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Purpose: To assess the ability of vascular perfusion parameters determined by optical coherence tomography angiography (OCTA) to 
detect and monitor glaucoma.
Methods: This prospective study included healthy, glaucoma suspect and glaucomatous eyes. All eyes underwent comprehensive 
glaucoma examination, including visual field tests and ocular imaging scans by OCTA. Parameters measured included retinal nerve 
fiber layer (RNFL) thickness, ganglion cell analysis (GCA), vascular perfusion density (VPD) and flux index (FI) of the optic nerve 
and peri-papillary area. Ocular parameters in healthy, glaucoma suspect, and glaucomatous eyes were compared by generalized 
estimating equations (GEE) with adjustments for age, with their relationships analyzed by Pearson’s correlation coefficient. Rates of 
change per year were compared in glaucomatous eyes with and without glaucoma progression.
Results: This study enrolled 238 eyes, including 56 healthy, 79 glaucoma suspect, and 103 glaucomatous eyes. After adjustments for 
age, the average VPD (45.40 ± 0.19% vs 45.05 ± 0.22% vs 42.89 ± 0.32%, p < 0.001) and FI (0.4210 ± 0.0055 vs 0.4105 ± 0.0039 vs 
0.3801 ± 0.0048, p < 0.001) in these three groups differed significantly. Average VPD in the glaucoma group was inversely associated 
with the severity of glaucoma, being 43.99 ± 0.32%, 42.63 ± 0.43% and 39.27 ± 0.48% in eyes with early, moderate and severe 
glaucoma, respectively (p < 0.001). Average VPD, as well as VPD in the superior and inferior quadrants correlated well with both 
OCT determined RNFL and visual field parameters. The decreases per year in both superior (−0.012 vs −0.001, p = 0.002) and inferior 
(−0.008 vs −0.003, p = 0.007) FI were significantly greater in glaucomatous eyes with than without glaucoma progression.
Conclusion: Both VPD and FI as measured by OCTA are promising ocular parameters that can distinguish between normal and 
glaucomatous eyes. VPD is sensitive in comparing eyes at different glaucoma stages, whereas FI can detect rates of glaucoma 
progression.
Trial Registration: Thai Clinical Trial Registry, TCTR20181031002.
Keywords: optical coherence tomography angiography, vessel perfusion density, flux index, glaucoma, glaucoma suspect, peri- 
papillary vasculature

Introduction
Glaucoma is a progressive optic neuropathy with an as yet poorly determined overall pathophysiology. The degeneration 
of retinal ganglion cells and their axons is thought to result in optic nerve damage and visual field loss.1 Glaucoma may 
also develop due to a vascular insufficiency of the optic nerve. Fluctuation of ocular blood flow and poor ocular perfusion 
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in glaucoma patients were found to correlate with visual field perimetric deterioration and ocular hemodynamic 
instability, in agreement with ocular perfusion pressure theory.2,3 Hypoxemia and ischemia, which have negative effects 
on retinal ganglion cells, and axoplasmic obstruction can result in retinal ganglion cell apoptosis, axon loss, and 
extracellular matrix remodeling, leading to glaucomatous optic neuropathy pathophysiology.4,5 Assessing parameters 
of vascular non-perfused and perfused areas may support this pathophysiology.

Currently, glaucoma is diagnosed and its progression analyzed by a combination of correlated glaucomatous optic 
neuropathy and visual field defects. Although visual field testing is crucial in glaucoma evaluation, these tests cannot 
detect early stages of glaucoma in the absence of functional impairment. Moreover, the subjective repeatability of these 
tests is limited in the detection of earlier progression. Structural optic neuropathy, such as measurements of peri-papillary 
retinal nerve fiber layer (RNFL) thickness and ganglion cell complex analysis by optical coherence tomography (OCT), 
can detect earlier stages of glaucoma than visual field testing. However, these tests have limited ability to detect the 
earliest stages of glaucoma such as pre-perimetric and glaucoma suspect eyes.6–8

Optical coherence tomography angiography (OCTA) has the ability to measure perfusion at the optic nerve and peri- 
papillary area.9 OCTA can non-invasively provide reproducible images of the retinal vasculature, allowing the quanti-
tative assessment of the vasculature at the optic nerve head, peri-papillary area, and macular area.10,11 Peri-papillary 
OCTA perfusion deficiency was found to be associated with both structural and functional glaucomatous damage, 
whereas the results of macular OCTA are inconclusive.12 Peri-papillary OCTA may be a useful tool in the earliest 
diagnosis, staging, and monitoring of patients with the earliest stage of glaucoma.13–16 The present study compared 
OCTA determined vascular perfusion parameters of the optic nerve and peri-papillary area in healthy, glaucoma 
suspected and glaucomatous eyes and compared the rate of change per year in these parameters in glaucomatous eyes 
with and without glaucoma progression.

