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Abstract

e AIM: To investigate vascular changes in different stages
of glaucoma and to evaluate the role of optical coherence
tomography angiography (OCTA) in the early diagnosis of
glaucoma.

e METHODS: Glaucoma patients and healthy controls
(n=29 eyes) were investigated in this cross-sectional
comparative study. Glaucoma patients were grouped as
ocular hypertension (n=44 eyes), preperimetric glaucoma
(PPG; n=32 eyes), early glaucoma (EG; n=35 eyes),
moderate stage glaucoma (MG; n=36 eyes), and advanced
glaucoma (AG; n=35 eyes). Peripapillary and macular
vascular densities (VDs) of all participants were compared
and correlations of VDs and retinal nerve fiber layer
thickness (RNFLT), ganglion cell analysis (GCA), and visual
field (VF) tests were evaluated. Area under the receiver
operation characteristic curves (AUC) of the peripapillary
and macular VD parameters were obtained.

e RESULTS: VD values decreased with the progression of
glaucoma. Most peripapillary and macular VD parameters
of PPG and EG groups were lower than healthy controls
(P<0.001). There was no significant difference in RNFLT
between the PPG and EG groups, but most peripapillary
and macular VDs were found to be lower in EG group
than in PPG group (P<0.05). In most disease group,
VDs were significantly correlated with OCT parameters
(P<0.001) and VF index (P<0.05). There were no significant
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correlations between VF and RNFLT indices in the AG
group, but significant correlations were found between VF
and VD values (P<0.05). AUC for discriminating between
healthy and glaucomatous eyes were highest in whole
image peripapillary VD (AUC: 0.865, 0.929, and 0.986,
respectively in EG, MG, and AG groups).

e CONCLUSION: OCTA can be used in the early diagnosis
of glaucoma and can be useful in follow-up of the advanced
disease. In cases where limitations or suspicions in
structural and functional tests are present, OCTA can be
used as a supportive diagnostic test, both in EG and AG.
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INTRODUCTION

laucoma, which is an irreversible optic neuropathy with
G progressive loss of retinal ganglion cells (RGC), can
be asymptomatic until the late stages'’. Although different
pathways are responsible for the development of glaucoma,
importance of vascular pathway has been emphasized in recent
years'””),
Optical coherence tomography (OCT) is a noninvasive method
in the detection of early glaucomatous structural damage'.
Retinal nerve fiber layer (RNFL) and ganglion cell analysis
(GCA) have similar accurate diagnostic capacities™ . Optical
coherence tomography angiography (OCTA) is a more recent
method that provides retinal and choroidal structural information
and evaluates blood flow in a fast and noninvasive way' .
Prior studies have shown that peripapillary and macular
vascular densities (VDs) are decreased in glaucomatous

"% We have investigated vascular changes in healthy

eyes!
participants, and patients with ocular hypertension (OHT),

preperimetric glaucoma (PPG), early-stage glaucoma (EG),
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moderate-stage glaucoma (MG), and advanced-stage glaucoma
(AG). Subgroup analyses were performed to evaluate the role
of OCTA in the early diagnosis of glaucoma. Correlations
between OCTA and other structural and functional tests
were investigated. The area under the receiver operating
characteristic (AUC) analyses were done between the healthy
participants and glaucoma groups to evaluate the diagnostic
capacity of OCTA parameters. Also, AUC analyses were done
among the glaucoma groups to show the discriminating power
of the OCTA parameters.

SUBJECTS AND METHODS

Ethical Approval This cross-sectional study was approved
by the local ethics committee of Baskent University (Approval
number: KA 19/252) and adhered to the tenets of the
Declaration of Helsinki. Written consent was obtained from
all participants that were examined between January 2018 and
June 2019. Participants did not receive any stipend.

Methods Best corrected visual acuity, gonioscopy, slit-lamp
biomicroscopy, Goldmann applanation tonometry, visual
field (VF) test, OCT and OCTA were performed. Exclusion
criteria were previous diagnosis of optic nerve and retinal
vascular pathologies, myopia, and hyperopia of 6 diopters
or more, media opacities preventing quality of imaging,
age younger than 18y or older than 90y, any ocular disease
except glaucoma, and any previous ocular surgeries except
uncomplicated cataract and glaucoma surgeries.

Visual field VF examinations were performed by Humphrey
Field Analyzer II (Carl Zeiss Meditec, Dublin, CA, USA)
using the 24-2 threshold test Swedish Interactive Threshold
Algorithm standard strategy. Tests with false positive, false
negative, and fixation loss rates of below 20% were included
in the study. The mean deviation (MD) and pattern standard
deviation parameters were recorded.

