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Abstract

Purpose: To investigate hemiretinal asymmetry in radial peripapillary capillary vessel area 

density (VAD) of healthy, glaucoma suspect, and glaucoma eyes of varying severity and its 

diagnostic utility for glaucoma.

Design: Population-based, cross-sectional study.

Methods: 6×6-mm optic disc scans were collected on optical coherence tomography angiography 

(OCTA) to obtain VAD and on OCT to measure circumpapillary retinal nerve fiber layer (RNFL) 

thickness. Hemiretinal difference in VAD (hdVAD) was defined as the absolute difference between 

superior and inferior hemiretinal VAD. Age-adjusted multivariable linear regression of hdVAD 

on glaucoma severity was performed. Area under curves (AUCs) were calculated from predicted 

probabilities generated by multiple logistic regression of glaucoma severity on age-adjusted single 

and combined parameters.

Results: 1043 eyes of 1043 participants (587 healthy, 270 suspect, 67 mild, 54 moderate, 65 

severe glaucoma) were included. After age adjustment, mean hdVAD was similar between healthy 

and suspect (P = 0.225), higher in mild versus suspect (P < 0.001), higher in moderate versus 

mild (P = 0.018), but lower in severe versus moderate (P = 0.001). AUCs of hdVAD were highest 

for discriminating mild (0.685) and moderate (0.681) glaucoma from healthy. Combining hdVAD 
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and global RNFL (gRNFL) yielded the highest AUCs of all parameters for mild (0.817) and 

any POAG (0.859) and resulted in significantly better diagnostic accuracy than either hdVAD or 

gRNFL alone (P < 0.05 for all comparisons).

Conclusions: hdVAD is higher in early glaucoma and may help with early detection when 

damage is focal, but its diagnostic ability appears less robust in advanced glaucoma when damage 

is diffuse.

Table of Contents Statement

Primary open-angle glaucoma (POAG) often begins with focal damage in one hemiretina. 

This cross-sectional study investigates hemiretinal difference in peripapillary vessel area density 

(hdVAD) in healthy, glaucoma suspect, and POAG eyes at various stages, and its diagnostic ability 

for POAG. hdVAD is highest in early POAG when damage is more focal and has good diagnostic 

ability when combined with retinal nerve fiber layer thickness for distinguishing mild and any 

POAG eyes from healthy eyes.

INTRODUCTION

Primary open-angle glaucoma (POAG) is a progressive optic neuropathy and a leading 

cause of blindness.1 However, patients often remain asymptomatic until late stages when 

functional visual field loss is more debilitating.1 Current standards of detecting early 

glaucomatous changes have limitations: stereoscopic disc examination may not detect 

subtle nerve changes,2 and up to 30–50% of retinal ganglion cells may be lost before 

defects are detectable by visual field testing.1 Optical coherence tomography (OCT) is a 

widespread diagnostic tool for glaucoma3 that measures retinal nerve fiber layer (RNFL) 

thickness and ganglion cell-inner plexiform layer thickness to assess ganglion cell axonal 

loss, but it is limited in its ability to detect early disease.4–6 Although optical coherence 

tomography angiography (OCTA) effectively quantifies the reduction in microvasculature in 

glaucoma7–11 before visual field loss occurs,12 its use in glaucoma diagnosis has yet to be 

optimized.11,13

Early detection and treatment of POAG are essential to prevent irreversible damage.1,14,15 

Because POAG begins with focal changes to RNFL thickness,16–20 microvasculature,21–28 

and visual field,28,29 hemispheric asymmetry in these parameters may be useful for 

characterizing early glaucomatous damage. Hemispheric asymmetry measurements may 

also be advantageous over global measurements that are compared to a normative database 

because confounding effects related to factors such as race/ethnicity can be avoided when 

the healthy region of the patient’s eye is used as a control to compare to the diseased region 

of the same eye.30

Hemispheric asymmetry can be measured both functionally and structurally via visual field 

loss and RNFL, respectively. The glaucoma hemifield test identifies differences in visual 

field loss between the superior and inferior hemifields to help detect early glaucoma,29 

but the test has low specificity and repeatability.31 Hemispheric asymmetry in RNFL16 

and ganglion cell-inner plexiform layer17–20 thickness on OCT reflects regional differences 