Materials and Methods
This study was part of a prospective study of the natural history of patients treated for glaucoma at Mettapracharak (Wat 
Rai Khing) Hospital from January 2014 to June 2019. Included in this study were healthy participants, glaucoma suspects 
and glaucoma patients. The study protocol was approved by the ethical review committee for research in human subjects 
of Mettapracharak (Wat Rai Khing) Hospital and complied with the Declaration of Helsinki, with all study participants 
providing written informed consent. The study was registered at the Thai Clinical Trial Registry (No. 
TCTR20181031002).

All participants underwent comprehensive ocular examinations, including measurements of best-corrected visual 
acuity by Snellen visual acuity chart, slit-lamp bio-microscopy, measurements of intraocular pressure (IOP) by 
Goldmann applanation tonometry, anterior chamber angle assessment by gonioscopy, dilated fundus examinations, 
stereoscopic optic disc photography, pachymetry measurements of corneal thickness, measurements of axial length and 
perimetry by Humphrey 24–2, SITA standard visual field tests. Glaucoma in each eye was staged as early, moderate or 
severe using the Hodapp, Parish and Anderson (H-P-A) glaucoma classification system.17 All participants underwent 
optical coherence tomography (OCT) scanning of the optic nerve head to measure RNFL, macular ganglion cell analysis 
(GCA) and Angioplex angiography of the peri-papillary area with Cirrus 5000 HC OCT.

Healthy eyes were defined as having an IOP ≤ 21 mmHg with no history of elevated IOP, normal-appearing optic 
discs, intact neuroretinal rim and nerve fiber layers, and normal visual field test results. Glaucoma suspected eyes were 
defined as having ocular hypertension (IOP ≥ 22 mmHg) and optic discs appearing suspicious of glaucoma, but with no 
evidence of repeatable glaucomatous visual field defects. Glaucomatous eyes were defined as having glaucomatous optic 
neuropathy that correlated with glaucomatous visual field defects, with the severity of glaucoma classified by Hodapp- 
Parrish-Anderson stage.17,18 Eyes with both primary open angle and closed angle glaucoma were included. Eyes with 
best-corrected Snellen visual acuity lower than 20/70, a history of trauma, a history of intraocular surgery (except for 
glaucoma surgery or uncomplicated cataract surgery), a secondary cause of glaucoma, or other types of optic neuropathy, 
retinopathy, or other ocular or systemic diseases known to impair the visual field were excluded. Blood pressure (BP) was 
measured with the subject in a resting, seated position. Mean arterial pressure (MAP) was calculated as diastolic BP 
(DBP) + 1/3 pulse BP, and pulse BP was calculated as systolic BP (SBP) − DBP.
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Optical Coherence Tomography Angiography (OCTA)
OCTA is a noninvasive method of visualizing the optic nerve head and peri-papillary retinal vasculature by determining 
the dynamic motion of red blood cells in a flowing blood vessel.19 For quantitative analysis, each participant underwent 
ocular imaging scan using the Angioplex OCT Angiography CIRRUSTM HD-OCT (Model 5000, Carl Zeiss Meditec, 
Inc., Dublin, USA) with a 4.5 × 4.5 mm scanning pattern centered on the optic disc. Images were captured with 350 
A-scan/B-Scan and 350 B-Scans,20 with each ring-shaped pattern image divided into four quadrants (superior, nasal, 
inferior, and temporal). Peri-papillary capillary slab images were generated from three-dimensional OCTA scans to 
determine the vascular perfusion density (VPD) and flux index (FI). VPD was defined as the total area of perfused 
vasculature per unit area, and FI was defined as the intensity of capillary perfusion (Figure 1).

Analysis of Glaucoma Progression
Glaucoma progression was determined by perimetry, evaluation of the optic disc, ocular imaging and clinical evaluation. 
Perimetric criteria were assessed clinically by a combination of subjective determination by a glaucoma specialist and 
objective determination using Guided Progression Analysis (GPA) software. Ocular imaging progression criteria 
included RNFL thinning, as determined by OCT imaging of the optic nerve, and thinning of the ganglion cell complex 
by OCT ganglion cell analysis (GCA). Optic disc progression was based on rim thinning, focal notching, excavation, 
RNFL defect and disc hemorrhage as determined by a glaucoma specialist. Patients were followed-up at 4–6-month 
intervals.

