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Abstract
There is a growing body of evidence that early glaucomatous damage involves the macula. The
anatomical basis of this damage can be studied using frequency domain optical coherence
tomography (fdOCT), by which the local thickness of the retinal nerve fiber layer (RNFL) and
local retinal ganglion cell plus inner plexiform (RGC+) layer can be measured. Based upon
averaged fdOCT results from healthy controls and patients, we show that: 1. For healthy controls,
the average RGC+ layer thickness closely matches human histological data; 2. For glaucoma
patients and suspects, the average RGC+ layer shows greater glaucomatous thinning in the inferior
retina (superior visual field (VF)); and 3. The central test points of the 6° VF grid (24-2 test
pattern) miss the region of greatest RGC+ thinning. Based upon fdOCT results from individual
patients, we have learned that: 1. Local RGC+ loss is associated with local VF sensitivity loss as
long as the displacement of RGCs from the foveal center is taken into consideration; and 2.
Macular damage is typically arcuate in nature and often associated with local RNFL thinning in a
narrow region of the disc, which we call the macular vulnerability zone (MVZ). According to our
schematic model of macular damage, most of the inferior region of the macula projects to the
MVZ, which is located largely in the inferior quadrant of the disc, a region that is particularly
susceptible to glaucomatous damage. A small (cecocentral) region of the inferior macula, and all
of the superior macula (inferior VF), project to the temporal quadrant, a region that is less
susceptible to damage. The overall message is clear; clinicians need to be aware that glaucomatous
damage to the macula is common, can occur early in the disease, and can be missed and/or
underestimated with standard VF tests that use a 6° grid, such as the 24-2 VF test.
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Macular damage and macular vulnerability zone  
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What is a role of ocular blood flow in glaucoma 
pathogenesis? 

•  Retinal blood flow in glaucoma has been measured by different 
methods. 

•  It is still unclear whether vascular changes are a primary or 
secondary consequence in glaucoma  ??? 

….. a new technology for measuring retinal  
blood flow in glaucoma is needed 
  



Comparative characteristics of the diagnostic value of 
structural and ocular blood flow parameters in the early 

detection of glaucoma 

•  * lower confidence limit of of 95% confidence interval for AUC 
•  ** upper confidence limit of 95% confidence interval for AUC 
Avg.GCC- the average thickness of the ganglion cell complex, CH - corneal hysteresis, CRA - central retinal artery,  
CRV - central retinal vein, TPCA - temporal short posterior ciliary arteries; PSV- peak systolic velocity, EDV- end diastolic velocity 
Vmean- mean velocity, pCT - choroidal thickness at a point located 3 mm nasal from the fovea. 

Kurysheva	et	al,	Cur.Eye	Res.,	2016 

Parameter z-value p-value AUC 
AUC 

LCL* 

AUC 

UCL** 

VortexVein,Vmean, cm/s 5.35 <0.0001 1.000 1.000 1.000 

CRV, Vmean, cm/s 3.74 0.0001 0.849 0.715 0.983 
CRA, EDV, cm/s 1 2.74 0.006 0.730 0.582 0.878 
TPCA, EDV, cm/s 2.53 0.011 0.711 0.566 0.857 

CH, mm Hg. 2.24 0.025 0.686 0.539 0.833 
pCT, pm -2.28 0.022 0.689 0.545 0.833 

avg.GCC, pm 2.05 0.041 0.670 0.513 0.837 
Focal Loss Volume, % -1.86 0.064 0.655 0.493 0.816 



OCT angiography – a new method to 
evaluate blood flow in glaucoma 

Decorrelation (Flow) 



OCT Angiography Steps 

En-face 
projection 
over depth 
range 

Record several 
tomograms per slow 
scanner position 

Calculate logarithmic 
intensity difference 
between successive B-
Scans & average 

Favorable reproducibility in glaucoma and ocular hypertension has 
been described  (test-retest variability: 2.13%)  
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Results
Human Subjects. We examined one eye from each of nine human subjects, including 3 women and 6 men, 
3 left eyes and 6 right eyes. The mean age was 30.2 (standard deviation [SD] 7.4). The mean refractive error was 
− 1.3 diopters (SD 1.7). 4 of the subjects were Asian, and 5 were Caucasian. The mean systolic blood pressure was 
113 mmHg (standard deviation 4), and none of the subjects had any medical or ocular comorbidities, and were 
on no topical or systemic medications.

Anatomic localization of vascular plexuses. Using the PR-OCTA algorithm, we were able to detect the 
depth of vascular plexuses in the retina in four geographic regions temporal to the optic nerve (peripapillary, par-
afoveal, perifoveal, peripheral) by identifying depth-specific peaks in vessel density for each subject. This montage 
OCTA (Fig. 2) from one subject displays decorrelation signals from a single 2 dimensional image demonstrating 
the typical angiographic appearance of the inner retina with both large and small vessels. Overlaying the decorre-
lation signal onto a structural OCT image (Fig. 2), after application of the PR-OCTA algorithm, the specific depth 
and relative breadths of the four vascular plexuses are easily visualized.

Depth-resolved capillary density profiles (Fig. 3) were obtained in 4 anatomic areas. In the peripapillary 
region, the RPCP and the SVP demonstrate two peaks of capillary density, but with no distinct trough separating 
them. In the parafoveal and perifoveal regions, there are three distinct peaks corresponding to the three vascular 
plexuses (SVP, ICP, and DCP). There are 2 distinct troughs separating the 3 plexuses in the central macula (Fig. 3), 
and the 3 plexuses could be visualized as distinct layers in cross-sectional OCTA vessel density map (Fig. 4). The 
3 plexuses merge into one at the edge of the foveal avascular zone (FAZ). In the peripheral region, the ICP and the 
DCP merge into a single peak (Fig. 3). The merged parafoveal capillary ring can be visualized in the en face OCTA 
of all 3 plexuses (Fig. 5). On the cross-sectional capillary density map (Fig. 4), the ICP and DCP can be seen to 
merge into a single layer approximately 6–7 mm temporal to the fovea.

En face visualization of vascular plexuses. Using the depth locations of the retinal vascular plexuses 
defined by the investigation above (Fig. 3), we produced en face OCTA of the four vascular plexuses (Fig. 5). 
Although the RPCP and the SVP appear to be a single complex in cross section (Fig. 4), they present distinct 
patterns en face (Fig. 5). The RPCP has long radial capillaries that run parallel with the nerve fiber bundles, 
whereas the SVP consists of a mixture of large and small vessels (Fig. 5). In the macula, the SVP has a pattern of 
centripetally branching pattern that terminate at capillary ring around the foveal avascular zone (Fig. 5). The larg-
est arcade vessels interweave between the NFL and GCL, and thus are captured in both the RPCP and SVP slabs. 
The ICP and DCP consist of thin layers of capillaries arranged in lobular patterns without directional preference.

En face visualization of inter-plexus layers. In the parafoveal and perifoveal retina, the retinal layers 
are sufficiently thick for PR-OCTA to resolve not only the 3 distinct vascular plexuses, but also the capillary-free 
interconnecting layers between them. This is demonstrated in Fig. 6 using a high resolution 2 mm ×  2 mm scan 
in the temporal macula. In these inter-plexus spaces, some interconnecting vascular segments can be observed. 
Comparison with a color fundus photograph showed that these interconnecting vessels arise from terminal 

Figure 2. Projection-resolved optical coherence tomography angiography (PR-OCTA) in the left eye of a 
normal study participant. Four 4.5 ×  4.5 mm OCTA volumes were montaged. (A) 14.2 ×  4.5 mm en face OCTA 
of the inner retina. The cross-sectional image (B) is taken along the maculopapillary axis (green line joining the 
centers of the fovea and optic disc). (B) Color-composite cross-sectional OCTA (14.2 ×  0.7 mm) showing retinal 
(purple) and choroidal (red) blood flow superimposed on gray scale reflectance image of static structures. The 
white rectangles in (A) and (B) represent the 0.1 ×  0.8 ×  0.25 mm (x ×  y ×  z) sampling regions at locations in the 
peripapillary, parafoveal (green circle), perifoveal (blue circle), and peripheral (7 mm temporal to fovea) retina 
for capillary density measurements.

www.nature.com/scientificreports/
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Figure 4. Cross-sectional capillary density map in the retina of a normal human participant, and 
proposed segmentation boundaries. The top 14.2 mm (x) by 0.7 mm (z) image was obtained by montaging 
four 4.5 ×  4.5 mm PR-OCTA volumes and selecting a cross-sectional slab along the maculopapillary axis 
(Fig. 2). The capillary density is measured within super-voxels of 0.1 ×  0.8 ×  0.01 mm (x ×  y ×  z). Three layers 
of concentrated capillary density could be seen in the retina (top layers of upper image): superior vascular 
complex, intermediate capillary plexus, and deep capillary plexus. One layer of high capillary density is seen in 
the choriocapillaris (bottom layer). Proposed segmentation boundaries are showen in lower image (white lines) 
with corresponding structural OCT layers. (OCT =  optical coherence tomography, RPCP =  radial peripapillary 
capillary plexus, SVP =  superficial vascular plexus, ICP =  intermediate capillary plexus, DCP =  deep capillary 
plexus, GCC =  ganglion cell complex, OPL =  outer plexiform layer, RPE =  retinal pigment epithelium).

