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Abstract

Purpose—To compare hemifield differences in the vessel density of the optic nerve head and 

macula in open-angle glaucoma (OAG) eyes with visual field (VF) defect confined to one 

hemifield using optical coherence tomography angiography (OCT-A).

Design—Cross-sectional study.

Participants—Fifty-eight eyes of 58 glaucoma patients with VF loss confined to a single 

hemifield, and 28 healthy eyes.

Methods—Retinal vasculature information was summarized as circumpapillary vessel density 

(cpVD) and perifoveal vessel density (pfVD). Circumpapillary retinal nerve fiber layer (cpRNFL) 

and macular ganglion cell complex (mGCC) thickness were also calculated using spectral domain 

OCT. Paired and unpaired t-tests were utilized to evaluate differences between the perimetrically 

affected and intact hemiretinae and healthy hemiretinae. Linear regression analyses were 

performed to evaluate the associations between VF measures with vascular and structural 

measurements.
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Main Outcome Measures—Total and hemispheric cpVD, pfVD, cpRNFL, mGCC and mean 

sensitivity (MS).

Results—Mean cpVD and pfVD in the intact hemiretinae of OAG eyes (59.0% and 51.1%) were 

higher than the affected hemiretinae (54.7% and 48.3%; p<0.001) but lower than healthy eyes 

(62.4% and 53.8%; p<0.001). Similar results were noted with cpRNFL and mGCC thickness 

measurements (p<0.05 for both). The strongest associations between MS in the affected hemifields 

were found for cpVD (r = 0.707), followed by pfVD (r = 0.615), cpRNFL (r = 0.496) and mGCC 

(r = 0.482) in the corresponding hemiretinae (p<0.001 for all). Moreover the correlations in the 

intact hemifields between MS with cpVD and pfVD were found to be higher (r = 0.450 and 0.403) 

than the correlations between MS and cpRNFL and mGCC thickness measurements (r = 0.340 and 

0.290; all p-values <0.05 for all).

Conclusions—Reduced peripapillary and macular vessel density was detectable in the 

perimetrically intact hemiretinae of glaucoma eyes with a single-hemifield defect. Moreover vessel 

density attenuation in both affected and intact hemiretinae was associated with the extent of VF 

damage in the corresponding hemifields. OCT-A potentially shows promise for identifying 

glaucomatous damage before focal VF defects are detectable.

Introduction

Glaucoma is a multifactorial optic neuropathy of unknown etiology.1 There is mounting 

evidence that vascular factors play a role in the pathogenesis of the disease.2, 3 However the 

study of ocular vasculature in glaucoma has been a challenge due to several limitations in 

the imaging modalities;4-7 therefore the contribution of ocular vasculature in the 

pathogenesis of glaucoma has remained unclear. Several studies have shown that structural 

injury often precedes detectable visual field loss as measured by standard automated 

perimetry (SAP).8-11 In eyes with visual field damage confined to a single-hemifield, there is 

evidence that both the retinal nerve fiber layer (RNFL) and the macular ganglion cell 

complex (mGCC) thickness are reduced even in the retinal hemispheres corresponding to the 

perimetrically intact hemifields.12-14 However, there is limited information on whether the 

microvasculature is reduced in eyes with localized glaucomatous functional loss, and its 

possible contribution to the natural course of the disease.15

Optical coherence tomography angiography (OCT-A)16 is a non-invasive imaging technique 

that provides reproducible quantitative assessment of the vasculature in the optic nerve, 

peripapillary retina and macula.17-20 Recent reports using OCT-A in glaucoma eyes 

documented attenuation of vasculature in the optic nerve head 17, 19 and peripapillary 

area.18, 19, 21 However, there is limited evidence about the extent of microvascular damage in 

eyes with more localized glaucomatous defects 22, 23 and, to our knowledge, there are no 

reports characterizing vasculature in the macula of eyes with glaucoma.

The objective of the present study was to quantitatively assess the retinal vessel density of 

the peripapillary and macula in the perimetrically intact hemiretinae of glaucoma eyes with 

single-hemifield focal visual field defects using OCT-A. A further aim was to evaluate the 

associations between vessel density measures in both affected and intact hemiretinae with 

the extent of visual field damage in their corresponding hemifields.
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Methods

Study Participants

A total of 58 glaucoma patients and 28 healthy controls meeting the eligibility criteria were 

recruited from the longitudinal Diagnostic Innovations in Glaucoma Study (DIGS) 

conducted at the Hamilton Glaucoma Center, University of California, San Diego (UCSD). 

The DIGS protocol and eligibility criteria have been previously described.24 Informed 

consent was obtained from all participants. The University of California San Diego 

Institutional Review Board approved all protocols and methods described adhered to the 

tenets of the Declaration of Helsinki and the Health Insurance Portability and Accountability 

Act (HIPAA).