Optical coherence tomography OCT images were obtained
using Cirrus HD spectral domain OCT (Carl Zeiss Meditec,
Dublin, CA, USA). Mean retinal nerve fiber layer thickness
(RNFLT), superior, inferior, temporal, nasal RNFLT (S-RNFLT,
[-RNFLT, T-RNFLT, N-RNFLT), and macular GCA (measured
as ganglion cell layer+inner plexiform layer) were calculated.
Images with a signal strength of <6/10 were excluded.

Optical coherence tomography angiography The OCTA
imaging system Avanti RTVue-XR (Optovue, Fremont, CA,
USA), which uses a split-spectrum amplitude-decorrelation
angiography algorithm, was used to distinguish the movement
of erythrocytes in the blood vessels. The contrast between the
decorrelation of the blood flow and static tissue extracts flow

(2 Retinal vascular structures were

signals for angiography
segmented automatically by AngioVue software. Images with
under 6/10 signal strength, motion artifacts, fixation losses, and

segmentation errors were excluded.

Peripapillary OCTA images were obtained with a 4.5%4.5 mm”
diameter peripapillary scan centered on the optic disc. The
device makes measurements using 2 and 4 mm diameter
rings based on the disc center. The region inside the 2 mm
area is considered the intrapapillary area, and the area
between the two rings is considered as the peripapillary area.
RNFL vascular network was calculated using VD of radial
peripapillary capillary (RPC), which was automatically
calculated from internal limiting membrane to outer border of
the RNFL. Whole image peripapillary vascular density (WI-
PPVD) was calculated from the 4.5x4.5 mm’ area. Intradisc
vascular density (IDVD) measurement was obtained from the
inner 2 mm diameter ring. Other evaluated parameters from
the peripapillary area were peripapillary VD (PPVD), superior
and inferior hemisphere peripapillary VD (SH-PPVD, IH-
PPVD), and superior, inferior, nasal and temporal peripapillary
VDs (S-PPVD, I-PPVD, N-PPVD, T-PPVD).

The device uses three fovea-centered rings for macular
OCTA scans. The innermost 1 mm diameter ring represents
the fovea. The area between the inner 1 mm diameter ring
and the middle 3 mm diameter ring indicates the parafoveal
region, and the area between the 3 mm diameter ring in the
middle and the outermost 6 mm diameter ring indicates the
perifoveal region. Since the ganglion cells are mostly located
in the parafoveal area and the superficial plexus is responsible
for blood flow supply in these cells, VDs of the superficial
plexus in the parafoveal area were examined. To evaluate the
superficial capillary plexus, an area between the upper limit
of internal limiting membrane and the lower limit of 10 pum
below the inner plexiform layer is automatically created by the
OCTA device. The whole image macular VD (WI-MVD) was
calculated from the 6x6 mm” area. Other evaluated parameters
were parafoveal VD (PFVD), superior and inferior hemisphere
parafoveal VD (SH-PFVD, IH-PFVD), superior, inferior,
nasal, and temporal parafoveal VDs (S-PFVD, [-PFVD,
N-PFVD, T-PFVD).

Subjects All subjects were divided into six groups. Healthy
participants were required to have normal VF tests (pattern
standard deviation within the 95% confidence limits and
glaucoma hemifield test result within normal limits),
intraocular pressure (IOP) <21 mm Hg, intact neuroretinal
rims, normal GCA test results, and normal OCT test results,
defined as an RNFLT within the 95% confidence interval (CI).
OHT patients were defined as having IOP>21 mm Hg with
normal VF and OCT test results. PPG patients were defined as
having IOP>21 mm Hg, decreased RNFLT on OCT imaging
to outside the 95%CI of the normal distribution without any
VF defect. Other glaucomatous patients were divided into
groups according to VF test results. In this classification, EG
was defined as MD>-6 dB, MG as MD between -6 to -12 dB,
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Table 1 Clinical and demographic features of the participants meanzSD
Parameters HP OHT PPG EG MG AG Total P
Age (y) 66.3t1.67 61.95+1.19 66.21+1.36 67.4+1.89 68.3+1.49 71.442.23 65.3x1.19 0.001
I0P (mm Hg) 16.8+0.45 21.23+0.43 17.28+0.34 17.54+0.63 16.89+0.77 16.14+0.54 17.24+4.18 <0.001
Gender (F/M), % 58.6/41.4 61.3/38.7 60.7/39.3 61.6/38.4 63.2/36.8 55.2/44.8 60.1/39.8 0.26
SBP (mm Hg) 129+18 128+16 136+19 123+15 12614 127+12 129+15 0.25
DBP (mm Hg) 7717 7614 76%15 7716 77£13 7917 77£16 0.31
Pulse rate 77+8 78+10 78+14 77+14 77+11 76+8 77£12 0.52
Systemic hypertension, n (%) 6 (21) 10 (23) 7 (22) 9 (26) 10 (28) 11 (31) 53 (25) 0.53
Diabetes mellitus, n (%) 4(14) 7 (16) 6(19) 6(17) 8(22) 8(23) 39 (18) 0.43
Ocular antihypertensive medication, n (%) 0 9 (20) 29 (93) 35 (100) 36 (100) 35 (100) 144 (68) <0.001
a2-adrenergicagonist 0 0 6(19) 7 (20) 14 (39) 32(91) - -
B-adrenergicantagonist 0 1(2) 6(19) 8(23) 16 (44) 32(91) - -
Prostaglandinanalogue 0 7 (16) 28 (87) 32(91) 35(97) 35 (100) - -
Topicalcarbonicanhydraseinhibitor 0 1(2) 7(22) 10 (28) 15 (42) 30 (86) - -

