also associated with MD (p = 0.001); for each
dB decrease in MD, the total area of VD decreased by 0.04
mm ! (95% CI, 0.02 to 0.07). The regression coefficient for
SS was significant (p < 0.001): total area of VD decreased by
1.43 mm ! for every 1 unit decrease in SS (95% CI, 1.21 to
1.64). The regression coefficient for mGCIPL was also signif-
icant (p = 0.002): total area of VD decreased by 0.04 mm ' for
every lum decrease in mean mGCIPL thickness (95% CI,
0.01 to 0.06). Gender (p = 0.114), SE (p = 0.135), and IOP
(p=0.473) did not show a significant effect on the total area of
VD.

Table 4 shows the results of multiple linear regression of
age, gender, and clinical variables on total area of PD in 133

glaucoma eyes. The multiple R* for the model was 0.44 (p <
0.001). For each year of increase in age total area of PD de-
creased by 0.001 (95% CI, —0.001 to 0.0002). The total area of
PD was also associated with MD (p = 0.024); for each dB
decrease in MD, the total area of PD decreased by 0.001
(95% CI, 0.0002 to 0.002). The regression coefficient for SS
was significant (p < 0.001): total area of PD decreased by 0.04
for every 1 unit decrease in SS (95% CI, 0.03 to 0.05). Gender
(p=0.962), SE (p = 0.083), IOP (p = 0.798), and mGCIPL (p
= 0.095) did not show a significant effect on total area of PD.

Discussion

In this study, using OCTA, we investigated superficial macu-
lar vascular microcirculation in normal eyes and eyes with
mild, moderate, and severe glaucoma. We found that the total
area of macular VD and PD significantly decreased the mild,
moderate, and severe glaucoma groups compared to the con-
trols. As reported in previous studies, significant reductions in
macular retinal blood flow metrics as measured by different
OCTA devices were detected in glaucoma eyes compared to
age-matched normal controls [9-12, 16-21]. As different
OCTA devices were used in different studies, it is not appro-
priate to compare glaucomatous macular vascular changes and
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Table 3 Multiple linear

regression of age, gender, and Variable Regression Standard p 95% confidence VIF

clinical variables on total area of coefficient error value* interval

vessel density in glaucoma eyes
Age (per year) —-0.02 0.007 0.003 —0.03 to —0.007 1.25
Gender -0.32 0.20 0.114 —0.72 to 0.08 1.14
SE (per Diopter) 0.07 0.05 0.135 —0.02t0 0.16 1.29
IOP (per mmHg) —0.01 0.02 0.473 —0.04 to 0.02 1.10
MD (per dB) 0.04 0.01 0.001 0.02 to 0.07 225
SS (per unit) 1.43 0.11 <0.001  121to 1.64 1.06
Mean mGCIPL (per 0.04 0.01 0.002 0.01 to 0.06 2.03

pm)

Italicized values indicate significant differences

1OP intraocular pressure, MD mean deviation, SE spherical equivalent, mGCIPL macular ganglion cell-inner
plexiform layer, SS signal strength, VIF variance inflation factor

*Multiple linear regression models

parameters directly between studies. Table 5 compares our
results with 6 publications that have used Cirrus OCTA for
superficial macular microcirculation in glaucoma [16, 18-22].
The macular VD and PD of glaucoma patients in our report
are similar to that of Zhang et al. but lower than Richter et al.;
this is probably due to the lower mean MD of glaucoma pa-
tients in our study (—12.16dB) compared to theirs (—7.28dB)
[16, 22]. The macular PDs of mild, moderate, and severe
glaucoma in our study are all lower than Bojikian et al. [19].
This probably reflects the swept source (SS) OCTA measured
significant higher retinal VD value than that of SD-OCTA.
The reason for that is SS OCTA operates at a longer wave-
length (1050nm) compared with SD-OCTA (840nm), which
allows more light to penetrate deeper tissue due to the reduced
scattering properties of tissue [23].

We detected a pattern of macular microcirculation loss in the
controls and mild, moderate, and severe glaucoma: macular VD
was stable between mild and moderate glaucoma which was

lower than the controls but higher than severe glaucoma. It has
been reported that in early POAG, significant microvascular
damage was present in macular areas [24]. The damage of mac-
ular microvasculature was more prominent in the peripheral
area. This agrees with our results which suggest that significant
VD loss occurred in the very early stages of glaucoma. For the
mild and moderate stage of glaucoma, Bojikian et al. reported
that the macular PDs were similar (0.59 vs. 0.57) [19]. Similar
results were also observed in another study, which showed no
significant differences in macular vascular parameters between
mild-moderate (mean MD=—4.00dB) and severe (mean
MD=-10.97dB) POAG [16]. The definitions of mild-
moderate (mean MD=-3.00dB) and severe (mean
MD=-9.00dB) POAG in that study were similar to the mild
and moderate glaucoma groups in our study. It is possible that
earlier stages of POAG are characterized by distinct incremental
microvascular changes with disease severity as opposed to mod-
erate stages which may be predominated by apoptotic RGCs