As part of the DIGS protocol all study participants underwent a complete ophthalmologic 

examination, including assessment of best-corrected visual acuity (BCVA), slit-lamp 

biomicroscopy, IOP measurement with Goldmann applanation tonometry, gonioscopy, 

ultrasound pachymetry, dilated fundus examination and simultaneous stereophotography of 

the optic disc. Systemic measurements included two blood pressure (BP) measurements 

obtained using an Omron Automatic (Model BP791IT, Omron Healthcare, Inc., IL, USA) 

blood pressure instrument. Mean arterial pressure was calculated as 1/3 systolic BP + 2/3 

diastolic BP. Mean ocular perfusion pressure (MOPP) was defined as the difference between 

2/3 of mean arterial pressure and IOP.

Participants also completed OCT-A (Angiovue; Optovue, Inc., Fremont, CA, USA) and SD-

OCT (Avanti; Optovue, Inc.) optic nerve head imaging along with standard automated 

perimetry (SAP). Inclusion criteria common to DIGS participants were age of over 18 years, 

open angles on gonioscopy, and BCVA of 20/40 or better. Participants included in this study 

were required to have good quality OCT-A and SD-OCT imaging and also have ≥ two 

reliable SAP tests. Further inclusion criteria for glaucoma patients were: 1) Repeatable 

glaucomatous visual field damage defined as a Glaucoma Hemifield Test (GHT) result 

outside normal limits and a Pattern Standard Deviation (PSD) outside 95% normal limits 

and 2) Glaucomatous visual field abnormalities exclusively in one hemifield as defined by a 

cluster of ≥ 3 adjacent points in the pattern deviation (PD) plot with a probability of less 

than 5% including at least one point having a probability less than 1% in at least two 

repeatable and consecutive SAP tests. A perimetrically intact hemifield 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 PD plot. Eyes that were included in the present study had 

visual field abnormalities such as focal scotomas, nasal steps, arcuate scotomas, altitudinal 

defects, or any other abnormalities that met our inclusion criteria. If both eyes met the 

inclusion criteria, one eye was randomly selected for analysis. Healthy controls were 

required to have: 1) an intraocular pressure (IOP) <21 mmHg with no history of elevated 

IOP, 2) normal appearing optic disc, intact neuroretinal rim and RNFL on clinical 

examination, and 3) a minimum of two reliable normal visual fields, defined as a PSD within 

95% confidence limits and a GHT result within normal limits.

Exclusion criteria common to both study groups were history of intraocular surgery (except 

for uncomplicated cataract surgery or glaucoma surgery), coexisting retinal pathologies, 

Yarmohammadi et al. Page 3

Ophthalmology. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



non-glaucomatous optic neuropathy, uveitis, or ocular trauma. Participants with systemic 

hypertension and diabetes mellitus were included unless they were diagnosed with diabetic 

or hypertensive retinopathy. Participants with unreliable visual field results, poor quality 

OCT-A, or SD-OCT scans were also excluded from this study.

Standard Automated Perimetry

Standard automated perimetry visual field tests were performed using Swedish Interactive 

Threshold Algorithm (SITA) standard 24-2 threshold test (Humphrey Field Analyzer 750 II-

I, Carl Zeiss Meditec, Inc., Dublin, CA, USA). All participants that were included were 

familiar with SAP testing from earlier exposure to at least two visual field examinations.

The quality of visual field tests was reviewed by the Visual Field Assessment Center 

(VisFACT) staff at UCSD. Only participants with reliable tests (≤ 33% fixation losses and 

false negative errors, and ≤ 15% false positive errors) were included in this study. Visual 

fields that were found to have the following artifacts were also excluded: evidence of rim 

and eyelid artifacts, inattention or fatigue effects, or visual field damage caused by a disease 

other than glaucoma.

For hemifield specific analyses in the glaucoma eyes, the average total deviation (TD), 

pattern deviation (PD) and mean sensitivity (MS) were calculated in each hemifield based on 

the individual test points excluding the blind spot. Sensitivity in dB at each test location was 

also converted to the linear scale of 1/Lambert (1/L) and then averaged to obtain MS values 

in a linear scale in each hemifield. In the healthy eyes, the “intact” hemifield was randomly 

selected and visual field indices were calculated in a similar fashion.

