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Abstract
Purpose To explore how optic disc perfusion varies in pa-
tients with open-angle glaucoma (OAG) and how this corre-
lates with glaucoma severity.
Methods We performed a prospective and cross-sectional ob-
servational study that included 62 eyes from 62 patients with
OAG, divided into three groups according to their visual field
(VF) results, and 20 eyes from 20 normal control subjects.
Optic disc perfusion was studied using optical coherence to-
mography angiography (angio-OCT), and flow index and ves-
sel density were determined. The VF, mean deviation (MD),
pattern standard deviation (PSD), retinal nerve fiber layer
(RNFL) thickness, and ganglion cell complex (GCC) thick-
ness were also recorded. The potential associations between
disc perfusion and VF defects or structural loss were analyzed.

Results In OAG patients, the disc flow index and vessel den-
sity were significantly lower than in normal controls (all
p<0.001) and were correlated with the severity of glaucoma.
In OAG eyes, the flow index and vessel density were signif-
icantly correlated with MD, RNFL, and GCC thickness (all
p<0.01), but were not in the normal controls. The receiver
operating characteristic (ROC) curve analysis also revealed
that disc flow index and vessel density had the power to dif-
ferentiate normal eyes from eyes with OAG (under the ROC
curves: 0.82 and 0.80, respectively).
Conclusions Angiograms demonstrated a reduced disc flow
index and vessel density in glaucoma, and this reduction was
closely related to GCC thickness. This indicated that measure-
ment of disc perfusion by angio-OCT might be important for
the monitoring of glaucoma.
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Introduction

Glaucoma is a major disease that potentially results in irre-
versible blindness. It is the second leading cause of induced
vision loss worldwide. For a long period of time, elevated
intraocular pressure (IOP) was recognized as the only cause
of neural tissue loss at the optic nerve head (ONH), subse-
quently resulting in visual field loss [1–4]. However, many
epidemiological studies have revealed that IOP reduction
alone cannot prevent the progression of visual field loss in
all patients [5–7]. Besides elevated IOP, a growing body of
evidence has suggested that vascular factors play a critical role
in the development of glaucoma [8–12]. Some prospective
studies have demonstrated that in primary open-angle glauco-
ma (POAG), blood flow is diminished in the ophthalmic,
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retinal, choroid, and retrobulbar circulations [10, 13–16]. Al-
though these trials have mainly used Doppler optical coher-
ence tomography (OCT), which is not sensitive enough to
measure accurately the low velocities of small vessels that
make up the disc microcirculation, they have instigated a re-
surgence of interest in the metabolic assessment of glaucoma.

OCT, which is able to provide a measurement of retinal
thickness, is commonly used in the diagnosis and manage-
ment of retinal diseases and glaucoma [17–21]. Recently, a
newly developed OCT angiography using split-spectrum am-
plitude-decorrelation angiography (SSADA) has demonstrat-
ed the ability to quantify retinal and disc blood flow rapidly
and accurately [22–24]. It is a non-invasive technique that
does not require the injection of any exogenous dye or contrast
agent and provides near-automatic quantification of disc per-
fusion. Previous research showed that OCT angiography
(angio-OCT) with SSADA offers excellent intra-visit repeat-
ability and inter-visit reproducibility in the measurement of
disc flow [25]. Its reliability has also been shown in the mac-
ular regions [26].

There is a general consensus that ocular blood flow is re-
duced in glaucoma and that vascular factors might be more
prominent in open-angle glaucoma (OAG). Despite this, the
study of disc perfusion in patients with OAG has been rare.
Additionally, the relationship between the severity of damage
of optic disc perfusion and the functional and anatomical
changes of glaucoma has not been established. To explore
the possible correlation between disc perfusion, neural struc-
ture, and visual field loss in OAG patients, we performed the
following study using angio-OCT.

Methods

Participants

Eyes from 62 Chinese subjects with OAG and 20 normal
control subjects who visited the glaucoma clinic of the Eye
& ENT Hospital of Fudan University fromNovember 2013 to
April 2014 were prospectively collected. The study was ap-
proved by the institutional review board of the Eye & ENT
Hospital and was performed in accordance with the tenets of
the Declaration of Helsinki. Written informed consent was
obtained from all subjects.