Statistical Analysis
Continuous variables were reported as the mean and standard deviation (SD) and compared in the three groups (healthy, 
glaucoma suspected, and glaucomatous eyes) by one-way analysis of variance (ANOVA), followed by post-hoc 
Bonferroni tests. Categorical variables were reported as frequency and percentage and compared by chi-square tests. 
Correlations between fellow eyes in individuals of the same persons were assessed by the generalized estimating 
equation (GEE) method. VPD and FI in the three groups were compared using the GEE after adjustments for age. 
The pairwise relationships of VPD, FI, RNFL, and HVF 24–2 were determined using Pearson’s correlation coefficient 
analyses. GEEs were used to estimate the rates of change in each parameter and to account for repeated measurements 
over time with eyes nested within the same person. All statistical analyses were performed using PASW Statistics (SPSS) 
28.0 software (SPSS Inc., Chicago, IL, USA), with p-values <0.05 considered statistically significant.

Results
The study population consisted of 238 eyes, 56 healthy eyes of 33 subjects (mean age, 55.58 ± 15.9 years), 79 glaucoma 
suspected eyes of 52 subjects (mean age, 61.2 ± 9.24 years), and 103 glaucomatous eyes of 64 subjects (mean age, 64.78 
± 7.22 years), including 56 eyes with early stage, 27 eyes with moderate stage and 20 eyes with severe stage, with the 

Figure 1 The optic nerve and peri-papillary area; (A) OCTA and segmentation into superior inferior nasal and temporal quadrants, (B) disc photography, (C) peri-papillary 
OCT retinal nerve fiber layer thickness.
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healthy participants being significantly younger in age than the other two groups (p-value < 0.05). Because age-related 
changes in VPD and FI could confound comparisons, the data were adjusted for age. SBP, DBP, MAP, and underlying 
diseases were similar in the three groups, whereas central corneal thickness was lowest in the glaucoma group (Table 1).

Average VPD and VPDs in all quadrants were lowest in glaucomatous eyes. Although VPDs were generally similar 
in glaucoma suspected and healthy eyes, VPD in the temporal quadrant was significantly higher in normal than in 
glaucoma suspected eyes. Evaluation of VPDs by glaucoma stage in glaucomatous eyes showed that average VPD and 
VPDs in both the inferior and superior quadrants were significantly lower in eyes with severe glaucoma than in those 
with early and moderate glaucoma. Similarly, FI was significantly lower in glaucomatous eyes than in glaucoma 
suspected and healthy eyes and was significantly lower in eyes with severe glaucoma than in those with early and 
moderate glaucoma (Figures 2 and 3). RNFL thickness, GCA and visual field parameters were significantly lower in the 
glaucomatous group than in the other two groups, but these parameters did not differ significantly in glaucoma suspected 
and healthy eyes (Table 2).

The correlations among structural, functional and vascular perfusion parameters are shown in Table 3. Average VPD 
and RNFL were strongly correlated, as were VPD and RNFL in the superior and inferior quadrants. In contrast, average 
FI and RNFL, as well as FI and RNFL in the superior and inferior quadrants, showed moderate correlations. VPD was 
unrelated to GCA, whereas FI and OCT GCA showed fair correlation. Visual field parameters showed moderate to good 
correlations with both VPD and FI (Table 3).

The rates of change per year in VPD and FI were compared in glaucomatous eyes with and without glaucoma 
progression. The yearly decrease in mean VPD was significantly greater in eyes with (−0.555%; 95% CI −1.406% to 
−0.298%; p = 0.027) than without (0.305%; 95% CI −0.485 to 0.126, p = 0.051) glaucoma progression. The yearly rate 
of change in VPD in the superior quadrant was significantly greater in eyes with glaucoma progression (−1.198%; 95% 

Table 1 Demographic and Clinical Characteristics of Subjects in the Healthy, Glaucoma Suspected and Glaucomatous 
Groups

Healthy Glaucoma Suspected Glaucomatous p-value*

No. of Participants/Eyes 33/56 52/79 64/103 Early (n=56) Moderate  
(n=27) Severe (n=20)

Age (yr) 55.58 ± 15.19 61.12 ± 9.24 64.78 ± 7.22 <0.001ab

Male 8 (24.2%) 18 (34.6%) 24 (37.5%) 0.405

Female 25 (75.8%) 34 (65.4%) 40 (62.5%)

