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Peripapillary and Macular Vessel Density in Primary Open Angle 
Glaucoma Patients with Unilateral Visual Field Loss

Adeleh Yarmohammadi, MD1, Linda M. Zangwill, PhD1, Patricia Isabel C. Manalastas, MD1, 
Nathanael J. Fuller, BS1, Alberto Diniz-Filho, MD, PhD1, Luke J. Saunders, PhD1, Min Hee 
Suh, MD1,2, Kyle Hasenstab, PhD1, and Robert N. Weinreb, MD1

1Hamilton Glaucoma Center, Shiley Eye Institute, Department of Ophthalmology, University of 
California San Diego, La Jolla, CA

2Haeundae Paik Hospital, Inje University, Busan, South Korea

Abstract

Purpose—To characterize optical coherence tomography angiography (OCT-A) vessel density of 

primary open angle glaucoma (POAG) patients with unilateral visual field (VF) loss.

Design—Cross-sectional study

Participants—Thirty-three POAG patients with VF defect in one eye (mean VF MD −3.9 ± 3.1 

decibels [dB]) and normal VF in the other eye (mean VF MD −0.2 ± 0.9 dB), and 33 healthy eyes.

Methods—All subjects underwent OCT-A imaging, spectral domain (SD)-OCT imaging, and VF 

testing. OCT-A retinal vascular measurements were summarized as whole image vessel density 

(wiVD), circumpapillary vessel density (cpVD), and parafoveal vessel density (pfVD). Inter-eye 

differences in vascular measures, as well as SD-OCT retinal nerve fiber layer (RNFL), macular 

ganglion cell complex (mGCC) thickness, and rim area measurements in glaucoma and healthy 

eyes were compared. Areas under the receiver operating characteristic curves (AUROC) were used 

to evaluate diagnostic accuracy for differentiating between unaffected eyes of POAG patients and 

healthy eyes.

Main Outcome Measures—Difference in OCT-A vessel density and SD-OCT structural 

parameters between unaffected eyes of POAG patients with the fellow affected eyes and healthy 

controls

Results—Mean wiVD in unaffected eyes of POAG patients (52.0%) was higher than in their 

fellow affected eyes (48.8%) but lower than in healthy eyes (55.9%; P<0.001). Mean cpRNFL 

thickness, mGCC thickness, and rim area measurement in unaffected eyes of POAG patients (87.5 

μm, 87.7 μm and 1.0 mm2) were also higher than those measurements in their fellow eyes (76.5 

μm, 79.5 μm and 0.8 mm2; P<0.001) and lower than in healthy eyes (98.0 μm, 94.5 μm, and 1.4 
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mm2; P<0.001). AUROCs for differentiating unaffected eyes of POAG patients from healthy eyes 

were highest for wiVD (0.84), followed by mGCC (0.78) cpRNFL (0.77), and pfVD (0.69).

Conclusions—OCT-A measures detect changes in retinal microvasculature before visual field 

damage is detectable in POAG patients and these changes may reflect damage to tissues relevant 

to the pathophysiology of glaucoma. Longitudinal studies are needed to determine whether OCT-A 

measures can improve the detection and/or prediction of the onset and progression of glaucoma.

INTRODUCTION

Despite being a bilateral disease, glaucomatous neuropathy often presents asymmetrically 

with asymmetric visual field (VF) loss.1, 2 Several studies have documented the presence of 

subclinical glaucomatous changes in various structural regions such as neuroretinal rim, 

retinal nerve fiber layer (RNFL), macular ganglion cell complex (mGCC), lamina cribrosa 

and prelaminar tissue in fellow eyes of glaucoma patients with unilateral VF loss.3–12 

Structural abnormalities of the optic nerve head and RNFL are known to often precede the 

development of VF damage detected by standard automated perimetry (SAP).13, 14 

Moreover, perimetrically unaffected eyes of glaucoma patients have been shown to be at 

higher risk for developing VF abnormalities.15–18 There only has been limited evidence on 

the retrobulbar hemodynamics,19, 20 and vascular structure of the choroid21–23 in glaucoma 

eyes with unilateral VF damage.