Table 4 Multiple linear

regression of age, gender, and Variable Regression Standard P 95% confidence VIF

clinical variables on total area of coefficient error value* interval

perfusion density in glaucoma

eyes Age (per year) —0.001 <0.001 0.006 —0.001 to 0.0002 1.25
Gender 0.0004 0.008 0.962 —0.02 to 0.02 1.14
SE (per Diopter) 0.003 0.002 0.083 0.00004 to 0.007 1.29
IOP (per mmHg) 0.0002 0.001 0.798 —0.001 to 0.001 1.10
MD (per dB) 0.001 0.001 0.024 0.0002 to 0.002 2.25
SS (per unit) 0.04 0.004 <0.001  0.03 to 0.05 1.06
Mean mGCIPL (per 0.001 0.0005 0.095 0.0001 to 0.002 2.03

pm)

Italicized values indicate significant differences

IOP intraocular pressure, MD mean deviation, SE spherical equivalent, mGCIPL macular ganglion cell-inner
plexiform layer, SS signal strength, VIF variance inflation factor

*Multiple linear regression models
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Table 5 Reports of superficial macular vessel density in eyes with glaucoma
Study Current Mursch-Edlmay et al. Zhang etal.  Bojikian et al.  Richter et al. Lommatzsch et al. Zivkovic et al.
(2020) (2020) (2019) (2018) (2018) (2017)

Participants POAG HTG NTG POAG OAG POAG POAG, PEX NTG
N 133 40 20 124 58 34 30 21
OCTA device  Cirrus SD Cirrus SS  Cirrus SD  Cirrus SD Cirrus SS Cirrus SD Cirrus SD Cirrus SD
Macular scan 6x6mm 3x3mm 3x3mm 6x6mm 6x6mm 6x6mm 6x6mm 3x3mm

area
Age (years) 43.55(14.10)  66.5(10.4) 70.6(8.1) 43 68.4(11.9) 61.9 62 70.1(6.4)
MD (dB) —12.16(9.69) —6.8(6.8) —7.7(7.1) —6.91(6.10) -7.28 —4.63(5.7) -
mGCIPL (um)  64.56(10.59)  63.4(11.2) 60.0(12.3) 68.26(11.1)  57.5(5.2) 65.2 - -
Vessel density  16.30(1.66) - - 16.83(1.51) - - - -

(mm")
Perfusion Mild 0.41 (0.04) Mild Mild/moderate 0.44

density 0.42(0.06) 0.59(0.03) 0.47(0.02)

Moderate Moderate Severe 0.45(0.02)
0.41(0.04) 0.57(0.04)
Severe Severe
0.39(0.04) 0.51(0.06)

FAZ Area 0.26(0.11) - - 0.30 (0.13) - - - 0.41(0.06)

(mm?)

FAZ foveal avascular zone, HTG high tension glaucoma, MD mean deviation, mGCIPL macular ganglion cell-inner plexiform layer, N7G normal
tension glaucoma, OAG open-angle glaucoma, PEX pseudoexfoliation glaucoma, POAG primary open-angle glaucoma, SD spectral domain, SS swept

source

Data are expressed as mean (standard deviation)

with perhaps less incremental microvascular change with wors-
ening severity. We reported that macular VD was stable be-
tween mild and moderate glaucoma. This is consistent with a
previous study showing that the slowest rate of macular struc-
tural parameter thinning was observed in advanced glaucoma
eyes, while the slowest rate of macular VD obtained by OCTA
was observed in mild glaucoma eyes [25]. However, in the
severe stage of glaucoma, the macular VD decreased significant-
ly compared to the mild and moderate stages. Moghimi et al.
also reported that in late-stage glaucoma, especially when VF
MD is worse than —14dB, OCTA-measured VD does not have a
detectable measurement floor [26]. This indicates that OCTA-
measured vascular parameters may be a promising tool for mon-
itoring very early- or late-stage glaucoma progression when
standard functional or structural diagnostic tests fail to offer
useful data.

In the present study, we demonstrated that there were no
significant differences in the FAZ area, perimeter, and circularity
between the controls and mild, moderate, and severe glaucoma
groups. Zivkovic et al. have reported the FAZ area was signif-
icantly enlarged in the NTG group compared to those in the
control group [20]. Choi et al. found increased FAZ perimeter
and decreased FAZ circularity in eyes with POAG [27]. Both of
their studies were based on subjective measurements using
Image] software program by their graders. Unlike our study,
OCTA and FAZ measurements were analyzed using automated
software procedure by OCTA software. Using Cirrus OCTA

software, Zhang et al. have also reported that there was no sig-
nificant difference in FAZ area between advanced POAG and
the controls using [22].