I0P: Intraocular pressure; F: Female; M: Male; SBP: Systolic blood pressure; DBP: Diastolic blood pressure; HP: Healthy participants; OHT: Ocular

hypertension; PPG: Preperimetric glaucoma; EG: Early-stage glaucoma; MG: Moderate-stage glaucoma; AG: Advanced-stage glaucoma.

and AG as MD<-12 dB. Only one eye from each subject was
included in the study. If both eyes were eligible, one eye was
chosen randomly.

Statistical Analysis IBM Statistical Package for the
Social Sciences version 25.0 (SPSS ver.25.0) was used for
statistical analysis. The variables were investigated using
Kolmogorov-Simirinov method to determine wheter or not
they are normally distrubuted. Continuous variables were
presented as means+tstandard deviation (SD). Kruskal Wallis
variance analysis was used for the comparison of the clinical
and demographic characteristics of the participants. For the
comparison of RNFLT and VD among the groups, analysis
of covariance (ANCOVA) was used to control for possible
age and IOP related changes. The Mann-Whitney U test was
performed to test the significance of pairwise differences.
Spearman correlation test was used to find the correlation
between measurements and AUC were calculated to show the
diagnostic accuracy and discriminating power of parameters.
P<0.05 was considered statistically significant.

RESULTS

There were 29 eyes in healthy controls, 44 eyes in OHT, 32
eyes in PPG, 35 eyes in EG, 36 eyes in MG, and 35 eyes in
AG groups. Table 1 summarizes the clinical and demographic
features of the participants. Significant differences were
detected in the mean age and IOP between the groups (P=0.001
and P<0.001, respectively). The only significant difference
in the mean age was seen between OHT and AG groups
(P=0.004), while no significant difference was seen among
other groups (P>0.05). Subgroup analysis was done for IOP
values, and the significant difference was attributed to the
higher IOP values of the OHT group (P=0.03). There was no
significant difference between the groups in gender, systolic
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and diastolic blood pressure, pulse rate and frequency of
diabetes mellitus and hypertension (all P>0.05).

The age and IOP adjusted RNFLT, GCA, MD, peripapillary
and macular VD measurements are shown in Tables 2 and 3.
Significant differences were found in all parameters among
the groups (P<0.001). As expected, RNFLT was found to be
higher in healthy participants and OHT groups compared to
other groups and RNFLT and GCA decreased with the severity
of the disease. Both peripapillary and macular VD parameters
decreased with the severity of the glaucoma.

Healthy participants, PPG and EG groups were evaluated
separately to determine whether there was a change in
RNFLT, peripapillary and macular VDs in the early stages
of the disease (Table 4). Mean and sectorial RNFLT values
were significantly lower in PPG and EG groups compared
to the healthy participants group (P<0.05) and no significant
difference was found between PPG and EG groups (P>0.05).
Moreover, significant differences were found between
healthy participants and PPG groups for all peripapillary VD
measurements except IDVD. When healthy participants and
EG groups were analyzed for the peripapillary VDs, significant
differences were found in all parameters, except IDVD.
Macular VD analysis indicated significant differences between
the healthy participants and PPG groups only for WI-MVD.
When healthy participants and EG groups were compared, all
macular VD parameters were significantly lower in the EG
group (P<0.05). There was no significant difference in RNFLT
between the PPG and EG groups, however WI-PPVD, PPVD,
SH-PPVD, IH-PPVD, N-PPVD, and S-PPVD values, and all
macular VD parameters, except N-PFVD, were found to be
significantly lower in the EG group than in the PPG group
(P<0.05).
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Table 2 RNFLT, GCA and MD measurements of the groups meantSD
Parameters HP OHT PPG EG MG AG P
RNFLT, um 91.55+8.84 93.68+9.59 76.12+10.79 75.37+13.06 68.44+11.87 62.62+11.78 <0.001
S-RNFLT, pm 112.24+15.20 113.95+14.39 90.15+16.61 87.68+18.71 78.14+17.69 71.25+20.62 <0.001
T-RNFLT, um 66.65+10.08 73.56+11.84 64.37+11.94 61.25+12.93 57.10+12.07 56.08+16.04 <0.001
I-RNFLT, pm 116.79+13.88 118.27+22.82 90.58+19.15 90.14+19.92 80.36+22.95 65.25+13.97 <0.001
N-RNFLT, um 70.44+11.20 66.77+11.89 59.93+14.78 62.57+13.81 58.13+9.03 57.91+9.86 <0.001
Minimum GCA, um 77.93+4.81 80.31+6.99 67.84+8.86 61.88+14.46 59.05+13.60 47.94+11.50 <0.001
Mean GCA, pm 80.20+4.66 82.95+6.80 71.43+6.55 69.45+11.41 66.36+11.40 59.48+10.50 <0.001
Mean VF test, MD 0.72+0.16 -0.17+1.46 -1.52+3.62 -3.16%+1.39 -8.14+1.98 -19.93+5.52 <0.001

