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A B S T R A C T

Purpose: To quantitatively measure and compare the vascular morphology in healthy eyes and eyes with primary
open-angle glaucoma (POAG) using optical coherence tomography angiography (OCTA) scans.
Methods: This is a retrospective and cross-sectional study which include healthy individuals and individuals with
POAG that underwent OCTA imaging at an academic center's glaucoma clinic. We analyzed OCTA scans of the
macula and optic nerve head (ONH) of one eye from each subject to quantitatively measure vessel density (VD),
vessel length density (VLD), and branchpoint density (BPD). We compared these 3 parameters between the
healthy and POAG groups and used logistic regression classification models to determine their diagnostic value in
differentiating healthy and glaucomatous eyes.
Results: We included 49 healthy subjects and 49 subjects with POAG. After age-adjusted analysis, the parameters
of VD, VLD, and BPD were significantly reduced in eyes with POAG (P < 0.001) in all scan layers and most
significantly around the ONH. The parameter with the best performances were radial peripapillary capillary (RPC)
VD [AUC (areas under the curve): 0.939 (0.891, 0.987)] which had statistically higher performances (P < 0.05)
than parameters in the superficial or deep layers. All 3 parameters in the RPC layer had statistically similar
performances.
Conclusions:We found that VD, VLD, and BPD were reduced in glaucomatous eyes. The morphologic parameters of
VLD and BPD had similar performances to the traditional parameter of VD in RPC layers. Our results suggest that
vascular morphology parameters may provide additional value in the diagnosis and evaluation of glaucoma.
1. Introduction

Glaucoma is a vision-threatening optic neuropathy characterized by
progressive degeneration of retinal ganglion cells.1 Vascular health has
been theorized to play an important role in the progression of glaucoma.
Reduction in ocular blood supply is hypothesized to be a cause of retinal
ganglion cell death, resulting in glaucoma with or without changes in
intraocular pressure (IOP).2 Although it remains unclear whether
vascular damage precedes retinal ganglion cell damage or vice versa,
information about the underlying vasculature of the eye may be helpful
for clinicians in the diagnosis and evaluation of glaucoma.

Optical coherence tomography (OCT) is a commonly used non-
invasive imaging modality in glaucoma care that provides structural in-
formation about the retina and optic nerve head (ONH). Optical coher-
ence tomography angiography (OCTA) is an extension of OCT that
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identifies blood flow and vessels, providing non-invasive visualization of
retinal microvasculature.3 In addition to qualitative images, OCTA can
also provide quantitative information that can measure and track
changes in vasculature as glaucoma progresses. Many studies have
quantified OCTA scans using vessel density (VD), a parameter that
measures the proportion of the scan occupied by vasculature.3–6 VD is
automatically computed and reported to clinicians in commercially
available OCTA devices. Patients with primary open-angle glaucoma
(POAG) have reduced VD in the macula and ONH when compared to
normal subjects with greater reductions in more advanced stages of
disease.7–11 Additionally, treatment of glaucoma with surgery or
IOP-reducing medications has been shown to be associated with recovery
of VD, indicating that OCTA may be of use in the longitudinal assessment
of glaucoma.12–14

Further quantification of vascular quantity and morphology beyond
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VD may provide additional clinical value in glaucoma care and reveal
insights into the pathologic progression of the disease. Quantitative
OCTA parameters that convey information about the length and
branching of vessels have been well-studied in diabetic retinopathy and
found to be of diagnostic value in differentiating healthy and diseased
eyes.15–17 However, their applications are comparatively less explored in
glaucoma. The few reported studies in glaucoma are limited by the lack
of healthy control groups and small sample sizes with racially homoge-
nous subjects.18–20

Therefore, in this study, we evaluated different quantitative measures
of the microvasculature in healthy eyes and eyes with POAG imaged with
OCTA. In addition, we assessed the diagnostic value of these measures in
distinguishing healthy eyes from eyes with glaucoma. We hypothesized
that eyes with POAG have both significantly reduced vascular quantity as
well as altered morphology that may be of diagnostic value.