Multiple regression analysis showed that with each year of
increase in age, total area of VD and PD decreased by 0.02 and
0.001, respectively. The influence of age on flow density ac-
quired with OCTA has been widely investigated and remains
a controversial topic [28]. While some authors describe age as
having a significant influence on flow density, other clinical
investigations produced contrary findings [29]. A previous
study on OCTA images of 199 eyes with glaucoma found that
VD did not significantly decrease with increasing age [30].
This is contrary to a study that has shown a significant de-
crease in VD with age [31]. Further study of the effect of age
on vascular parameters is required and will be evaluated in
future studies.

Results from the current study showed significant associa-
tion between MD and VD as well as PD in POAG. Other
authors have reported similar functional correlations between
visual field sensitivity (VF 30-2/24-2) and macular superficial
VD (r=0.41~0.53) [16, 18, 21]. Bojikian et al. also reported
that macular perfusion was significantly associated with cen-
tral 10-2 VF mean sensitivity in 58 glaucoma patients (» =
0.903) [19]. We found that macular VD decreased 0.04 for
every | pm decrease in mean mGCIPL thickness (p = 0.001);
this association was not found between macular PD and mean
mGCIPL (p = 0.093). Another recent longitudinal study in 80
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eyes with POAG (follow-up 2.6 years) reported that faster
macula VD decrease rate was significantly associated with
worse glaucoma severity (p=0.037) and the macular MD de-
crease was faster than macular inner layer thinning [25].
Another cross-sectional study included 333 eyes of 219
POAG patients reported a weaker association of macular
VD compared to ONH VD with tissue thickness [10]. There
was significant correlation between macular VD decrease and
glaucoma severity, suggesting that OCTA could be a useful
tool for monitoring glaucoma progression, particularly for pa-
tients with advanced disease.

Previous studies have reported that VD was lower in
OCTA scans with lower SS [10, 25, 28, 32]. In this study,
we noticed that macular VD and PD of OCTA were signifi-
cantly affected by the SS (both p < 0.001). Vessels under
vitreous opacities appeared fainter on OCTA, and eyes with
lower SS tended to have lower macular VD and PD. It is
possible that the software does not differentiate between the
static structures and blood vessels efficiently at low SS. Lim
et al. observed VD and PD patterns of healthy subjects in four
SS groups (SS7, SS8, SS9, SS10) and found that most vascu-
lar parameters in the SS8, SS9, and SS10 groups showed no
difference, but were higher than those in the SS7 group [32].
Therefore, we excluded subjects with OCTA SS below 8.
Moreover, the SS did not differ significantly between the con-
trol and glaucoma groups in this study. Nevertheless, in real
clinical practice, when a patient is followed and monitored
with OCTA, any change of VD and PD should be interpreted
carefully, especially differentiate SS-related changes from
those due to disease.

We did not find gender to be a significant determinant of
macular VD and PD. Others have also reported similar results
[10, 25]. Tt is reported that macular VD was reduced in eyes
with high myopia and long axial length [33]. We did not find
an association between macular perfusion and spherical
equivalent; this is probably due to the exclusion of highly
myopic subjects from our sample. We did not find IOP to be
a significant determinant of macular perfusion. Jo et al. report-
ed that IOP was not associated with circumpapillary vascular
density in POAG patients [34]. We did not study the associa-
tion of other factors such as axial length, central cornea thick-
ness, ONH parameters, or systemic conditions on macular
perfusion.

This study has several limitations. First, the mild, moderate,
and severe glaucoma groups were limited in size, introducing
the possibility of sampling bias. Second, there were no OCTA
acquisitions of the peripapillary region. Furthermore, it could
be argued that as we did not use any magnification correction to
adjust for the transverse scale of the scans in the analyses, it is
possible that magnification effects due to differences in SE
between subjects may have impacted some of the comparisons.
However, the SE did not differ significantly between the con-
trol and glaucoma groups. The glaucoma medications and
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procedures could potentially confound the retinal microcircu-
lation. Future research should investigate the effects of these
glaucoma interventions on retinal perfusion. Finally, this cross-
sectional study cannot demonstrate longitudinal structural and
functional changes. A longitudinal study would better correlate
changes in macular perfusion with functional or structural de-
cline over time in glaucomatous optic neuropathy.

In conclusion, our findings indicate that the macular VD
significantly declined in mild and severe glaucoma with rela-
tive stability between mild and moderate glaucoma. A de-
crease in macular VD was independently associated with
age, severe MD, lower SS, and thinner mGCIPL thickness,
but not with gender, SE, and IOP. OCTA-measured macular
vascular parameters may be a promising tool for monitoring
very early- or late-stage glaucoma progression.
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