Pulse rate (beats/min) 78.41 ± 11.67 77.43 ± 11.37 74.13 ± 12.04 0.194

Systolic blood pressure (mmHg) 128.44 ± 20.46 133.96 ± 19.53 136.56 ± 18.56 0.171

Diastolic blood pressure (mmHg) 76.50 ± 8.91 79.66 ± 11.94 80.00 ± 13.56 0.389

Mean arterial pressure (mmHg) 93.81 ± 11.29 97.76 ± 12.34 98.85 ± 12.78 0.176

Underlying diseases
-Diabetic Mellitus 3 (9.1%) 9 (17.3%) 15 (23.4%) 0.207

-Essential Hypertension 10 (30.3%) 28 (53.8%) 34 (53.1%) 0.070

-Heart disease 1 (3.0%) 2 (3.8%) 3 (4.7%) 1.000
-Dyslipidemia 5 (15.2%) 11 (21.2%) 10 (15.6%) 0.727

IOP (mmHg) 14.82 ± 3.1 16.23 ± 3.1 15.15 ± 3.9 0.839

Central corneal thickness (CCT)(μm) 521.39 ± 75.30 532.90 ± 33.79 511.17 ± 32.54 0.008c

Axial length (mm) 23.28 ± 1.00 23.37 ± 0.81 23.25 ± 0.96 0.677

Notes: *Continuous data compared by one-way analysis of variance (ANOVA) and categorical data by chi-square tests, a Statistically significance difference 
between healthy and glaucoma suspected eyes, b Statistically significance difference between healthy and glaucomatous eyes, c Statistically significance 
difference between glaucoma suspected and glaucomatous eyes.
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CI −1.436 to −0.959, p < 0.001), whereas the rate of change in the inferior quadrant was significantly greater in eyes 
without glaucoma progression (−1.199%; 95% CI −1.817 to −0.581, p < 0.001).

The rates of change per year in FI in both the superior (−0.012, 95% CI −0.020 to −0.005 vs −0.001, 95% CI −0.007 
to 0.007, p = 0.002) and inferior quadrants were significantly greater in eyes with than without glaucoma progression. 
These findings indicate that decreases in RNFL and GCA on OCT, as well as visual field parameters, correlated 
significantly with glaucoma progression (Table 4).

Discussion
Vascular insufficiency affecting the optic nerve has been associated with the pathophysiology of glaucomatous optic 
neuropathy.21 Deficiencies in ocular blood flow have been shown to correlate with both structural damage and visual field 
defects.4,22 OCTA visualization and quantification of ocular blood flow in certain areas may clarify the vascular 
pathogenesis of glaucoma more clearly.4,6 The present study showed that both VPD and FI on OCTA scans were 
significantly lower in glaucomatous eyes than in glaucoma suspected and healthy eyes, findings similar to those of 
previous studies.23,24 Neither VPD nor FI, however, differed significantly in healthy and glaucoma suspected eyes. These 
findings suggest that vascular compromise may not be the earliest sign of glaucomatous optic neuropathy, similar to 
results showing that microvascular insufficiency was secondary to RNFL loss in pre-perimetric glaucomatous eyes.25,26 

In contrast, OCT measurements of circumpapillary vessel density and RNFL thickness were found to moderately 
distinguish healthy and glaucoma suspected eyes, with areas under receiver operating characteristic curves (AUROC) 
of 0.7 and 0.65, respectively.27 Differences in vessel perfusion have also been reported between eyes of individuals with 
suspected glaucoma, suggesting that vascular impairment was either the cause or the result of glaucoma.28 Comparison of 
the sensitivities of vascular perfusion parameters and visual field testing in detecting glaucoma progression showed that 
perfusion deficiencies were detected earlier than visual field defects during the pre-perimetric and early stages of 

Figure 3 OCTA results in early (A), moderate (B), and severe glaucomatous eyes (C).