2. Methods

2.1. Study population

This retrospective cross-sectional study was approved by the Institu-
tional Review Board (IRB) of the University of Texas at Southwestern
Medical Center (UTSW) and adhered to the tenets of the Declaration of
Helsinki and the Health Insurance Portability and Accountability Act
(HIPAA) of 1996. Due to the retrospective design and lack of direct pa-
tient interaction, the IRB did not require patient consent. A total of 98
subjects seen at UTSW's tertiary care glaucoma clinic between January
2020 and May 2020 were included. All subjects had undergone a com-
plete ophthalmologic examination including visual acuity measurement,
visual field examination, gonioscopy, dilated fundus photography,
tonometry, and OCTA imaging. Inclusion criteria included age >18
years, spherical equivalent � � 3 diopters, and open angles on gonio-
scopy. Exclusion criteria included poor scan quality (<6/10 as recom-
mend by the manufacturer), significant scan artifacts, history of ocular
trauma, and evidence of vitreoretinal disease, uveitis, hypertensive
retinopathy, diabetic retinopathy, Alzheimer's disease, Parkinson's dis-
ease, or stroke.

From each included subject, one eye was chosen randomly. Eyes were
categorized into healthy and POAG groups. Eyes were classified as
Fig. 1. En face OCTA 3 � 3 OCTA scans of healthy and POAG eyes in the sup
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healthy if they had normal optic discs, no visual field defects, and IOP
<21 mmHg. Eyes were classified as POAG if they had characteristic optic
disc changes (disc cupping, hemorrhages, narrow neuroretinal rim) with
corresponding glaucomatous visual field defects with or without elevated
IOP. Eyes with POAG were further categorized as mild, moderate, or
severe stage based on the Hodapp-Anderson-Parrish criteria using visual
field mean deviations.21

2.2. Image acquisition

All subjects underwent spectral-domain OCTA imaging with the
RTVue XR Avanti (Optovue Inc., Fremont, CA, USA) equipped with
AngioVue software version 2018.0.0.18 for visualization of vascular
structures. Two scans were captured for each eye with one scan centered
around the macula, and the second scan centered around the ONH. The
scan area was 3 � 3 mm for macular scans and 4.5 � 4.5 mm for ONH
scans. Each ONH scan comprised of 304 B-scans equally spaced on the X-
axis and Y-axis with each B-scan consisting of 304 A-scans. Each macular
scan comprised of 400 B-scans with each B-scan consisting of 400 A-
scans. Eye tracking software was used to reduce the effect of motion-
related artifacts.

Built-in software automatically segmented the OCT volume data into
predefined layers. We analyzed the superficial and deep layers of the
macula and the radial peripapillary capillary (RPC) layer of the ONH. The
superficial layer was defined with the inner boundary set at the internal
limiting membrane (ILM) and the outer boundary set 10 μm above the
inner plexiform layer (IPL). The deep layer was defined at the region
from 10 μm above the IPL to 10 μm below the outer plexiform layer
(OPL). The RPC layer was defined as the region from the ILM to the
posterior boundary of the retinal nerve fiber layer (RNFL) centered
around the ONH. Fig. 1 shows healthy and POAG OCTA scans of each
layer.

2.3. Image processing and analysis

We measured 3 parameters to quantify vascular morphology: vessel
density (VD), vessel length density (VLD), and branchpoint density
(BPD). We defined VD as the ratio between the area occupied by
vasculature and the total image area. VLD was defined as the ratio
erficial (A), deep (B), and radial peripapillary capillary (RPC) layers (C).



Fig. 2. Image Processing Steps in Vascular Morphology Quantification
A. En face OCTA 3 � 3 mm scan of the superficial layer of a healthy eye. B. Binarized vessel map, used for vessel density calculation. C. Skeletonized vessel map, used
for vessel length density and branchpoint density calculations. Red circles show examples of branchpoints.
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between the total length of vasculature and the total image area. BPDwas
defined as the ratio between the total number of vessel branchpoints and
the total length of vasculature. Branchpoints were defined as points
where vessels divided into two or more vessel branches. All parameters
were unitless measures.