The diagnostic criteria for OAG included all of the follow-
ing: 1) the presence of glaucomatous optic disc damage and
abnormal thinning of the circumpapillary retinal nerve fiber
layer (RNFL); 2) visual field defects, confirmed on at least
two visual field examinations; 3) a normal apparent open an-
gle on gonioscopic examination; and 4) no history of ocular or
systemic diseases causing optic nerve damage. The eyes with
OAG were divided into three groups based on the progression
of their optic nerve damage as measured by visual field: mild

(mean deviation [MD] > −6.0 dB), moderate (MD between
−6.0 and −12.0 dB), and severe (MD < −12.0 dB). The inclu-
sion criteria for the normal subjects were defined as normal-
appearing ONH, intact neuroretinal rim and retinal nerve fiber
layer (RNFL), normal standard automated perimetry (defined
as a glaucoma hemifield test within normal limits and a pattern
standard deviation within 95% confidence-interval limits),
and IOP of ≤21mmHg. The OAG and normal groups enrolled
in this study also met the following criteria: 1) no ocular laser
or incisional surgery in either eye (including cataract surgery);
2) no history of systemic medications (such as antihyperten-
sive, antihyperlipidemic, or hypoglycemic agents); 3) reliable
performance on visual field testing (fixation errors <20%,
false-positives <15%, and false-negatives <33%) assessed
via the 30–2 SITA standard program of the Humphrey Field
Analyzer (HFA, Carl Zeiss Meditec, Dublin, CA, USA); and
4) refractive error within −6.0 diopters. Only one eye per
subject was included in the study.

Examination

All subjects were interviewed regarding their medical history.
Thorough ophthalmic examinations included refractive status,
slit-lamp biomicroscopy, fundus examination, IOP, central
corneal thickness (CCT), and gonioscopy, performed by glau-
coma specialists. The retinal nerve fiber layer (RNFL) and
ganglion cell complex (GCC) thickness were assessed with
SD-OCT (RTVue OCT; Optovue Inc., Fremont, CA, USA).
Fundus photography was performed with a retinal camera
(TRC-NW200, Topcon). IOP was measured using Goldmann
applanation tonometry and CCT was measured with an A-
scan ultrasound (A-Scan Pachymeter, Ultrasonic, Exton, PA,
USA). Both systemic blood pressure (BP) and pulse rate (PR)
were measured in the left brachial artery at the height of the
heart with an automated blood pressure monitor (Omron Cor-
poration) with the subject in an upright sitting position. BP
amplitude was calculated from systolic blood pressure (SBP)
and diastolic blood pressure (DBP) according to the following
formula: BP amplitude = SBP − DBP. Mean arterial pressure
(MAP) was calculated according to the following formula:
MAP = DBP + 0.42 (SBP−DBP) [27–29]. Ocular perfusion
pressure (OPP) was calculated according to the following for-
mula: OPP = 2/3 MAP-IOP [30]. At the time of the study, the
frequency of topical medication use and the number of topical
glaucoma medications for each patient were also recorded.

OCT data acquisition and processing

OCTangiography scans were obtained by the spectral domain
system RTVue-XR Avanti (Optovue, Inc., software version
2.0.5.39). This system has an A-scan rate of 70 kHz per sec-
ond, using a light source centered on 840 nm and a bandwidth
of 45 nm. Both eyes of each participant were examined and
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scanned within the same visit. Three-dimensional (3D) OCT
angiography scans were acquired over 3 x 3 mm regions by
using five repeated B-scans at 216 raster positions, with each
B-scan consisting of 216 A-scans. With a B-scan frame rate of
270 frames per second, each scan can be acquired in ~3.5
seconds. Four volumetric raster scans, including two horizon-
tal priority (x-fast) and two vertical priority (y-fast) scans,
were obtained consecutively. The best x-fast and y-fast scans
were processed by the SSADA algorithm and the motion ar-
tifact was removed by 3D orthogonal registration and merging
of two scans [23]. En face retinal angiogram was created by
projecting the flow signal internal to the retinal pigment epi-
thelium. All of these processes can be achieved using the
contained software (version 2.0.5.39).

