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Background: To investigate the differences of perfusion in the optic nerve head (ONH) between normal 
and glaucomatous eyes using optical microangiography (OMAG) based optical coherence tomography (OCT) 
angiography technique.
Methods: One eye from each subject was scanned with a 68 kHz Cirrus 5000 HD-OCT-based OMAG 
prototype system centered at the ONH (Carl Zeiss Meditec Inc, Dublin, CA, USA). Microvascular images 
were generated from the OMAG dataset by detecting the differences in OCT signal between consecutive 
B-scans. The pre-laminar layer (preLC) was isolated by a semi-automatic segmentation program. En face 
OMAG images for preLC were generated using signals with highest blood flow signal intensity. ONH 
perfusion was quantified as flux, vessel area density, and normalized flux within the ONH. Standard t-tests 
were performed to analyze the ONH perfusion differences between normal and glaucomatous eyes. Linear 
regression models were constructed to analyze the correlation between ONH perfusion and other clinical 
measurements.
Results: Twenty normal and 21 glaucoma subjects were enrolled. Glaucomatous eyes had significantly 
lower ONH perfusion in preLC in all three perfusion metrics compared to normal eyes (P≤0.0003). 
Significant correlations between ONH perfusion and disease severity as well as structural changes were 
detected in glaucomatous eyes (P≤0.012).
Conclusions: ONH perfusion detected by OMAG showed significant differences between glaucoma and 
normal controls and was significantly correlated with disease severity and structural defects in glaucomatous 
eyes. ONH perfusion measurement using OMAG may provide useful information for detection and 
monitoring of glaucoma.
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Introduction

Vascular dysfunction in the optic nerve head (ONH) is 
thought to be a contributing factor in the development 
of glaucoma (1,2). Previous studies have shown that 
glaucomatous eyes have a significant reduction in ocular 
perfusion compared to normal subjects (3,4). Furthermore, 
glaucomatous eyes with disease progression have a more 
pronounced blood flow reduction than eyes without 
disease progression (3-6). Vascular dysfunction has been 
observed even before the development of glaucomatous 
optic neuropathy (2). This evidence supports the association 
of vascular dysfunction and glaucoma, but its study in the 
clinical setting has been limited due to a lack of objective 
measures to quantify ONH perfusion.

Current methods of fluorescein angiography (FA) and 
Doppler optical coherence tomography (DOCT) are 
limited in their ability to study the ocular vasculature non-
invasively and accurately (1,2,7). FA requires intravenous 
dye injection, while DOCT is vulnerable to noise and less 
sensitive to microcirculation (1,2,7). We developed a novel 
optical microangiography (OMAG) imaging technique 
based on Fourier-domain optical coherence tomography 
(FD-OCT), which is capable of non-invasive three-
dimensional (3D) in vivo microcirculatory visualization 
in the eye with microscopic resolution (8). It has been 
used successfully to identify retinal capillaries and areas 
of neovascularization in macular telangiectasia type 2 (9). 
The purpose of this study was to use OMAG to visualize, 
quantify, and compare ONH perfusion in healthy and 
glaucomatous eyes.

Materials and methods

Subjects

This study was approved by the Institutional Review Board 
of the University of Washington (UW) and informed 
consent was obtained from all subjects. This study followed 
the tenets of the Declaration of Helsinki and was conducted 
in compliance with the Health Insurance Portability and 
Accountability Act. 

Subjects with primary open-angle glaucoma (POAG) or 
normal optic discs were prospectively enrolled at the UW 
Eye Institute. Inclusion criteria were best-corrected visual 
acuity of 20/40 or better, refractive error between −6 and +3 
D spherical equivalent, for the glaucoma group, a visual field 
(VF) mean deviation (MD) ≥−10 dB, and for the normal 
group, a normal retinal nerve fiber layer (RNFL) thickness 

on FD-OCT. Exclusion criteria were significant media 
opacity preventing high-quality imaging, previous diagnosis 
of migraine, any ocular disease other than glaucoma or 
cataract, and previous intraocular surgeries other than 
uneventful cataract extraction or glaucoma surgery.

The diagnosis of POAG was based on presence of 
glaucomatous optic neuropathy, i.e., cupping and atrophy 
of the optic disc with corresponding RNFL defects, and a 
history of intraocular pressure (IOP) >22 mmHg, irrespective 
of VF loss. All subjects underwent a comprehensive 
ophthalmologic examination at time of enrollment, and 
glaucoma subjects received a VF exam to determine MD and 
pattern standard deviation (PSD). All VF were performed 
on Humphrey Field Analyser II (Carl Zeiss Meditec Inc., 
Dublin, CA, USA), and only reliable tests were included 
(≤33% fixation losses, false-negative results and false-positive 
results). One eye from each subject was included in this study. 
A single eye was randomly selected and imaged if both were 
eligible.

