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Purposk. To compare perfused peripapillary capillary density in primary open-angle glaucoma
(POAG), normal-tension glaucoma (NTG), and normal patients using optical coherence
tomography angiography (OCT-A).

METHODS. A retrospective review of POAG, NTG, and normal patients imaged with OCT-A was
performed. En face OCT angiograms identifying peripapillary vessels were obtained using a
spectral-domain OCT system (Avanti RTVue-XR). A custom image analysis approach identified
perfused peripapillary capillaries, quantified perfused capillary density (PCD), and generated
color-coded PCD maps for 3.5- and 4.5-mm-diameter scans. We compared PCD values, PCD
maps, standard automated perimetry (Humphrey visual field [HVF]) parameters, and OCT
retinal nerve fiber layer (RNFL) thickness analyses across all groups.

Resurts. Forty POAG, 26 NTG, and 26 normal patients were included. Annular PCD in POAG
(34.24 = 6.76%) and NTG (37.75 * 3.52%) patients was significantly decreased compared to
normal patients (42.99 * 1.81%) in 4.5-mm scans (P < 0.01 and P < 0.01, respectively).
Similar trends and statistical significances were seen in 3.5-mm scans. Linear regression
analysis resulted in moderate correlations between annular PCD values and other
glaucomatous parameters. Pearson coefficients comparing annular PCD from 4.5-mm scans
in POAG and NTG groups to HVF mean deviation, HVF pattern standard deviation, and
average RNFL thickness all showed statistical significance (P < 0.05). Color maps showed that
POAG and NTG patients had a reduction of perfused capillaries that progressed in size when
comparing early, moderate, and severe glaucoma groups.

Concrusions. Optical coherence tomography angiography can uniquely identify changes in
peripapillary PCD in glaucoma patients. Optical coherence tomography angiography may
offer insights into the pathophysiology of glaucomatous damage and risk factors for disease
progression.

Keywords: optical coherence tomography, glaucoma posterior segment, angiography, low-
tension glaucoma, optic nerve head
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laucoma is one of the leading causes of blindness

worldwide, currently afflicting more than 60 million
people and predicted to affect 79.6 million people by
2020.1-3 Given the insidious course and irreversible damage
caused by glaucoma, early diagnosis, prompt treatment, and
close monitoring are critical in disease management. Even
when optimal intraocular pressure lowering is consistently
achieved, a subset of patients continue to progress. The
pathophysiological theories correlating high intraocular pres-
sure (IOP) with mechanical optic nerve damage cannot always
account for this progression. Studies suggest that vascular
dysfunction causing optic nerve hypoperfusion may contribute
to glaucoma progression in patients with both high and normal
IOPs. %2 Alterations in systemic blood pressure or vasospasm
may result in low ocular perfusion pressure, defined as the
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difference between systemic blood pressure and IOP. Several
studies including the Baltimore Eye Survey and the Barbados
Eye Study have identified both high IOP and low ocular
perfusion pressure as risk factors for glaucomatous nerve
damage.'%-1% The role of systemic hypertension in glaucoma-
tous damage is less well established, with varied reports in the
literature.>1%11.15-18 Hypotension, particularly nocturnal hypo-
tension, has shown increasing evidence as a strong risk factor
for disease progression.'®~2¢ Despite this evidence, our
understanding of the role of optic nerve perfusion in the
pathophysiology of glaucoma is limited.

Standard automated perimetry remains the gold standard for
visual field testing and glaucoma assessment. While perimetry
provides information essential for the proper management of
the disease and interobserver reproducibility among glaucoma

OCT611

This work is licensed under a Creative Commons Attribution 4.0 International License. @. BY

Downloaded from iovs.arvojournals.org on 08/21/2022


https://creativecommons.org/licenses/by/4.0/

Investigative Ophthalmology & Visual Science

OCT Angiography Peripapillary Analysis in Glaucoma

experts is high, visual fields often have substantial intertest
variability.?”?® Consequently, objective tests that analyze the
optic disc structure are increasingly used in the assessment of
glaucoma.?®-32 Optical coherence tomography (OCT) analysis
of peripapillary retinal nerve fiber layer (RNFL) thickness is
one of several modalities currently used as an objective,
quantifiable measure for detecting glaucoma and assessing
progression.33-38