All image processing and analysis was performed using ImageJ (Na-
tional Institute of Health, Bethesda, MD, USA, 2022 version 1.53o). As
shown in Fig. 2, a global thresholding algorithm was applied to en face
OCTA images to generate binary vessel maps in which each pixel was
assigned a value of either 1 (vessel) or 0 (background). We used binary
vessel maps to calculate VD. Next, binary vessel maps were used to
generate skeletonized vessel maps in which vessel areas were reduced to
1-pixel widths in order to represent the total length of the vascular
network. We used the skeletonized vessel maps to calculate VLD and
BPD. As shown in red in Fig. 2C, branchpoints were identified from the
skeletonized vessel maps as pixels with 3 or more adjacent vessel-
containing pixels.
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2.4. Statistical analysis

Demographic characteristics and OCTA parameters were compared
between the healthy and POAG groups. Continuous variables (age, IOP,
RNFL thickness, blood pressure, signal strength index) were compared
using Welch's t-tests, and categorical variables (sex, race, hypertension,
diabetes, and cardiovascular disease) were compared using χ2 tests.
OCTA parameters were compared between groups using linear regression
to adjust for any covariates found to be significant in univariate analysis.
To determine the diagnostic value of OCTA parameters in differentiating
normal and glaucomatous eyes, we performed logistic regression analysis
and constructed receiver operating characteristic (ROC) curves for each
of the 3 OCTA-derived vascular morphologic parameters in all 3 scan
layers. All ROCs were adjusted for covariates found to be significant in
univariate analysis. The areas under the curve (AUC) were calculated for
each ROC and were compared with the single highest AUC using the De
Long test for comparing AUCs.22 For each regression model, collinearity



Table 1
Characteristics of study participants.

Healthy Glaucoma P value

Subjects, n (%) 49 (50%) 49 (50%)
Age, years � SD 62.8 � 11.8 71.8 � 8.2 <0.001
Sex, n (%) 0.41
Male 18 (36.7%) 23 (46.9%)
Female 31 (63.3%) 26 (53.1%)
Race, n (%) 0.78
White 22 (44.9%) 19 (38.8%)
Black 19 (38.8%) 21 (42.9%)
Asian 6 (12.2%) 5 (10.2%)
Other 2 (4.1%) 3 (6.1%)
Hypertension, n (%) 21 (42.9%) 39 (79.6%) 0.48
Diabetes, n (%) 16 (32.7%) 16 (32.7%) 1
CV disease, n (%) 21 (42.9%) 25 (51.0%) 0.42
Systolic blood pressure, mm Hg � SD 125.3 � 14.4 131.1 � 21.0 0.08
Diastolic blood pressure, mm Hg � SD 75.5 � 11.7 77.1 � 10.0 0.42
IOP, mm Hg � SD 13.8 � 3.0 15.0 � 5.0 0.15
RNFL thickness, μm � SD 101.1 � 10.4 74.8 � 13.8 <0.001
Deep and superficial layer SSI, mean � SD 67.6 � 8.7 65.7 � 7.1 0.18
RPC layer SSI, mean � SD 62.2 � 9.0 60.3 � 7.2 0.25

SD: standard deviation; CV: cardiovascular; IOP: intraocular pressure; RNFL: retinal nerve fiber layer; SSI: signal strength index; RPC: radial peripapillary capillary.
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was assessed using variance inflation factor (VIF) tests. All statistical
analysis was performed with R version 4.1.2 (R Foundation for Statistical
Computing, Vienna, Austria). P values < 0.05 were considered statisti-
cally significant.

3. Results

A total of 49 eyes from healthy subjects and 49 eyes from subjects
with POAG were included in our study. Of the 49 eyes with POAG, 21
eyes had severe POAG, 16 had moderate POAG, and 12 had mild POAG.
A summary of the characteristics of study participants is presented in
Table 1. Participants with POAG were significantly older (71.8 � 8.2
years) than healthy participants (62.8 � 11.8 years) (P < 0.001). The
mean RNFL thickness in eyes with POAG (74.8 � 13.8 μm) was lower
than in healthy eyes (101.1 � 10.4 μm) (P < 0.001). No statistically
significant differences were present between the two groups with respect
to sex, race, hypertension, diabetes, cardiovascular disease, systolic
blood pressure, diastolic blood pressure, spherical equivalent, IOP, and
SSI.