Although the pathogenesis of primary open angle glaucoma (POAG) remains unclear,24 a 

potential pathogenic role for ocular blood flow and the microvascular networks of the retina 

has long been recognized.25–27 The recent development of optical coherence tomography 

angiography (OCT-A) allows visualization of retinal microvasculature with a high level of 

precision. Further, OCT-A provides reproducible quantitative measurement of the vascular 

networks in various retinal regions.28 Earlier studies using OCT-A in glaucoma have 

demonstrated that vessel density measurements in the optic disc, peripapillary retina, 

macula, and choroidal structures are associated with the severity of glaucomatous visual 

field damage.29–34 Most recently it has been shown that OCT-A is capable of detecting 

microvascular attenuation of the peripapillary and macular regions even in perimetrically 

intact hemiretinae of eyes with single-hemifield VF defects.35

The aim of the present study was to compare the microvasculature of healthy eyes with 

affected and unaffected eyes of POAG patients with unilateral VF damage.

METHODS

POAG patients and healthy subjects from the Diagnostic Innovations in Glaucoma Study 

(DIGS) (clinicaltrials.gov identifier, NCT00221897) were included. All study methods 

adhered to the tenets of the Declaration of Helsinki and the Health Insurance Portability and 

Accountability Act and were approved by the institutional review boards at the University of 

California, San Diego. Informed consent was obtained from all participants.
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Study Participants

This was a cross-sectional observational study including 33 POAG patients with unilateral 

VF loss and 33 healthy controls enrolled from the DIGS subjects who completed optic disc 

and macular OCT-A imaging (Avanti AngioVue; Optovue, Inc., Fremont, CA, USA), and 

optic nerve head and macular imaging using spectral domain optical coherence tomography 

(SD-OCT; Avanti; Optovue, Inc., Fremont, CA, USA). Details of the DIGS protocol and 

eligibility criteria have been previously described.36

All participants underwent ophthalmological examination, including assessment of best 

corrected visual acuity (BCVA), slit lamp biomicroscopy, intraocular pressure (IOP) 

measurement with Goldmann applanation tonometry, gonioscopy, central corneal thickness 

(CCT) measured with ultrasound pachymetry (DGH Technology, Inc., Exton, PA), dilated 

fundus examination, simultaneous stereophotography of the optic disc, VF testing by SAP 

(Humphrey Field Analyzer; 24-2 Swedish interactive threshold algorithm; Carl-Zeiss 

Meditec), SD-OCT, and OCT-A imaging. Perimetry and all imaging tests were conducted 

within a 6-month period.

Systemic measurements included systolic and diastolic blood pressure (BP) measured at the 

height of the heart with an Omron Automatic blood pressure instrument (model BP791IT; 

Omron Healthcare, Inc., Lake Forest, IL). Mean arterial pressure was derived as: 1/3 systolic 

BP + 2/3 diastolic BP. Mean ocular perfusion pressure (MOPP) was calculated as the 

difference between 2/3 of mean arterial pressure and IOP.

Inclusion criteria common to all subjects were: (1) Age ≥18, (2) Open angle on gonioscopy, 

(3) BCVA of 20/40 or better. Exclusion criteria were: (1) history of intraocular surgery 

(except uncomplicated cataract or glaucoma surgery), coexisting retinal pathology, non-

glaucomatous optic neuropathy, uveitis, or ocular trauma, (2) diagnosis of Parkinson’s 

disease, Alzheimer’s disease, dementia, or history of stroke, (3) diabetic or hypertensive 

retinopathy, (4) unreliable visual fields, (5) poor-quality OCT-A or SD-OCT scans. 

Participants with systemic hypertension and/or diabetes mellitus were included unless they 

met exclusion criterion 3.