Figure 2 OCTA results in healthy (A), glaucoma suspected (B), and glaucomatous eyes (C).
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Table 2 Ocular Parameters in Healthy, Glaucoma Suspected and Glaucomatous Groups and in Glaucomatous Eyes Differing by Severity (Adjusted for Age)

Data Healthy (1)  
(n=56)

Glaucoma 
Suspected (2) 
(n=79)

Glaucoma: (3) (n=103) p-value*  
(1) vs (2)

p-value*  
(1) vs (3)

p-value*  
(2) vs (3)

All (n=103) Early (n=56) Moderate (n=27) Severe (n=20)

Vessel perfusion density (%), mean ± SD

Average 45.40 ± 0.19 45.05 ± 0.22 42.89 ± 0.32 43.99 ± 0.32a 42.63 ± 0.43b 39.27 ± 0.48c 0.224 <0.001 <0.001

Superior 43.93 ± 0.39 43.63 ± 0.27 41.43 ± 0.51 43.10 ± 0.52 41.17 ± 0.71b 35.92 ± 0.79c 0.514 <0.001 <0.001

Nasal 44.29 ± 0.30 45.53 ± 0.39 43.61 ± 0.38 44.35 ± 0.43 43.32 ± 0.61b 40.74 ± 0.71 0.010 0.167 <0.001

Inferior 45.05 ± 0.34 44.76 ± 0.33 40.57 ± 0.52 42.56 ± 0.53a 39.60 ± 0.74b 35.10 ± 0.82c 0.526 <0.001 <0.001

Temporal 47.93 ± 0.49 46.20 ± 0.40 45.68 ± 0.32 45.77 ± 0.39 46.67 ± 0.56b 44.36 ± 0.64 0.006 <0.001 0.300

Flux index, mean ± SD

Average 0.4210 ± 0.0055 0.4105 ± 0.0039 0.3801 ± 0.0048 0.3908 ± 0.005 a 0.3563 ± 0.0076 0.3419 ± 0.0088c 0.124 <0.001 <0.001

Superior 0.4119 ± 0.0050 0.4015 ± 0.0035 0.3742 ± 0.0045 0.3849 ± 0.0051a 0.3547 ± 0.0074 0.3354 ± 0.0085c 0.091 <0.001 <0.001

Nasal 0.4197 ± 0.0064 0.4159 ± 0.0050 0.3808 ± 0.0050 0.3892 ± 0.0054a 0.3555 ± 0.0081 0.3420 ± 0.0096c 0.644 <0.001 <0.001

Inferior 0.4156 ± 0.0057 0.4093 ± 0.0033 0.3747 ± 0.0054 0.3911 ± 0.0053a 0.3476 ± 0.0076 0.3312 ± 0.0086c 0.343 <0.001 <0.001

Temporal 0.4357 ± 0.0064 0.4129 ± 0.0050 0.3886 ± 0.0055 0.3967 ± 0.0065a 0.3655 ± 0.0093 0.3529 ± 0.0107c 0.006 <0.001 0.001

Optical coherence tomography retinal nerve fiber layer thickness, mean ± SD

Average 105.80 ± 2.27 104.54 ± 1.74 76.46 ± 1.58 84.09 ± 1.91a 72.57 ± 2.54b 52.21 ± 2.82c 1.000 <0.001 <0.001

Superior 139.42 ± 5.19 132.29 ± 3.97 104.79 ± 3.62 116.81 ± 4.43a 99.74 ± 5.86b 66.87 ± 6.49c 0.785 <0.001 <0.001

Nasal 78.37 ± 2.45 77.26 ± 1.88 59.41 ± 1.71 63.87 ± 2.32 57.64 ± 3.24b 45.48 ± 3.63c 1.000 <0.001 <0.001

Inferior 150.17 ± 5.22 140.15 ± 3.99 98.37 ± 3.65 110.28 ± 3.90a 87.38 ± 5.32b 54.09 ± 5.92c 0.349 <0.001 <0.001

Temporal 79.04 ± 2.30 75.69 ± 1.76 63.25 ± 1.60 67.43 ± 1.98 63.26 ± 2.68b 50.87 ± 2.98c 0.718 <0.001 <0.001

Optical coherence tomography ganglion cell analysis, mean ± SD

Sector 1 81.19 ± 1.69 77.01 ± 1.33 73.11 ± 1.18 73.26 ± 1.71 69.84 ± 2.10 66.80 ± 2.31c 0.110 <0.001 0.027

Sector 2 81.13 ± 1.64 78.40 ± 1.29 75.15 ± 1.15 74.49 ± 1.64 71.61 ± 2.08 69.55 ± 2.30 0.476 0.005 0.074

Sector 3 83.55 ± 1.66 81.64 ± 1.31 77.19 ± 1.17 77.10 ± 1.66 74.75 ± 2.01 71.53 ± 2.21 0.982 0.003 0.006