We gathered blood pressure (BP) measurements for a 
subgroup of subjects that were followed at UW for other 
medical conditions to determine if differences in calculated 
mean ocular perfusion pressure (MOPP) were present. All 
BP measurements were taken within one year before or 
after the OMAG scan. None of the included subjects had 
changes in BP medications during the time period reviewed.

Image acquisition and scanning protocol

All eyes were scanned using a 68 kHz Cirrus 5000 HD-
OCT based OMAG prototype system (center wavelength at 
840 nm) with active motion-tracking capability (Carl Zeiss 
Meditec Inc, Dublin, CA, USA) (10). Three OMAG scans 
centered on the ONH were acquired after three to five 
minutes rest to stabilize the blood flow. The OMAG scan 
pattern generated a volumetric dataset over a 2.4×2.4 mm2 
area centered on the optic disc. Four consecutive B-scans 
were acquired at each fixed transverse location before the 
scanning probe moved to the next transverse location on the 
optic disc. A total of 245 transverse locations were sampled. 
The time difference between two successive B-scans was 
approximately 3.6 msec.

In addition, a regular Optic Disc Cube 200×200 raster 
cube scan was acquired using the same prototype device at 
the same visit to obtain a 3D structural dataset for RNFL 
thickness and ONH structural measurements. The scan 
provided a coverage of 6×6 mm2 centered on the optic disc.

The OMAG scans and the structural raster cube 
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were considered poor quality images and omitted from 
further analysis if the signal strength (SS) fell below the 
manufacturer recommended cutoff (SS <6) or if they 
showed significant eye movement.

Optical microangiography (OMAG) processing

All acquired volumetric scans were processed with an 
OMAG algorithm to extract both the structural and blood 
flow signals. The details of the OMAG algorithm have been 
described elsewhere (8,11). Briefly, blood flow signals were 
calculated by subtracting complex OCT signals between 
each consecutive B-scans pair at each transverse location 
(8,11). The intensity of the blood flow signal is proportional 
to the amount of red blood cells (RBCs) passing through 
the vessels (12,13). The average of the differences for all 
three repetitions at each transverse location was calculated 
to generate the final blood flow signal, IFlow(x,z), as described 
in Eq. [1]:
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      [1]

where i is the index of the repeated time of B-scans at each 
transverse location, C(x,z) indicates the complex OCT 
signal at xth A-scan and zth sampling point in the axial 
direction. R(=4) is the number of repeated B-scan. 

Retinal layer segmentation

Boundaries of the inner limiting membrane (ILM) and 
the anterior surface of lamina cribrosa were manually 
delineated using self-developed semi-automatic retinal 
layer segmentation software on the structural images to 
isolate the pre-laminar tissue (preLC, Figure 1A) (14). The 
same boundaries were then applied to OMAG vascular 
images (Figure 1B) to form identical retinal layer. Maximum 
projection analyses, which detected the blood flow signal 
with the highest intensity value along each A-scan, were 
performed within the segmented retinal layer to generate 
vascular en face images in preLC. The optic disc margin 
was manually delineated by identifying the end of Bruch’s 
membrane to define the region of ONH on structural 
B-scans.

Flux, vessel area density, and normalized flux measurements

To quantify ONH perfusion, we created three quantitative 
measurements: flux, vessel area density, and normalized 
flux (15).

The flux was defined as the mean flow signal intensity 
over the entire ONH area and shown in Eq. [2]:
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where the blood flow signal IFlow was normalized to between 
0 and 1 by dividing 255 (the full dynamic range of the flow 
signal), and thus represented a ratio without a unit.

Vessel area density was the ratio of vessel area within 
the ONH to the area of the ONH (Eq. [3]), indicating 
the percentage of vessels within the ONH. Blood vessels 
in the ONH were detected by a multiscale Hessian filter 
from the vascular en face images (16). The Hessian filter 
measured the second order of local structure of the vascular 
en face images. Based on the calculated 2D eigenvalues λ1 
and λ2, where |λ1| ≤ |λ2|, the structure information was 
converted into probability-like estimates of vesselness (16). 

Figure 1 Example of retinal layer segmentation. Two retinal 
boundaries were segmented: inner limiting membrane (ILM) (the 
yellow line), retinal pigment epithelium (RPE) (the red line outside 
the optic disc) and anterior surface of lamina cribrosa (LC) (the 
same red line within the optic disc). (A,B) Structural and blood 
flow cross-sectional image superimposed with segmented retinal 
boundaries.