Glaucomatous VF damage was defined as a glaucoma hemifield test (GHT) outside normal 

limits and a pattern standard deviation (PSD) outside 95% normal limits confirmed on at 

least two consecutive, reliable (fixation losses and false-negatives ≤33% and ≤15% false-

positives) tests with consistent glaucomatous damage (focal or diffusely narrowed 

neuroretinal rim, focal or diffuse retinal nerve fiber layer loss on optic disc 

stereophotographs graded by masked experts). Diagnosis of POAG with unilateral VF loss 

was defined as having one eye diagnosed with repeatable glaucomatous VF damage, with 

the contralateral eye showing no VF defects. Contralateral eyes of glaucoma patients were 

required to have consistently normal and reliable VF results from at least > 2 SAP tests. In 

addition, they required having no test points with a probability level less than 2% or no 

clusters of ≥ 3 adjacent points with a probability of less than 5% on the pattern deviation 

(PD) probability plots. Appearance of the optic disc was not considered in the determination 

of eligibility for patients within the POAG group.
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Healthy eyes were required to have IOP < 21 mmHg with no history of elevated IOPs, 

normal-appearing optic disc, intact neuroretinal rim and RNFL, and a minimum of two 

reliable normal VF tests. One eye from each healthy subject was selected randomly for 

inclusion in the analysis.

SD-OCT Imaging

All subjects underwent optic nerve head (ONH) and macular imaging using the Avanti SD-

OCT system with a 70-kHz axial line rate, 840-nm central wavelength, 22-μm focal spot 

diameter, and 5-μm axial resolution in tissue. Circumpapillary RNFL (cpRNFL) thicknesses 

measurements were obtained using the ONH map protocol, and the macular ganglion cell 

complex (mGCC) thickness was obtained using the mGCC scanning protocol. The ONH 

map protocol calculates cpRNFL thicknesses in a 10-pixel-wide band along a 3.45-mm-

diameter circle centered on the ONH. The mGCC scanning protocol is a 7×7 mm2 raster 

scan composed of one horizontal B scan with 933 A-scans, and 15 vertical B scans with 933 

A-scans per B-scan. The mGCC thickness was measured from the internal limiting 

membrane (ILM) to the inner plexiform layer (IPL) boundary. Only good-quality ONH and 

macular scans, defined by scans with a signal strength index (SSI) of more than 37, and 

without segmentation failure or artifacts such as missing or blank areas were included in the 

analysis.

OCT-A Image Acquisition and Processing

OCT-A imaging was performed using the Angiovue on the same day as SD-OCT imaging 

and by the same operator. The Angiovue provides noninvasive characterization of the retinal 

vasculature by using the motion contrast technique, and an efficient OCT angiography 

algorithm, the split-spectrum amplitude-decorrelation angiography (SSADA). Details have 

been described elsewhere.28 Briefly, SSADA algorithm detects motion of the red blood cells 

by measuring variations in the reflectance amplitude between the consecutive B-scans at the 

same location. The software (version 2016.1.0.35) generates high-resolution three-

dimensional visualization of the perfused retinal vasculature at the capillary level. Vascular 

information is characterized as a vessel density map (Figure 1–2), and quantitatively as 

vessel density (%). Vessel density is automatically calculated as the proportion of measured 

area occupied by flowing blood vessels, which were defined by pixels with decorrelation 

values above the SSADA threshold level.

In this report, vessel density in the peripapillary RNFL was analyzed in 4.5 × 4.5 mm OCT-

A scans centered on the ONH and parafoveal vessel density was analyzed in 3 × 3 mm OCT-

A scans centered on the fovea. Vessel density within the RNFL was measured from the ILM 

to the RNFL posterior boundary. Whole image vessel density (wiVD) was measured over 

the entire scan field and circumpapillary vessel density (cpVD) was calculated within a 750-

μm-wide elliptical annulus extending from the optic disc boundary. Macular vessel density 

was measured within the inner retinal layers extending from the ILM to IPL, which is 

consistent of superficial vascular plexus. Parafoveal vessel density (pfVD) was calculated in 

a 1.5 mm-wide parafoveal, circular annulus with an outer diameter of 3 mm and an inner 

diameter of 1 mm centered on the fovea.

Yarmohammadi et al. Page 4

Ophthalmology. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Image quality was reviewed for all ONH and macular scans according to the Imaging Data 

Evaluation and Analysis (IDEA) Reading Center standard protocol. Trained graders (AY, 

PICM, MHS) reviewed scans and excluded poor quality images, which were defined as 

images with SSI of less than 48, poor clarity images, residual motion artifacts noted as 

irregular vessel pattern or disc boundary on the enface angiogram, local weak signal, or 

RNFL segmentation errors.