OCT Angiography Image Acquisition and Processing

All subjects underwent OCT-A imaging with a commercially available OCT-A system, the 

Angiovue (Optovue, Inc.) that is incorporated in the Avanti SD-OCT system. The Angiovue 

imaging system provides a non-invasive method of characterizing the vascular structures of 

the retina at the capillary level. Details of this technology have been described elsewhere.25 

Briefly, it uses the Split-Spectrum Amplitude-Decorrelation Angiography (SSADA) 

algorithm to capture the dynamic motion of moving particles such as red blood cells and 

provides a high-resolution 3D angiogram of perfused retinal vasculature (Figure 1). The 

Angiovue characterizes vascular information at various user-defined retinal layers 26 

qualitatively as a vessel density map and color-coded vessel area density (Figure 3). 

Quantitatively it provides vessel density (%) measurements calculated as the percentage of 

measured area occupied by flowing blood vessels being defined as pixels having SSADA 

algorithm based decorrelation values above the threshold level.

For the present study, peripapillary vessel density was derived from the images acquired 

with a 4.5×4.5 mm field of view centered on the optic disc. Macular vessel density 

measurements were calculated from 3×3 mm scans centered on the fovea. For both 

measurement regions segmentation was performed using the OCT intensity B-scans. 

Peripapillary vessel density measurements were calculated within the RNFL in a slab from 

the internal limiting membrane (ILM) to the RNFL posterior boundary. Macular superficial 
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vessel density measurements were calculated in a slab from ILM to the posterior boundary 

of the inner plexiform layer (IPL).

Total and hemispheric measurements of the vasculature were obtained in two regions: 1) 

Total circumpapillary vessel density (cpVD) was calculated in a region defined as a 750-μm-

wide elliptical annulus extending from the optic disc boundary based on 360 degree global 

area and eight 45 degree sectors as shown in figure 1 and 3. Hemispheric measurements 

were calculated by averaging the four sectors in each hemiretinae: superior hemispheric 

measurements were calculated by averaging the measurements in the supero-temporal (ST), 

temporal-upper (TU), supero-nasal (SN) and nasal-upper (NU) and inferior hemispheric 

measurements were derived from average measurements in the infero-temporal (IT), 

temporal-lower (TL), infero-nasal (IN) and nasal-lower (NL). 2) Total perifoveal vessel 

density (pfVD) was measured in an annular region with an inner diameter of 1 mm and outer 

diameter of 2.5 mm centered on the fovea; The perifoveal region was divided into the 

superior and inferior hemiretinal areas to calculate the hemispheric measurements in each 

hemiretinae as shown in Figure 1 and 3.

Trained graders reviewed the quality of all OCT-A scans using a standard protocol 

established by the Imaging Data Evaluation and Analysis (IDEA) reading center at UCSD. 

Poor quality scans were excluded from the analysis if one of the following criteria were met: 

1) signal strength index (SSI) of lower than 48 (1= minimum, 100 = maximum), 2) poor 

clarity images, 3) local weak signal caused by artifacts such as floaters, 4) residual motion 

artifacts visible as irregular vessel patterns or disc boundary on the enface angiogram and 5) 

RNFL segmentation failure.

Spectral Domain OCT Imaging

Optic nerve head and macular imaging were also performed using the Avanti SD-OCT 

system on the same day as OCT-A imaging and by the same operator. Avanti SD-OCT uses 

a light source with center wavelength of 840 nm and it has an A –scan rate of 70-kHz. The 

ONH scanning protocol was used for measuring the cpRNFL thickness and the macular 

ganglion cell (mGCC) scanning protocol was utilized to measure the mGCC thickness.

Specifically, the ONH map protocol calculates circumpapillary RNFL (cpRNFL) thicknesses 

in a 10 pixel-wide band along a circle of 3.45 mm in diameter centered on the ONH based 

on 360-degree global area and eight 45-degree sectors. Global average and hemispheric 

measurements corresponding to the superior and inferior hemifields were used for the 

analysis in the present study. Hemispheric measurements were calculated by averaging the 

four circumpapillary RNFL sectors (ST, TU, SN, NU in the superior hemiretinae) and (IT, 

TL, IN, NL in the inferior hemiretinae) as shown in Figure 1.

The mGCC scanning protocol consists of a 7×7 mm2 raster scan consisting of 1 horizontal B 

scan of 933 A-scans, 15 vertical B scans of 933 A-scans per B-scan. This protocol measures 

retinal thickness from the ILM to the IPL posterior boundary obtained from the raster scans 

and mGCC thickness measurements consist of the ganglion cell layer, IPL and RNFL. The 

mean mGCC thickness and also measurements in the superior and inferior hemispheres were 

used for the analysis. Only good-quality ONH and GCC images, defined by scans with SSI 
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≥ 37, and without segmentation failure or artifacts such as missing or blank areas were 

included for the analysis.

Statistical Analyses

The distribution of numerical variables was assessed by inspecting histograms and using 

Shapiro-Wilk W tests of normality. Numerical data were presented as the mean and standard 

deviation (SD). The independent two sample student t-test was used for group comparison of 

normally distributed variables; the Mann-Whitney U-test was used to assess for continuous 

non-normal variables and the Chi-square test was employed to compare categorical variables 

among groups.