Optic disc perfusion measurements

In order to quantify optic disc circulation, en face retinal an-
giograms were outputted and processed with ImageJ software
(ImageJ2x 2.1.4.6 ud4,Wayne Rasband, National Institutes of
Health, USA). The disc flow index and vessel density were
calculated as previously described [22, 24]. In our study, the
optic disc boundary for each image was manually delineated
along the OCT reflectance images of normal (Fig. 1a and b)
and the glaucoma (Fig. 1d-k) eyes. The boundaries were then
transferred to the OCT angiogram map (Fig. 1c, f, i, l) for disc
region segmentation. The disc flow index was defined as the
average decorrelation value within the disc [22], given by:
Z

A
D⋅VdA

Z
A
dA

V ¼ 1; if vessel; V ¼ 0; if notð Þ;

where A was the disc area within the disc and D was the
decorrelation value acquired by the SSADA algorithm.

The vessel density was defined as the percentage area oc-
cupied by vessels in the disc, calculated by the following
formula:
Z

A
VdA

Z
A
dA

V ¼ 1; if vessel; V ¼ 0; if notð Þ;

where A was the disc area within the disc. The threshold
decorrelation value used to judge V as 1 or 0 was set at
0.202, two standard deviations above the mean decorrelation
value in the noise region. Before calculation of the
decorrelation values by SSADA, the central foveal avascular
zone in the normal eyes was chosen as a noise region after we
applied the same scanning pattern to the macular region.

Repeatability and reproducibility

Intra-visit repeatability of disc flow index was calculated from
a subset of 16 normal subjects with two sets of scans per-
formed in a single visit. The coefficient of variation (CV)
and the intraclass correlation coefficient (ICC) were calculated
by comparing two measurements obtained at the same loca-
tion by the same operator. The subset of normal subjects used
to calculate intra-visit repeatability were also used to calculate
inter-visit reproducibility, obtained from two sets of scans per-
formed on two separate visits. The CV and ICC were deter-
mined from measurements made by the same operator and
obtained on separate visits of the subjects.

Statistical analysis

All analyses were performed using a statistical software
package (SPSS for Windows, version 19.0; SPSS, Inc.,
Chicago, IL, USA). Data are shown as medians (inter-
quartile range [IQR]). The Kruskal-Wallis test was used
to analyze the significance of differences among the four
groups. The Chi-square test was used for frequency data
on gender while the Fisher’s exact test and the Row
Mean Scores Differ test were used for frequency of top-
ical medication use and number of topical glaucoma
medications. Spearman’s rank correlation test was used
to evaluate single correlations between variables. Multi-
ple linear regression analysis was performed to determine
independent variables affecting disc perfusion parame-
ters. The receiver operating characteristic (ROC) curve
for the disc parameters was plotted to determine the op-
timum cutoff point, and area under the ROC curve
(AUC) was used to determine the discrimination power
between the normal and OAG eyes. Repeatability and
reproducibility were analyzed by using the CV and the
ICC between-measurements. The CV is the standard de-
viation of the measurements divided by their mean,
expressed as a percentage. The ICC measures the propor-
tion of total variability in measurements contributed by
variability in measurements between different subjects,
and was determined using the random-effects mixed
model. The significance level was set at p<0.05.

Results

Baseline clinical characteristics

A total of 62 eyes from 62 subjects with OAG were age-
matched with 20 eyes from 20 normal controls. Table 1 sum-
marizes the baseline clinical characteristics of each group; no
significant differences were found among these (p-values
ranged from 0.203 to 0.961) except for IOP. Compared to
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the normal controls, the glaucoma eyes demonstrated visual
field loss with lower MD values and higher pattern standard
deviation (PSD) values (p<0.001) (Table 2). Structural evalu-
ation also identified loss of disc rim area, GCC thickness, and
RNFL thickness (p<0.001).

Repeatability and reproducibility of optic disc perfusion
measurements

For intra-visit repeatability, the CV and ICC values were
0.68% and 0.99 for the flow index and 0.68% and 0.98 for
the vessel density, respectively. These values were based on
measurements from 16 normal subjects. For inter-visit repeat-
ability, the CVand ICC values among the 16 normal subjects
were 2.8% and 0.82 for the flow index and 3.5% and 0.80 for
the vessel density, respectively.