in ganglion cell loss and has demonstrated some utility for early glaucoma detection.30,32 
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Presently, there is limited data on hemispheric asymmetry in peripapillary vessel density 

in glaucoma as measured by OCTA. While focal perfusion loss is correlated with RNFL 

thinning and visual field loss in early glaucoma,10,27,28 Chen et al. reported that the 

normal retinal hemisphere in glaucomatous eyes with hemifield visual field loss had RNFL 

thickness comparable to normal eyes, albeit with reduced microvasculature.23 This suggests 

that focal microvascular changes may occur prior to RNFL thickness changes. Additionally, 

several studies have demonstrated that early glaucoma can be characterized by small regions 

of microvascular reduction,21–28 which may lead to a perfusion difference between the 

superior and inferior hemiretinas. To assess the magnitude of perfusion difference at each 

glaucoma severity level, we derived a novel asymmetry parameter, hemiretinal difference 

in peripapillary vessel area density (hdVAD), which is defined as the absolute difference 

between two standard OCTA measurements: superior and inferior hemiretinal peripapillary 

vessel area density (VAD). The hypothesis of our study was that this novel hemiretinal 

microvascular asymmetry parameter may be uniquely suited for detecting early glaucoma.

The purpose of the study was to use OCTA to investigate hdVAD of healthy, glaucoma 

suspect, and POAG eyes at various stages ranging from mild to severe, and to assess its 

potential in detecting early glaucomatous damage.

METHODS

Study population:

Participants aged 40 and older were recruited from 2 sources: 1) self-identified African 

Americans residing in Inglewood, California who participated in the African American Eye 

Disease Study (AFEDS) from February 2016 to April 2018,33 and 2) patients who presented 

to the glaucoma service clinic at the University of Southern California (USC) Roski Eye 

Institute from March 2016 to January 2020. Both research protocols were approved by the 

USC Health Sciences Campus Institutional Review Board and implemented in accordance 

with the Declaration of Helsinki and Health Insurance Portability and Accountability 

Act regulations. Written informed consent was obtained from all participants after an 

explanation of the nature and intent of the study.

Clinical Assessment:

Systemic information collected included age, sex, race/ethnicity, diagnosis of hypertension, 

and diagnosis of diabetes mellitus. Each participant underwent a complete ocular 

examination, including gonioscopy, dilated fundoscopy, intraocular pressure (IOP) 

measurements using Goldmann applanation tonometry, visual field evaluation with Swedish 

Interactive Threshold Algorithm (SITA) Standard 24–2 test (Carl Zeiss Humphrey Field 

Analyzer II 750), OCT imaging (Cirrus 5000 HD-OCT; Carl Zeiss Meditec, Dublin, CA, 

USA), and OCTA imaging (Cirrus 5000 HD-OCT with Angioplex; Carl Zeiss Meditec). 

Visual field mean deviation (MD) and pattern standard deviation (PSD) were derived from 

the SITA Standard 24–2 test. The OCT system calculated RNFL thickness along a 3.4-mm 

diameter circle centered on the middle of the optic nerve head (ONH) using the Cirrus 

AutoCenter™ function (Zeiss).
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A diagnosis of healthy, glaucoma suspect, or POAG at each stage (mild, moderate, and 

severe) was based on a comprehensive clinical assessment by an ophthalmologist. All 

eyes had open angles on gonioscopy. Healthy participants were recruited from AFEDS, 

a population-based study that included many without ocular diseases, and from the USC 

glaucoma clinic, where participants were deemed to be not at risk for glaucoma after a 

comprehensive evaluation. Each healthy eye met the following criteria: non-glaucomatous 

optic disc, no features characteristic of glaucoma suspect, and no ocular diseases that 

could affect retinal perfusion and visual field such as age-related macular degeneration, 

severe non-proliferative diabetic retinopathy, proliferative diabetic retinopathy, and macular 

edema. Glaucoma suspect eyes had clinical features that were potentially consistent with 

or characteristic of glaucoma but not definitive enough to support a diagnosis of glaucoma. 

These features included any of the following: IOP > 21 mm Hg, a symmetric large cup-to­

disc ratio (CDR) ≥ 0.5 without an optic disc or visual field abnormality characteristic of or 

compatible with glaucoma, marked IOP asymmetry (≥ 5 mm Hg) between eyes, and CDR 

asymmetry ≥ 0.2 without visual field defect. POAG eyes had clinical features that were 

consistent with or characteristic of POAG, including defects in the optic nerve rim (such 

as notching or localized thinning) and visual field (Humphrey Visual Field 24–2; Zeiss). 