B
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With Hessian filters in multiple spatial scales, we were able 
to detect vessels with various diameters. All the detected 
vessels were then combined together to generate the final 
vessel map.
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As less nerve head tissue requires less ONH perfusion, 
we further calculated the normalized flux to avoid bias from 
the reduced vessel area in glaucomatous eyes, which was the 
flux normalized by the vessel area, to evaluate the flux in the 
vessels only (Eq. [4]):
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Similar to the flux, in Eq. [4] the blood flow signal was 
normalized to between 0 and 1 by dividing the full dynamic 
range of blood flow signal intensity, and thus represented a 
ratio without a unit.

Statistical analysis

Two-tailed, independent samples t-tests were used to 
compare the flux, vessel area density, and normalized flux 
between normal and glaucomatous eyes. Univariate linear 
regression models were used to investigate the correlation 
between ONH perfusion metrics and other clinical 
assessment measurements. All statistical analyses were 
performed using JMP® Pro 11.1.1 (SAS Institute Inc., Cary, 
NC, USA). P<0.05 was considered statistically significant.

Results

Twenty-two eyes from 22 normal subjects and 22 eyes from 
22 POAG subjects were enrolled. Two normal and one 
glaucomatous eyes were excluded because of poor signal 
quality. Table 1 summarizes the demographic information 
and structural biometric measurements. No significant 
differences were detected in age, IOP, diagnosis of systemic 
hypertension and use of systemic antihypertensive medication 
between normal and glaucoma subjects (P≥0.07). All 21 
eyes with POAG were considered stable, with an average 
MD and PSD of −2.90±2.52 dB (range −7.96 to 0.96 dB)  
and 4.71±3.02 dB (range 1.74 to 10.91 dB), respectively; 
2 eyes (9.5%) had undergone trabeculectomy prior to the 
OMAG scanning. More subjects in the glaucoma group had 
diabetes mellitus and used glaucoma medications (P≤0.04, 

Table 1 Baseline demographic information and optic nerve head structural biometric measurements

Variables Normal (N=20) Glaucoma (N=21) P value

Age (yrs)† 68.1±7.3 (63.8, 72.4) 62.9±11.4 (58.7, 67.1) 0.09

Intraocular pressure (mmHg)† 13.6±3.5 (11.9, 15.4) 15.0±4.0 (13.4, 16.7) 0.25

Male/female 12/8 11/10 0.62‡

Systolic blood pressure (mmHg)† 136.0±21.1 (126.0, 146.0) 127.1±17.6 (116.4, 137.9) 0.23§

Diastolic blood pressure (mmHg)† 82.8±13.7 (76.2, 89.3) 79.3±11.6 (72.3, 86.3) 0.47§

Mean ocular perfusion pressure (mmHg)† 53.1±9.2 (48.4, 57.8) 48.1±9.1 (43.1, 53.2) 0.15§

Diabetes mellitus, n [%] 0 [0] 4 [19] 0.04‡

Systemic hypertension, n [%] 8 [40] 4 [19] 0.14‡

Taking systemic antihypertensive medication, n [%] 9 [45] 4 [19] 0.07‡

Taking ocular antihypertensive eye drops, n [%] 0 [0] 18 [86] <0.0001‡

RNFL thickness (μm)† 89.7±9.9 (85.4, 93.8) 66.5±8.5 (62.5, 70.6) <0.0001

Averaged cup-to-disc ratio† 0.44±0.18 (0.37, 0.50) 0.71±0.11 (0.65, 0.78) <0.0001

Rim area (mm2)† 1.30±0.16 (1.22, 1.38) 0.82±0.19 (0.74, 0.90) <0.0001
†, 95% confidence intervals are shown in the parentheses. All comparisons made using independent samples, 2-tailed t-test, except for 
‡Chi-square test. §, N=16 and 14 for normal and glaucoma groups respectively.
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Chi-square tests). 
Among the subgroup of subjects with calculated 

MOPP (N=16 and 14 for normal and glaucoma groups, 
respectively), no significant difference in MOPP was found 
(P=0.15).

For the structural measurements derived from the OCT 
structural images, normal eyes showed significantly higher 
RNFL thickness and rim area and significantly lower 
averaged cup-to-disc ratio compared to glaucomatous eyes 
(all P<0.0001). 