Optic disc perfusion measurements in four groups

Table 2 is an overview of the disc perfusion data of the four
groups. Disc flow index (normal vs. mild: p=0.026, normal vs.
moderate: p=0.01, normal vs. severe: p<0.001) and vessel
density (normal vs. mild: p=0.046, normal vs. moderate:
p=0.03, normal vs. severe: p<0.001) were significantly lower
in the glaucoma eyes (Figs. 1 and 2) and were correlated with
the severity of glaucoma (flow index: r=−0.52, p<0.001; ves-
sel density: r=−0.52, p<0.001).

Correlation between optic disc perfusion measurements
and other variables

No correlations between the disc flow index, vessel den-
sity, age, gender, VF MD, VF PSD, rim area, C/D area

Fig. 1 Disc photographs (a, d, g,
j), optic coherence tomography
(OCT) reflectance (b, e, h, k), and
OCT angiograms (c, f, i, l) in the
eyes of normal subjects (a–c) and
OAG patients (d–l). Disc margins
are marked by the red elliptical
outlines (b, c, e, f, h, i, k, l). A
dense microvascular network was
visible on the OCT angiography
of the normal disc (c). This net-
work was greatly attenuated from
mild to severe in the
glaucomatous disc (f, i, l).
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Table 1 Characteristics of the Study Subjects

Characteristics Normal Mild Moderate Severe p Value
N=20 N=28 N=17 N=17

Gender (male:female) 10:10 13:15 11:6 12:5 0.344b

Age (years) 44 (22–59) 38 (23–65) 40 (24–60) 34 (26–60) 0.949a

IOP (mmHg) 15.5 (12–21) 18.5 (12–25) 18 (13–38) 17 (11–40) 0.012a

CCT (μm) 534 (439–640) 548 (461–600) 540 (474–598) 536 (474–578) 0.617a

DBP (mmHg) 79 (59–97) 78 (63–114) 76 (64–100) 84 (61–94) 0.888a

SBP (mmHg) 126 (102–172) 122 (100–161) 122 (111–143) 124 (97–150) 0.640a

BP amplitude (mmHg) 46 (37–83) 46 (31–67) 45 (32–68) 46 (31–64) 0.889a

MAP (mmHg) 98.5 (77–124) 95.5 (79–134) 97.0 (89–115) 100.0 (76–115) 0.725a

OPP 49.5 (36.0-70.0) 45.5 (31.0-69.0) 47.0 (32.0-56.0) 48.0 (28.0-61.0) 0.321a

Pulse rate (bpm) 75 (64–105) 81 (60–100) 82 (60–107) 78 (67–104) 0.699a

Topical medications

Prostaglandin analogues - 10 5 10 0.961c

Beta-antagonists - 3 1 1

Carbonic anhydrase inhibitors - 2 1 1

Alpha-1-antagonist - 1 1 2

Number of glaucoma medications

0 - 16 11 6 0.203d

1 - 10 3 7

>1 - 2 3 4

IOP = intraocular pressure; CCT = central corneal thickness; DBP = diastolic blood pressure; SBP = systolic blood pressure; MAP = mean arterial
pressure; OPP = mean ocular perfusion pressure.

Numbers displayed are medians (interquartile range)
a Statistical significance tested with the Kruscal-Wallis test.
b Statistical significance tested with the Chi-square test
c Statistical significance tested with the Fisher's exact test
d Statistical significance tested with the Row Mean Scores Differ Test

Table 2 Results of Diagnostic Testing

Variables Normal Mild Moderate Severe p Valuea

VF

MD (dB) −0.37 (−2.72 to 1.30) −2.73 (−5.74 to −0.01) −7.73 (−11.84 to −5.45) −18.25 (−28.59 to −12.25) <0.001

PSD (dB) 1.67 (0.98-2.83) 3.44 (1.32-7.31) 10.81 (4.58-13.60) 12.64 (10.01-16.15) <0.001

Structural assessments

RNFL thickness (μm) 115.4 (97.5-133.6) 86.5 (67.4-123.0) 77.0 (67.0-83.0) 64.0 (56.8-79.5) <0.001

GCC thickness (μm) 100.6 (87.4-114.9) 81.0 (63.8-94.3) 74.0 (56.7-84.5) 63.7 (51.8-72.4) <0.001

Rim area (mm2) 1.46 (0.98-1.97) 0.66 (0.28-1.20) 0.50 (0.28-1.54) 0.35 (0.05-1.07) <0.001

C/D area ratio 0.39 (0.1-0.64) 0.68 (0.40-0.87) 0.74 (0.39-0.88) 0.82 (0.65-0.98) <0.001

Disc perfusion

Flow index 0.263(0.239-0.282) 0.245 (0.201-0.270) 0.232 (0.195-0.275) 0.213 (0.183-0.264) <0.001

Vessel density (%) 87.0(80.1-90.8) 81.6(70.0-89.1) 77.0(67.6-89.6) 72.5 (61.2-87.6) <0.001

VF = visual field; MD =mean deviation; PSD = pattern standard deviation; RNFL = retinal nerve fiber layer; GCC = ganglion cell complex; C/D = cup/
disc.