Statistical Analysis

Descriptive statistics were presented as the mean and standard deviation (SD). The 

independent two-sample student t-test was used for comparison of continuous variables 

between glaucoma and healthy eyes; a two-tailed paired t-test analysis was used to compare 

measurements between perimetrically affected and unaffected eyes of glaucoma patients. 

The Chi-square test was employed to compare categorical variables between groups.

Area under the receiver operating characteristic (AUROC) curves were used to determine the 

diagnostic accuracy of vessel density and structural measurements to differentiate between 

unaffected eyes of glaucoma patients and healthy eyes. A bootstrap resampling procedure (n 

= 1000 resamples) was used to obtain the confidence intervals for AUROCs.

Pairwise comparisons of AUROCs were performed using the method suggested by Pepe et 

al. to determine the statistical significance of differences between the AUROCs.37

Statistical analyses were performed using Stata software version 14 (StataCorp, College 

Station, TX, USA). A P value of less than 0.05 was considered to be statistically significant.

RESULTS

The study population consisted of 33 POAG patients (mean age, 70.2 ± 11.4 years) with VF 

defects in one eye (mean VF MD −3.9 ± 3.1 decibels [dB]), and normal VF test results in the 

other eye (mean VF MD, −0.2 ± 0.9 dB), and 33 healthy subjects (67.9 ± 8.6 years). The 

clinical and ocular characteristics of the study population are described in table 1. There 

were no significant differences between glaucoma patients and healthy subjects in any 

baseline clinical characteristics, including age, gender, race, self-reported history of diabetes 

mellitus and systemic hypertension, systemic antihypertensive and diabetes medications, and 

systemic blood pressure measurements (all P>0.05).

As expected, affected glaucoma eyes had worse MD, and PSD, smaller rim area, and thinner 

RNFL and mGCC compared to healthy eyes (all P<0.001). The vessel density measurements 

were also significantly lower in affected glaucoma eyes compared to healthy eyes in both 

peripapillary and macular regions (both P<0.001) (Table 2).

The intra-individual analyses showed that there were no differences in the mean CCT, 

spherical equivalent (SE) refractive error, IOP, and MOPP between both eyes of glaucoma 

patients (paired t-test, all P>0.05). However, affected eyes of glaucoma patients had worse 

mean VF MD (−3.9 ± 3.1 dB), and PSD (5.6 ± 3.6 dB) compared to unaffected eyes (−0.2 

± 0.9 dB, and 1.7 ± 0.4 dB; P<0.001). Affected eyes also had thinner rim area (0.8 ± 0.3 

mm2), cpRNFL (76.5 ± 10.6 m), and mGCC (79.5 ± 6.5 μm) compared to their fellow 
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unaffected eyes (1.0 ± 0.3 mm2, 87.5 ± 10.2 μm, 87.7 ± 6.5 μm; P<0.001). Moreover, wiVD 

(48.8 ± 4.0 %) and cpVD (58.0 ± 4.8 %) measurements in the affected eyes were 

significantly lower than those in unaffected eyes (52.0 ± 3.1 %, 61.4 ± 3.4 %; P<0.001), 

whereas the differences in pfVD measurements in affected (51.1 ± 4.3 %) and unaffected 

eyes (51.6 ± 4.1 %) did not reach statistical significance (P=0.537, Figure 3).