POAG staging was based on the International Classification of Disease and Related Health 

Problems version 10 (ICD-10) glaucoma staging definitions.34

OCTA images were excluded if participants had a history of retinal or non-glaucomatous 

optic nerve disease, narrow angle, angle-closure glaucoma, secondary open angle glaucoma 

including pseudoexfoliation and pigmentary glaucoma, high myopia (< −8.00D), or high 

hyperopia (> +2.50D). Exclusion criteria for images also included segmentation error (as 

determined by review of B-scans), poor signal strength (SS) (<7/10), and poor quality based 

on a standardized image quality grading algorithm that took into account motion artifacts, 

decentration (defined as the middle of the ONH being ≥ 0.8 mm from the center of the 

image), and media opacities such as vitreous floaters. For each participant, the eye with the 

highest image quality score was selected for analysis. Visual field test results were excluded 

if unreliable (> 33% fixation loss, > 15% false positive error, or > 33% false negative error).

OCTA Image Analysis:

Automated optical microangiography (OMAG) software (Carl Zeiss Meditec Inc.) precisely 

segmented the RNFL and created two-dimensional 6×6-mm en face representations of the 

perfused radial peripapillary capillaries (RPC) within the RNFL. A custom quantification 

software with an interactive interface in MATLAB (R2017a; MathWorks Inc, Natick, MA) 

quantified perfused retinal vascular density and morphology for the segmented RPC en face 
image. OCTA images were converted into binary vessel maps using global thresholding, 

Hessian filter, and adaptive threshold. The avascular portion of the ONH, which was defined 

as a circular area of 1 mm from the middle of the ONH, was selected to establish a baseline 

for background noise for global thresholding before being excluded from quantification. 

Large vessels, defined as those greater than 32 μm, were also excluded from quantification. 

Quantification was limited to a circular area of radius 2.8 mm, centered in the middle of the 

ONH. The area of analysis was further divided into hemispheres and quadrants. From the 
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circular binary vessel map output, VAD was calculated as the ratio of the total number of 

pixels occupied by vasculature to the total number of pixels in the circular vessel map.35

Global and Asymmetry Parameters:

Global VAD (gVAD) was defined as the VAD of a 2.8-mm radius circle centered on the 

ONH in the 6×6-mm RPC image, minus the ONH and large vessels. hdVAD was defined as 

the absolute difference between the superior and inferior hemiretinal peripapillary VAD of 

the 2.8-mm radius circle. Quadrant difference in VAD (qdVAD) was defined as the absolute 

difference between the superior and inferior quadrant peripapillary VAD of the 2.8-mm 

radius circle.

Global RNFL thickness (gRNFL) was defined as the average RNFL thickness along a 

3.4-mm diameter circle centered on the ONH. Quadrant difference in RNFL thickness 

(qdRNFL) was defined as the absolute difference between the superior and inferior quadrant 

RNFL thickness along the 3.4-mm diameter circle.

Statistical Analyses:

SAS 9.4 software (SAS Institute Inc., Cary, NC, USA) was used for all analyses. P-values 

< 0.05 were considered statistically significant. Logistic regression of diagnostic groups on 

demographic characteristics, with age as a covariate, assessed for significant differences in 

demographic characteristics between each pair of diagnostic groups.

Multivariable linear regressions of ocular parameters (i.e. VAD, RNFL, visual field MD) 

on diagnostic groups were performed, with age as a covariate, to determine if the mean 

values of ocular parameters differed significantly between diagnostic groups. The diagnostic 

accuracy of these ocular parameters was quantified by area under curves (AUCs). AUCs 

were determined from predicted probabilities of diagnosis calculated from multiple logistic 

regression models in which the binary outcome was diagnosis (with healthy serving as the 

reference group) and the predictor variable was either a single parameter or a combination 

of parameters. Age was partialled out of the parameters in order to control for age without 

including it as a covariate in the models. Therefore, AUCs could be estimated without the 

upward bias that would otherwise result had age been included as a covariate, given the 

positive correlation between age and each outcome. DeLong’s test was used to determine 

the statistical significance of differences in AUCs from various models, thus identifying 

parameters with the greatest diagnostic accuracy. Locally weighted scatterplot smoothing 

(LOWESS) plots were generated to visualize the relationship between predicted values of 

hdVAD and other ocular parameters, including measures of function (visual field MD and 

PSD) and structure (gRNFL).