Sector 4 82.65 ± 1.49 78.53 ± 1.18 74.52 ± 1.07 72.45 ± 1.46 73.52 ± 1.71b 68.76 ± 1.87 0.048 <0.001 0.004

Sector 5 78.20 ± 1.56 74.87 ± 1.23 70.77 ± 1.11 69.95 ± 1.44 67.08 ± 1.89 63.30 ± 2.09c 0.191 <0.001 0.005

Sector 6 80.76 ± 1.69 77.24 ± 1.33 70.11 ± 1.17 71.70 ± 1.63a 64.11 ± 2.15 63.04 ± 2.38c 0.256 <0.001 <0.001

Average 81.12 ± 1.45 78.16 ± 1.14 73.36 ± 1.01 73.41 ± 1.40 70.08 ± 1.78 66.86 ± 1.97c 0.255 <0.001 0.001

Min 74.05 ± 1.96 72.66 ± 1.54 66.59 ± 1.38 66.21 ± 1.79 61.70 ± 2.40 57.88 ± 2.66c 1.000 0.003 0.001

Humphrey visual field 24–2, mean ± SD

MD (dB) −2.93 ± 0.83 −2.54 ± 0.64 −7.37 ± 0.59 −4.66 ± 0.77 −6.58 ± 1.17b −18.89 ± 1.36c 1.000 <0.001 <0.001

PSD (dB) 2.65 ± 0.44 2.74 ± 0.34 4.96 ± 0.31 3.38 ± 0.39 a 5.71 ± 0.56 b 9.88 ± 0.64 c 1.000 <0.001 <0.001

VFI (%) 96.78 ± 2.34 95.36 ± 1.81 83.64 ± 1.67 92.94 ± 1.92a 82.60 ± 2.60b 52.20 ± 2.94c 1.000 <0.001 <0.001

Notes: Data presented as mean (standard error) adjusted for age. *Generalized estimating equation (GEE), aStatistically significant difference between early and moderate glaucoma, bStatistically significant difference between moderate 
and severe glaucoma, cStatistically significant difference between early and severe glaucoma.
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glaucoma.11,29,30 The results of the present study, showing that lower perfusion was associated with greater glaucoma 
severity, were similar to previous findings.31–33

Evaluation of correlations among vascular perfusion, structural and visual field testing parameters showed that VPD 
and FI correlated well with OCT-determined mean peri-papillary RNFL thickness, as well as RNFL thickness and in the 
superior and inferior quadrants, in agreement with previous results.34 These results were not unexpected because peri- 
papillary RNFL thickness and vascular parameters were measured in similar areas. In contrast, the relationship between 
vascular parameters and OCT-determined macular GCA was only fair, as these parameters were measured in different 
anatomical areas. Visual field parameters (MD and VFI) and vascular parameters (VPD and FI) showed fair to good 
correlations, similar to results reporting that lower superficial vessel density was significantly associated with visual field 
deterioration in eyes with primary angle closure and normal tension glaucoma.35,36

Measurements of the rates of change per year in structural and functional parameters, such as OCT measured GCA 
and RNFL thickness and visual field testing results, showed that reductions were significantly greater in eyes with 
progress than non-progressed glaucoma. In contrast, measurements of vascular parameters showed that FI was 

Table 3 Correlations Among Vessel Perfusion Density, Flux Index, Optical Coherence Tomography Retinal Nerve Fiber Layer Thickness 
(OCT RNFL), Optical Coherence Tomography Ganglion Cell Complex (OCT GCC) and Humphrey Visual Field Test 24–2 (HVF 24–2)

Pearson’s 
Correlation

OCT 
RNFL

Average Superior Nasal Inferior Temporal HVF 
24–2

MD 
(dB)

PSD 
(dB)

VFI 
(%)

Vessel perfusion density (%)

Average 0.736** 0.659** 0.493** 0.647** 0.439** 0.630** −0.505** 0.597**

Superior 0.744** 0.737** 0.515** 0.538** 0.435** 0.651** −0.393** 0.584**

Nasal 0.374** 0.402** 0.300** 0.238* 0.222* 0.338** −0.196 0.331**
Inferior 0.639** 0.487** 0.394** 0.696** 0.323** 0.535** −0.600** 0.564**

Temporal 0.319** 0.264** 0.181 0.322** 0.303** 0.241* −0.193 0.167

Flux index

Average 0.514** 0.424** 0.204* 0.499** 0.411** 0.424** −0.343** 0.464**

Superior 0.550** 0.459** 0.246* 0.499** 0.441** 0.424** −0.319** 0.455**

Nasal 0.464** 0.393** 0.198* 0.465** 0.327** 0.374** −0.255* 0.407**
Inferior 0.536** 0.445** 0.228* 0.560** 0.353** 0.481** −0.426** 0.538**