Figure 5. En face projection-resolved optical coherence tomography angiograms of four retinal vascular 
plexuses in the left eye of a normal human participant. The angiograms are formed by the montage of four 
2 ×  2 mm scans. The radial peripapillary capillary plexus (RPCP) is found in the nerve fiber layer (NFL) slab. 
The superficial vascular plexus (SVP) slab was predominantly located in the ganglion cell layer (GCL), and was 
segmented as the inner 80% of the ganglion cell complex (GCC, defined as the NFL +  GCL +  inner plexiform 
layer [IPL]), excluding the NFL. The intermediate capillary plexus (ICP) was segmented between the outer 
20% of the GCC to the inner 50% of the inner nuclear layer (INL). The deep capillary plexus was segmented 
between the outer 50% of the INL and the outer plexiform layer (OPL). High magnification images of the 
peripapillary RPCP, and parafoveal vascular networks of the SVP, ICP, and DCP are presented at the right, from 
corresponding sections indicated with white squares.

Campbell, J. P. et al., Sci. Rep., 2017  .  
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cross-sectional images (B-frames) taken at the same location. Because OCTA uses motion as intrinsic contrast, 
extrinsic contrast such as intravenous injection of fluorescein dye is not needed, making this new modality more 
practical for routine clinical use. Since its clinical introduction, OCTA has been used for en face visualization of 
blood flow in anatomic slabs, so that the retinal circulation can be displayed separately from the choroidal cir-
culation, and the vascular anatomy can be further subdivided into more superficial and deeper retinal vascular 
plexuses, typically called the superficial and deep plexuses14,15. However, these early attempts to separate the ret-
inal circulation into superficial and deep plexuses has been marred by segmentation boundaries that imperfectly 
segment the intermediate capillary plexus (Fig. 1), and flow projection artifact16–18.

Flow projection artifact is caused by the flickering shadow from superficial blood flow being projected onto 
deeper tissue layers. Since in-situ flow and its shadow both produce OCT signal variation, the OCTA algorithms 
interpret them both as flow. Due to the projection artifact, superficial vessels acquire a long tail downward (also 
called tailing artifact) on cross-sectional OCTA. On en face OCTA, the vascular patterns from more superficial 
plexuses are duplicated on the deeper layers, making it impossible to obtain a clean image of the deeper vascular 
plexuses, or to separately visualize the ICP and the DCP, and demonstrating signal in the normally avascular 
outer retina. This has complicated early attempts at using OCTA to identify pathological neovascularization in 
(or under) the outer retina19, and quantify nonperfusion in the deeper layers20.

We previously reported a novel algorithm called “projection-resolved” OCTA (PR-OCTA)21. Our hypothesis 
was that this algorithm would allow visualization of the four human retinal vascular plexuses known from histol-
ogy, and allow quantitative comparison of vessel densities at each location in the retina, both in depth (within the 
layers of the retina), and in location between the optic nerve and the retinal periphery. We proposed to resolve the 
flow projection artifact limiting existing technology, produce clean en face OCTA of the deeper retinal capillary 
plexuses, and describe the inter-plexus anatomy18. Using this technology to characterize the retinal vascular plex-
uses in vivo, we propose a standard nomenclature for these vascular networks, and provide guidance for rational 
segmentation algorithms, which respect the normal distribution of vascular networks in the human retina.

Figure 1. Anatomic localization of vascular plexuses in the human retina in the macula, and current and 
proposed optical coherence tomography angiography segmentation boundaries. An illustration of the 
retinal vascular plexuses in red (labeled on right) hand drawn on top of a histological section of the human 
retina showing anatomic layers (labeled on left) from spectral domain optical coherence tomography. The four 
vascular plexuses can be grouped into superficial and deep vascular complexes (SVC and DVC, as shown on 
right) for routine segmentation, but ought to reflect the anatomic location of the ICP at the IPL/INL interface, 
which the current OCTA segmentations use as a border between superficial and deep plexuses (labeled on left 
as SCP and DCP). Current and proposed vascular nomenclature and OCTA segmentations are shown at the 
bottom. (NFL =  nerve fiber layer, GCL =  ganglion cell layer, IPL =  inner plexiform layer, INL =  inner nuclear 
layer, OPL =  outer plexiform layer plus Henle’s fiber layer, ONL =  outer nuclear layer, PR =  photoreceptor 
layers, RPE =  retinal pigment epithelium, OCTA =  optical coherence tomography angiography, RPCP =  radial 
peripapillary capillary plexus, SVP =  superficial vascular plexus, ICP =  intermediate capillary plexus, 
DCP =  deep capillary plexus).
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Detailed Vascular Anatomy of 
the Human Retina by Projection-
Resolved Optical Coherence 
Tomography Angiography
J. P. Campbell*, M. Zhang*, T. S. Hwang, S. T. Bailey, D. J. Wilson, Y. Jia & D. Huang

Optical coherence tomography angiography (OCTA) is a noninvasive method of 3D imaging of the 
retinal and choroidal circulations. However, vascular depth discrimination is limited by superficial 
vessels projecting flow signal artifact onto deeper layers. The projection-resolved (PR) OCTA algorithm 
improves depth resolution by removing projection artifact while retaining in-situ flow signal from real 
blood vessels in deeper layers. This novel technology allowed us to study the normal retinal vasculature 
in vivo with better depth resolution than previously possible. Our investigation in normal human 
volunteers revealed the presence of 2 to 4 distinct vascular plexuses in the retina, depending on location 
relative to the optic disc and fovea. The vascular pattern in these retinal plexuses and interconnecting 
layers are consistent with previous histologic studies. Based on these data, we propose an improved 
system of nomenclature and segmentation boundaries for detailed 3-dimensional retinal vascular 
anatomy by OCTA. This could serve as a basis for future investigation of both normal retinal anatomy, as 
well as vascular malformations, nonperfusion, and neovascularization.

Our current understanding of the retinal vascular networks developed from pioneering work on primate his-
tology1,2. From these early studies, we know that there are up to four retinal vascular networks in the macula 
(Fig. 1)3. The superficial vascular plexus (SVP) is supplied by the central retinal artery and composed of larger 
arteries, arterioles, capillaries, venules, and veins vessels primarily in the ganglion cell layer (GCL). There are 
two deeper capillary networks above and below the inner nuclear layer (INL) referred to as the “intermediate” 
and “deep” capillary plexuses, or ICP and DCP, respectively, which are supplied by vertical anastomoses from the 
SVP1,2. The fourth network is a regional layer called the radial peripapillary capillary plexus (RPCP). The radial 
peripapillary capillaries have a unique anatomic organization because they run in parallel with the NFL axons, as 
opposed to the deeper vascular plexuses, which have a lobular configuration4,5. The functional significance of the 
RPCP has been recognized due to its role supplying the densely packed nerve fiber layer (NFL) bundles in this 
region4–6. This organization of the retinal vascular plexuses has been confirmed in humans ex vivo using confocal 
microscopy7,8 and in vivo using speckle variance OCT9 and adaptive optics confocal scanning laser ophthalmo-
scopy (AO-cSLO)10 in research studies, technologies with a very narrow field of view and which are not widely 
available. Current clinical imaging of the ocular circulation has been dominated by fluorescein angiography (FA), 
a 2D imaging modality that was developed in the 1950’s that captures the fluorescence signal from intravenously 
injected dye in the retinal and choroidal circulation, and many retinal conditions are defined by their character-
istic FA patterns. FA has the ability to visualize breakdown of the blood-retinal barrier (with the finding of “leak-
age” of extravasated fluorescein), but is limited in its ability to resolve the depth of specific signal abnormalities, 
and cannot visualize the deeper retinal capillary layers (ICP and DCP) due to blocked fluorescence11,12.

Optical coherence tomography (OCT) is a non-invasive imaging technology that has the high speed required 
for 3D volumetric imaging and the high spatial resolution to visualize individual layers in the retina. OCT has 
become routine in the evaluation of retinal and optic nerve diseases, and is the most commonly used imaging 
modality in ophthalmology13. In a recently developed extension of OCT, OCT angiography (OCTA) detects blood 
flow down to the capillary level by measuring change (decorrelation or variance) in OCT signal in consecutive 
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Jia et al. Ophthalmology 2014 
variation (CV) was calculated by comparing 3 measurements ob-
tained at the same location by a single operator.

The same subset of normal subjects used to calculate intra-visit
repeatability were used to calculate inter-visit reproducibility ob-
tained from 3 sets of scans performed on 3 separate visits. All scans
were obtained within the timeframe of 1 year. The CV was
determined from measurements made by a single operator and
obtained on separate visits of the subjects.

Visual Field Testing
Visual field tests to determine PSD and MD were performed with
the Humphrey Field Analyzer II (Carl Zeiss Meditec, Inc, Dublin,
CA) set for the 24-2 threshold test, size III white stimulus, and
standard Swedish Interactive Threshold Algorithm.

Structural Analysis
The disc rim area for each subject was measured by confocal
scanning laser ophthalmoscopy (cSLO) (HRT II, Heidelberg

Engineering, GmbH, Dossenheim, Germany). An experienced
glaucoma specialist graded vertical and horizontal cup/disc (C/D)
ratio on stereo photography. The C/D area ratio was calculated by
multiplying vertical and horizontal ratios. Peripapillary retinal NFL
thickness was measured from a 3D volumetric scan of 8!8 mm on
the same swept-source OCT system used for OCT angiography.
The NFL thickness was then averaged from a circular profile of
3.4-mm diameter centered on the disc.