RESULTS

Of the 3046 participants aged 40 and older, 7666 OCTA images were obtained. 611 images 

were excluded due to having a SS < 7/10; 3562 images were excluded due to having poor 

image quality caused by motion artifacts, flashes and floaters, faded capillaries, or missing 

data; 708 images were excluded due to participants having ocular conditions such as retinal 

or non-glaucomatous optic nerve disease, angle closure glaucoma, secondary glaucoma, 
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high myopia, or high hyperopia; 174 images were excluded due to bilateral OD and OS 

imaging or repeat imaging of the same eye. The remaining 1043 images from 1043 eyes and 

1043 participants were classified as healthy (587), glaucoma suspect (270), or “any POAG” 

(186), and the latter category was further subdivided into mild (67), moderate (54), and 

severe (65) POAG.

Table 1 shows that among the healthy, suspect, and any POAG groups, there were significant 

between-group differences in gender, hypertension, and diabetes even when age was 

controlled. However, these demographic variables were not significant when included as 

covariates in our age-adjusted multivariable regression models of ocular parameters on 

diagnostic groups and did not confound the results from these models to any appreciable 

extent, as demonstrated by similar β-values with and without the variables as covariates 

(data not shown). In comparison to the healthy and suspect groups, the any POAG group had 

a higher mean CDR (P < 0.001 for both comparisons), lower mean visual field MD (P < 

0.001 for both), and higher mean PSD (P < 0.001 for both). Between-group differences in 

IOP were not significant.

Figure 1 demonstrates qualitative focal vascular attenuation in eyes with mild POAG and 

increasingly multifocal and diffuse vascular attenuation in eyes with more advanced POAG. 

Similarly, mean predicted values of several VAD and RNFL parameters decreased with more 

severe disease (Table 2).

Table 2 shows that age-adjusted mean predicted asymmetry values of peripapillary VAD, 

including hdVAD and qdVAD, were significantly higher in mild, moderate, and severe 

POAG compared to healthy. Figure 2 and Supplemental Figure 1A demonstrate the 

distributions of age-adjusted predicted hdVAD and qdVAD, respectively, across diagnostic 

groups. Mean predicted hdVAD was not significantly different between healthy and suspect 

(β = 0.001, P = 0.225), but was significantly higher in mild POAG versus suspect (β = 0.003, 

P < 0.001) and in moderate versus mild POAG (β = 0.004, P = 0.018). In contrast, mean 

predicted hdVAD was significantly lower in severe versus moderate POAG (β = −0.004, P 

= 0.001). Similar magnitudes and directions of between-group differences were observed for 

qdVAD (Supplemental Figure 1A). Corresponding between-group differences in intra-eye 

asymmetry of RNFL, as measured by qdRNFL, were not significant (Supplemental Figure 

1B; P > 0.05 for all comparisons).

Table 2 demonstrates that for mean predicted hdVAD, mild POAG was the least severe 

group in which a significant difference from healthy was observed (P < 0.001). Between 

healthy and mild POAG, we also found significant differences in several RNFL and VAD 

parameters, but not in mean predicted visual field MD (P = 0.465) or PSD (P = 0.822). 

Furthermore, in Figures 3A and 3B, we observed that at early stages of POAG when eyes 

have high MD and low PSD in visual field testing, there is a qualitative peak in predicted 

hdVAD in the LOWESS regression curve for any POAG. Similarly, qualitatively higher 

predicted hdVAD in the any POAG LOWESS regression curve was observed where gRNFL 

values of the healthy, suspect, and any POAG groups overlap in early POAG (Supplemental 

Figure 2).
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After finding evidence for between-group parameter differences using models in which 

ocular parameters served as outcome variables, we ran a series of models with the 

ocular parameters serving as predictor variables to determine their diagnostic accuracy, 

as measured with AUC; these results are presented in Table 3. AUCs of hdVAD were 

qualitatively highest for mild (0.685) and moderate (0.681) POAG (versus 0.517 for suspect, 