Figure 2 shows an example of the vascular en face image 
from preLC of a normal and a glaucomatous eye. A significant 
reduction in the blood flow signal in the preLC vascular en face  
image was observed in the glaucomatous eyes (Figure 2G) 
compared to the normal eyes (Figure 2C). The detected vessel 

map (Figure 2D and H) similarly demonstrated that normal 
eyes had more blood vessels in the preLC.

Compared with normal eyes, glaucomatous eyes had a 
significantly lower flux in preLC (0.32±0.04 vs. 0.25±0.07, 
normal vs. glaucoma, P=0.0002, Table 2), lower vessel area 
density, and normalized flux in preLC (P≤0.0003).

In the glaucoma group, univariate regression analyses 
indicated that the preLC flux, vessel area density, and 
normalized flux showed significant correlations with VF 
MD, VF PSD, RNFL thickness, and ONH cup-to-disc 
ratio and rim area (P≤0.012, Table 3 and Figure 3). 

For the normal group, significant correlations of preLC 
vessel area density with RNFL thickness and rim area were 
detected (P≤0.0453, Table 4 and Figure 3) but not with other 
clinical measurements. In both groups, ONH perfusion 
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Figure 2 An example result of the vascular en face image of pre-laminar tissue (preLC) of a normal (A-D) and a glaucomatous eyes (E-H). 
(A,E) Show the structural en face images; (B,F) display the cross-sectional structural images sampled at the horizontal red lines in (A) and (E) 
superimposed with blood flow signals from preLC, and vertical yellow dashed lines indicate the optic disc margin by detecting the end of 
Brush’s membrane; (C,G) are the vascular en face images from preLC; (D,H) present the detected blood vessel maps from preLC.

Table 2 Summary of flux, vessel area density, and normalized flux between normal and glaucoma group

Pre-lamina tissue Normal (N=20) Glaucoma (N=21) P value

Flux 0.32±0.04 (0.30, 0.35) 0.25±0.07 (0.23, 0.28) 0.0002

Vessel area density 0.76±0.02 (0.74, 0.79) 0.70±0.06 (0.68, 0.72) <0.0001

Normalized flux 0.36±0.04 (0.34, 0.38) 0.30±0.06 (0.28, 0.32) 0.0003

Data are presented as mean ± standard deviation. 95% confidence intervals are shown in the parentheses. All comparisons made using 
independent samples, 2-tailed t-test.
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metrics did not show significant correlation with MOPP 
(P>0.74).

Discussion

We demonstrate that OMAG is able to visualize and 
quantify ONH perfusion in normal and glaucomatous 
eyes. By detecting differences in OCT signals between 
adjacent B-scans at the same transverse location, we 
visualized the blood vessels in the ONH and measured 
ONH perfusion. Significant differences in ONH perfusion 
were found between normal and glaucomatous eyes, and 
ONH perfusion was robustly correlated with functional and 
structural changes found in glaucoma.

In OMAG, when the incident light is backscattered 
by retinal tissue, the OCT signal remains steady, but it 
changes over time when the light is backscattered by moving 
RBCs. Based on this concept, OMAG generates ONH 
microcirculatory information by subtracting two consecutive 
B-scans; the OCT signals from static retinal tissues are 
removed while the signals from moving blood cells remain. 
We have found OMAG has high intra- and inter-observer 
repeatability and reproducibility [coefficient of variation 
<3.7% (intra-observer) and intraclass correlation coefficient 
≥0.953 (inter-observer); unpublished data], which compares 
favorably to traditional methods, such as DOCT (17). By 
averaging differences of each repetition, OMAG further 
enhances the signal-to-noise ratio and generates blood flow 
signals with better contrast. Since we were detecting the 
blood flow signals caused by the moving blood cells and then 
projecting 3D blood flow signals onto 2D vascular en face 
images, the ONH perfusion measured here is termed flux—
number of RBCs crossing through a cross-sectional area of 
the vessel - which is correlated with blood flow (12,13).

Jia et al. recently quantified ONH perfusion (defined as 

“flow index”) using split-spectrum amplitude decorrelation 
angiography (SSADA) algorithm, which detects the 
decorrelation between A-scan signals and converts it 
into blood flow signals (18,19). Flow index measures the 
decorrelation of the OCT signals, which was a function 
of the displacement of blood cells over time and related 
to blood flow velocity (18). However, the relationship 
between flow index and flow velocity is linear only within a 
narrow range (20). Furthermore, because of the spectrum 
splitting, the axial resolution was worsened from 5 to 
18 μm (18). In contrast, OMAG measures the differences 
of adjacent complex OCT signals, which have a stronger 
linear relationship with the number of the blood cells 
passing through over time, i.e., flux, without sacrificing axial 
resolution. 