Optical coherence tomography angiography (OCT-A) is a
novel technique that employs en face reconstruction of OCT
combined with motion contrast processing to reveal perfused
retinal vasculature. Split-spectrum amplitude-decorrelation
angiography (SSADA) algorithm detects the movement of red
blood cells within retinal and choroidal vessels to generate
angiographic images of perfused vessels in a fast, reliable, and
noninvasive manner.>® Currently, the SSADA algorithm can
provide images of perfused capillaries in both the perifoveal
and peripapillary regions. As the neuroretina has a high
metabolic demand, insights into the status of the retinal
microvasculature could be an excellent indicator of the
presence or potential for disease. In a previous study, our
group demonstrated the use of perifoveal OCT-A imaging in the
staging of diabetic retinopathy.®® Other groups have reported
the utility of optic disc and peripapillary OCT-A imaging for
several conditions, including glaucoma.*'-45 A study analyzing
peripapillary glaucomatous changes with OCT-A reported a
decrease in perfused peripapillary vasculature in glaucoma
patients compared to normal subjects.4?

The purpose of the present study was to determine if OCT-A
is capable of differentiating normal eyes versus glaucomatous
eyes, and if our custom image analysis approach that provides
qualitative and quantitative analysis of the perfused peripapil-
lary capillaries, defined as the network of capillaries from the
inner limiting membrane (ILM) to the posterior boundary of
the RNFL, can detect variations between primary open-angle
glaucoma (POAG), normal-tension glaucoma (NTG), and
normal patients.

METHODS

Study Population

This retrospective review was conducted at the Bendheim-
Lowenstein Retina Center of the New York Eye and Ear
Infirmary of Mount Sinai. The research study adhered to the
tenets of the Declaration of Helsinki and was approved by the
Institutional Review Board of the New York Eye and Ear
Infirmary of Mount Sinai.

Primary open-angle glaucoma, NTG, and normal patients
imaged with OCTA from April 2015 to August 2015 were
included. Glaucomatous optic neuropathy was defined based
on clinical exam findings including focal or diffuse neuroretinal
rim thinning, focal or diffuse RNFL loss, or an intereye vertical
cup-to-disc ratio (CDR) asymmetry of >0.2 not explained by
differences in disc size. An open angle on gonioscopy was also
required. All patients required documentation by a glaucoma
specialist confirming these clinical findings on a minimum of
two visits. Most patients included have been followed in our
clinic for years. Inclusion criteria for POAG patients required a
history of elevated IOP (>24 mm Hg) either with or without
treatment. Inclusion criteria for NTG patients were a history of
untreated peak IOP of 21 mm Hg or less. All glaucoma patients
meeting these criteria were also required to have at least two
reproducible visual field tests with glaucomatous defects. A
minimal visual field defect consisted of a cluster of three
adjacent points depressed by at least 5 dB from normal age
values, with one of these points depressed by at least 10 dB
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from normal age values. At least three points of such a cluster
were required to be on one side of the horizontal meridian,
with other points elsewhere at least 10 dB higher than the
densest point in the scotoma. Peak IOP, IOP on the day of
imaging, central corneal thickness (CCT), age, current
glaucoma treatment, and surgical history were also recorded
for each patient. Patients with prior cataract extraction or
glaucoma surgery were not excluded. Exclusion criteria
included diabetes mellitus, hypertension, or other ocular
conditions with the exception of cataract or prior cataract
extraction. All patients had undergone a complete ophthalmic
examination, including best-corrected visual acuity, slit-lamp
biomicroscopy, gonioscopy, and Goldmann applanation to-
nometry on the day of OCT-A. A dilated fundus exam was
performed on all patients within 6 months of imaging. Only
patients with Humphrey visual field (HVF), OCT RNFL
thickness analysis, and disc photos performed within 1 month
of imaging were included.