0.594 for severe POAG, 0.657 for any POAG), and AUCs of qdVAD were qualitatively 

highest for moderate (0.725) POAG (versus 0.519 for suspect, 0.611 for mild POAG, 

0.630 for severe POAG, 0.648 for any POAG). Since gRNFL yielded the highest AUCs 

for discriminating each diagnostic group from healthy (Table 3), gRNFL was included 

with VAD parameters as predictors to optimize diagnostic accuracy. Of all parameters, the 

combination of gRNFL and hdVAD had the highest AUCs, which were significantly greater 

versus AUCs for gRNFL alone for discriminating mild (0.818 for combination versus 0.793 

for gRNFL, P = 0.037) and any POAG (0.859 for combination versus 0.847 for gRNFL, P 

= 0.049) from healthy. No other combinations of two parameters yielded an AUC that was 

statistically significantly higher than either the AUC of the combined hdVAD and gRNFL 

model or the AUC of gRNFL for discriminating a particular diagnostic group from healthy 

(Table 3).

DISCUSSION

We evaluated hdVAD in healthy, glaucoma suspect, and POAG eyes in mild, moderate, and 

severe stages of the disease. Of all diagnostic groups, mean predicted hdVAD was highest 

for mild and moderate POAG. hdVAD was most helpful in the diagnosis of early POAG, and 

the combination of hdVAD and gRNFL yielded the best diagnostic accuracy of all parameter 

permutations for mild and any POAG. These data suggest that efforts to analyze this novel 

hemiretinal peripapillary vessel density asymmetry parameter may enhance the clinician’s 

ability to detect early and focal glaucomatous damage.

The finding of hemiretinal peripapillary microvascular asymmetry in early POAG is 

consistent with evidence that early glaucomatous damage is focal and deep,21–28,36 and 

this pattern of early damage may serve as the basis for perfusion differences between 

the superior and inferior hemiretinas in early POAG. As POAG progresses, damage likely 

becomes multifocal and diffuse27,28,36,37 such that differences between hemiretinas become 

smaller again in the severe stages of the disease. This is reflected in the diagnostic accuracy 

of hdVAD when discriminating each diagnostic group from healthy: AUCs were highest 

for mild and moderate POAG but lower for suspect and severe POAG. Therefore, hdVAD 

may be most effective in detecting early stages of the disease before glaucomatous damage 

becomes multifocal or diffuse.

The AUCs of hdVAD suggest that it is most useful in diagnosing early POAG, and 

combining hdVAD with gRNFL yielded the highest diagnostic accuracy for mild and any 

POAG. This supports the possibility that glaucomatous damage, even in its early stages, 

may be characterized by both focal microvascular damage and global structural damage. A 

diffuse RNFL thinning in early POAG has been observed in previous studies,38,39 and these 

findings may explain the lack of RNFL quadrant asymmetry in our study. Nevertheless, 

mean RNFL has low sensitivity in detecting early POAG,4–6,13 which is often characterized 
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by focal changes21–28 to which hdVAD may be more sensitive. Specifically, in early POAG 

when gRNFL is within healthy and suspect ranges, the LOWESS regression curve for 

any POAG (Supplemental Figure 2) shows a high hdVAD, suggesting that hemiretinal 

microvascular asymmetry may serve as a valuable complement to measures of structural 

damage in early POAG detection.

Because significant differences between healthy and mild POAG were observed in several 

VAD and RNFL parameters but not in visual field parameters, damage to microvasculature 

and structure may precede functional loss. Additionally, in early POAG when eyes have 

undergone very mild visual field changes, we observed apparent peaks in hdVAD in the 

any POAG LOWESS regression curves (Figures 3A and 3B), suggesting that early focal 

changes to microvasculature may occur before significant functional changes, irrespective of 

how glaucoma staging is defined. Future longitudinal studies can help elucidate the temporal 

relationship of microvasculature, structure, and visual field changes.