Because Jia et al. (19) obtained microcirculatory 
measurements calculated from en face images of the entire 
ONH (without segmentation), our results cannot directly 
be compared to theirs. Nevertheless, they similarly found 
that glaucomatous eyes showed significantly lower ONH 
perfusion compared to normal eyes, and the flow index 
was correlated with the VF PSD and rim area. We found 
OMAG-derived ONH perfusion metrics had significant 
correlations with VF MD, VF PSD, RNFL thickness, and 
ONH cup-to-disc ratio and rim area. A strength of OMAG 
is the ability to isolate preLC, which is relevant to early 
glaucomatous damage (21,22). We specifically limited our 
glaucoma group to those with mild-moderate glaucoma, 
to determine the ability of OMAG to distinguish earlier 
disease from normal, and found it performed well, with high 
correlation with both structural and functional measures 
of glaucoma. Another strength of our study was the use 
of an age-matched control group, which limits bias due to 
potential age-related changes in ONH circulation. 

Notably, we also found significant correlations of vessel 

Table 3 Summary of univariate regression analyses results between disc perfusion measurement metrics (flux, vessel area density, and 
normalized flux) and other functional [visual field (VF) mean deviation (MD) and pattern standard deviation (PSD)] and structural  
clinical measurements [retinal nerve fiber layer (RNFL) thickness, cup-to-disc ratio, and rim area] for glaucoma group

Variables Flux Vessel area density Normalized flux

VF MD 0.49 (0.0004) 0.59 (<0.0001) 0.45 (0.0009)

VF PSD 0.34 (0.0053) 0.43 (0.0012) 0.29 (0.012)

RNFL thickness 0.54 (0.0002) 0.39 (0.0026) 0.57 (<0.0001)

Cup-to-disc ratio 0.59 (<0.0001) 0.45 (0.0008) 0.59 (<0.0001)

Rim area 0.36 (0.0038) 0.31 (0.0089) 0.37 (0.0037)

Data are presented as R2 with P values in the parentheses.
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Figure 3 Scatter plots for three optic nerve head perfusion metrics and clinical measurements [visual field median deviation (MD) and 
pattern standard deviation (PSD)] and structural biometrics [retinal nerve fiber layer (RNFL) thickness, cup-to-disc ratio (CDR), and rim 
area]. R2 with P values in the parentheses are presented, where RN

2 and RG
2 indicate R2 value for normal and glaucomatous eyes, respectively.
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area density with RNFL thickness and rim area in normal 
group. No significant correlation was found between 
normalized flux and OCT structural measurements because 
this metric was normalized by vessel area. 

Our study has limitations. Studies have shown that 
ocular antihypertensive eye drops decrease the IOP and 
may increase the blood flow in the ONH (23,24). Most of 
our glaucoma subjects (86%) were taking antihypertensive 
eye drops and the effects of their medications on ONH 
perfusion are unknown. In addition, we did not obtain 
VF testing in our normal subjects. However, all normal 
subjects underwent comprehensive ocular examination 
and had statistically normal peripapillary RNFL thickness 
and normal optic disc measures using FD-OCT. Another 
limitation was that the BP measurements were not taken 
at the time of the OMAG scan, and MOPP was based on 
retrospective BP measurements. However, none of the 
included subjects had changes in BP medications during the 
time period reviewed and a previous published paper using 
OCT angiography also found no significant correlations 
between MOPP and ONH perfusion (19).

Our OMAG prototype was not able to measure 
accurately the ONH perfusion in the lamina cribrosa (LC), 
because with its 840 nm laser source, the visibility of the LC 
tissue was limited and highly affected by the pre-laminar 
tissue. However, since previous studies have shown that 
early glaucomatous damage is primarily found in preLC 
tissue, the results of our cohort with early to moderate 
glaucoma (MD range −7.96 to 0.63 dB) are notable (21,22). 
A light source with a longer wavelength, or using swept-
source OCT at 1,060 nm wavelength (25), might enable 
accurate measurement of microcirculation within LC tissue. 

In conclusion, OMAG provides a highly reproducible, 
non-invasive method to visualize and quantify ONH 
perfusion in normal and glaucomatous eyes. ONH perfusion 
metrics detected by OMAG were significantly lower in 
glaucomatous than normal eyes within the preLC, and 
strongly correlated with functional and structural changes 

in glaucomatous eyes. Our results show that OMAG may be 
able to add additional insight into ONH perfusion and its 
relationship to disease states such as glaucoma.
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