RNFLT: Retinal nerve fiber layer thickness; S: Superior; T: Temporal; I: Inferior; N: Nasal; GCA: Ganglion cell analysis; HP: Healthy participants;

OHT: Ocular hypertension; PPG: Preperimetric glaucoma; EG: Early-stage glaucoma; MG: Moderate-stage glaucoma; AG: Advanced-stage

glaucoma; VF: Visual field; MD:Mean deviation.

Table 3 Peripapillary and macular vascular density measurements of the groups meanzSD
Parameters HP OHT PPG EG MG AG P
WI-PPVD 48.69+2.47 48.99+2.26 44.87+4.74 43.08+4.48 39.38+5.96 32.95+5.75 <0.001
IDVD 45.80+5.35 46.38+5.53 47.37+6.65 46.55+5.45 42.4246.35 42.12+9.88 <0.001
PPVD 51.54+3.04 51.97+2.58 47.23+5.66 44.22+5.71 40.79+7.12 32.83+8.07 <0.001
SH-PPVD 51.60+3.14 51.93+2.92 47.88+5.97 44.25+6.57 41.18+7.09 33.31+8.94 <0.001
IH-PPVD 51.5043.22 52.05+2.58 46.69+6.67 44.1645.75 40.3748.13 31.60+7.46 <0.001
S-PPVD 51.48+4.31 51.43+4.03 46.65+6.57 43.4046.97 39.34+8.88 27.62410.09 <0.001
T-PPVD 50.96+7.12 53.40+3.20 47.3846.93 46.96+7.86 42.0549.88 37.11+9.44 <0.001
I-PPVD 53.8213.66 52.56%3.16 46.96+9.50 47.45+7.69 41.28+9.25 32.40+10.38 <0.001
N-PPVD 50.86+5.28 49.97+4.03 46.75+8.18 43.17+7.51 41.71+9.82 31.28+10.78 <0.001
WI-MVD 47.18+3.51 48.96+3.41 44.48+5.02 42.04+3.88 39.43+4.66 35.84+4.60 <0.001
PFVD 48.67+4.64 51.19+4.61 46.73+6.13 44.17+5.10 41.68+4.77 38.80+5.40 <0.001
SH-PFVD 48.68+4.77 51.45+4.43 46.43+6.00 44.17+5.53 41.58+6.30 39.10+6.46 <0.001
IH-PFVD 48.66+5.97 50.93+5.29 46.71+6.60 44.30+5.38 41.78+5.26 38.48+5.27 <0.001
S-PFVD 48.73+5.86 51.75+4.88 47.09+6.67 44.32+6.54 41.79+7.06 39.60+7.34 <0.001
T-PFVD 48.89+4.48 51.49+4.40 46.81+5.93 43.48+6.67 41.83+4.93 37.76+6.35 <0.001
I-PFVD 49.34+5.71 51.22+5.93 47.21+8.02 44.54+5.97 42.02+5.70 38.60+7.01 <0.001
N-PFVD 47.73+5.58 50.23+5.27 46.08+6.55 44.41+4.95 41.02+6.00 39.41+5.95 <0.001

WI: Whole image; IDVD: Intradisc vessel density; PPVD: Peripapillary vessel density; SH: Superior hemisphere; IH: Inferior hemisphere; S:

Superior; T: Temporal; I: Inferior; N: Nasal; MVD: Macular vessel density; PFVD: Parafoveal vessel density; HP: Healthy participants; OHT: Ocular

hypertension; PPG: Preperimetric glaucoma; EG: Early-stage glaucoma; MG: Moderate-stage glaucoma; AG: Advanced-stage glaucoma.

Correlations between peripapillary VDs, macular VDs, and
mean RNFLT, mean GCA, and MD are shown in Table 5. The
correlations between mean GCA and peripapillary VDs (WI-
PPVD and PPVD) were found to be significant in all groups.
The evaluation of correlations between the mean RNFLT
and peripapillary VDs (WI-PPVD and PPVD) showed that
WI-PPVD had significant correlations in all groups, except
the healthy participants and OHT groups and PPVD had
significant correlations in all groups, except the AG group. WI-
MVD was correlated with mean GCA in all groups, except
healthy participants and with mean RNFLT in all groups,
except healthy participants and AG groups. Although PFVD
was correlated with mean GCA and mean RNFLT in some
groups, these correlations were not as strong as other VDs
correlations. Correlations between MD and peripapillary VDs

(WI-PPVD and PPVD) were found to be significant in OHT,
MG, and AG groups. WI-MVD was correlated with MD in
OHT and MG groups and PFVD was correlated with MD only
in the OHT group.