A benefit of using VAD asymmetry over standard VAD measurements (i.e. global, 

hemiretinal, and quadrant VAD) is that within-eye comparisons allow the healthy region 

of a patient’s peripapillary retina to serve as its own control when assessing for focal damage 

so that clinicians do not have to rely on normative databases.40,41 However, the results of 

hemiretinal microvascular asymmetry analyses are meaningful only if the following two 

assumptions are met: 1) eyes have no hemiretinal microvascular asymmetries at baseline, 

which the healthy eyes in our study data demonstrated, and 2) although glaucomatous 

microvascular damage may be diffuse at later stages, it develops focally in early stages 

of the disease such that the peripapillary retina contains healthy regions that can serve as 

a control for comparison. Even though glaucomatous damage has been shown to begin 

focally,21–28 evidence suggests that the damage does not occur consistently in one particular 

hemiretina or quadrant over the other: some studies report initial damage in the inferior 

region,27,39,42–45 while others report it in the superior region.46–48 Therefore, superior or 

inferior VAD alone is not particularly sensitive, providing another reason to favor VAD 

asymmetry for early detection of glaucoma.

The present study has several limitations. First, most of our healthy participants (>99%) 

were recruited from AFEDS, a study comprised entirely of African Americans. In 

contrast, our POAG participants were recruited from both AFEDS and the USC glaucoma 

service clinic, the latter comprising of participants with a large degree of ethnic diversity 

characteristic of the greater Los Angeles area. Nousome et al. recently demonstrated that 

RNFL thickness does vary by ethnicity,49 and the same may apply to peripapillary VAD. 

However, there have been no studies demonstrating that hemiretinal asymmetry in RNFL or 

VAD varies by ethnicity, and hemiretinal asymmetry may be advantageous given Nousome 

et al.’s finding because the control for comparison is the healthy portion of the peripapillary 

retina, rather than normative means that can vary across ethnicity. Nevertheless, to gauge 

the extent to which our results may have been confounded by an unequal ethnic distribution 

across groups of increasing severity, we performed a sensitivity analysis restricted to African 

Americans participants. Although the smaller cohort size yielded less powerful statistical 

tests, we obtained similar results in terms of both magnitude and direction of between-group 

differences and accompanying p-values (data not shown). We thus concluded that ethnicity 
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did not confound our results to any appreciable degree. Secondly, a limitation to our study’s 

sub-analysis of visual fields is that we did not exclude for lens rim artifacts, inattention, 

or obstruction of the visual field axis, such as droopy eyelid. Lastly, while the 6×6-mm 

OCTA scan size was used in this study and has been used in several other glaucoma OCTA 

studies,26,27,42 the 4.5×4.5-mm OCTA size has demonstrated better diagnostic ability in 

mild POAG.50 Future studies can elucidate if the greater resolution of the 4.5×4.5-mm scan 

size can increase the diagnostic ability of hdVAD, especially for early POAG.

CONCLUSION

We investigated hdVAD, a novel hemiretinal peripapillary vessel density asymmetry 

parameter derived from OCTA images, in healthy, glaucoma suspect, and POAG eyes of 

varying severity. hdVAD is highest in early POAG when damage is more focal but becomes 

lower in later stages of disease when damage is more multifocal and diffuse. hdVAD appears 

to be most helpful in the diagnosis of early POAG and has a high degree of sensitivity and 

specificity when combined with gRNFL for distinguishing eyes with mild or any POAG 

from healthy eyes. Future studies should evaluate peripapillary perfusion longitudinally to 

investigate potential temporal relationships in structure, microvasculature, and visual field 

dynamics. Ultimately, these studies can help us understand the clinical utility of OCTA and 

its ability to supplement other clinical measures in the diagnosis of early glaucoma.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 6×6-mm OCTA en face images centered on the ONH of (A) mild, (B) moderate, and (C) 
severe POAG. Corresponding vessel density map with binary vessels of (D) mild, (E) moderate, 
and (F) severe POAG.
Areas of higher vessel density are in warmer colors. Abbreviations: OCTA=optical 

coherence tomography angiography; ONH=optic nerve head; POAG=primary open angle 

glaucoma.
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Figure 2: Boxplot illustrating the distribution of age-adjusted predicted hdVAD values across 
diagnostic groups.
A peak in mean predicted hdVAD (diamond symbol) is observed at moderate POAG, such 

that its predicted hdVAD is significantly higher than the predicted hdVAD of its flanking 

diagnostic groups. Circle symbol indicates outlying data point. See Supplemental Figure 1 

for distributions and pairwise comparisons of other asymmetry parameters. *Statistically 

significant (P < 0.05), as determined from multivariable linear regression of hdVAD 

on diagnostic groups controlling for age. Abbreviations: hdVAD=superior and inferior 

hemiretinal absolute difference in vessel area density; POAG=primary open angle glaucoma.
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Figure 3: Mean age-adjusted predicted values of hdVAD versus visual field (A) MD and (B) PSD 
in any POAG.
Plotted data points represent one of the 20 bins created based on percentiles of visual field 