A summary of descriptive statistics for each OCTA parameter
measured in the superficial, deep, and RPC layers is presented in Table 2.
In all 3 scan layers, VD, VLD, and BPD were significantly reduced in the
POAG group compared to the healthy group (P < 0.001). There was no
overlap in the 95% confidence intervals for all parameters between
healthy eyes and eyes with POAG. In both the healthy and POAG groups,
the deep layer had the highest mean VD, VLD, and BPD values, followed
by the RPC layer, and then the superficial layer. All 3 parameters in the
deep layer were found to be significantly different when comparing mild
v. moderate POAG, moderate v. severe POAG, and mild v. severe POAG.
The parameters in the superficial layer were not significantly different
when comparing healthy v. mild POAG, mild v. moderate POAG, and
moderate v. severe POAG. For all parameters, the standard deviation was
consistently higher in the POAG groups. Since patients with POAG were
significantly older than healthy patients (P < 0.001), groups were
compared using linear regression controlling for age as a covariate.

ROC curves for VD, VLD, and BPD across the 3 scan layers were
constructed with adjustment for age and the AUCs for each parameter are
presented in Table 3. The overall best performing parameter was the RPC
VD [AUC: 0.948 (0.903, 0.992)]. The RPC VD AUC was significantly
higher than any parameter's AUC in the superficial or deep layers. No
significant differences were found between the RPC VD AUC and the
other parameters in the RPC layer. The VIF for each regression model
demonstrated low collinearity.
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4. Discussion

In this study, we used VD, VLD, and BPD to quantitatively charac-
terize vascular morphology in OCTA scans of the macula and optic disc in
healthy and POAG subjects. All parameters were significantly reduced in
the eyes of patients with POAG (P< 0.001). When comparing parameters
across mild, moderate, and severe POAG subjects, all parameters in the
deep layer were significantly reduced as severity increased. We also
demonstrated the diagnostic value of these parameters in differentiating
between normal and glaucomatous eyes. The results of this study com-
plement the known importance of vascular health in glaucoma, as well as
highlighting the potential role of vascular morphology in the diagnosis
and evaluation of glaucoma.

We found VD to be lower in glaucomatous eyes in both the macula
and ONH as reported by many previous studies.8–10,23 VD reflects the
area occupied by vasculature and is theorized to reflect the healthiness of
the retinal vascular supply.3 Higher VD may indicate that the retinal
ganglion cells are well-perfused and more resistant to focal or global
damage to the vascular network. Most previous studies report average
VDs of 0.40–0.50 in healthy eyes, which is higher than the average VDs of
0.25–0.35 seen in our study.8–10,23,24 This variation is likely caused by
differences in VD calculation methods. While previous studies8–10,23,24

used built-in OCTA software to determine VD, we applied a custom
global thresholding algorithm on scans using ImageJ. This was done
because we computed the additional parameters of VLD and BPD from
the same scan images and thus, it was crucial to use consistent image
processing methods for all parameters. Additionally, significant variation
has been reported in VD measurements between OCTA devices from
different manufacturers, potentially making our results more generaliz-
able than those reported in other studies.25 Nevertheless, the lower VD in
eyes with POAG seen in our study is consistent with findings from other
studies.8–10,23 Individuals with hypertension are known to have lower VD
in the deep and superficial layers.26 In our study, there was no significant
differences in blood pressure between the healthy and POAG groups,
allowing us to control for this potentially confounding factor.

While VDmeasures the area occupied by vasculature, VLD reflects the
length of the vascular network which is computed by reducing the width
of vessels down to 1 pixel. As a result, VLD is theorized to be more sen-
sitive to changes in capillaries and small vessels than VD, potentially
being an earlier marker of vascular damage.17,20,27 As seen in other
studies,17,20,27 we found that VLD was significantly reduced in glau-
comatous eyes, suggesting that POAG is associated with reduced vascular
network length and capillary perfusion. Future studies investigating VLD



Table 2
Comparison of vascular morphology parameters between healthy and glaucoma groups.