The AUC analyzes were done to evaluate diagnostic capacities
of the OCT and OCTA parameters to distinguish the other
groups from healthy participants (Figure 1, Table 6). WI-PPVD
had the highest diagnostic capacity in EG, MG and AG groups
(AUC=0.865, 0.929, 0.986, respectively). The diagnostic
capacities of WI-PPVD and PPVD were similar to RNFLT
and GCA. Also AUC analyses were done to discriminate the
respective next stage of the disease (OHT vs PPG, PPG vs EG,
EG vs MG, MG vs AG). OCTA parameters can significantly
discriminate PPG eyes from OHT eyes and AG eyes from MG

eyes.
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Table 4 RNFLT, peripapillary and macular vascular density measurements of the healthy participants, PPG, and EG groups

Parameters HP PPG EG P Prp vs pp Pip s s Popg s £6
RNFLT, um 91.55+8.84 76.12+10.79 75.37+13.06 <0.001 <0.001 <0.001 0.688
S-RNFLT, um 112.24+15.20 90.15+16.61 87.68+18.71 <0.001 <0.001 <0.001 0.629
T-RNFLT, um 66.65+10.08 64.37+11.94 61.25+12.93 <0.001 0.254 0.038 0.221
I-RNFLT, pm 116.79+£13.88 90.58+19.15 90.14+19.92 <0.001 <0.001 <0.001 0.811
N-RNFLT, um 70.44+11.20 59.93+14.78 62.57+13.81 <0.001 0.001 0.01 0.327
WI-PPVD 48.69+2.47 44.87+4.74 43.08+4.48 <0.001 <0.001 <0.001 0.038
IDVD 45.80+5.35 47.3746.65 46.55+5.45 0,411 0.282 0.599 0.568
PPVD 51.54+3.04 47.23+5.66 44.22+5.71 <0.001 <0.001 <0.001 0.021
SH-PPVD 51.60+3.14 47.8845.97 44.2546.57 <0.001 0.001 <0.001 0.006
IH-PPVD 51.50+3.22 46.6916.67 44.16+5.75 <0.001 <0.001 <0.001 0.03

S-PPVD 51.48+4.31 46.65+6.57 43.40+6.97 <0.001 <0.001 <0.001 0.006
T-PPVD 50.96+7.12 47.38+6.93 46.96+7.86 <0.001 0.017 0.02 0.910
I-PPVD 53.82+3.66 46.96+9.50 47.45+7.69 <0.001 0.001 <0.001 0.930
N-PPVD 50.86+5.28 46.75+8.18 43.17+7.51 0.002 0.025 <0.001 0.024
WI-MVD 47.18+3.51 44.48+5.02 42.04+3.88 <0.001 0.028 <0.001 0.022
PFVD 48.67+4.64 46.73+6.13 44.17+5.10 <0.001 0.211 0.001 0.023
SH-PFVD 48.68+4.77 46.43+6.00 44.17+5.53 <0.001 0.248 0.005 0.024
IH-PFVD 48.66+5.97 46.71+6.60 44.30+5.38 <0.001 0.168 0.001 0.045
S-PFVD 48.7315.86 47.0916.67 44.32+6.54 0.001 0.348 0.017 0.026
T-PFVD 48.89+4.48 46.81+5.93 43.48+6.67 <0.001 0.115 <0.001 0.031
I-PFVD 49.34+5.71 47.21+8.02 44.54+5.97 0.001 0.204 0.003 0.028
N-PFVD 47.73+5.58 46.08+6.55 44.41+4.95 0.001 0.269 0.015 0.061

RNFLT: Retinal nerve fiber layer thickness; S: Superior; T: Temporal; I: Inferior; N: Nasal; WI: Whole image; IDVD: Intradisc vessel density; PPVD:
Peripapillary vessel density; SH: Superior hemisphere; IH: Inferior hemisphere; MVD: Macular vessel density; PFVD: Parafoveal vessel density;

HP: Healthy participants; PPG: Preperimetric glaucoma; EG: Early-stage glaucoma.