Mean CCT, SE, IOP, and MOPP in unaffected eyes were not statistically different from 

those in healthy eyes (P>0.05). The mean VF MD and PSD of the unaffected and healthy 

eyes were also statistically similar (independent samples t-test, P = 0.15 and P= 0.11, 

respectively). However, unaffected eyes of glaucoma patients had on average lower rim area 

(1.0 ± 0.3 mm2), cpRNFL (87.5 ± 10.2 μm), and mGCC (87.7 ± 6.5 μm) thickness 

measurements compared to healthy eyes (1.4 ± 0.3 mm2, 98.0 ± 9.0 μm, 94.5 ± 6.2 μm; all 

P<0.001). Unaffected eyes of POAG patients also showed sparser vascular networks in both 

peripapillary and macular regions compared to healthy eyes (Figure 2). Specifically, in the 

macular region, pfVD (51.6 ± 4.1 %) was significantly lower in unaffected eyes of 

glaucomatous patients than in healthy eyes (54.5 ± 2.8 %; P=0.005). In the peripapillary 

region however, although wiVD measurement in unaffected eyes (52.0 ± 3.1 %) was 

significantly lower than healthy eyes (55.9 ± 3.2 %; P<0.001), the difference in cpVD 

measurement did not reach statistical significance (61.4 ± 3.4 % vs. 62.7 ± 3.6%; P=0.116).

The AUROC for differentiating between unaffected eyes of POAG patients and healthy eyes 

was highest for wiVD (0.84 ± 0.05), followed by mGCC thickness (0.78 ± 0.06), average 

RNFL thickness (0.77 ± 0.06), and pfVD (0.69 ± 0.07) (Figure 4). However, in the pairwise 

comparison of AUROCs, the differences did not reach statistical significance (P>0.05).

As structural measurements, such as RNFL, optic nerve head rim and cup area have been 

shown to be associated with disc size, we also evaluated the association of optic disc area on 

vessel density measurements. We found no statistically significant correlations between disc 

area measured by SD-OCT with both wiVD and cpVD measurements in healthy eyes 

(R2=0.008, P=0.521, and R2=0.005, P=0.723, respectively).

DISCUSSION

In the current study, we showed that vessel densities in both peripapillary and macular 

regions were significantly lower in both eyes of POAG patients with unilateral VF loss than 

healthy eyes of similar age (P<0.05). In addition, peripapillary vessel density in the affected 

eyes was lower than in their fellow unaffected eyes, whereas the difference in macular vessel 

density was similar in both eyes of the same patient (P>0.05).

In glaucoma, the sensitivity of OCT-A peripapillary vascular measurements for diagnosing 

glaucoma was shown to be high.30, 31, 38 Results of those studies serve as initial validation 

of OCT-A vessel density measurements for detection of changes relevant to glaucomatous 

damage. Findings of the present study provide further insight into the diagnostic 

performance of OCT-A vascular measurements in a clinically relevant scenario.

Structural changes in eyes of glaucoma patients with unilateral VF damage have been 

studied extensively.7–16 Our results of thinner rim, cpRNFL, and macular structure are 
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consistent with studies showing detectable structural damage in perimetrically unaffected 

eyes of unilateral glaucoma patients. However, results of studies evaluating ocular 

vasculature in asymmetric or unilateral glaucoma are inconsistent, perhaps due to technical 

differences in imaging modalities and various aspects of ocular blood flow being studied. 

Drance et al. in 1968 performed ophthalmodynamography in unilateral POAG eyes and 

found lower diastolic perfusion pressure in eyes with VF loss compared to unaffected eyes 

and healthy controls.39 O’Brien and colleagues employed Doppler imaging in carotid 

arteries of glaucoma patients with asymmetric VF damage, and found higher arterial 

resistance in the internal carotid arteries on the side of greater VF loss.40 Fontana et al. 

showed that pulsatile orbital blood flow (POFB) was significantly lower in eyes of normal 

tension glaucoma (NTG) patients with and without VF loss compared to healthy eyes.41 

Costa and associates used color Doppler imaging (CDI) in glaucoma patients with 

asymmetric glaucomatous damage, and found no difference between retrobulbar blood flow 

velocities of more damaged and less damaged eyes. However, they demonstrated that 

retrobulbar flow velocity in the less damaged eyes was lower than that of healthy controls.42 

Consistent with the results of the present study, Nicolela et al.19 and Plange et al.20 showed 

that both eyes of glaucoma patients with asymmetric VF damage had significantly lower 

blood velocities and higher arterial resistive indices in retrobulbar vessels compared to 

healthy eyes. They also reported that decreased blood velocities were more pronounced in 

more affected eyes compared to the less affected eyes.