MD or PSD. Qualitative peaks in hdVAD are observed in the LOWESS regression curve at 

visual field MD of approximately −4.5 dB and PSD of approximately 4.0 dB, representing 

relatively early glaucoma. Abbreviations: hdVAD=superior and inferior hemiretinal absolute 

difference in vessel area density; MD=mean deviation; PSD=pattern standard deviation; 

POAG=primary open angle glaucoma.
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Table 1:

Demographic and ocular characteristics of healthy, glaucoma suspect, and POAG groups.

Healthy
a

Suspect
a

POAG 
a

P-Value 
b

Mild Moderate Severe Any Healthy 
vs. 

Suspect

Healthy 
vs. Any 
POAG

Suspect 
vs. Any 
POAG

n 587 270 67 54 65 186

Age 56.7 (10.3) 57.7 (10.7) 64.5 
(12.1)

66.0 (10.4) 66.9 
(11.8)

65.8 
(11.5)

0.172 <0.001* <0.001*

Female Gender 366 (62%) 133 (49%) 30 (45%) 25 (46%) 24 (37%) 79 (42%) <0.001* <0.001* 0.168

Hypertension 321 (55%) 107 (40%) 36 (54%) 21 (39%) 30 (46%) 87 (47%) <0.001* <0.001* 0.602

Diabetes 
Mellitus

121 (21%) 31 (11%) 10 (15%) 11 (20%) 16 (25%) 37 (20%) <0.001* 0.322 0.011*

CDR 0.4 (0.2) 0.6 (0.2) 0.7 (0.1) 0.7 (0.2) 0.9 (0.1) 0.8 (0.2) <0.001* <0.001* <0.001*

MD (dB) −0.9 (2.7) −1.4 (2.3) −1.5 (3.4) −5.9 (5.6) −11.3 
(8.7)

−6.2 (7.5) 0.057 <0.001* <0.001*

PSD (dB) 2.3 (1.7) 2.2 (1.7) 2.1 (0.9) 5.1 (3.2) 7.1 (3.6) 4.7 (3.5) 0.582 <0.001* <0.001*

IOP (mm Hg) 15.1 (2.9) 15.4 (3.9) 15.4 (4.8) 14.1 (4.3) 15.5 (7.0) 15.1 (5.6) 0.168 0.880 0.366

a
Data listed as mean (standard deviation) or frequency (percent).

b
For between-group comparisons of age, p-values were determined from logistic regression of diagnostic groups on age. For between-group 

comparisons of the remaining demographic and ocular characteristics, p-values were determined from logistic regression of diagnostic groups on 
characteristics with age as a covariate.

*
Statistically significant (P < 0.05).

Abbreviations: POAG=primary open angle glaucoma; CDR=cup-to-disc ratio; VF MD=visual field mean deviation; PSD=pattern standard 
deviation; IOP=intraocular pressure.
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Table 2:

Mean predicted values of asymmetry, OCTA, and OCT parameters by diagnosis.

Healthy
a

Suspect
a POAG 

a

Mild Moderate Severe Any

Asymmetry Parameters

hdVAD 0.018 (0.017) 0.020 (0.018) 0.034 (0.025)* 0.043 (0.036)* 0.031 (0.027)* 0.036 (0.029)*

qdVAD 0.025 (0.024) 0.029 (0.028) 0.037 (0.030)* 0.059 (0.047)* 0.043 (0.035) 0.046 (0.038)*

qdRNFL 13.5 (10.1) 14.9 (16.7) 13.8 (14.4) 15.4 (13.7) 12.7 (8.7) 13.9 (12.6)

VAD Parameters

gVAD 0.348 (0.043) 0.343 (0.049) 0.292 (0.060)* 0.267 (0.062)* 0.231 (0.071)* 0.264 (0.070)*

Superior Hemiretinal VAD 0.444 (0.035) 0.440 (0.042) 0.401 (0.055)* 0.376 (0.059)* 0.331 (0.082)* 0.370 (0.073)*