Statistical Analysis
Linear regression analysis was used in the normal group to
investigate whether the measurement of disc flow index was
affected by age, body mass index (BMI), mean ocular perfusion
pressure (MOPP), or IOP. Wilcoxon rank-sum tests were used to
compare average values of measurements between normal and
glaucoma eyes. Univariate regression analysis was then used to
determine the relationships between disc flow index and traditional
measures of function and structure, such as the VF MD, VF PSD,
C/D area ratio, rim area, NFL thickness, and IOP in the glaucoma

Figure 1. Disc photographs (A1, A2), optical coherence tomography (OCT) reflectance (B1, B2), whole-depth OCT angiograms (C1, C2, en face
maximum projection), and cross-sectional angiograms (D1, D2, overlaying on OCT reflectance in gray scale) in the right eye of a normal subject (A1eH1)
and the left eye of a perimetric glaucoma (PG) subject (A2eH2). Disc margins are marked by the black elliptical outlines (B1, B2, C1, C2). The position of
the cross-section is shown by dotted blue lines (C1, C2). A dense microvascular network was visible on the OCT angiography of the normal disc (C1). This
network was greatly attenuated in the glaucomatous disc (C2). To appreciate the ability of OCT angiography to detect blood flow within the various
vascular beds, the 3-dimensional angiograms were separately projected into en face maximum projection in 3 layers, that is, retinal angiograms (E1, E2),
choroidal angiograms (F1, F2), and scleral/lamina cribrosa angiograms (G1, G2). The boundaries used for segmentation are indicated by dotted green lines on
cross-sectional OCT reflectance (H1, H2).

Jia et al " OCT Angiography of Optic Disc Perfusion in Glaucoma
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… the entire optic disc blood flow 
 was significantly lower in 
 the glaucoma group  
than in the control eyes.  
The more sever glaucoma stage- 
the lower the entire  
optic disc blood flow.  

Literature Review  



Statistical Analysis

The distribution of numerical data was tested for normality
using the Shapiro-Wilk test. Descriptive statistics were
calculated as the mean and standard deviation for normally
distributed variables and median, first quartile, and third
quartile for nonnormally distributed variables. Categorical
variables were compared using the v2 test. Age-adjusted
ANOVA was used for the comparison between groups, and
the Tukey-Kramer honest significant difference (HSD) post hoc
test was performed to adjust for multiple comparisons
between groups within each analysis.

Diagnostic accuracy for differentiating between (1) healthy
and glaucoma eyes and (2) healthy and glaucoma suspect eyes
was evaluated by calculating the area under the receiver
operating characteristic (AUROC) curves. For the analysis of
vessel density, each participant contributed eyes to either the
glaucoma patient group or the glaucoma suspect group, but
not both. If both eyes of a glaucoma patient did not show
evidence of repeatable visual field damage, then the eye
without visual field damage was excluded from the analyses of
both the glaucoma eyes and glaucoma suspect eyes.

For completeness, diagnostic accuracy also was calculated
for differentiating between (1) healthy subjects and glaucoma
patients and (2) healthy subjects and glaucoma suspect

participants using the mean vessel density of both eyes as
the unit of analysis for each subject.

The AUROC curves were adjusted for age differences
between groups, using a covariate adjustment regression
method.36,37 For the analysis by eye, a between-cluster
variance estimator was used to adjust for including both eyes
of the same subject in the model.

Pairwise comparisons of the AUROCs were performed using
the method suggested by Pepe al.36 to evaluate whether there
were statistically significant differences between the ROC
curves. All statistical analyses were performed with commercially
available software a Stata version 14 (StataCorp, College Station,
TX, USA) and JMP version 11.2.0 (SAS, Inc., Cary, NC, USA). The
a level (type I error) was set at 0.05 for all comparisons.

RESULTS

Two hundred sixty-one eyes of 164 healthy subjects, glaucoma
suspects, and OAG patients with good-quality scans were
included in the analysis. Mean age in the healthy group was
significantly lower than both glaucoma and glaucoma suspect
group (P < 0.001; Table 1). Therefore, all comparisons and ROC
curves were adjusted for age differences between groups.
Compared with glaucoma suspect and healthy subjects,

FIGURE 1. Retinal nerve fiber layer vessel density map in healthy, glaucoma suspect, and open-angle glaucoma eyes. Top row: circumpapillary vessel
density map measurement region defined. Middle row: vessel density extracted map overlay on the major retinal vessels. Bottom row: area vessel
density color-coded map.
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PURPOSE. The purpose of this study was to compare retinal nerve fiber layer (RNFL) thickness
and optical coherence tomography angiography (OCT-A) retinal vasculature measurements in
healthy, glaucoma suspect, and glaucoma patients.

METHODS. Two hundred sixty-one eyes of 164 healthy, glaucoma suspect, and open-angle
glaucoma (OAG) participants from the Diagnostic Innovations in Glaucoma Study with good
quality OCT-A images were included. Retinal vasculature information was summarized as a vessel
density map and as vessel density (%), which is the proportion of flowing vessel area over the
total area evaluated. Two vessel density measurements extracted from the RNFL were analyzed:
(1) circumpapillary vessel density (cpVD) measured in a 750-lm-wide elliptical annulus around
the disc and (2) whole image vessel density (wiVD) measured over the entire image. Areas under
the receiver operating characteristic curves (AUROC) were used to evaluate diagnostic accuracy.

RESULTS. Age-adjusted mean vessel density was significantly lower in OAG eyes compared with
glaucoma suspects and healthy eyes. (cpVD: 55.1 6 7%, 60.3 6 5%, and 64.2 6 3%,
respectively; P < 0.001; and wiVD: 46.2 6 6%, 51.3 6 5%, and 56.6 6 3%, respectively; P <
0.001). For differentiating between glaucoma and healthy eyes, the age-adjusted AUROC was
highest for wiVD (0.94), followed by RNFL thickness (0.92) and cpVD (0.83). The AUROCs for
differentiating between healthy and glaucoma suspect eyes were highest for wiVD (0.70),
followed by cpVD (0.65) and RNFL thickness (0.65).

CONCLUSIONS. Optical coherence tomography angiography vessel density had similar diagnostic
accuracy to RNFL thickness measurements for differentiating between healthy and glaucoma
eyes. These results suggest that OCT-A measurements reflect damage to tissues relevant to the
pathophysiology of OAG.

Keywords: glaucoma, OCT angiography, RNFL

The potential role of the microvasculature and blood flow in
the pathophysiology of glaucoma, a progressive optic

neuropathy1, has been debated and extensively investigat-
ed.2–10 Previous studies have demonstrated reduced ocular
blood flow in optic nerve head, retina, choroid, and retrobulbar
circulations in glaucoma.5,7,9,11–19 However, the lack of a
reproducible and relevant in vivo quantitative assessment
method has limited the study of both ocular perfusion11,20

and their microvascular networks.
Radial peripapillary capillaries (RPCs) comprise a distinct

network of capillary beds located within the retinal nerve fiber
layer (RNFL) that supply the retinal ganglion cell (RGC)
axons.21–24 Although histologic studies highlighted the impor-
tance of the RPC networks in glaucoma,25–27 in vivo
investigations have been limited by the lack of a technique to
quantitatively characterize the microvasculature.28 A reliable
clinical method for imaging these vascular beds would improve
our knowledge about the role of RPCs in RGC axonal health
and disease.29

In this regard, optical coherence tomography angiography
(OCT-A) is a new imaging modality that can be used to
characterize vasculature in various retinal layers,30 providing
quantitative assessment of the microcirculation in the optic
nerve head31,32 and peripapillary region.33 The objective of the
current study is to assess the performance of OCT-A retinal
vessel density measurements for differentiating among healthy
subjects, glaucoma suspects, and glaucoma patients and also to
compare its diagnostic accuracy to spectral-domain (SD)-OCT
RNFL thickness measurements.

METHODS

Study Population

This was an observational cohort study of healthy subjects,
glaucoma suspects, and open-angle glaucoma (OAG) patients
enrolled from the Diagnostic Innovations in Glaucoma Study
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Abstract

Purpose

To evaluate optic nerve vascular density using swept source optical coherence tomography

angiography (OCTA) in patients with early primary open angle glaucoma (POAG), pre-peri-

metric glaucoma and normal eyes.

Methods

This is a prospective, observational study including 56 eyes in total and divided into 3

groups; 20 eyes with mild POAG, 20 pre-perimetric glaucoma eyes, and 16 age-matched

normal eyes as controls. The optic disc region was imaged by a 1050-nm-wavelength

swept-source OCT system (DRI OCT Triton, TOPCON). Vessel density was assessed as

the ratio of the area occupied by the vessels in 3 distinct regions: 1) within the optic nerve

head; 2) in the 3 mm papillary region around the optic disc; and 3) in the peripapillary region,

defined as a 700-μm-wide elliptical annulus around the disc. The potential associations

between vessel density and structural, functional measures were analyzed.

Results

There was a statistically significant difference for the peripapillary vessel density, optic

nerve head vessel density, and papillary vessel density among all the groups (p<0.001).

Control eyes showed a significant difference for all measured vessel densities compared to

glaucomatous eyes (p values from 0.001 to 0.024). There was a statistically significant dif-

ference between control and pre-perimetric glaucoma eyes for peripapillary, optic nerve

head and papillary vessel density values (p values from 0.001 to 0.007). The optic nerve

head vessel density, superior and inferior papillary area vessel density (Pearson r = 0.512,

0.436, 0.523 respectively) were highly correlated with mean overall, superior and inferior

RNFL thickness in POAG eyes (p = 0.04, p = 0.02 and p = 0.04 respectively). Multiple linear
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The area under the ROC for differentiating normal and pre-perimetric glaucoma eyes was
0.956 for papillary area vessel density. The ROC curves showed that the cutoff point was 91.3%
for peripapillary vessel density (94% sensitivity), 86.5% for optic nerve head vessel density
(94% sensitivity) and 92.15% for papillary area vessel density (100% sensitivity) between the
controls and POAG eyes at 95% specificity values (Table 6).