More recently, studies investigating choroidal structure using SD-OCT failed to find a 

difference in peripapillary and macular choroidal thickness between eyes of glaucoma 

patients with unilateral or asymmetric VF loss.21–23 Li et al. showed that peripapillary 

choroidal thickness measurements were similar between both eyes of POAG patients with 

unilateral VF loss and healthy eyes.21 Suh et al. also found no significant inter-eye 

difference in peripapillary choroidal thickness in patients with unilateral NTG.22 Mwanza et 

al. compared the macular choroidal thickness measurements between asymmetric POAG 

eyes with advanced glaucoma in one eye and no or mild glaucoma in the fellow eye. They 

reported no significant change in macular choroidal thickness of eyes with advanced POAG 

compared to that of fellow eyes with no glaucoma or with mild glaucoma.23 Each of these 

three studies suggested a lack of association between glaucoma and structural features of the 

choroid. Although SD-OCT provides better visualization of the posterior retinal structures 

with more reproducible measurement results, it only can reflect the static structure, not the 

hemodynamics of choroidal circulation. Unlike choroidal thickness measurements by SD-

OCT, vascular measurements obtained by OCT-A reflect dynamic changes in the ocular 

vasculature.

With the advent of OCT-A, there has been a renewed interest in investigating the role of the 

microvasculature of the optic nerve head, peripapillary region and macula and, particularly, 

the associations of their vessel densities with functional measurements in glaucoma.
29–31, 33, 38, 43 Findings of the present study support these previous ones. However, each of 

these earlier studies have compared glaucoma eyes with healthy eyes from different 

individuals. In the current study, this association was evaluated with both an intra-individual 

as well as inter-individual comparison approach. The intra-individual approach is 

advantageous in that it avoids the effect of potential confounding factors on vascular 
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measurements such as age, gender, ethnicity, systemic blood pressure, systemic conditions 

and medications.44 Moreover, using the patient’s own eye as an internal control minimizes 

inaccuracies derived from inter-individual anatomic variabilities.45 Therefore, results of a 

lower peripapillary vessel density in the affected eyes provide additional evidence to confirm 

the association between vascular loss in the peripapillary area and functional damage 

relevant to the pathophysiology of glaucoma.29–31, 33, 38, 43

Moreover, in the present study we observed that lower vessel density measurements could be 

detected even in eyes without detectable VF damage, and wiVD was the parameter with the 

highest diagnostic accuracy (AUROC=0.84) in differentiating between perimetrically 

unaffected eyes of POAG patients from healthy eyes. These results are consistent with 

reports of lower retrobulbar hemodynamic parameters in more affected eyes of POAG 

patients with unilateral VF loss.19, 20 They suggest that hemodynamic insufficiencies along 

with structural damage can precede detectable functional loss in unaffected eyes of POAG 

patients with unilateral VF loss. It still is unclear how these insufficiencies can affect the 

optic nerve, but the radial peripapillary capillaries (RPCs) are likely to be involved.

Retina ganglion cells (RGCs) and their axons are among the most highly metabolically 

active structures in humans, and are strongly dependent on their regional vascular supply. 

RPCs form a distinct network of capillary beds within the RNFL and are intimately tied to 

the RNFL axons, perhaps to meet the large energy requirements of the RGCs.46 Previous 

studies reported strong correlations between RPC morphology and RNFL thickness, and 

suggested that neurovascular co-patterning and functional crosstalk mechanisms could be 

linked to retinal homeostasis. In addition, due to their distinct parallel formation and paucity 

of anastomoses, RPCs are thought to be vulnerable to various pathological challenges such 

as pressure and ischemia.46–48 With the cross-sectional design of the current study, the 

temporal relationship between vascular attenuation and structural damage in both eyes of 

glaucoma patients compared to each other and to healthy eyes cannot be addressed.