Inferior Hemiretinal VAD 0.436 (0.029) 0.431 (0.040) 0.386 (0.055)* 0.350 (0.075)* 0.310 (0.079)* 0.349 (0.076)*

Superior Quadrant VAD 0.471 (0.038) 0.458 (0.047)* 0.420 (0.063)* 0.384 (0.072)* 0.331 (0.090)* 0.379 (0.085)*

Inferior Quadrant VAD 0.483 (0.029) 0.474 (0.043)* 0.429 (0.058)* 0.376 (0.096)* 0.324 (0.092)* 0.377 (0.093)*

RNFL Parameters

gRNFL 92.2 (10.6) 88.2 (11.0)* 78.2 (10.4)* 73.3 (10.9)* 68.1 (11.4)* 73.7 (11.6)*

Superior Quadrant RNFL 115.0 (16.6) 106.6 (17.831)* 96.2 (18.6)* 85.7 (18.7)* 80.1 (16.9)* 88.3 (19.3)*

Inferior Quadrant RNFL 122.5 (18.3) 112.8 (21.5)* 95.0 (20.3)* 86.1 (24.7)* 73.5 (17.7)* 85.9 (22.6)*

Visual Field Parameters

Visual Field Mean Deviation −0.94 (2.67) −1.39 (2.27) −1.49 (3.38) −5.88 (5.64)* −11.25 (8.67)* −6.17 (7.53)*

Pattern Standard Deviation 2.28 (1.66) 2.21 (1.61) 2.06 (0.89) 5.13 (3.22)* 7.11 (3.57)* 4.69 (3.50)*

a
Data listed as mean (standard deviation).

*
Statistically significantly different (P < 0.05) than healthy, as determined from age-adjusted multivariable linear regression of ocular parameter on 

diagnostic groups.

Abbreviations: OCTA=optical coherence tomography angiography; OCT=optical coherence tomography; POAG=primary open angle glaucoma; 
hdVAD=superior and inferior hemiretinal absolute difference in vessel area density; qdVAD=superior and inferior quadrant absolute difference in 
vessel area density; qdRNFL=superior and inferior quadrant absolute difference in retinal nerve fiber layer thickness; VAD=vessel area density; 
gVAD=global vessel area density; RNFL=retinal fiber layer thickness; gRNFL=average global retinal nerve fiber layer thickness.
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Table 3:

Diagnostic accuracy of age-adjusted OCTA and OCT parameters based on AUC for distinguishing each 

diagnostic group from healthy.

Suspect
POAG

Mild Moderate Severe Any

Asymmetry Parameters

hdVAD 0.517 0.685 0.681 0.594 0.656

qdVAD 0.519 0.611 0.725 0.630 0.648

qdRNFL 0.488 0.473 0.525 0.497 0.497

VAD and RNFL Parameters

gVAD 0.522 0.720 0.828 0.894 0.804

Superior Hemiretinal VAD 0.579 0.697 0.832 0.872 0.789

Inferior Hemiretinal VAD 0.546 0.737 0.797 0.907 0.806

gRNFL 0.602 0.793 0.855 0.914 0.847

Combined Parameters

hdVAD + gRNFL 0.603 0.818* 0.866 0.914 0.859*

qdVAD + gRNFL 0.602 0.795 0.881 0.914 0.855

qdRNFL + gRNFL 0.604 0.794 0.873 0.915 0.852

gVAD + gRNFL 0.613 0.786 0.866 0.931 0.851

*
Statistically significantly higher (P < 0.05) than AUC of gRNFL alone for distinguishing the same diagnostic group from healthy, as determined 

by DeLong’s test.

Abbreviations: OCTA=optical coherence tomography angiography; OCT=optical coherence tomography; AUC=area under receiver operating 
curve; POAG=primary open angle glaucoma; hdVAD=superior and inferior hemiretinal absolute difference in vessel area density; qdVAD=superior 
and inferior quadrant absolute difference in vessel area density; qdRNFL=superior and inferior quadrant absolute difference in retinal nerve fiber 
layer thickness; VAD=vessel area density; RNFL=retinal nerve fiber layer thickness; gVAD=global vessel area density; gRNFL=average global 
retinal nerve fiber layer thickness.
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