Visual Field Testing

Patients were included only if they had a reliable visual field
performed within 1 month of imaging. Reliable performance
on visual field testing was defined as fixation errors < 20%,
false positives < 15%, and false negatives < 33%. Visual fields
were performed with the Humphrey Field Analyzer II (Carl
Zeiss Meditec, Inc., Dublin, CA) using a 24-2 threshold test
with size III white stimulus and a standard SITA (Swedish
interactive thresholding algorithm). Patients with visual field
abnormalities had at least one confirmatory examination. Mean
deviation (MD) and pattern standard deviation (PSD) were
used to compare to OCT-A data. In addition, patients were
categorized into early, moderate, or severe glaucoma sub-
groups based on the Hodapp-Anderson-Parrish (HAP) Visual
Field Severity Score.®

OCT Circumpapillary Retinal Nerve Fiber Layer
Analysis

Optical coherence tomography RNFL thickness analysis (Cirrus
HDT OCT 500; Carl Zeiss Meditech, Inc.) was performed prior
to OCT-A. Average RNFL thickness and RNFL quadrant analysis
were used for comparison with OCT-A data. Analyses with
signal strengths of less than 7/10 were excluded.

OCT-A Image Acquisition

Optical coherence tomography angiography images were
obtained with a commercial spectral-domain OCT system
(Avanti RTVue-XR; Optovue, Fremont, CA, USA) as previously
described.*® Each patient underwent a single imaging session
consisting of both 3.5 X 3.5-mm-diameter peripapillary scans
(3.5-mm) and 4.5 X 4.5-mm-diameter peripapillary scans (4.5-
mm scan). Patients whose images had inadequate signal
strength were excluded. Assessment of adequate signal
strength was achieved by analysis of the resulting OCT-A
image. When the OCT-A image is poor due to significant
motion artifact or low signal strength, the image contains lines
or gaps indicating insufficient information for complete
angiographic reconstruction. Images with these OCT-A artifacts
were excluded.

A SSADA algorithm was used to identify perfused vessels,
including larger retinal vessels and the surrounding capillary
network, for each scan. The specifics of similar algorithms have
been previously published.!:4347-50 To summarize briefly, the
algorithm distinguishes the movement of red blood cells within
the lumen of retinal and choroidal vessels between cross-
sectional scans. The decorrelation algorithm identifies per-
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FiGure 1.
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OCT-A image processing steps. (A) Contrast-stretched grayscale 4.5-mm OCT-A image of a healthy control. (B) Major blood vessel mask

created using global thresholding. (C) Binary image after local adaptive thresholding with major blood vessels removed. (D) Color-coded perfused
capillary density map. (E) Annular ROI centered at the optic nerve head. (F) Perfused capillary area within the annular ROI (in cyan) superimposed

with (A).

fused retinal vessel from surrounding static tissue based upon
signal amplitude variation differences in nonstatic tissue
compared to static tissue. It cannot quantitate flow differences
below a certain threshold of motion, meaning that vessels with
slow or no flow are not visualized with this technique.
Subject movements during image acquisition also generate
decorrelation, which must be compensated for in order to yield
acceptable vascular maps. The Optovue software (Motion
Correction Technology MCT) compensates for motion artifacts
by combining matching horizontal-priority and vertical-priority
scan volumes using an orthogonal registration algorithm to
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TasLe 1. Demographic Data of Study Groups

Study Group N, Subjects % Male Age P Value*
POAG 40 55 66.30 * 11.49 0.34
NTG 26 34 67.92 * 9.35

Normal 26 38 63.72 = 9.07

* No statistically significant difference was observed between study
groups with respect to age (1-way ANOVA).
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TaBiE 2. Glaucoma Severity in POAG and NTG Groups

Glaucoma

Severity POAG Patients, No. (%) NTG Patients, No. (%)
Early 22 (55) 13 (50)
Moderate 6 (15) 7 Q7))

Severe 12 (30) 6 (23)

Total 40 26

Based on Hodapp-Anderson-Parrish Visual Field Severity Score.

remove bulk motion and produce a merged OCT image volume
with essentially no residual motion artifacts.>! It also calculates
the mean decorrelation and subtracts this value from each frame,
setting the decorrelation value for bulk tissue to approximately
zero, allowing for the creation of en face OCT angiograms.