An interesting finding of the present study was that although wiVD and pfVD in the 

unaffected eyes were significantly lower than healthy eyes, the differences in cpVD 

measurements among these groups were not significant (P > 0.05). In a previous study31, we 

also found that the differences in cpVD measurement of glaucoma suspects and healthy eyes 

did not reach statistical significance. In the same study, however, cpVD was significantly 

lower in POAG eyes compared with healthy eyes. In another study,35 it was shown that 

cpVD measurement in the perimetrically intact hemiretinae of glaucoma patients with 

single-hemifield VF defect was lower than age-matched healthy hemiretinae. These results 

suggest that the vascular attenuation in the RPC layer is widespread in perimetric glaucoma, 

and vascular dropout could be detected in both the peripheral and more central regions 

around the optic disc. In contrast, in glaucoma suspects and perimetrically unaffected eyes, 

vascular attenuation could only be found in the more peripheral regions of the peripapillary 

area.

An unexpected finding of the current study was that the macular vascular measurement was 

similar in both eyes of POAG patients despite their differences in the VF test results, thinner 

structural measurements and decreased peripapillary vessel density in the affected eyes. This 
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could be explained in part by the smaller magnitude of difference in the mean vessel density 

measurements across groups in the macular region compared with the peripapillary region, 

which was also observed in previous studies.38, 43

One may argue that adjustment for multiple testing should be applied for comparing vessel 

density and thickness measurements between both eyes of glaucoma patient with unilateral 

VF loss and healthy eyes. Therefore, P values were adjusted for multiple comparisons based 

on Bonferroni correction. In this study, unaffected eyes of glaucoma patients had 

significantly lower wiVD, RNFL, rim, mGCC than healthy eyes (Table 2), even after 

applying Bonferroni correction with a cutoff P value of 0.003, which is known to be a 

conservative method of controlling multiple comparisons. Comparison between both eyes of 

glaucoma patients also showed that affected eyes had significantly lower wiVD, cpVD, 

RNFL, rim, mGCC than their unaffected fellow eyes even after Bonferroni correction.

The finding that pfVD has lower diagnostic accuracy in differentiating between unaffected 

eyes of glaucoma patients from healthy eyes is in accordance with previous reports. Rao et 

al.38 showed that even in differentiating glaucoma eyes from healthy eyes, macular vessel 

density has moderate diagnostic performance that is poorer than measurements in the 

peripapillary region. This poorer diagnostic accuracy may be attributed to the fact that the 

RGCs in the macular region are concentrated in the 4.5 mm foveal center that may remain 

intact in the early stages of the disease.49 Therefore, there is an overlap in the vascular 

function and vessel density distribution between healthy and glaucoma eyes. The glaucoma 

group in Rao et al’s report38 also predominantly consisted of individuals with pre-perimetric 

and early glaucoma, which may account for the relatively low diagnostic accuracy of 

macular vessel density in distinguishing between healthy and glaucoma eyes in their study.

This study has several limitations. First, defining glaucomatous VF damage by using the PD 

plot, which compares measurements to a normative database, does not preclude possible 

diffuse functional damage, which may occur in early glaucoma.50 As a result, it should be 

noted that perimetrically unaffected eyes reported in this study, and also some previous 

reports,5, 7, 8, 21 do not necessarily imply an absence of VF damage. Second, because of the 

cross-sectional design of the present study, we could only identify detectable microvascular 

attenuation, and were not able to establish any cause-and-effect relationships between 

peripapillary and macular vessel density with glaucomatous RGC and axonal damage.

Evidence of vascular changes in the fellow eyes of glaucoma patients with unilateral VF 

damage could provide support for a means of detecting and tracking glaucomatous 

progression, as well as detecting a site of early damage. Previous prospective studies in 

glaucoma suspects have suggested that baseline structural measurements are strong 

predictors of conversion into glaucoma,51–53 and the rate of RNFL loss was shown to be 

more than twice as fast in eyes developing glaucomatous VF damage compared with eyes 

that did not develop VF damage.54 However, longitudinal data regarding the prognostic 

value of attenuated baseline vasculature is limited. Schumann et al. demonstrated that inter-

eye difference in progression of glaucomatous VF damage correlates with the difference in 

retrobulbar hemodynamic parameters being independent of the extent of the differences in 

glaucomatous optic disc damage and IOP.55 To the best of our knowledge, there are no 
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prospective reports on the microvascular network of unilateral or asymmetric glaucoma. 