Temporal 0.462** 0.359** 0.142 0.431** 0.431** 0.368** −0.330** 0.406**

Pearson’s correlation OCT GCA Sector 1 Sector 2 Sector 3 Sector 4 Sector 5 Sector 6 Average min

Vessel perfusion density (%)

Mean 0.192 0.135 0.143 0.217* 0.196* 0.222* 0.220* 0.231*

Superior 0.338** 0.322** 0.239* 0.215* 0.193 0.231* 0.314** 0.264**

Nasal 0.027 −0.072 −0.039 0.037 −0.048 −0.003 −0.028 0.002
Inferior 0.086 0.004 0.036 0.191 0.277** 0.292** 0.183 0.250*

Temporal 0.022 0.102 0.155 0.139 0.032 0.010 0.078 0.032

Pearson’s correlation OCT GCA Sector 1 Sector 2 Sector 3 Sector 4 Sector 5 Sector 6 Average min

Flux index

Mean 0.283** 0.252* 0.218* 0.281* 0.360** 0.305** 0.332** 0.324**

Superior 0.299** 0.269** 0.226* 0.282** 0.322** 0.276** 0.332** 0.307**

Nasal 0.262** 0.194 0.180 0.229* 0.305** 0.278** 0.284** 0.285**
Inferior 0.233* 0.169 0.135 0.222* 0.354** 0.299** 0.281** 0.309**

Temporal 0.306** 0.307** 0.271** 0.326** 0.388** 0.319** 0.369** 0.341**

Notes: **p < 0.01, *p < 0.05. 
Abbreviations: MID, mean deviate; PSD, pattern standard deviation; VFI, visual field index.
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significantly lower in only the superior and inferior quadrants of patients with progressed than non-progressed glaucoma. 
This finding suggested that VPD is less rapidly detected in VPD patients with progressive glaucoma.11,37,38

The present study had several limitations. First, the group of healthy subjects was significantly younger than the 
groups of glaucoma suspects and glaucomatous patients. For this reason, all analyses were adjusted for age. Second, the 
group of glaucomatous patients consisted of individuals with all types of glaucoma, including normal tension, high 
tension and closed-angle glaucoma, with glaucoma classified by severity, not by type. Glaucoma types were combined 
due to the small sample size, suggesting the need to separately analyze individual groups of patients. In addition, 

Table 4 Rates of Change per Year in Vessel Perfusion Density, Flux Index, Retinal Nerve Fiber Layer Thickness, Ganglion Cell 
Complex and Humphrey Visual Field 24–2 in Glaucomatous Eyes with and without Progression

Yearly Rate of Change Progression Stable p-valueb

GEE 
Coefficient

95% CI p-valuea GEE 
Coefficient

95% CI p-valuea

Vessel perfusion density (%)

Mean −0.555 −1.406, −0.298 0.027* −0.305 −0.485, 0.126 0.051 0.901

Superior −1.198 −1.436, −0.959 <0.001* −0.238 −1.077, 0.601 0.578 0.123
Nasal −0.786 −1.563, −0.009 0.047* 0.088 −0.185, 0.362 0.528 0.036*

Inferior −0.535 −1.286, 0.216 0.163 −1.199 −1.817, −0.581 <0.001* 0.935

Temporal 0.382 −0.470, 1.234 0.379 1.143 −1.708, 2.578 0.055 0.302

Flux index

Mean −0.008 −0.016, 0.001 0.054 −0.002 −0.005, 0.010 0.511 0.053
Superior −0.012 −0.020, −0.005 0.002* −0.001 −0.007, 0.007 0.981 0.002*

Nasal −0.004 −0.014, 0.005 0.359 −0.001 −0.008, 0.010 0.832 0.079

Inferior −0.008 −0.016, −0.001 0.045* −0.003 −0.002, 0.008 0.175 0.007*
Temporal 0.001 −0.002, 0.004 0.529 0.001 −0.009, 0.012 0.810 0.074

Retinal nerve fiber layer (RNFL) 
thickness (μm)

Mean −1.207 −2.991, −0.577 0.018* −0.794 −3.479, 1.890 0.562 0.002*

Superior −5.375 −11.680, −0.930 0.045* −0.131 −2.147, 1.885 0.899 0.005*
Nasal −3.315 −4.447, −2.183 <0.001* −1.009 −2.022, 0.003 0.051 0.335