Healthy (n ¼ 49) Mild POAG Moderate POAG Severe POAG All POAG P value
Healthy v.
Mild POAG

P value
Healthy v.
Moderate POAG

P value
Healthy v.
Severe POAG

P value
Healthy v.
All POAG

P value
Mild v.
Moderate
POAG

P value
Mild v.
Severe
POAG

P value
Moderate v.
Severe POAG

Superficial layer
VD 0.259 � 0.028

(0.250, 0.267)
0.240 � 0.028
(0.224, 0.255)

0.199 � 0.023
(0.187, 0.211)

0.176 � 0.029
(0.163, 0.189)

0.202 � 0.038
(0.191, 0.213)

0.072 <0.001 <0.001 <0.001 0.098 0.005 0.081

VLD 0.112 � 0.015
(0.107, 0.116)

0.104 � 0.011
(0.098, 0.049)

0.085 � 0.013
(0.078, 0.092)

0.073 � 0.012
(0.067, 0.078)

0.086 � 0.018
(0.080, 0.091)

0.164 <0.001 <0.001 <0.001 0.080 <0.001 0.037

BPD 0.049 � 0.007
(0.047, 0.051)

0.046 � 0.006
(0.042, 0.049)

0.040 � 0.005
(0.037, 0.043)

0.037 � 0.007
(0.034, 0.040)

0.041 � 0.007
(0.038, 0.043)

0.203 <0.001 <0.001 <0.001 0.137 0.021 0.225

Deep layer
VD 0.343 � 0.035

(0.335, 0.355)
0.310 � 0.042
(0.287, 0.333)

0.279 � 0.058
(0.249, 0.308)

0.237 � 0.074
(0.203, 0.270)

0.271 � 0.068
(0.252, 0.290)

0.010 <0.001 <0.001 <0.001 0.003 <0.001 0.019

VLD 0.170 � 0.016
(0.165, 0.174)

0.153 � 0.017
(0.143, 0.162)

0.135 � 0.025
(0.122, 0.148)

0.112 � 0.034
(0.097, 0.127)

0.131 � 0.032
(0.121, 0.140)

0.007 <0.001 <0.001 <0.001 0.007 <0.001 0.010

BPD 0.073 � 0.009
(0.071, 0.076)

0.066 � 0.011
(0.060, 0.072)

0.059 � 0.015
(0.051, 0.066)

0.052 � 0.018
(0.044, 0.059)

0.058 � 0.016
(0.053, 0.063)

0.036 <0.001 <0.001 <0.001 0.011 <0.001 0.012

RPC layer
VD 0.313 � 0.033

(0.303, 0.322)
0.262 � 0.044
(0.237, 0.286)

0.234 � 0.042
(0.212, 0.255)

0.202 � 0.029
(0.190, 0.215)

0.229 � 0.044
(0.216, 0.241)

<0.001 <0.001 <0.001 <0.001 0.097 <0.001 0.017

VLD 0.119 � 0.011
(0.116, 0.122)

0.101 � 0.022
(0.088, 0.113)

0.086 � 0.016
(0.078, 0.095)

0.070 � 0.014
(0.064, 0.076)

0.084 � 0.021
(0.077, 0.090)

<0.001 <0.001 <0.001 <0.001 0.070 <0.001 0.003

BPD 0.052 � 0.008
(0.051, 0.055)

0.042 � 0.009
(0.037, 0.047)

0.039 � 0.008
(0.034, 0.043)

0.034 � 0.006
(0.032, 0.037)

0.038 � 0.008
(0.035, 0.040)

<0.001 <0.001 <0.001 <0.001 0.251 <0.001 0.004

Values are presented as mean� standard deviation (95% confidence interval). P values were determined by linear regression to adjust for age as a covariate. Bold indicates significance<0.05. VD: vessel density, VLD: vessel
length density, BPD: branchpoint density, RPC: radial peripapillary capillary.
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Table 3
Areas under the curve (AUC) for classification of healthy vs glaucomatous eyes.

Scan Layer Parameter AUC (95% CI) VIF P value

Superficial VD 0.893 (0.832, 0.953) 1.873 0.015
VLD 0.874 (0.808, 0.940) 1.420 0.026
BPD 0.833 (0.755, 0.911) 1.033 <0.001

Deep VD 0.855 (0.784, 0.927) 1.323 0.018
VLD 0.879 (0.814, 0.943) 1.044 0.026
BPD 0.832 (0.754, 0.910) 1.105 0.006

RPC VD 0.948 (0.903, 0.992) 1.390 –

VLD 0.939 (0.890, 0.988) 1.754 0.523
BPD 0.934 (0.887, 0.980) 1.062 0.286

AUC: area under the curve; 95% CI: 95% confidence interval, VD: vessel density,
VLD: vessel length density, BPD: branchpoint density, RPC: radial peripapillary
capillary; VIF.
P values were determined by the DeLong test comparing each parameter with the
highest AUC (RPC VD).
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should focus specifically on preperimetric and early stage POAG to
analyze its theorized value as an early marker of vascular damage.