Numbers displayed are medians (interquartile range).
a Differences between groups were tested with the Kruscal-Wallis test.
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ratio, RNFL thickness, or GCC thickness were found in
the normal group (data not shown). In the glaucoma
groups, the Spearman’s rank correlation test analysis
showed that the disc flow index was significantly corre-
lated with VF MD (r=0.379, p=0.003), RNFL thickness
(r=0.406, p=0.001), and GCC thickness (r=0.413,
p=0.001) (Table 4). Vessel density was significantly cor-
related with VF MD (r=0.404, p=0.001), VF PSD
(r=−0.254, p=0.049), RNFL thickness (r=0.465,
p<0.001), and GCC thickness (r=0.45, p<0.001)
(Table 3). Also in the glaucoma group, the multiple lin-
ear regression analysis, in which the flow index and ves-
sel density were considered the dependent variables
(Table 4), showed that GCC thickness was a predictor
of flow index and vessel density. Age, gender, VF MD,
VF PSD, RNFL thickness, C/D area ratio, and rim area
were not significant explanatory variables when grouped
with GCC thickness in the multivariate models. This
showed that disc perfusion was more strongly linked to
GCC thickness than to any other variables.

The power of optic disc perfusion variables to differentiate
between normal eyes and OAG eyes

The ROC curves for flow index and vessel density showed
that the cutoff point was 0.2432 for flow index and 81.1% for
vessel density between the controls and the OAG groups. The
cutoff was 0.2431 for flow index and 79.6% for vessel density
between the controls and the severe glaucoma groups. The
AUCs for flow index (0.9) and vessel density (0.9) showed
a greater power to differentiate between normal eyes and eyes
with severe OAG (Table 5).

Discussion

In this study, we found a decrease in the disc flow index and
vessel density in the glaucomatous eyes, which was correlated
with the severity of glaucoma damage. Furthermore, analysis
showed that altered flow index and vessel density were

Fig. 2 Optic disc perfusion measurements in four groups. (a) Disc flow
index was significantly lower in glaucoma eyes (normal vs. mild:
p=0.026, normal vs. moderate: p=0.01, normal vs. severe: p<0.001). (b)

Disc vessel density (normal vs. mild: p=0.046, normal vs. moderate:
p=0.03, normal vs. severe: p<0.001) was significantly lower in
glaucoma eyes. * p<0.05, ** p<0.01

Table 4 Multivariate Regression Models of Ganglion Cell Complex
Thickness Affecting Disc Perfusion in Subjects with Open Angle
Glaucoma

Variable Model Flow Index Vessel Density

β (SE) p value β (SE) p value

GCC thickness 1a 0.001 (0.0003) 0.0003 0.37 (0.08) <0.001

GCC thickness 2 0.001 (0.0003) 0.0003 0.36 (0.08) <0.001

GCC thickness 3 0.001 (0.0004) 0.0094 0.37 (0.12) 0.002

GCC thickness 4 0.001 (0.0005) 0.0340 0.38 (0.14) 0.010

SE = standard error

GCC =Ganglion Cell Complex
a Model 1 for crude; Model 2, adjustment for age and gender; Model 3,
further adjustment for visual field mean deviation and visual field pattern
standard deviation; Model 4, further adjustment for retinal nerve fiber
layer thickness, cup/disc area ratio, and rim area.