In this study we analyzed the perfused peripapillary
vasculature, which includes the larger blood vessels as well as
peripapillary capillaries located between ILM and the posterior
boundary of RNFL. The Optovue built-in software automatically
segments these two boundaries on the OCT scans and performs
z-projection of the maximum decorrelation value to generate an
en face OCT-A image (Fig. 1A). The OCT-A images of all patients
were reviewed to ensure proper segmentation of OCT scans.
Although both eyes were imaged, only a single eye from each
patient was selected at random and included for data analysis to
avoid potential interocular correlation between eyes.

OCT-A Image Analysis

All OCT-A images were analyzed using a custom-developed
MATLAB program (The Mathworks, Inc., Natick, MA, USA).
First, each grayscale OCT-A image (304 X 304 pixels) was
resized by a factor of six (1824 X 1824 pixels). Each resized
image was contrast stretched by using the lowest and highest
1% pixel intensity values of the image as the lower and upper
limits, respectively. Then, global thresholding was performed
to convert the contrast-stretched grayscale OCT-A image into a
binary image by replacing all pixel intensity greater than the
level value of 0.55 on the grayscale OCT-A image with the value
1 (white) and the remaining pixels with the value 0 (black).
This binary image was used as a mask (Fig. 1B) for the removal
of the pixels associated with the major blood vessels on the
OCT-A image. After the removal of major blood vessels on the
contrast-stretched grayscale OCT-A, a second image thresh-
olding was performed using a local adaptive thresholding
algorithm with a sampling window size of 15 X 15 pixels. This
final binary image contains only the perfused peripapillary
capillaries (Fig. 1C).

OCT-A Qualitative Analysis: Color-Coded Perfused
Capillary Density Maps

A color-coded perfused capillary density (PCD) map was
generated by computing capillary area density within each 16-

TaBie 3. Glaucoma Parameters for POAG, NTG, and Normal Patients
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X 16-pixel sampling window with 8-pixel overlaps over the
final binary image (Fig. 1C). This color-coded density map
allowed for quick interpretation and better visualization of
regional peripapillary capillary density variations across the
entire OCT-A image (Fig. 1D). In the color maps, bright red
indicates a high density of perfused capillaries, dark blue
indicates area of low or no perfused capillaries, and
intermediate densities are represented on a spectrum of yellow
to green. Larger retinal vessels excluded from the analysis also
appear blue on the color maps.

OCT-A Quantitative Analysis: Annular Perfused
Capillary Density (%)

To ensure that the same region of interest (ROI) was included
in all OCT-A images, PCD within a fixed annular ROI centered
at the optic nerve head was extracted for quantitative analysis.
In brief, two concentric circles with 1.95-mm (inner) and 3.45-
mm (outer) diameters were placed manually by an experi-
enced examiner, producing an annular ROI with a width of
0.75 mm (Figs. 1E, 1F). This 3.45-mm outer circle diameter
represented the standard circumpapillary scan dimension for
RNFL thickness measurement that is currently employed in the
majority of commercially available OCT systems. Annular PCD
was calculated by the number of pixels associated with
perfused capillaries over the number of pixels in the annular
ROI after the removal of major blood vessels. These analyses
were performed for all controls and glaucoma patients using
both 3.5- and 4.5-mm OCT-A images.

Global Perfused Capillary Density (%)

Global PCD was calculated by generating a percentage of the
number of pixels associated with perfused capillaries over the
number of pixels in the entire image after removal of the inner
1.95-mm circular area and the major blood vessels. These
analyses were also performed for all controls and patients with
glaucoma using the 3.5- and 4.5-mm OCT-A images.

Repeatability and Reproducibility

The repeatability and reproducibility of the Optovue Avanti
were previously published and are consistent with the
literature, #0-41-43-45.52 Optical coherence tomography angiog-
raphy has excellent repeatability and reproducibility indices.