BPD which measures the level of branching and interconnectedness
within the network was also reduced in POAG. This could be because
eyes with higher BPD are more resistant to focal occlusions or blockages,
and thus, better able to maintain blood supply to the retinal ganglion
cells during high vascular stress.17,27 Additionally, healthier networks
with more extensively linked vessels could have higher perfusion ca-
pacities. Some studies have examined fractal dimension and vessel tor-
tuosity as parameters to characterize vascular changes in glaucoma,
finding significant differences between healthy and diseased eyes.19,20

While fractal dimension and vessel tortuosity consider the shape and
orientation of vessels, BPD focuses specifically on vessel branching and
therefore, may offer a different measurement of vascular morphologic
changes. To the best of our knowledge, this is the one of the first studies
to consider the use of BPD as a parameter in evaluating OCTA scans of
eyes with POAG.

In our ROC analysis, we found that all parameters were of good or
excellent diagnostic value in differentiating healthy eyes from eyes with
POAG. RPC VD, RPC VLD, RPC BPD were the best performing parameters
and all 3 has statistically similar AUCs. The excellent performance of all 3
parameters in the RPC layer suggests that analyzing the RPC layer is more
useful in detecting POAG than other layers, and that glaucomatous
damage is more profound in the RNFL around the ONH. Although pa-
rameters in the other scan layers had good performance, the higher
discriminatory ability of the RPC layer suggests that it is more associated
with early glaucomatous changes. Thinning of the RNFL is well-known to
be a sign of glaucoma, and thus, concurrent vascular damage in the area
is unsurprising.28 Previous studies that focused exclusively on VD have
also found greater diagnostic value in the ONH region than in the mac-
ular region.3,29 In this study, we have shown that in addition to VD, VLD
and BPD have useful discriminatory ability with similar performance in
differentiating healthy eyes and eyes with POAG. This may suggest that
glaucomatous damage in the RPC layer is associated with damage to
capillaries as reflected by the reduced VLD and with a reduction in vessel
branching as reflected by the reduced BPD. Structural changes in the
optic disc such as cupping are strongly associated with glaucoma and our
results suggest that vascular changes in the region may also be indicative
of glaucomatous damage. In all 3 layers, BPD had lower diagnostic per-
formance than VD and VLD. One possible explanation for this is that
while increased branching may help reduce the effects of focal occlu-
sions, the overall health of retinal ganglion cells is more dependent on
global perfusion capacity in these layers.

Our study had several limitations that require consideration. Due to
the cross-sectional design of this study, we are unable to make causation
claims regarding vascular changes and POAG. In addition, we had a
relatively small sample size within each POAG severity group which may
have reduced the statistical power of our comparisons. While our study
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demonstrated the potential diagnostic value of OCTA parameters beyond
VD, we did not compare these parameters with traditional OCT param-
eters such as RNFL thickness. Evaluating OCTA and OCT parameters
together may have yielded more accurate classification performance.
Furthermore, while 3� 3 mm scans of the macula were used in this study
and several others, 6 � 6 mm scans have been reported to have better
diagnostic accuracy in differentiating healthy eyes and eyes with mild
POAG.18,19,29,30 Finally, we excluded scans of poor quality and signifi-
cant artifacts in this study and thus, the impact of image quality on scan
parameters is unclear. Future studies should investigate the effects of
image quality as scans obtained in the clinic are often of subpar quality.

5. Conclusions

In conclusion, we investigated 3 quantitative OCTA parameters that
characterized the vascular morphology of healthy eyes and eyes with
POAG. We found that VD, VLD, and BPD were reduced in glaucomatous
eyes, particularly around the ONH. When differentiating between
healthy and diseased eyes, RPC VD had the best performance. Our results
suggest that quantitative measurements of vascular morphology beyond
device-computed VD may provide additional value in the diagnosis and
evaluation of glaucoma.
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