Total and hemispheric OCT-A-derived vessel density measurements, SD-OCT-derived 

cpRNFL and mGCC thickness measurements, and visual field indices were compared 

between glaucoma and healthy eyes using the independent two sample t-test or the Mann–

Whitney U-test. Two-tailed paired t-test and Wilcoxon signed-rank order tests were used to 

compare hemispheric measurements between perimetrically affected and intact hemiretinae 

in glaucoma eyes. Linear regression analyses and Pearson correlation coefficients (r values) 

were used to investigate the associations between structural and vascular measurements of 

the affected and intact hemiretinae and SAP parameters in the corresponding hemifields, 

including hemispheric MS, PD and TD.

Statistical analyses were performed using Stata version 14 (StataCorp, College Station, TX), 

and JMP version 11.2.0 (SAS Inc., Cary, NC). P values (type I error) of less than 0.05 were 

considered statistically significant for all analyses.

Results

Demographics and clinical characteristics of study subjects are summarized in Table 1. 

There were no significant differences in age, gender, refractive error, CCT and SD-OCT-

derived disc area measurements between glaucoma and healthy eyes (p > 0.05 for all). Self-

reported history of hypertension, diabetes mellitus, and cardiovascular diseases and also the 

prevalence of taking systemic antihypertensive and diabetic medications were also similar 

between the two groups (p > 0.05 for all). IOPs were higher in healthy eyes than treated 

glaucoma eyes. but this difference did not reach statistical significance (p = 0.076). 

Differences in SBP, DBP and MOPP between groups also did not reach statistical 

significance (p > 0.05).

As expected, glaucoma eyes had on average worse VF MD and VF PSD and thinner rim 

area, cpRNFL and mGCC values compared to healthy eyes (p < 0.001 for all). OCT-A 

global average peripapillary and macular vascular measurements were also significantly 

lower in glaucoma eyes (cpVD: 57.0 ± 4.7 % and pfVD: 49.7 ± 3.1 %) compared to healthy 

eyes (cpVD: 62.5 ± 3.6 % and pfVD: 53.9 ± 2.4 %; p < 0.001 for both comparisons).

In the glaucoma group, the glaucomatous visual field defect was localized to the superior 

hemifield in 26 of 58 eyes (44.8%) and to the inferior hemifield in 32 eyes (55.2%). 

Therefore 13 superior (46.4%) and 15 inferior (53.6%) hemifields and corresponding 
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hemiretinae of healthy eyes were randomly selected as control matched to the intact 

hemifields and hemiretinae of glaucoma eyes. In healthy eyes, visual field MS, PD and TD 

did not significantly differ between the two hemifields (paired t-test; p > 0.05 for all 

comparisons). In glaucoma eyes however, MS in the perimetrically intact hemifields (29.0 

± 1.8 dB; 854.1 ± 332.0 1/Lambert) was significantly higher than the MS values in the 

affected hemifields (26.0 ± 3.7 dB; 513.9 ± 349.6 1/Lambert; p < 0.001). Average visual 

field TD and PD values of the intact hemifields of glaucoma eyes (-0.1 ± 1.4 dB and -1.3 

± 0.3 dB respectively) were also significantly higher than the corresponding values in the 

affected hemifields (-6.7 ± 6.4 dB and -7.3 ± 6.1 dB respectively; p < 0.001). It is worth 

noting that these visual field measurements in the intact hemifields of glaucoma eyes were 

slightly lower than values in the hemiretinaes of healthy eyes but the differences did not 

reach statistical significance (p > 0.05, Table 2).

Qualitatively, capillary networks in both peripapillary and macular vascular regions of 

healthy eyes were denser compared to glaucoma eyes (Figure 3). In addition, the areas of 

reduced vessel density in the glaucoma eyes corresponded well with the location of visual 

field damage and RNFL and GCC thinning (Figure 1 and 2). Moreover, no differences were 

found between the peripapillary and macular vasculature in the superior and inferior 

hemiretinae of healthy eyes (Figure 3). In glaucoma eyes by contrast, more areas of reduced 

vessel density can be detected in the affected hemiretinae compared to the intact 

hemiretinae. Quantitatively, OCT-A cpVD and pfVD, and cpRNFL and mGCC thickness 

measurements in healthy eyes, did not significantly differ between two hemifields (paired t-

test; p > 0.05 for all comparisons). In contrast, in glaucoma eyes OCT-A cpVD and pfVD, 

and cpRNFL and mGCC thickness measurements were significantly reduced in the affected 

hemiretinae compared to the perimetrically intact hemiretinae (Table 2). Specifically cpVD 

(54.7 ± 5.3 %), pfVD (48.3 ± 4.2%), cpRNFL (72.1 ± 10.9 μm) and mGCC thickness 

measurements (74.7 ±7.8 μm) in the affected hemiretinae were lower than cpVD (59.0 

±3.1 %), pfVD (51.1 ± 2.4 %), cpRNFL (83.6 ± 9.3 μm) and mGCC thickness (87.3 ± 5.8 

μm) measurements in the intact hemiretinae (p < 0.001 for all comparisons).