We also performed the analysis of the area under the ROC for glaucoma and suspect eyes
and it was 0.778 (p = 0.06) for peripapillary vessel density, 0.789 (p = 0.05) for optic nerve head
vessel density. Since the p-values are almost statistically significant, it is possible that expand-
ing the study cohort to include more eyes might reveal that optic nerve head vessel density can
differentiate pre-perimetric glaucoma from perimetric glaucoma.

Area under the ROC for mean RNFL in POAG and controls, POAG and suspects, suspects
and controls were 0.916 (p< 0.0001), 0.711 (p = 0.042) and 0.772 (p = 0.022) respectively. This
result reveals that RNFL thickness is a good parameter with high sensitivity and specificity val-
ues for differentiating glaucoma from pre-perimetric glaucoma and normal eyes.

In the POAG group, multiple linear regression analysis in which the vessel density was con-
sidered as the dependent variable, was performed. RNFL thickness was found as a predictor of
optic nerve head vessel density. Age, IOP, VF MD, VF PSD and C/D area ratio were not signif-
icant explanatory variables when grouped with RNFL thickness in the multivariate models.
This showed that optic nerve head vessel density in POAG group were more strongly linked to
RNFL thickness than to any other variables (p = 0.65 for peripapillary vessel density, p = 0.04
for optic nerve head vessel density and p = 0.112 for papillary area vessel density).

Table 5. Variables area under the curve comparison in study groups.

Control vs POAG Control vs Pre-perimetric
Glaucoma

Peripapillary area vessel density 0.956 (0.883–1.000)
p<0.001

0.756 (0.566–0.946) P = 0.03

Optic nerve head vessel density 0.931 (0.838–1.000)
p<0.001

0.863 (0.720–1.000) P = 0.02

Papillary area vessel density 0.956 (0.883–1.000)
p<0.001

0.956 (0.887–1.000) P = 0.001

Superior papillary area vessel
density

1.000 (1.000–1.000)
p<0.001

0.981 (0.938–1.000) p<0.001

Inferior papillary area vessel
density

0.9 (0.762–1.000) P =
0.001

0.819 (0.659–0.979) P = 0.007

Data are area under the curve (95% confidence interval). Null hypothesis: true area = 0.5

doi:10.1371/journal.pone.0170476.t005

Table 6. Cutoff points for the peripapillary area vessel density, optic nerve head vessel density, papillary area vessel density, superior and inferior
papillary area vessel density with the sensitivity values at 95% specificity.

POAG Pre-perimetric glaucoma

Cut off point Sensitivity Cut off Point Sensitivity

Peripapillary area vessel density 91.3 94 92.5 87.5

Optic nerve head vessel density 86.5 94 85.4 93.8

Papillary area vessel density 92.15 100 91.75 100

Superior papillary area vessel density 93.8 100 93.85 100

Inferior papillary area vessel density 90.65 93.8 91.4 81.3

Data derived from ROC curve.

doi:10.1371/journal.pone.0170476.t006

Optical coherence tomography angiography in early glaucoma diagnosis

PLOS ONE | DOI:10.1371/journal.pone.0170476 February 2, 2017 7 / 12
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ABSTRACT

Purpose: To assess vascularity of the macular area in patients with glaucoma using optical 
coherence tomography angiography (OCT-A) and evaluate the role of its examination in early 
glaucoma diagnosis.
Materials and Methods: Thirty-eight eyes of patients with the early stage of primary open-angle 
glaucoma (POAG), 27 eyes of patients with the advanced and far-advanced stages of POAG, 
and 22 eyes of age-matched healthy subjects were examined using spectral-domain OCT-A 
(SD-OCT-А) (RtVue xR Avanti with the AngioVue software, San Jose, CA, USA) in order to 
measure retinal thickness and angio flow density (AFD) retina in macula (an area bounded by 
a circle with a diameter of 3 mm), inсluding fovea and parafovea regions (superficial and deep) 
of the inner retinal layers. The AFD disc and peripapillary flow density were measured in optic 
nerve head (ONH) and 750-μm-wide elliptical annulus extending from the optic disc boundary. 
Retrobulbar blood flow parameters, including ophthalmic artery (OA), central retinal artery 
(CRA), short posterior ciliary arteries (PCAs), central retinal vein (CRV), and vortex veins 
(VV), were measured by color doppler imaging (CDI). The average thickness of the ganglion 
cell complex (avg GCC), retinal nerve fiber layer (RNFL), and choroid, as well as the focal loss 
volume (FLV) and global loss volume (GLV) of GCC were measured by means of SD-OCT. 
Automated perimetry was performed using Humphrey perimeter (Carl Zeiss Meditec, Dublin, 
CA, USA). Corneal-compensated intraocular pressure (IOPcc) and corneal hysteresis (CH) 
were determined using ocular response analyzer. Mean ocular perfusion pressure (MOPP) was 
calculated by measuring IOP and arterial blood pressure (BP) immediately prior to OCT and 
using formula: MOPP = (2/3 diastolic BP + 1/3 systolic BP) × 2/3 – IOP.
Statistical analysis was performed using SPSS version 21 and MASS library in the R language. 
As a measure of the parameter’s importance in distinguishing patient groups, a value of the ad-
justed standardized statistic of the Mann-Whitney test (z-value) and an area under the receiver 
operating characteristic (ROC) curve (AUC) were used.
Results: Although all structural parameters and indices of retrobulbar blood flow were reduced 
in early glaucoma as compared to the normal controls, the following parameters were the main 
discrepancy criteria when discriminating these patient groups: macular vascular density-AFD 
Retina Superficial Whole En Face (z=3.86, p<0.0001; AUC 0.8 (0.69-0.90) and macular thick-
ness in the inferior sector ILM-RPE (z=3.86, p<0.0001; AUC 0.8 (0.69-0.91)). In discriminat-
ing early glaucoma from the advanced and far advanced stages of the disease, the most useful 
were: AFD Disc Peripapillary Inferior Temporalis (z=5.61, p<0.0001; AUC 0.94 (0.86-1.0)) 
and mean flow velocity in CRA (z=4.16, p<0.0001; AUC 0.81 (0.69-0.92)).
Conclusions: The present study revealed the significance of OCT-A for the early diagnosis of 
glaucoma and the priority of the investigation of the macular microcirculation and its thickness 
in the inferior sector. These results allow understanding the cause of the early involvement of 
the macular inner layers in the pathological process in glaucoma.

KEYWORDS: Primary open-angle glaucoma; Spectral-domain OCT-A (SD-OCT); Ocular 
blood flow; Optical coherence tomography angiography (OCT-A).
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ABSTRACT

Purpose: To assess vascularity of the macular area in patients with glaucoma using optical 
coherence tomography angiography (OCT-A) and evaluate the role of its examination in early 
glaucoma diagnosis.
Materials and Methods: Thirty-eight eyes of patients with the early stage of primary open-angle 
glaucoma (POAG), 27 eyes of patients with the advanced and far-advanced stages of POAG, 
and 22 eyes of age-matched healthy subjects were examined using spectral-domain OCT-A 
(SD-OCT-А) (RtVue xR Avanti with the AngioVue software, San Jose, CA, USA) in order to 
measure retinal thickness and angio flow density (AFD) retina in macula (an area bounded by 
a circle with a diameter of 3 mm), inсluding fovea and parafovea regions (superficial and deep) 
of the inner retinal layers. The AFD disc and peripapillary flow density were measured in optic 
nerve head (ONH) and 750-μm-wide elliptical annulus extending from the optic disc boundary. 
Retrobulbar blood flow parameters, including ophthalmic artery (OA), central retinal artery 
(CRA), short posterior ciliary arteries (PCAs), central retinal vein (CRV), and vortex veins 
(VV), were measured by color doppler imaging (CDI). The average thickness of the ganglion 
cell complex (avg GCC), retinal nerve fiber layer (RNFL), and choroid, as well as the focal loss 
volume (FLV) and global loss volume (GLV) of GCC were measured by means of SD-OCT. 
Automated perimetry was performed using Humphrey perimeter (Carl Zeiss Meditec, Dublin, 
CA, USA). Corneal-compensated intraocular pressure (IOPcc) and corneal hysteresis (CH) 
were determined using ocular response analyzer. Mean ocular perfusion pressure (MOPP) was 
calculated by measuring IOP and arterial blood pressure (BP) immediately prior to OCT and 
using formula: MOPP = (2/3 diastolic BP + 1/3 systolic BP) × 2/3 – IOP.
Statistical analysis was performed using SPSS version 21 and MASS library in the R language. 
As a measure of the parameter’s importance in distinguishing patient groups, a value of the ad-
justed standardized statistic of the Mann-Whitney test (z-value) and an area under the receiver 
operating characteristic (ROC) curve (AUC) were used.
Results: Although all structural parameters and indices of retrobulbar blood flow were reduced 
in early glaucoma as compared to the normal controls, the following parameters were the main 
discrepancy criteria when discriminating these patient groups: macular vascular density-AFD 
Retina Superficial Whole En Face (z=3.86, p<0.0001; AUC 0.8 (0.69-0.90) and macular thick-
ness in the inferior sector ILM-RPE (z=3.86, p<0.0001; AUC 0.8 (0.69-0.91)). In discriminat-
ing early glaucoma from the advanced and far advanced stages of the disease, the most useful 
were: AFD Disc Peripapillary Inferior Temporalis (z=5.61, p<0.0001; AUC 0.94 (0.86-1.0)) 
and mean flow velocity in CRA (z=4.16, p<0.0001; AUC 0.81 (0.69-0.92)).
Conclusions: The present study revealed the significance of OCT-A for the early diagnosis of 
glaucoma and the priority of the investigation of the macular microcirculation and its thickness 
in the inferior sector. These results allow understanding the cause of the early involvement of 
the macular inner layers in the pathological process in glaucoma.