Table 5 Correlations between peripapillary VDs, macular VDs and RNFLT and GCA and visual field MD

Correlations® HP OHT PPG EG MG AG
r P r P r P r P r P r P

RNFLT/WI-PPVD 0.358 0.057 0.280 0.066 0.775 <0.001 0.648 <0.001 0.750 <0.001 0.375 0.026
RNFLT/PPVD 0.420 0.023 0.321 0.034 0.751 <0.001 0.749 <0.001 0.751 <0.001 0.288 0.093
RNFLT/WI-MVD 0.233 0.224 0.181 0.043 0.702 <0.001 0.369 0.029 0.652 <0.001 0.187 0.281
RNFLT/PFVD 0.241 0.208 0.094 0.545 0.426 0.015 0.112 0.521 0.284 0.084 0.068 0.698
GCA/WI-PPVD 0.381 0.041 0.259 0.049 0.542 <0.001 0.500 0.002 0.742 <0.001 0.570 <0.001
GCA/PPVD 0.538 0.03 0.304 0.045 0.526 0.002 0.500 0.002 0.782 <0.001 0.521 0.001
GCA/WI-MVD 0.224 0.243 0.296 0.05 0.594 <0.001 0.317 0.048 0.519 0.001 0.587 <0.001
GCA/PFVD 0.120 0.536 0.243 0.111 0.470 0.007 0.107 0.923 0.139 0.406 0.581 <0.001
MD/WI-PPVD -0.071  0.715 0,210 0.033 0.378 0.172 0.011 0.952 0.417 0.01 0.488 0.003
MD/PPVD 0.054 0.780 0.043 0.036 0.371 0.245 0.07 0.970 0.423 0.009 0.468 0.005
MD/WI-MVD -0.346  0.066 0.376 0.012 0.259 0.153 0.044 0.800 0.435 0.007 0.224 0.195
MD/PFVD -0.218  0.256 0.440 0.003 0.043 0.819 0.093 0.593 0.135 0.425 0.263 0.127
RNFLT/MD 0.046 0.813 0.091 0.556 0.432 0.014 -0.066 0.707 0.468 0.003 0.055 0.755
GCA/MD -0.068 0.728 -0.153 0.321 0.114 0.534 -0.201 0.247 0.393 0.016 0.211 0.225

“Spearman correlation test was used. RNFLT: Retinal nerve fiber layer thickness; WI-PPVD: Whole image peripapillary vessel density; PPVD:
Peripapillary vessel density; WI-MVD: Whole image macular vessel density; PFVD: Parafoveal vessel density; GCA: Ganglion cell analysis; MD:
Mean deviation; HP: Healthy participants; OHT: Ocular hypertension; PPG: Preperimetric glaucoma; EG: Early-stage glaucoma; MG: Moderate-

stage glaucoma; AG: Advanced-stage glaucoma.

DISCUSSION
In the present study, we investigated the peripapillary and

correlation of these VDs with OCT and VF test results; and
diagnostic abilities of the VD, RNFLT, and GCA parameters.

macular VDs of patients with different stages of glaucoma;  In this study, the glaucomatous groups were divided according
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Figure 1 Receiver operator curve analyses for differentiating EG, MG, and AG eyes from healthy control eyes RNFLT: Retinal nerve fiber layer

thickness; GCA: Ganglion cell analysis; WI: Whole image; PPVD: Peripapillary vessel density; MVD: Macular vessel density; PFVD: Parafoveal

vessel density; EG: Early-stage glaucoma; MG: Moderate-stage glaucoma; AG: Advanced-stage glaucoma.

Table 6 Diagnostic capacities of the OCT and OCTA parameters using AUC

HP vs OHT  HP vs PPG HP vs EG HP vs MG HPvs AG  OHTvsPPG PPGuvs EG EG vs MG MG vs AG

Parameters P AUC P AUC P AUC P AUC P AUC P AUC P AUC P AUC P

RNFLT 0.470 0.069 0.874 0.047 0.860 0.047 0.921 0.027 0.958 0.028 0.906 0.040 0.529 0.071 0.642 0.064 0.740 0.037
GCA 0.394 0.066 0.869 0.047 0.828 0.052 0.864 0.050 0.956 0.030 0.898 0.039 0.568 0.071 0.605 0.066 0.721 0.045
WI-PPVD  0.473 0.071 0.820 0.053 0.865 0.045 0.929 0.035 0.986 0.011 0.829 0.048 0.544 0.068 0.694 0.062 0.860 0.032
PPVD 0.480 0.071 0.792 0.058 0.840 0.049 0.904 0.036 0.974 0.016 0.818 0.041 0.570 0.063 0.679 0.063 0.850 0.041
WI-MVD  0.355 0.065 0.664 0.070 0.839 0.050 0.897 0.037 0.967 0.021 0.762 0.047 0.663 0.068 0.676 0.063 0.790 0.044
PFVD 0.345 0.064 0.593 0.073 0.738 0.062 0.853 0.047 0.912 0.036 0.718 0.041 0.621 0.059 0.647 0.058 0.734 0.035

AUC: Area under the receiver operation characteristic curves; RNFLT: Retinal nerve fiber layer thickness; GCA: Ganglion cell analysis; WI-PPVD:

Whole image peripapillary vessel density; PPVD: Peripapillary vessel density; WI-MVD: Whole image macular vessel density; PFVD: Parafoveal

vessel density; HP: Healthy participants; OHT: Ocular hypertension; PPG: Preperimetric glaucoma; EG: Early-stage glaucoma; MG: Moderate-

stage glaucoma; AG: Advanced-stage glaucoma.

to the VF test results as EG, MG and AG. Healthy participants,
OHT, and PPG were also the other groups of the study.
Significant differences were detected in age and IOP between
the groups. In pairwise comparisons, the only significant
difference in the mean age was found between AG and OHT
groups. As glaucoma progresses over the years, advanced
disease is expected to be more common in elderly patients.
Additonally, in the pairwise comparisons OHT group has
higher IOP values than other groups. OHT patients do not have
any structural or functional glaucomatous defects despite the
fact that they have high IOP values. Therefore, IOP values
of OHT patients are usually monitored without treatment
and even if antiglaucomatous treatment is applied, it is done
without the intent of lowering the IOP as low as in glaucoma
patients.

Previous studies have shown that OCT can detect glaucomatous
defects™"*'¥. Consistent with previous studies, we found that
the RNFL and GCA thickness decreased with the severity of
disease.

Decreased peripapillary VD in glaucoma patients was reported
P17 Geyman et al''” reported that VD
decreased, as glaucoma severity increased. Yarmohammadi et al'"®

in previous studies!

reported that each 1% decrease in PPVD was associated with

0.64 dB loss in MD and that each 1% decrease in WI-PPVD
was associated with 0.66 dB loss in MD. Previous studies
have shown that RGCs are mostly located in the macular
area'”"!. So macular VDs have been examined to evaluate the
role of the macular vascular damages in glaucomatous eyes,
however, contradictory results have been reported. Bojikian

I?" showed that macular VDs were lower in glaucomatous

eta
eyes than in healthy eyes and vascular damage was correlated
with the disease severity. Triolo et a/'” analyzed healthy
participants, patients with suspected glaucoma, and patients
diagnosed with glaucoma and reported a significant decrease in
peripapillary VD parameters in glaucomatous eyes compared
to other groups, but no significant difference in macular
VD across groups. In our study, peripapillary and macular
VD parameters were lower in glaucomatous groups and all
parameters of peripapillary and macular VDs demonstrated a
stepwise decrease through worsening glaucoma stage.

In subgroup analyses, RNFLT, peripapillary and macular VDs
of healthy participants, PPG and EG groups were evaluated
to determine whether there was a change in the early stages
of glaucoma. WI-MVD, mean and sectorial RNFLT except
T-RNFLT, all peripapillary VD parameters except IDVD, were
significantly lower in the PPG group compared to the healthy
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participants. When the EG group and healthy participants were
compared, all peripapillary VD parameters except IDVD, mean
and sectorial RNFLT and all macular VD parameters were
lower in the EG group compared to the healthy participants.
Both peripapillary and macular VDs decrease in the early
stages of the disease as in RNFLT. Transition from PPG to EG
is important because functional loss begins in the EG group
with the VF defect. Therefore, we compared the PPG and
EG groups separately. There was no significant difference in
RNFLT values between PPG and EG groups but all macular
VDs except the N-PFVD and all peripapillary VDs except
IDVD, T-PPVD and I-PPVD were found to be lower in the EG
group compared to the PPG group.

Chung et al™

investigated correlations between VDs and
RNFLT, GCA, and MD in glaucomatous eyes. Peripapillary
VD had higher correlation (»=0.772, 0.701, and 0.631
respectively, P<0.001) than parafoveal VD (=0.443, 0.474,
and 0.453 respectively, P<0.001). Triolo et al"'” reported
that although there was a correlation between RNFLT and
peripapillary VD, no significant correlation was found
between GCA, mean RNFLT, and macular VD (all P>0.05) in
glaucoma suspects and glaucoma patients. In their glaucoma
group, a highly significant correlation was seen between
mean peripapillary VD and MD (»=0.675, P<0.001), but
no significant correlation was found between macular VD
and MD. Shin et al™ investigated the association between
progressive PPVD loss and VF progression in glaucoma
patients and found that the rate of VD loss was significantly
associated with VF progression both in early and moderate to
advanced glaucoma. In our study, PPVDs were significantly
correlated with MD in OHT, MG and AG groups, but no
significant correlations were found in PPG and EG groups. In
our study, IOP values of the OHT group were higher than EG
and PPG groups. Chiara et al”* reported a significant decrease
in PPVD parameters in OHT eyes compared to normal
eyes. They suggested that the optic nerve nutrition would be
impaired due to high IOP and therefore VD would decrease.
High IOP may affect the VF indices similarly by disrupting
the optic nerve nutrition. This situation can be clarified in
future studies with OHT patients whose IOP decreased with
treatment and who were followed without IOP reduction. The
reason why no significant correlation between the PPVD and
MD was found in the PPG and EG group, may be the earlier
onset of vascular and structural damage than the VF defect. In
our study, peripapillary and macular VDs were significantly
correlated with mean RNFLT and mean GCA in most disease
groups. RPCs nourish the RNFL and RGC axons. WI-PPVD
and PPVD are RPC network-related parameters. In our study,
peripapillary VDs were correlated with mean RNFLT and mean
GCA more than macular VDs. These stronger correlations of
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WI-PPVD and PPVD can be attributed to their associations
with RPC. Correlation between VD parameters and RNFLT
decreases in the AG group and this result was attributed to the
floor effect of RNFLT. While there is no more RNFL loss due
to the floor effect in the AG group, VD decreases as the disease
progresses. Additionally, there were no significant correlations
between MD and RNFLT and GCA indices in the AG group,
but significant correlations were found between MD and VD
values. Therefore, VD parameters may be used in the follow-
up of advanced disease.