The structural and vessel density measures in the intact hemiretinae of glaucoma eyes with 

similar measurements in healthy hemiretinae of control eyes were also compared. As 

illustrated in Figure 3, reduced vessel density was observed in the intact hemiretinae of 

glaucoma eyes compared with healthy eyes in both peripapillary and macular regions. 

Results of the quantitative analysis also showed that both vascular and structural 

measurements were lower in the intact hemiretinae of glaucoma eyes compared with healthy 

hemiretinae (Table 2).

The correlations between reduced vessel density, RNFL and GCC atrophy in both affected 

and intact hemiretinae with the severity of glaucomatous visual field loss in the 

corresponding hemifields are summarized in Table 3 and illustrated in Figures 4 and 5.

In the affected hemifields, the strongest associations between visual field MS with vascular 

and structural measurements in the corresponding hemiretinae were found for cpVD (r = 

0.707), followed by pfVD (r = 0.615), cpRNFL (r = 0.496) and mGCC (r = 0.482; p < 0.001 

for all) (Figure 4). In the perimetrically intact hemifields, the strongest associations were 
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found between visual field MS and cpVD (r = 0.450), followed by pfVD (r = 0.403), 

cpRNFL (r = 0.340) and mGCC (r =0.290; p < 0.05 for all) (Figure 5).

Discussion

In the present study, the OCT-A peripapillary and macular vascular measures as well as SD-

OCT cpRNFL and mGCC thickness measurements were significantly reduced in the 

affected hemiretinae compared with perimetrically intact hemiretinae in glaucoma eyes with 

single-hemifield visual field defects (p < 0.001 for all comparisons). As expected in healthy 

eyes, vascular and structural measurements did not significantly differ between superior and 

inferior hemiretinae (p > 0.05 for all comparisons). Moreover, areas of reduced vessel 

density could be detected qualitatively and quantitatively even in the intact hemiretinae of 

glaucoma eyes compared to healthy eyes in both the peripapillary and macular regions (p < 

0.002). These findings suggest that vascular changes may precede detectable visual field 

damage, and that hemodynamic deficiencies in addition to the structural damage might have 

already commenced in the peripapillary and macular regions of the apparently normal 

hemiretinae of glaucoma eyes with localized visual field damage. However the mechanism 

by which it occurs remains unclear.

Several studies have shown the presence of glaucomatous RNFL and GCC defects in the 

retinal hemispheres corresponding to intact hemifields of glaucoma eyes with single-

hemifield visual field defects.13-15 In agreement with our results, these studies showed that 

mean RNFL and GCC thickness in the intact hemiretinae were lower than that of healthy 

eyes. To our knowledge, however, there are no reports on the retinal vascular integrity of 

glaucoma eyes in which visual field damage is localized to a single-hemifield. Hence the 

current study is unique in that diffuse attenuation of vessel density was identified in both 

peripapillary and macular regions of glaucoma eyes with focal visual field damage confined 

to a single-hemifield.

Arend et al.27 examined the effect of asymmetric altitudinal visual field damage on retinal 

microcirculation obtained by fluorescein angiography in a cohort group of normal tension 

glaucoma (NTG) eyes. They reported that in hemiretinae with more severe glaucomatous 

visual field damage the arteriovenous passage (AVP) time is significantly reduced compared 

to the opposite hemiretinae and also both affected and less affected hemispheres showed 

increased AVP time compared to healthy eyes. In another study, Hall and associates28 

reported a strong association between decreased diameter of the peripapillary arterioles and 

visual field loss in the corresponding hemifields of eyes with visual field loss predominantly 

in one hemifield. The authors suggested that their results could either reflect an ischemic 

basis for glaucomatous damage or an effect of neural tissue loss leading to vasoconstriction. 

It is worth mentioning that the inclusion criteria for both studies were having asymmetric 

visual field damage and the study populations were different from studies investigating 

perimetrically intact areas of glaucoma eyes with local visual field damage such as the 

present study.