KEYWORDS: Primary open-angle glaucoma; Spectral-domain OCT-A (SD-OCT); Ocular 
blood flow; Optical coherence tomography angiography (OCT-A).
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Abstract 
The purpose of the study was to evaluate the perfusion of optic nerve head (ONH), peripapillary retina and inner macula in 
glaucoma, and determine the relation between retinal and ONH microcirculation, retrobulbar blood flow and structural 
parameters. The study involved patients suffering from primary open-angle glaucoma (POAG) (65 eyes) and healthy subjects 
matched with respect to age (22 eyes). The eyes were examined by means of Angiovue SD-OCT-А (RTVue-XR Avanti) and 
color Doppler imaging (CDI). Also, the study included assessment of retinal thickness and vessel density (VD). VD inside 
Disc and Peripapillary VD were were evaluated in ONH and in 750 μm wide elliptical annulus extending from the optic disc 
boundary, as Whole En Face VD (disc scan). Whole En Face VD (macula scan) was evaluated in macula (area bounded by a 
circle with a diameter of 3 mm) comprising fovea and parafovea in superficial and deep plexuses of the inner layers of retina. 
The authors used CDI to measure retrobulbar blood flow parameters, including ophthalmic artery (OA) and short posterior 
ciliary artery (SPCA). To perform a statistical analysis, SPSS Statistics 21 and R were used. To determine the diagnostic 
ability of each diagnostic parameter indicating retinal hemoperfusion, the authors employed the Wilcoxon-Mann-Whitney test 
and AUC. Indicator values for OCT-A and CDI appeared to be reduced in glaucomatous eyes against healthy ones. The largest 
AUC for differentiating the early glaucoma from the norm was characteristic of such indicators as: Whole En Face Superficial 
VD in macula (AUC 0.8 (0.69-0.90), Peripapillary VD (AUC 0.75 (0.63-0.87), end-diastolic flow velocity in OA (AUC 0.74 
(0.61-0.86) and temporal SPCA (AUC 0.72 (0.58-0.86). In order to differentiate the early glaucoma from the moderate/severe 
stages of the disease, the most useful were Inferotemporal Peripapillary VD (AUC 0.94 (0.86-1.0) and mean flow velocity in 
the CRA (AUC 0.81 (0.69-0.92). In normal eyes, end-diastolic flow velocity in SPCA correlated with Inferotemporal RNFL (r 
= 0.747, p < 0.001) and the inferior macular thickness (0.634, p < 0.001). In early glaucoma, the inferotemporal RNFL 
correlated with Whole En Face Superficial VD in macula (r = 0.590, p < 0.001), Peripapillary VD (r = 0.340, p = 0.034) and 
global loss volume of the ganglion cells complex (r = -0.5, p = 0.001). Inverse relation was observed between the blood flow 
parameters in retrobulbar veins and the inferotemporal RNFL and macular thickness in the inferior and nasal areas. There was 
no significant correlatuon between IOP and OCT-A parameters in glaucoma subjects. The relation between retinal and ONH 
microcirculation and retrobulbar blood flow and structural parameters were revealed in normal eyes and early glaucoma. Both 
methods are useful for diagnosis and monitoring of early glaucoma. 

Keywords: optical coherence tomography, OCT angiography, primary open-angle glaucoma, ocular blood flow, early diagnosis of 
glaucoma. 

INTRODUCTION 
There is a growing body of evidence suggesting 

that glaucoma pathogenesis is related to vascular 
dysfunction [4; 6; 8; 9; 23; 32; 33]. The consensus on this 
issue, however, still has not been found due to the lack of 
adequate techniques for the study of ocular blood flow 
despite of different measurement tools [2; 11; 12; 25]. This 
makes it reasonable to search for new methods of the 
vascular bed’s visualization for the early diagnosis and 
monitoring of glaucoma. Optical coherence tomography 
(OCT) is commonly used in clinical settings for the 
diagnosis and management of glaucoma. Doppler OCT has 
been used to obtain precise measurements of total retinal 
blood flow [30]. Although Doppler OCT is appropriate for 
large vessels around the disc, it is not sensitive enough to 
measure accurately low velocities in small vessels that 
make up the disc microcirculation. The same refers to the 
most widely used method – color Doppler imaging (CDI). 
A new method – OCT angiography (OCT-A) – has been 
recently introduced. This method allows measuring vessel 
density in the retina and choroid in the peripapillary and 

macular areas using high-speed OCT to perform 
quantitative angiography. OCT-A is based on the 
evaluation of decorrelation between consecutive B-scans 
(split-spectrum amplitude-decorrelation angiography, 
SSADA). This method was firstly defined in 2012 by Jia et 
al. [9]. The application of OCT using SSADA algorithm 
allows detecting changes in the microvascular in perifovea 
and peripapillary areas of glaucomatous eyes. According to 
previous studies, quantitative analysis of OCT-A allows 
distinguishing diseased eyes from the norm by means of 
analyzing the entire peripapillary vasculature and macula 
[10; 16; 19; 22; 28; 29; 31]. It was found that perimetric 
indices correlated better with peripapillary blood flow 
parameters than with morphometric parameters of ONH 
and peripapillary retina [10]. However, data on the OCT-A 
results in glaucoma are scarce, and up to date there have 
been no studies comparing the retinal microcirculation 
measured by OCT-A and retrobulbar blood flow measured 
by CDI. 

The purpose of the study was to evaluate the 
perfusion of optic nerve head (ONH), peripapillary retina 
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ABSTRACT 
 

To assess vascularity of the macular area in patients with glaucoma using optical coherence 
tomography angiography (OCT-A). 38 eyes of patients with the early stage of primary open-angle glaucoma 
(POAG), 27 eyes of patients with the advanced and far-advanced stages of POAG, and 22 eyes of age-matched 
healthy subjects were examined using spectral-domain OCT-A (SD-OCT-А) (RtVue xR Avanti with the AngioVue 
software) in order to measure retinal thickness and angioflow density (AFD Retina) in macula (an area 
bounded by a circle with a diameter of 3 mm), inсluding fovea and parafovea regions (superficial and deep) of 
the inner retinal layers. The AFD Disc and peripapillary flow density were measured in optic nerve head (ONH) 
and 750-μm-wide elliptical annulus extending from the optic disc boundary. Retrobulbar blood flow 
parameters, including ophthalmic artery (OA), central retinal artery (CRA), short posterior ciliary arteries 
(PCAs), central retinal vein (CRV), and vortex veins (VV), were measured by color Doppler imaging (CDI). The 
average thickness of the ganglion cell complex (avgGCC), retinal nerve fiber layer (RNFL), and choroid, as well 
as the focal loss volume (FLV) and global loss volume (GLV) of GCC were measured by means of SD-OCT. 
Automated perimetry was performed using  Humphrey perimeter (Carl Zeiss Meditec, Dublin, CA). Corneal-
compensated intraocular pressure (IOPcc) and corneal hysteresis (CH) were determined using ocular response 
analyzer. Mean ocular perfusion pressure (MOPP) was calculated by measuring IOP and arterial blood pressure 
(BP) immediately prior to OCT and using formula:  
 

MOPP =  (2/3 diastolic BP +  1/3 systolic BP) x 2/3 –  IOP. 
 

Statistical analysis was performed using SPSS version 21 and MASS library in the R language. As a 
measure of the parameter’s importance in distinguishing patient groups, a value of the adjusted standardized 
statistic of the Mann-Whitney test (z-value) and an area under the receiver operating characteristic curve 
(AUC) were used. Although all structural parameters and indices of retrobulbar blood flow were reduced in 
early glaucoma as compared to the norm, the following parameters were the main discrepancy criteria when 
discriminating these patient groups: macular vascular density – AFD Retina Superficial Whole En Face (z = 3.86, 
p < 0.0001; AUC 0.8 (0.69-0.90)) and macular thickness in the inferior sector – Macula Thickness ILM-RPE (z = 
3.86, p < 0.0001; AUC 0.8 (0.69-0.91)). In discriminating early glaucoma from the advanced and far advanced 
stages of the disease, the most useful were: AFD Disc Peripapillary Inferior Temporalis (z = 5.61, p <0.0001; 
AUC 0.94 (0.86-1.0)) and mean flow velocity in CRA (z = 4.16, p < 0.0001; AUC 0.81 (0.69-0.92)). The present 
study revealed the significance of OCT-A for the early diagnosis of glaucoma and the priority of the 
investigation of the macular microcirculation and its thickness in the inferior sector. These results allow 
understanding the cause of the early involvement of the macular inner layers in the pathological process in 
glaucoma. 
Keywords: primary open-angle glaucoma, SD-OCT, ocular blood flow, optical coherence tomography 
angiography. 
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tomography angiography (OCT-A). 38 eyes of patients with the early stage of primary open-angle glaucoma 
(POAG), 27 eyes of patients with the advanced and far-advanced stages of POAG, and 22 eyes of age-matched 
healthy subjects were examined using spectral-domain OCT-A (SD-OCT-А) (RtVue xR Avanti with the AngioVue 
software) in order to measure retinal thickness and angioflow density (AFD Retina) in macula (an area 
bounded by a circle with a diameter of 3 mm), inсluding fovea and parafovea regions (superficial and deep) of 
the inner retinal layers. The AFD Disc and peripapillary flow density were measured in optic nerve head (ONH) 
and 750-μm-wide elliptical annulus extending from the optic disc boundary. Retrobulbar blood flow 
parameters, including ophthalmic artery (OA), central retinal artery (CRA), short posterior ciliary arteries 
(PCAs), central retinal vein (CRV), and vortex veins (VV), were measured by color Doppler imaging (CDI). The 
average thickness of the ganglion cell complex (avgGCC), retinal nerve fiber layer (RNFL), and choroid, as well 
as the focal loss volume (FLV) and global loss volume (GLV) of GCC were measured by means of SD-OCT. 
Automated perimetry was performed using  Humphrey perimeter (Carl Zeiss Meditec, Dublin, CA). Corneal-
compensated intraocular pressure (IOPcc) and corneal hysteresis (CH) were determined using ocular response 
analyzer. Mean ocular perfusion pressure (MOPP) was calculated by measuring IOP and arterial blood pressure 
(BP) immediately prior to OCT and using formula:  
 

MOPP =  (2/3 diastolic BP +  1/3 systolic BP) x 2/3 –  IOP. 
 