Diagnostic abilities of the RNFLT, GCA, and VD parameters
have been compared in previous studies. Rao et al™ reported
that the mean RNFLT (AUC=0.95) had the best diagnostic
efficacy, followed by neuroretinal rim area (AUC=0.94),
and mean GCA and WI-PPVD (AUC=0.93). The AUC of
PPVD, IDVD, WI-MVD, and PFVD were 0.85, 0.77, 0.73,
and 0.70, respectively, which were significantly lower than
RNFLT, GCA, and WI-PPVD parameters. Yarmohammadi
et al® reported that AUC was highest for WI-PPVD (0.94),
followed by RNFLT (0.92) and PPVD (0.83). Our results are
in good agreement with these previous studies that showed
that WI-PPVD differentiates glaucomatous and healthy eyes
as well as RNFLT and GCA. In our study, WI-PPVD had the
highest diagnostic accuracy for discriminating between healthy
controls and EG, MG, and AG groups. Previous studies have
shown that diagnostic abilities of the VDs increased as the
glaucoma severity increased from an early stage to advanced
stage disease”™””. Consistent with previous reports, the highest
diagnostic abilities of the VD, RNFLT, and GCA were seen
in the AG group as expected. Moreover, in the AG group,
diagnostic capacity of WI-PPVD (0.986) and WI-MVD (0.967)
were higher than mean RNFLT (0.958) and mean GCA (0.956),
probably due to the floor effect. Therefore, in AG group
OCTA may be more useful than OCT in follow-up. In our
study, OCTA had a similar diagnostic ability to OCT in early
diagnosis of the glaucoma. When differentiating EG eyes from
healthy control eyes, WI-PPVD (0.865) had higher diagnostic
ability than the mean RNFLT (0.860) and WI-MVD (0.839)
had higher diagnostic ability than mean GCA (0.828). These
results shows the benefit of OCTA in the diagnosis of the
early stages of glaucoma. Also, WI-PPVD (0.860) had higher
discriminating power than the mean RNFLT (0.740) and WI-
MVD (0.790) had higher discriminating power than mean
GCA (0.721) in discriminating AG eyes from MG eyes. When
VF progression is suspected or VF test is unreliable in MG and
AG patients, evaluation of OCTA data may be useful to show
the glaucoma progression. Generally, macular VDs had lower
diagnostic abilities compared to the peripapillary VDs.

Our study has several limitations. Patients with diseases that
may affect peripapillary and macular VD, such as diabetic
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retinopathy, hypertensive retinopathy, poorly controlled
diabetes and arterial hypertension, and age-related macular
degeneration were excluded. Since the exclusion of patients
with diabetes mellitus and hypertension without retinopathy
would have reduced the number of patients too much, these
patients were not excluded. Additionally, possible effects of
different antiglaucomatous medications on VD were ignored.

In conclusion, this study showed that peripapillary and macular
VDs decrease with the severity of glaucoma. VD parameters
were found to be lower in EG and PPG groups than in
healthy participants. Moreover, while there was no significant
difference in structural tests between PPG and EG groups,
VD parameters were lower in the EG group than in the PPG
group. High correlations were also determined between OCT
parameters and PPVDs. Therefore, we showed that OCTA
can provide an early diagnosis of glaucoma and this is the
strongest part of our study. Additionally statistically significant
correlations were found between MD and VD values. Since
OCT is not useful in the patient follow-up of the AG group due
to the floor effect, OCTA may be used instead. WI-PPVD and
WI-MVD had similar diagnostic accuracy as OCT parameters.
Moreover, WI-PPVD had the highest diagnostic accuracy for
discriminating between healthy participants and EG, MG, and
AG groups. Diagnosis of glaucoma can be challenging due to
the tilted optic disc and peripapillary atrophy in highly myopic

28
eyes'

1. OCTA can be used as a supportive test in cases when
structural and functional tests are not conclusive.
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