More recently, Sehi and colleagues15 used Doppler-OCT to evaluate total retinal blood flow 

in both affected and unaffected hemiretinae of glaucoma eyes with visual field defects 
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confined to a single-hemifield. Using a different instrument to assess vascular integrity, their 

results also showed that total retinal blood flow as well as the mean RNFL and GCC 

thickness measurements were reduced in the hemiretinae corresponding to the abnormal 

hemifields compared to the opposite hemiretinae in glaucoma eyes and also these 

measurements in the unaffected hemiretinae of glaucoma eyes were found to be significantly 

lower than similar measurements in healthy hemiretinae.

Early studies using OCT-A in glaucoma have documented reduction of vessel density 

measurements in the overall peripapillary region and its associations with functional 

measurements.18, 29 Results of the current study support findings of previous reports; 

however, in the present study measurements were specifically investigated in both affected 

and intact hemiretinae of eyes with localized visual field defects confined to a single 

hemifield. This approach was chosen as it facilitated direct assessment of visual field 

damage and its corresponding retinal microcirculation. In addition, our findings were also 

suggestive of more widespread peripapillary and macular vascular damage in the intact 

hemiretina of glaucoma eyes than detectable by perimetry.

In the present study, it was also observed that the correlation between visual field indices 

and vessel density in both affected and intact hemiretinae of glaucoma eyes were generally 

stronger than the relationships between visual field indices and SD-OCT based structural 

damage. Moreover, as could be expected, associations were stronger in the affected 

compared to the intact hemifields. In the intact hemifield, all visual field parameters except 

PD were found to be associated with both structural and vascular measures. One explanation 

for this finding in the intact hemifield is that eyes with any test locations <1% on the PD plot 

in the intact hemifield were excluded. Visual field MS and TD could suggest a more 

widespread loss of vascular and neural tissue occurring in the intact hemiretinae that is 

associated with the diffuse attenuation of visual function in the intact hemifields. Similarly, 

Takagi et al.13 reported an association between SD-OCT macular ganglion cell complex 

thickness with visual field TD in the intact hemifields of glaucoma eyes and failed to 

establish an association with visual field PD.

The results of the present study showing stronger associations between visual field measures 

and OCT-A derived vascular measurements than standard structural measurements are 

consistent with findings from other OCT-A studies,17-19, 30 that evaluated relationships 

between average optic disc and peripapillary vascular measurements with global visual field 

indices such as MD and PSD.17-19 More recently Akagi et al.,22 studied eyes with hemifield 

visual field defects using OCT-A and reported that peripapillary vessel density in both non-

myopic and myopic eyes was reduced at the corresponding location of the visual field 

defects and was associated with the visual field TD values at their corresponding sides. The 

current study has further shown that not only the peripapillary microvasculature in the optic 

nerve head but also microvascular networks in the perifoveal region of the macula is reduced 

both in the affected and intact hemiretinae of glaucoma eyes. Longitudinal studies are 

needed to clarify the clinical and pathophysiological relevance of perifoveal reduced vessel 

density in glaucomatous neuropathy.
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In contrast, in a study using Doppler-OCT, a relationship between total retinal blood flow in 

either the affected or intact hemiretinae and retinal sensitivity in the corresponding 

hemifields was not established.15 We speculate that the difference in the results of the 

present study with the aforementioned study could be partially attributed to the different 

aspects of the ocular vasculature assessed by different technologies. Doppler-OCT 

technology is able to quantify retinal blood flow within the large vessels, however flow 

velocity in the microvasculature is too low to be detected by Doppler shift.31-33 In contrast, 

OCT-A measures the presence of blood flow as characterized by moving red blood 

cells.17, 25 Moreover, OCT-A technology unlike Doppler is not sensitive to the direction of 

vasculature in relation to the direction of the emitting beam. Hence OCT-A captures the 

dynamic motion of flowing blood in all directions in contrast to Doppler that quantifies flow 

velocity depending on their orientation and angle of the vasculature in relationship to the 

incident beam. Comparison of validated measures of retinal blood flow such as Doppler-

OCT with OCT-A vessel density measurements in longitudinal studies may elucidate the 

importance of the vascular bed they measure.

We also found a stronger association of the visual function with both peripapillary and 

macular vessel density compared to structural measurements in the similar regions in the 

affected hemifields of glaucoma eyes (p < 0.05). We speculate that these results could reflect 

the existence of dysfunctional RGCs with lower metabolic demands, and/ or vascular 

dropout while these cells have not atrophied yet to be detected via imaging the structural 

tissue.34, 35 In other words, characterizing the vasculature by detection of RBCs flowing to 

meet the metabolic needs of cells could possibly be a surrogate for neural tissue oxygenation 

and metabolism and may better reflect functional status of the RGCs than the structural 

measurements alone. Longitudinal studies are needed to determine how retinal vasculature is 

involved in the pathophysiology of glaucoma and whether OCT-A vascular parameters can 

provide important information for clinical management of the disease that is not reflected in 

current structural measurements.