Statistical analysis was performed using SPSS version 21 and MASS library in the R language. As a 
measure of the parameter’s importance in distinguishing patient groups, a value of the adjusted standardized 
statistic of the Mann-Whitney test (z-value) and an area under the receiver operating characteristic curve 
(AUC) were used. Although all structural parameters and indices of retrobulbar blood flow were reduced in 
early glaucoma as compared to the norm, the following parameters were the main discrepancy criteria when 
discriminating these patient groups: macular vascular density – AFD Retina Superficial Whole En Face (z = 3.86, 
p < 0.0001; AUC 0.8 (0.69-0.90)) and macular thickness in the inferior sector – Macula Thickness ILM-RPE (z = 
3.86, p < 0.0001; AUC 0.8 (0.69-0.91)). In discriminating early glaucoma from the advanced and far advanced 
stages of the disease, the most useful were: AFD Disc Peripapillary Inferior Temporalis (z = 5.61, p <0.0001; 
AUC 0.94 (0.86-1.0)) and mean flow velocity in CRA (z = 4.16, p < 0.0001; AUC 0.81 (0.69-0.92)). The present 
study revealed the significance of OCT-A for the early diagnosis of glaucoma and the priority of the 
investigation of the macular microcirculation and its thickness in the inferior sector. These results allow 
understanding the cause of the early involvement of the macular inner layers in the pathological process in 
glaucoma. 
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Parameter Normal 
eyes  (n=48) 

p-value* Early POAG 
( n=47) 

p-value** Moderate to severe POAG 
(n=42)  

Total 
p-value*** 

Age, years 63.5 (5.8) 0.723 62.8 (6.8) 0.465 64.5 (5.8) 0.089 
Systolic BP, mm Hg 125.6 (3.6) 0.020 133.4 (16.4) 0.581 129.5 (15.7) 0.015 

Diastolic BP, mm Hg 80.3 (6.5) 0.125 83.3 (8.7) 0.625 83.16 (9.1) 0.45 

IOPcc, mm Hg 15.7 (3.4) 0.001 19.8 (5.1) 0.639 19.5 (7.1) <0.001 
OPP, mm Hg 50.6 (2.7) 0.231 48.1 (8.8) 0.594 46.5 (8.2) 0.092 
Mean deviation, dB -0.05 (0.24) <0.001 -1.94 (2.39) <0.001 -13.23 (5.8) <0.001 

Pattern standard 
deviation, dB 

1.39 (0.15) 0.005 2.20 (1.58) <0.001 9.85 (4.63) <0.001 

RNFL, µm 103.9 (7.1) <0.001 91.5 (9.2) <0.001 71.2 (13.3) <0.001 
GCC, µm 99.3 (8.2) 0.002 90.2 (9.4) <0.001 69.5 (10.3) <0.001 
Focal Loss Volume  
of GCC , % 

0.18 (0.09) 0.003 2.03 (1.09) <0.001 9.65 (3.54) <0.001 

Global Loss Volume 
 of  GCC, % 

1.61 (1.86) 

  

0.001 7.58 (5.10) <0.001 24.85 (8.36) <0.001 

Amplitude of P100 
component of pattern 
VEP 0,3°, µv 

15.3±3.7 0.007 11.01±6.3 0.013 7.8±4.2 <0.001 

Amplitude of P100 
component of pattern 
VEP 1°, µv 

16.1±4.1 <0.001 11.3±5.3 0.007 7.2±3.3 <0.001 

Amplitude of P50 
component of  tPERG, 
1°, µv 

5.3±1.3 <0.0001 2.8±1.6 0.932 2.7±1.7 <0.0001 

Amplitude of N95 
component of tPERG, 
1°,  µv 

7.3±1.9 <0.0001 3.5±1.6 0.338 3.7±2.1 <0.0001 

Amplitude  of P1 
component  
of ssPERG,  µv 

3.5±1.7 ˂0.0001 1.6±0.5 0.423 1.5±0,6 <0.0001 

Peripapillary CT, µm   189.4 (49.4) 0.543 176.3 (83.3) 0.586 160.3 (58.9) 0.335 

Patients’ characteristics 

p - values between groups were calculated using Wilcoxon-Mann-Whitney test 
MOPP = mean ocular perfusion pressure ([2 / 3 diastolic + 1 / 3 systolic BPs]*2 / 3 - IOP)  

CTp - choroidal thickness at a point located 3 mm nasal from the fovea 



OCTA parameters for distinguishing  
the patients with different stages of glaucoma 

 

ONH and peripapillary 
angioflow density 

Macula angioflow density  

Kurysheva et al /Ophthalmology,  2016 



Correlation between VEP and OCTA parameters  
in early glaucoma 

Variable Lat Р100 stimul 

0,3° 

Ampl P100 

stimul 0,3° 

Lat Р100 

Stimul 1 ° 

Ampl P100 

Stimul1° 

Wi VD Disc   r=0,69 p=0,002   r=0,57 p=0,02 

Avg. Peripapillary 
VD   r=0,74 p=0,001   r=0,51 p=0,04 

Inferotemporal 

Peripapillary VD 
r=-0,45 p=0,02 r=0,75  p<0,0001     

Superotemporal 

Peripapillary VD 
  r=0,65 p=0,004     

Inferior  
Peripapillary VD   r=0,70  p=0,002 r=-0,59 p=0,01 r=0,56  p=0,02 

The Spearman’s correlations and corresponding p-values for healthy subjects is given in bold italics. 
Kurysheva et al /J. Pharm. Sci. & Res. Vol. 9(5), 2017 



 	 Latency ERG 

Max Response 

P1(ms) 

Latency 

ERG Flash 

Color Red 

Р1(ms) 

Amplitude 

Flash Color 

Red Р1(mW) 

Amplit. 
P50 
tPERG, 1°  

Amplit. 
N95 
tPERG, 1°  

wiVD  

superficial 

0.667 

0.018 

  0.783 

0.003 

0.630 

0.028 

  

Macula 

thickness  

ILM-RPE,  

infer. 

  -0.648 

0.023 

    -0.609 

0.007 

Correlation between ERG and  
and macula OCT and OCT-A parameters in early 

glaucoma  and healthy eyes  

The Spearman’s correlation for early glaucoma is given in blue color 
 Kurysheva et al /J. Pharm. Sci. & Res. Vol. 9(5), 2017 



Variable  
VD Superficial 

parafovea 
wiVD superficial 

Grid-based VD 
Superficial in the 

nasoinferior 
parafovea 

Avg. GCC 
r = 0.443  
p = 0.005 

r = 0.587  
p = 0.0001 

r = 0,534 

 p = 0,0001 

Inf. GCC 
r = 0,448 

p = 0,004 

r = 0,591 

p = 0,0001 

r = 0,683 

p = 0,0001 

GLV 
r = -0.431 

p = 0.006 

r = -0.594 
p = 0.0001 

r = -0,640 

p = 0,0001 

FLV 
r = -0,371 

p = 0,020 

r = -0,525 
p = 0,001 

r = -0,531 

p = 0,001 

Correlation between structural  
and OCT-A parameters in macula  in early glaucoma  

Kurysheva et al /J. Pharm. Sci. & Res. Vol. 9(5), 2017 



Clinical examples:  
OCT-A  of ONH and 
peripapillary area in 
•  normal eye (A1, B1,C1, D1 ),  
•  early glaucoma (A2, B2, C2, D2)  

•  advanced glaucoma (A3, B3,C3, D3) 

Kurysheva et al /Ophthalmology,  2016 



Kurysheva et al /Ophthalmology,  2016 



The AUC analysis of study variables   
to discriminate early POAG from normal eyes  

Parameter z-value p-value AUC CI AUC 

Amplitude P50 tPERG, 1° 4.350 <0.0001 0.93 0.853 - 1.000 

Amplitude N95 tPERG, 1° 3.98 <0.0001 0.89 0.796 - 0.990 

WiVD Retina Superficial 3.86 <0.0001 0.805 0.694 - 0.915 

Amplitude Р100 pattern VEP, 1° 3.57 <0.0001 0.84 0.72-0.96 

WiVD Retina Deep 3.33 0.001 0.76 0.637 - 0.89 

Wi VD Disc 3.19 0.002 0.75 0.63-0.87 

Avg. GCC 3.097 0.002 0.739 0.606 - 0.87 

OA, EDV 3.03 0.002 0.74 0.61-0.86 

SPCAtemporal, EDV 2.78 0.005 0.72 0.58-0.86 

Avg. RNFL 2.85 0.004 0.72 0.587 - 0.85 

Retinal thickness ILM-PE 2.02 0.043 0.67 0.509 - 0.84 

Kurysheva, et al.  2017 In press 

wiVDSuperficial (deep)– relative density of blood vessels in fovea and parafovea in the superficial (deep) plexus, GCC –ganglion 
cell complex, RNFL –retinal nerve fiber layer, tPERG – transient Pattern ERG;  Pattern VEP – Pattern Visual Evoked Potentials 
OA – ophthalmic artery; SPCA temporal –temporal short posterior ciliary arteries, EDV – end diastolic velocity, z-value –absolute 
value of the adjusted standardized statistic of Mann-Whitney test   
    