Inferior −5.439 −10.071, −0.806 0.021* −1.309 −3.268, 0.651 0.191 0.013*

Temporal −1.308 −3.492, −0.875 0.024* −1.052 −1.981, −0.123 0.026* 0.001*

Humphrey visual field 24–2  
(HVF 24–2)

MD (dB) −0.877 −1.425, −0.330 0.002* 0.262 −0.003, 0.528 0.053 0.006*

PSD (dB) −0.276 −0.873, 0.321 0.365 0.006 −0.152, 0.163 0.942 0.113
VFI (%) −0.972 −2.320, 0.377 0.158 1.635 −0.952, 4.223 0.215 0.036*

Ganglion cell analysis (GCA) (μm)
Sector 1 −0.995 −2.626, 0.636 0.232 −1.674 −4.982, 1.634 0.321 0.034*

Sector 2 −2.384 −7.910, −2.859 0.001* −0.367 −2.441, 3.175 0.798 0.005*

Sector 3 −3.638 −4.559, −2.718 <0.001* −0.363 −6.326, −0.400 0.006* 0.035*
Sector 4 −5.475 −7.720, −3.230 <0.001* −5.485 −8.252, −2.719 <0.001* 0.001*

Sector 5 −5.586 −11.542, 0.370 0.066 −1.899 −4.009, 0.212 0.078 0.182

Sector 6 −3.519 −4.815, −2.223 <0.001* −0.049 −2.552, 2.650 0.971 0.339
Average −4.386 −5.309, −3.462 <0.001* −2.216 −4.605, 0.173 0.069 0.053

Min −4.510 −5.910, −3.110 <0.001* −2.043 −5.285, 1.198 0.217 0.035*

Notes: asignificantly different from zero, b significantly different between groups, *p < 0.05. 
Abbreviations: AUROC, areas under receiver operating characteristic curves; BP, blood pressure; FI, flux index; GCA, ganglion cell analysis; GEE, generalized estimating 
equations; GPA, guided progression analysis; IOP, intraocular pressure; MAP, mean arterial pressure; MD, mean deviation; OCT, optical coherence tomography; OCTA, 
optical coherence tomography angiography; PSD, pattern standard deviation; RNFL, retinal nerve fiber layer thickness; SD, standard deviation; VPD, vascular perfusion 
density; VFI, visual field index.
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systemic underlying diseases, such as essential hypertension, may have confounded or interfered with the interpretation 
of vascular perfusion results. Lower vascular perfusion has been reported in the superficial capillary plexus, as shown by 
macular OCTA,39 and lower superficial peri-papillary VD and perfusion density have been reported in patients with 
essential hypertension for more than 10 years.40 Further studies are needed to address the effects of ocular hypotensive 
treatment and systemic medications on the results of OCTA.

Conclusion
OCTA determination of vascular perfusion parameters, such as VPD and FI, may be a tool for differentiating among 
healthy, glaucoma suspected and glaucomatous eyes, with lower VPD and lower FI being associated with more severe 
disease. The ability of FI in the superior and inferior quadrants to detect glaucoma progression was comparable to the 
ability of structural parameters, such as OCT determined RNFL thickness and GCA, and lower superficial peri-papillary 
vessel density (VD) and perfusion density have been reported in patients with essential hypertension for more than 10 
years.40 Further studies are needed to address the effects of ocular hypotensive treatment and systemic medications on the 
results of OCTA.

Conclusion
OCTA determination of vascular perfusion parameters, such as VPD and FI, may be a tool for differentiating among 
healthy, glaucoma suspected and glaucomatous eyes, with lower VPD and lower FI being associated with more severe 
disease. The ability of FI in the superior and inferior quadrants to detect glaucoma progression was comparable to the 
ability of structural parameters, such as OCT determined RNFL thickness and GCA.

Abbreviations
ANOVA, Analysis of variance; AUROC, Areas under receiver operating characteristic curves; BP, blood pressure; FI, 
Flux index; GCA, Ganglion cell analysis; GEE, Generalized estimating equation; GPA, Guided Progression Analysis; 
MAP, Mean arterial pressure; MD, Mean deviate; OCT, Optical coherence tomography; OCTA, Optical coherence 
tomography angiography; RNFL, Retinal nerve fiber layer; SD, Standard deviation; VFI, Visual field index; VPD, 
Vascular perfusion density.
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