Table 3 Correlation between Disc Perfusion and Other Variables in
Subjects with Open Angle Glaucoma

Parameters Flow Index Vessel Density

r p Value r p Value

VF MD 0.379 0.003 0.404 0.001

VF PSD −0.227 0.078 −0.254 0.049

RNFL thickness 0.406 0.001 0.465 <0.001

GCC thickness 0.413 0.001 0.45 <0.001

Rim area 0.146 0.257 0.147 0.254

C/D area ratio −0.184 0.153 −0.194 0.132

VF = visual field; MD = mean deviation; PSD = pattern standard devia-
tion; RNFL = retinal nerve fiber layer; GCC = ganglion cell complex; C/
D = cup/disc.
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correlated with MD, RNFL, and GCC thickness. Altered flow
index and vessel density values were also found to be good
indicators of eyes with OAG, especially severe OAG. All of
these data suggest that angio-OCT disc blood flow measure-
ments showed excellent correlation with the severity of
glaucoma.

Our study used a novel technique, SSADA-based angio-
OCT, to measure the disc flow index and vessel density in
OAG and normal eyes. The reproducibility and repeatability
of disc flow index with angio-OCT have been examined pri-
marily in normal subjects. Jia et al. reported that the intra-visit
repeatability and inter-reproducibility were 1.2% and 4.2%
CV, respectively, for disc flow index in four healthy subjects
[22]. However, less information is available from reproduc-
ibility studies on disc vessel density. Of note, in our study,
good levels of repeatability and reproducibility were found
for the disc flow index and vessel density measurements
among the 16 normal subjects.

Disc blood flow of patients with glaucoma was previously
investigated by fluorescein angiography (FA), in which de-
fects in the disc have been found in glaucomatous and ocular
hypertensive eyes [31, 32]. FA, however, is not commonly
used to monitor glaucoma because of its invasive nature and
the difficulty in quantification. Laser Doppler flowmetry and
laser speckle flowgraphy, which are noninvasive techniques,
have also been reported as measures of disc perfusion. Studies
using these two techniques found that the entire optic disc
blood flow was significantly lower in the glaucoma group
than in the control eyes [33–36]. Our results agree with these
findings. Further, flow index was found to be closely correlat-
ed to the severity of both structural loss and visual field loss in
glaucoma. Additionally, angio-OCT also offers a new index,
disc vessel density measurement, which was also found to be
reduced at every stage of OAG. The velocity of the blood flow
as well as the vessel diameter might be contributors to the final
flow index. Previously, only the flow has been reportedly
lower in glaucoma patients. Whether this is the result of de-
creasing blood flow velocity or a reduction of both the veloc-
ity and the vascular system is not known. Here, we report that
decreases of both the flow index and of vessel density were
found at every stage of OAG. On the other hand, it is still

unclear whether vascular changes are a primary or secondary
consequence in glaucoma. As this is a cross-sectional study,
our result did not answer this question. However, as angio-
OCTwas able to record the reduced blood flow at every stage
of OAG, a follow-up study using angio-OCT might be able to
improve our knowledge of this aspect.

The ability to detect OAGwith a non-invasive examination
such as angio-OCT can become a useful part of annual health
examinations. Karczewicz et al. previously reported that
blood flow in the ophthalmic artery and the central retinal
artery was significantly decreased in patients with myopia
and POAG as compared to that inmyopic eyes without POAG
[37]. Together with our results, this suggests that disc blood
flow index and vessel density may aid in the diagnosis of
OAG, especially in myopic eyes, in which shallow cupping
and pale neuroretinal rims make ONH assessment difficult,
and where RNFL thickness measured by OCT has been less
effective at discriminating glaucoma [38]. The close correla-
tion between the flow index/vessel density and MD, RNFL,
and GCC thickness suggests that angio-OCT might also be
useful in monitoring the progression of OAG.

The present study was limited by its cross-sectional design.
Though no significant difference was found in the number of
glaucoma medications among groups with different stages of
OAG, the effects of anti-glaucoma medication might have a
potential influence on the findings herein. This study mea-
sured blood flow and vessel density in the entire disc; further
measurements of the flow in hemispheres or quadrants using
angio-OCT might provide more information in this field.

In conclusion, our study demonstrated that disc blood flow
measurement may be useful in glaucoma assessment. The
authors’ analysis indicated that reduced disc blood flow was
associated with structural loss and visual field loss. The data
also suggest that disc vascular changes might be secondary in
glaucoma. Measurement of disc perfusion by angio-OCTmay
be important for the monitoring of glaucoma, and further stud-
ies with long-term follow-up periods might tell us the prog-
nostic value of this angiogram.
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