  



Regional Comparisons of Optical Coherence
Tomography Angiography Vessel Density in

Primary Open-Angle Glaucoma

HARSHA L. RAO, ZIA S. PRADHAN, ROBERT N.WEINREB, HEMANTH B. REDDY, MOHAMMED RIYAZUDDIN,
SRILAKSHMI DASARI, MEENA PALAKURTHY, NARENDRA K. PUTTAIAH, DHANARAJ A.S. RAO, AND

CARROLL A.B. WEBERS

! PURPOSE: To compare the diagnostic abilities of the
vessel densities in optic nerve head (ONH), peripapillary,
and macular regions measured using optical coherence
tomography angiography (OCTA) in eyes with primary
open-angle glaucoma (POAG), and to evaluate the effect
of glaucoma severity (based on the mean deviation, MD),
optic disc size, and pretreatment intraocular pressure
(IOP).
! DESIGN: Cross-sectional study.
! METHODS: Seventy-eight eyes of 53 control subjects
and 64 eyes of 39 POAG patients underwent OCTA im-
aging. Area under receiver operating characteristic
(ROC) curves (AUC) and sensitivities at fixed specific-
ities of vessel densities in ONH, peripapillary, and macu-
lar regions were analyzed. ROC regression was used
to evaluate the effect of covariates on the diagnostic
abilities.
! RESULTS: The AUCs of ONH vessel densities ranged
between 0.59 (superonasal sector) and 0.73 (average
inside disc), peripapillary between 0.70 (nasal, supero-
nasal and temporal) and 0.89 (inferotemporal), and mac-
ular between 0.56 (nasal) and 0.64 (temporal). AUC of
the average peripapillary vessel density was significantly
better than the average inside disc (P[ .05) and macular
(P[ .005) measurement. MD showed a negative associ-
ation with the AUCs of the vessel densities of all regions.
Pretreatment IOP (coefficient: 0.09) showed a significant
(P < .05) effect on the AUC of ONH vessel density.
! CONCLUSIONS: Diagnostic ability of the vessel density
parameters of OCTA was only moderate. Macular and
inside disc densities had significantly lower diagnostic
abilities in POAG than the peripapillary density. Diag-
nostic abilities of vessel densities increased with

increasing severity of glaucoma and that of ONH vessel
density with higher pretreatment IOPs. (Am J
Ophthalmol 2016;171:75–83. ! 2016 Elsevier Inc. All
rights reserved.)

P RIMARY OPEN ANGLE GLAUCOMA (POAG) IS A

chronic progressive optic neuropathy resulting
from the apoptosis of the retinal ganglion cells

(RGC).1 Although the pathogenic mechanisms leading
to retinal ganglion cell death are not fully known, intraoc-
ular pressure (IOP)–induced mechanical injury is a major
causal factor, as evidenced by the increase in the risk of
incident glaucoma and its progression with higher IOP.2

It has also been proposed that reduced optic nerve head
(ONH) perfusion also plays a role in the pathogenesis of
glaucoma.3,4 Although some believe that the reduced
blood flow seen in glaucoma is secondary to RGC death
and thereby a reduced need for perfusion,5,6 others are of
the opinion that the reduced blood flow is the primary
event that subsequently leads to the characteristic
structural and functional changes of glaucoma.7 Earlier
studies have measured ONH blood flow using a variety of
techniques and have shown reduction in ONH perfusion
in patients with glaucoma. However, each of these tech-
niques has limitations.8

Optical coherence tomography (OCT) has been used to
develop a new, 3-dimensional angiography algorithm
called split-spectrum amplitude-decorrelation angiography
(SSADA) for imaging the retinal and ONH microcircula-
tion.9 Early studies have shown that the blood flow mea-
surements provided by OCT angiography (OCTA) are
repeatable and reproducible.10–14 Studies with OCTA
have demonstrated reduced ONH and peripapillary
perfusion in patients with glaucoma.10–13,15 OCTA also
evaluates the vascular perfusion in the macular region.
However, there have been no reports on the macular
perfusion in patients with glaucoma. There have not
been comparisons to date of the diagnostic abilities of
vessel densities in the ONH, peripapillary, and macular
regions in glaucoma. The purpose of this study was to
compare the diagnostic abilities of the vessel density
measurements of the ONH, peripapillary, and macular
regions on OCTA in eyes with POAG. The secondary
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(extending from the ILM to the inner plexiform layer).
Macular vessel densities were analyzed over a 1.5-mm-
wide parafoveal, circular annulus centered on the macula
(Figure 1, Right). The parafoveal region was also divided
into 4 sectors of 90 degrees each (nasal, inferior, superior,
and temporal sectors). Image quality was assessed for all
OCTA scans. Poor-quality images with a signal strength in-
dex (SSI) less than 35 or images with residual motion arti-
facts were excluded from the analysis.

All subjects also underwent optic disc area measurement
on RTVue-XR SDOCT using the traditional ONH scan.
This scan consists of 12 radial scans 3.4 mm in length
and 6 concentric ring scans ranging from 2.5 to 4.0 mm
in diameter, all centered on the optic disc. RPE tips are
automatically detected by the software and the RPE tips
are joined to delineate the optic disc margin and to calcu-
late the disc area. All the examinations for a particular sub-
ject were performed on the same day.

! STATISTICAL ANALYSIS: Descriptive statistics included
mean and standard deviation for normally distributed vari-
ables and median and interquartile range (IQR) for non-
normally distributed variables. Shapiro-Wilk test was
used to test for the normality distribution of continuous
variables. Receiver operating characteristic (ROC) curves
were used to describe the ability of OCTA vessel densities
to discriminate glaucomatous eyes from control eyes. Sen-
sitivities at fixed specificities of 80% and 95% were deter-
mined for all the parameters. To obtain confidence
intervals for area under the ROC curves (AUC) and sensi-
tivities, a bootstrap resampling procedure was used
(n ¼ 1000 resamples). Because measurements from both
eyes of the same subject are likely to be correlated, the stan-
dard statistical methods for parameter estimation lead to
underestimation of standard errors and to confidence

intervals that are too narrow.18 Therefore, the cluster of
data for the study subject was considered as the units of
resampling and bias-corrected standard errors were calcu-
lated during all estimations. This procedure has been
used to adjust for the presence of multiple correlated mea-
surements from the same unit.19,20 The ROC regression
modeling technique was used to evaluate the effect of
glaucoma severity, disc size, and the pretreatment IOP on
the AUCs and sensitivities of OCTA parameters in
diagnosing glaucoma.21,22

Statistical analyses were performed using commercial
software (Stata ver. 13.1; StataCorp, College Station,
Texas, USA). A P value of <_.05 was considered statistically
significant.

RESULTS

ONE HUNDRED AND SEVENTY-ONE EYES OF 102 SUBJECTS (86

eyes of 56 subjects diagnosed as normal and 85 eyes of 46
subjects diagnosed as POAG on clinical examination)
underwent OCTA imaging with SDOCT. Among these,
19 eyes of 13 patients, in which the optic disc classification
on stereophotographs was not glaucomatous optic neurop-
athy, were excluded. In addition, 20 poor quality disc scans
and 25 poor quality macular scans (10 eyes had poor quality
of both disc and macular scans) were also excluded. Final
analysis included 132 optic disc scans and 127 macular
scans obtained from 142 eyes of 92 subjects (78 eyes of 53
normal and 64 eyes of 39 POAG subjects). Of the 64
eyes with POAG, 12 eyes (11 patients) had a ‘‘within
normal limit’’ or a ‘‘borderline’’ glaucoma hemifield test
result or the probability value of pattern standard deviation
>5% or both on VF (preperimetric glaucoma). Half the

FIGURE 1. Figure showing the (Left) optic nerve head and (Middle) peripapillary and (Right) macular optical coherence tomography
angiography images and the sectors where vessel densities are calculated. The optic disc vessel density is calculated within the optic
nerve head from the nerve head segment of the en face angiogram (Left), peripapillary vessel density over a 0.75-mm-wide elliptical
annulus extending from the optic disc boundary from the radial peripapillary capillary segment (Middle), and superficial macular
vessel density over a 1.5-mm-wide circular annulus centered on the macula (Right).
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that the reduction in ONH vessel density was greater in the
temporal part of the ONH (57%), which is devoid of the
major retinal vessels, compared with the entire ONH
(34%).10 In contrast to that reported by Jia and associates,
the ONH vessel density decrease noted in our study in the
temporal sector (19%) was similar to that of the entire
ONH. This difference may be related to the dissimilarity
in the definition of the ONH sectors between the 2 studies.
Additionally, the ONH (inside disc) vessel densities in our
study (which had a considerably larger sample size) showed a
significant variability ranging from 27% to 60% in normal
eyes. The variability was larger when analyzed sector-wise.
This variability in ONH vessel density may be related to
the physiological variations generally seen in the ONH
with respect to the disc size, shape, tilt, position of central
retinal vessels, and the like. We found an 11% reduction
in the average peripapillary vessel density in glaucomatous
eyes (median MD:!5 dB). Study of the peripapillary vessel
density by Liu and associates evaluated 12 glaucomatous
eyes (averagemean deviation:!6.05 dB) and found a reduc-
tion in peripapillary vessel density of 13% when compared
with that in 12 control eyes.13 Our results are comparable
to those of Liu and associates, considering the fact that
the severity of glaucoma in our patients was less than that
in the study by Liu and associates. In fact, 12 of 64 POAG
eyes in our study had normal VF and half the number of
POAG eyes had a VF MD of better than!5 dB. Reduction
in the median vessel density noted in different peripapillary
sectors in our study ranged between 6% and 16%.