OCT-A is a new imaging modality that enables visualization of ocular vasculature in various 

retinal layers. Results of the present study suggest that OCT-A is able to detect diffuse 

reduction of vasculature that exists in glaucoma eyes with localized functional damage. 

However it should be noted that vascular measurements obtained by this technology only 

reflect some aspects of flowing blood within the detected vessels and is not an estimate of 

blood flow or other aspects of ocular circulation. The Angiovue detects vasculature based on 

amplitude decorrelation, which results from blood flow, but does not directly quantify the 

flow rate within detected vessels.36 Therefore, reduced vessel density that we observed 

could be either the result of capillary dropout or of very slow rates of blood flow within 

perfused vasculature and results should be interpreted having these two scenarios in mind.

Our study has several limitations. First, due to the cross-sectional design, we could only 

identify detectable microvascular attenuation and its association with functional measures in 

glaucoma eyes, and we were not able to establish any cause and effect relationships. Finding 

attenuated vasculature that is correlated with visual field measures could indicate vascular 

damage relevant to the pathophysiology of glaucoma, although it cannot distinguish between 

decreased vessel density caused by structural damage as a consequence of glaucoma and 
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ischemia, a potential cause of the damage. It is possible that structural damage drives the 

reduction in vessel density through decreased metabolic demand or alternatively neural 

tissue loss arises from the attenuated microvasculature and the resulting ischemic 

damage.37-39 Longitudinal studies can further clarify these relationships. Second, in using 

the PD plot in defining a defect, which compares results to a normative database, it is 

important to remember that this does not preclude possible diffuse functional damage, which 

is especially common in early glaucoma.40 As a result, it is important to remember that 

intact hemifields reported in this study and others do not necessarily have a total absence of 

true visual field loss (though this is may be hard to detect or quantify due to noisy 

measurements, aging and/or cataract). Finally, due to the cross-sectional, non-interventional 

design of the study we were not able to evaluate the potentially confounding impact of 

ocular hypertensive drops, blood pressure lowering medications and systemic conditions on 

the vascular measurements. Among glaucoma eyes, moreover, 48 (82.8%) were taking 

multiple ocular hypertensive drops for a lengthy time. Therefore despite finding no 

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

medications between our study populations we cannot dismiss the effect of these factors on 

vascular measurements. Hence, exploring the possible effect of ocular and systemic 

conditions and the use of medications on vascular measurements warrant further 

investigations.

In conclusion, we have demonstrated that in glaucoma eyes with a single-hemifield defect, 

vessel density and structural measurements were reduced in the intact hemiretinae in both 

peripapillary and macular regions compared to hemiretinae of healthy eyes. In addition, the 

amount of structural damage and vessel density loss in both affected and intact hemiretinae 

were found to be associated with the extent of perimetric loss in the corresponding 

hemifields and these associations were generally stronger for vascular measurements 

compared to structural measurements. OCT-A is a promising technology that is able to 

detect microvascular dropout in regions without detectable visual field loss and it might 

further improve our understanding about the role of retinal vasculature in glaucoma. 

Longitudinal studies are needed to determine the complex topographic and temporal 

relationship between progressive changes in retinal vasculature, and structural and functional 

measurements.
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Abbreviations and Acronyms

-A angiography

CCT central corneal thickness

CI confidence interval

cpVD circumpapillary vessel density
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dB decibels

DIGS Diagnostic Innovations in Glaucoma Study

GCC ganglion cell thickness

IOP intraocular pressure

MD mean deviation

MS mean sensitivity

μm micrometers

OCT optical coherence tomography

PD pattern deviation

pfVD perifoveal vessel density

POAG primary open-angle glaucoma

PSD pattern standard deviation

RGC retinal ganglion cell

RNFL retinal nerve fiber layer

SAP standard automated perimetry

SD spectral domain

SSADA split spectrum amplitude decorrelation angiography

TD total deviation
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Precis / Highlights

OCT angiography is able to detect microvascular dropouts in peripapillary and macular 

regions without detectable visual field loss, and it may enhance our understanding of the 

role of retinal vasculature in glaucoma.
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Figure 1. 
Top row: Vessel density map of the peripapillary retinal nerve fiber layer with 

circumpapillary (cpVD) measurement region defined (left) and macular superficial layer 

with perifoveal (pfVD) measurement region defined (right). Bottom row: spectral domain 

optical coherence tomography (SD-OCT) optic nerve head (ONH) thickness map (left) and 

macular ganglion cell complex (mGCC) thickness map (right).
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Figure 2. 
A representative glaucoma eye with superior visual field defect: Top row: standard 

automated perimetry (SAP) results showing superior visual field. Middle row: macular 

ganglion cell complex (mGCC) thickness map (left) and optic nerve head (ONH) thickness 

map (right) representing mGCC and circumpapillary retinal nerve fiber layer (cpRNFL) loss 

corresponding to the visual field defect. Bottom line: Vessel density map of the peripapillary 

retinal nerve fiber layer (right) and macular superficial layer (left) illustrating reduced 

vasculature that spatially correlates with the location of structural loss and visual field 

defect.
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Figure 3. 
Top row: Vessel density map of the macular superficial layer (left) and peripapillary retinal 

nerve fiber layer (right) showing denser microvascular networks in healthy eyes in both 

regions. Bottom row: Area vessel density color-coded map of the macular superficial layer 