Therefore, longitudinal follow-up of these eyes would address the importance of lower 

vessel density values found in this study and another report of glaucoma suspects.31

Finally, due to the cross-sectional, observational design of the study we were unable to 

determine the potential confounding effect of ocular and systemic antihypertensive 

medications and systemic conditions on vessel density measurements across groups. 

Therefore, despite using an intra-individual approach, which avoids the effect of potential 

confounding factors on vessel density measurements, and despite finding no differences in 

BP, IOP or MOPP measurements, systemic conditions and the use of systemic medications 

across groups we cannot dismiss the possible confounding effect of these factors. Hence, 

exploring the potential impact of systemic and ocular conditions and the use of medications 

on vessel density measurements require longitudinal studies.

In conclusion, OCT-A detects vessel density dropout in fellow eyes of POAG patients with 

unilateral VF loss. The lower vessel density found in OAG eyes implies that quantitative 

OCT-A measurements suggests damage to tissues relevant to the pathophysiology of 

glaucoma. The finding of lower vessel density in perimetrically unaffected fellow eyes 

suggests that OCT-A can detect microvascular changes in eyes at high risk of developing 

glaucoma before detectable VF damage. Longitudinal studies are needed to determine 

whether OCT-A measures can improve the detection and/or prediction of the onset and 

progression of glaucomatous damage.
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Abbreviations and Acronyms

-A angiography

CCT central corneal thickness

CI confidence interval

dB decibels

DIGS Diagnostic Innovations in Glaucoma Study

IOP intraocular pressure

MD mean deviation
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μm micrometers

OCT optical coherence tomography

POAG primary open-angle glaucoma

PSD pattern standard deviation

RGC retinal ganglion cell

RNFL retinal nerve fiber layer

RPC radial peripapillary capillaries

SAP standard automated perimetry

SD spectral domain

SSADA split-spectrum amplitude-decorrelation angiography.
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Precise

Vascular dropout in regions without detectable visual field damage in patients with 

POAG can be detected using OCT angiography.

Yarmohammadi et al. Page 15

Ophthalmology. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Top row: Vessel density map of the peripapillary retinal nerve fiber layer (left) and macular 

superficial layer (right) showing sparser microvascular networks in both regions of the 

affected eye compared with the unaffected eye of a glaucoma patient. Middle row: Area 

vessel density color-coded map of the peripapillary (left) and macular (right) regions in 

which the orange color indicates a vessel density of greater than 50% perfused vessels, dark 

blue indicates no perfused vessels detected, and intermediate vessel density values vary from 

yellow to light blue. Bottom row: Retinal nerve fiber layer (RNFL) thickness map (left) and 

Macular ganglion cell complex (mGCC) thickness map (right) demonstrating thinner RNFL 

and mGCC in the affected eye of glaucoma patient.
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Figure 2. 
Top row: Vessel density map of the peripapillary retinal nerve fiber layer (left) and macular 

superficial layer (right) showing denser microvascular networks in both regions of an age-

matched healthy eye compared to perimetrically-unaffected eye of a glaucoma patient. 

Bottom row: Area vessel density color-coded map of the peripapillary (left) and macular 

(right) regions in which the orange color indicates a vessel density of greater than 50% 

perfused vessels, dark blue indicates no perfused vessels detected, and intermediate vessel 

density values vary from yellow to light blue.
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Figure 3. 
Boxplots illustrating the distribution of whole image vessel density (top left), average retinal 

nerve fiber layer thickness (top right), parafoveal vessel density (bottom left), and macular 

ganglion cell complex thickness (bottom right) measurements in healthy, unaffected and 

affected eyes of glaucoma patients with unilateral visual field loss. The medians are 

represented by horizontal line in the gray box. Error bars denote interquartile range
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Figure 4. 
Area under the receiver operator characteristic curves (AUROCs) for differentiating between 

unaffected eyes of glaucoma patients with unilateral visual field loss and healthy eyes; 

Whole image vessel density (0.84), macular ganglion cell complex (0.78), average RNFL 

thickness (0.77), and parafoveal vessel density (0.69).
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