To the best of our knowledge, there have not been any
studies reported that have evaluated the vessel densities
at the macula in glaucomatous eyes. Previous studies that
have quantified the macular vessel densities in normal
eyes using OCTA have used different methods.14,24,25 A
recent study used local fractal analysis to calculate
macular vessel densities in normal eyes and reported
values similar to those found in the control group of our
study.25 Sector-wise reduction in median vessel densities
in the parafoveal region noted in our study ranged between
3% and 6%. The magnitude of difference in the median
vessel density measurements between the glaucoma and
the control groups was significantly smaller in the macular
region compared with ONH and peripapillary regions.
On evaluating the ability of vessel densities of the 3

scanning regions in differentiating glaucoma eyes from
control eyes, the macular and inside disc vessel densities
had significantly lower diagnostic abilities in POAG
compared with the vessel density in the peripapillary re-
gions. To the best of our knowledge, there also have not
been any published reports describing the diagnostic ability
of macular vessel density measurements in glaucoma. Poor
diagnostic ability of the vessel density at the macula, the
region with the highest density of RGCs, probably points
toward the fact that the vasculature is not the primary
target in the pathogenesis of glaucoma and the RGC loss
is independent of vascular alterations.
Diagnostic ability of even the best vessel density param-

eter of the peripapillary region was only moderate, with an
AUC of 0.89 and sensitivity at 95% and specificity of 68%.
Liu and associates evaluated the diagnostic ability of peri-
papillary vessel density in 12 (9 perimetric and 3 preperi-
metric) glaucoma and 12 normal eyes, and reported an
AUC of 0.94, specificity of 91.7%, and sensitivity of
83.3%.13 The diagnostic ability estimates of peripapillary
vessel density reported in their study were significantly
higher than that found in our study. However, the sample
size in the study by Liu and associates was too small to
make meaningful comparisons with our study results.
Diagnostic abilities of vessel densities in all regions

increased with increasing severity of glaucoma. However,
the 95% confidence intervals of the coefficients for the as-
sociation between MD and the AUC included zero. We
might have failed to detect a statistically significant effect
of severity on the diagnostic abilities of vessel densities
because our glaucoma group consisted predominantly of
preperimetric and early disease. Similar effect of disease
severity has been reported on the diagnostic ability of
ONH vessel density by Wang and associates.12 AUC of
ONH vessel density, which was 0.80 in the study by
Wang and associates when the entire glaucoma group was
included, increased to 0.90 when only eyes with severe
glaucoma (MD <!12 dB) were considered.12

Diagnostic ability of ONH vessel density also increased
in eyes with higher pretreatment IOP. Pretreatment IOP
did not affect the diagnostic ability of peripapillary and
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FIGURE 2. Receiver operating characteristic curves of inside
disc, peripapillary, and parafoveal vessel density measurements.
Area under the receiver operating characteristic curves of paraf-
oveal and inside disc vessel densities were significantly lesser
than that of the peripapillary measurements.
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number of eyes included in the POAG group had a mean
deviation of better than !5 dB on VF. Of the 64 eyes
with POAG, 13 eyes were on topical beta blockers, 10 on
alpha agonists, 13 on carbonic anhydrase inhibitors, and
41 on prostaglandin analogues (either as a monotherapy
or as components of the combination therapy). Table 1
shows the clinical, VF, and vessel density measurements
of all subjects. POAG patients were significantly older
than control subjects. SSI of the optic disc scans was signif-
icantly greater in the control as compared with the POAG
patients. AUCs and sensitivities at fixed specificities of
optic disc and peripapillary vessel density parameters
were therefore calculated after adjusting for the difference
in age and signal strength between the control and POAG

groups using covariate adjustment as proposed by Pepe.23

AUCs and sensitivities at fixed specificities of macular
vessel density parameters were similarly calculated after
adjusting for the difference in age. All the ONH, peripapil-
lary, and macular vessel densities were significantly lesser
in the glaucoma compared with the control group. The
magnitude of difference in the median vessel densities
between the glaucoma and the control groups was signifi-
cantly smaller in the macular region compared with the
ONH and peripapillary regions.
The AUCs and sensitivities at fixed specificities of the

vessel density measurements to differentiate POAG from
control eyes are shown in Table 2. The AUCs of ONH
vessel densities ranged between 0.59 (superonasal sector)

TABLE 1. Clinical Features, Visual Field Parameters, and Vessel Density Measurements of Study Participants

Control Group (78 Eyes, 53 Subjects) POAG Group (64 Eyes, 39 Patients) P

Age (y) 58 (52, 65) 66 (57, 72) .01

Sex (male:female) 29:24 28:11 .10

Sphere (D) 0.5 (0, 1) 0 (!0.75, 0.5) .02

Cylinder (D) !0.5 (!1, !0.5) !0.75 (!1, !0.25) .67

Optic disc area (mm2) 2.30 (2.00, 2.58) 2.33 (1.98, 2.59) .93

Pretreatment IOP (mm Hg) 16 (14, 18) 19 (16, 24) <.001

Hypertension (yes:no) 16:37 16:23 .28

Diabetes mellitus (yes:no) 15:38 9:30 .57

Mean deviation (dB) !1.1 (!3.0, !0.2) !5.3 (!9.6, !3.1) <.001

Pattern standard deviation (dB) 1.7 (1.5, 2.5) 4.7 (2.8, 9.2) <.001

Visual field index (%) 99 (98, 99) 90 (75, 95) <.001

SSI (optic disc scan)a 54.2 6 9.5 50.4 6 8.2 .02

Whole en face vessel density (disc scan) 54.4 (51.7, 56.9) 48.0 (42.9, 53.4) <.001

Inside disc vessel density 47.4 (43.0, 50.4) 40.2 (34.8, 47.3) <.001

Nasal vessel density (%) 48.8 (42.9, 52.5) 41.6 (35.8, 47.6) <.001

Inferonasal vessel density (%) 51.9 (44.8, 56.7) 47.5 (39.9, 53.8) .008

Inferotemporal vessel density (%) 46.2 (41.1, 52.3) 39.7 (33.4, 47.5) <.001

Superotemporal vessel density (%) 47.6 (41.9, 52.0) 39.5 (28.3, 47.2) <.001

Superonasal vessel density (%) 50.1 (42.9, 55.2) 43.7 (37.2, 52.1) .004

Temporal vessel density (%) 44.5 (39.1, 52.3) 36.2 (28.7, 45.4) <.001

Average peripapillary vessel density (%) 62.0 (60.0, 64.4) 55.5 (50.8, 59.5) <.001

Nasal vessel density (%) 59.7 (57.2, 62.1) 56.0 (48.7, 59.6) <.001

Inferonasal vessel density (%) 63.4 (60.7, 66.5) 55.2 (46.2, 60.6) <.001

Inferotemporal vessel density (%) 66.0 (63.5, 68.4) 55.5 (44.5, 59.9) <.001

Superotemporal vessel density (%) 66.6 (64.0, 68.8) 59.4 (53.4, 65.4) <.001

Superonasal vessel density (%) 62.9 (56.5, 66.1) 55.3 (48.7, 61.2) <.001

Temporal vessel density (%) 60.4 (57.9, 64.2) 57.0 (50.6, 60.1) <.001

SSI (macula scan)a 62.0 6 6.9 60.6 6 7.7 .28

Whole en face vessel density (macula scan) 48.3 (45.9, 50.3) 44.7 (41.8, 47.6) <.001

Foveal vessel density (%) 25.5 (22.9, 27.7) 24.9 (22.3, 27.8) .58

Parafoveal vessel density (%) 49.8 (47.7, 52.7) 47.5 (44.7, 50.2) <.001

Nasal vessel density (%) 48.5 (46.7, 51.1) 47.0 (44.1, 48.9) .01

Inferior vessel density (%) 51.6 (48.1, 53.9) 48.9 (44.8, 51.7) .001

Superior vessel density (%) 50.8 (48.2, 53.3) 47.6 (45.0, 52.0) .002

Temporal vessel density (%) 49.8 (47.5, 52.5) 47.3 (45.0, 50.1) .001

D ¼ diopter; IOP ¼ intraocular pressure; POAG ¼ primary open-angle glaucoma; SSI ¼ signal strength index.

All values represent median and interquartile range unless specified.
aMean 6 standard deviation.
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z-value – absolute value of the adjusted standardized statistic of Mann-Whitney test;  
AUC – area under the ROC-curve;LCL* – lower limit of the 95% CI for AUC, 
 UCL** – upper limit of the 95% CI for AUC 

 Kurysheva, et al.  2017 in press 

The AUC analysis of study variables   
to discriminate early POAG from advanced stages 

Parameter z-value p-value AUC 
AUC 
LCL* 

AUC 
UCL** 

Peripapillary  
inferotemporal VD 

5.97 <0.0001 0.94 0.97 1.0 

Avg.GCC 5.20 <0.0001 0.87 0.79 0.98 

Avg.RNFL 5.15 <0.0001 0.88 0.79 0.97 

Peripapillary VD 4.88 <0.0001 0.88 0.79 0.97 

CRA,Vmean 4.16 <0.0001 0.81 0.69 0.92 

Amplitude P100 

pattern YEP, 1° 

2.85 0.007 0.73 0.59 0.88 
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