(left) and peripapillary retinal nerve fiber layer (right), 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 green.
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Figure 4. 
Scatterplots illustrating the linear (grey line) associations between standard automated 

perimetry (SAP) mean sensitivity in the affected hemifields and optical coherence 

tomography angiography (OCT-A) circumpapillary vessel density (cpVD), perifoveal vessel 

density (pfVD), spectral domain optical coherence tomography (SD-OCT) retinal nerve 

fiber layer (RNFL) and ganglion cell complex (GCC) thickness measurements in the 

corresponding hemiretinae of glaucoma eyes. r: correlation coefficient from the fitted linear 

regression model.
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Figure 5. 
Scatterplots illustrating the linear (grey line) associations between standard automated 

perimetry (SAP) mean sensitivity in the perimetrically intact hemifields and optical 

coherence tomography angiography (OCT-A) circumpapillary vessel density (cpVD), 

perifoveal vessel density (pfVD), spectral domain (SD) OCT retinal nerve fiber layer 

(RNFL) and ganglion cell complex (GCC) thickness measurements in the corresponding 

hemiretinae of glaucoma eyes. r: correlation coefficient from the fitted linear regression 

model.
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Table 1
Demographics and Ocular Characteristics of the Study Population

Variables Healthy eyes (28 eyes of 28 patients) Glaucoma eyes (58 eyes of 58 patients) P-value

Age (years) 69.91 ± 9.28 71.37 ± 9.75 0.190‡

Gender (male/female) 8/20 24/34 0.250†

Ethnicity (AD/ED) 12/16 10/48 0.011†

VF defect location (Sup/Inf), n NA 26/32

SE (D) -0.17 ± 1.41 -0.89 ± 2.16 0.217*

CCT (μm) 540.11± 42.91 534.66 ± 40.06 0.576‡

IOP (mmHg) 15.71 ± 3.31 14.11 ± 4.74 0.076‡

Hypertension, n (%) 13 (46.4 %) 28 (48.3 %) 0.872†

Diabetes, n (%) 5 (17.9 %) 5 (8.6 %) 0.211†

Cardiovascular disease, n (%) 4 (14.3 %) 12 (20.7 %) 0.475†

Hypertension medication, n (%) 14 (50.0%) 30 (51.7%) 0.881†

Diabetic medication, n (%) 4 (14.3%) 5 (8.6%) 0.421†

SBP (mmHg) 132.32 ± 19.09 127.39 ±17.39 0.110*

DBP (mmHg) 82.23 ± 12.17 78.67 ± 11.45 0.209*

MOPP (mmHg) 52.01 ± 9.25 49.16 ± 9.19 0.186‡

SAP mean deviation (dB) -0.10 ± 1.12 -3.68 ± 3.38 <0.001*

SAP pattern standard deviation (dB) 1.66 ± 0.43 5.78 ± 4.04 <0.001*

Disc area (mm2) 1.98 ± 0.45 1.98 ± 0.45 0.661‡

Rim area (mm2) 1.31 ± 0.27 0.83 ± 0.37 <0.001‡

Average cpVD (%) 62.5 ± 3.6 57.0± 4.7 <0.001‡

Average pfVD (%) 53.9 ± 2.4 49.7 ± 3.1 <0.001‡

Average cpRNFL (μm) 94.9 ± 8.4 77.7 ± 9.2 <0.001‡

Average mGCC (μm) 92.3 ± 6.7 82.2 ± 9.0 <0.001‡

Values are shown in mean ± standard deviation

*
The comparison was performed by using Mann-Whitney test.

†
The comparison was performed by using Chi-squared test.

‡
The comparison was performed by using independent samples t-test

AD: African descent; ED: European descent; VF: visual field; SE: spherical equivalent; CCT: central corneal thickness; IOP: intraocular pressure; 
SBP: systolic blood pressure; DBP: diastolic blood pressure; MOPP: mean ocular perfusion pressure; SAP: standard automated perimetry; cpVD: 
circumpapillary vessel density; pfVD: perifoveal vessel density; cpRNFL: circumpapillary retinal nerve fiber layer; mGCC: macular ganglion cell 
complex
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