Statistical Analysis

Linear regression analysis was used to investigate the
relationship between PCD and other variables, including
average OCT RNFL thickness, HVF MD, HVF PSD, age, and
IOP. Comparisons were made with both annular and global
PCD for 3.5- and 4.5-mm scans. The means, standard
deviations, and Pearson’s correlation coefficient () were
calculated. In both 3.5- and 4.5-mm scans, annular and global
PCD were compared among the POAG, NTG, and normal

Average Tmax,
Study HVF MD, RNFL, pm, CDR, mm Hg, CCT, pm,
Group Mean * SD PValue Mean * SD P Value Mean * SD P Value Mean * SD P Value Mean * SD P Value
POAG —8.84 = 9.58 0.82 69.10 * 14.06 0.25 0.76 £ 0.17 0.91 26.43 = 894 <0.01* 538.58 £ 3791 0.35
NTG —8.33 + 7.25 73.25 * 15.25 0.76 = 0.09 18.04 * 1.82 530.08 * 33.26
Normal —1.43 * 1.27 96.04 * 9.72 0.32 = 0.15 20.15 £ 5.08 543.54 * 44.44

Comparisons were made between POAG and NTG patients to demonstrate a similar severity of glaucoma across the groups.

* P < 0.05 was considered statistically significant (unpaired #test).
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Tasle 4. Annular Perfused Capillary Density (PCD) Values in POAG, NTG, and Normal Patients

Annular PCD, 3.5-mm Scan,

Annular PCD, 4.5-mm Scan,

Study Group Mean *+ SD P Value* P Valuet Mean *+ SD P Value* P Valuet
POAG 33.40 = 6.53% <0.01% <0.05% 34.24 + 6.76% <0.01% <0.05%
NTG 37.20 = 3.51% <0.01% 37.75 £ 3.52% <0.01%

Normal 42.45 + 1.56% 42.99 = 1.81%

* P value of glaucoma group versus normal.
1 P value of POAG versus NTG.

F P value < 0.05 was considered statistically significant (1-way ANOVA, Tukey’s HSD test).

groups by 1-way analysis of variance (ANOVA). Tukey’s honest
significant difference (HSD) test was applied for post hoc
pairwise comparisons between groups. Unpaired #tests were
performed for the comparisons of the glaucoma parameters
between POAG and NTG groups. Mann-Whitney U test was
used to compare PCD values between early, moderate, and
severe glaucoma subgroups. All analysis was performed with
statistical software (SPSS, version 23.0; IBM, Corp., Armonk,
NY, USA). Qualitative analysis was also performed to compare
color-coded PCD maps to average RNFL thickness.

RESULTS

The charts of 137 patients imaged with OCT-A were reviewed.
After excluding patients based on the criteria listed above, a
total of 92 patients were included. A total of 22 POAG, 16 NTG,
and 7 normal patients were excluded. A majority of patients
were excluded due to unreliable visual fields (71%) or poor
image quality secondary to poor fixation or the presence of a
visually significant cataract (29%).

A single eye from 40 POAG, 26 NTG, and 26 normal patients
was included. Mean age was 66.05 = 10.29 years overall, and
using ANOVA was found to be similar among all groups (1-way
ANOVA, P = 0.34, Table 1). Males represented 46% of all
patients, also similar across all groups (1-way ANOVA, P=0.60,
Table 1). A total of 62% of patients were Hispanic, 20% African
American, 14% Caucasian, and 10% Asian. This distribution was
similar across all groups (1-way ANOVA, P = 0.45). There was
an equal distribution of early, moderate, and severe glaucoma
patients in the POAG and NTG groups based on the HAP Visual
Field Severity Scale (Table 2).4¢ The distribution in the POAG
group was 55% early, 15% moderate, and 30% severe. The NTG
group was similarly distributed, with 50% early, 27% moderate,
and 23% severe.

There was no significant difference between mean HVF MD,
average RNFL thickness, CDR, and CCT in the glaucoma groups
(Table 3). Mean peak IOP (Tmax), determined by chart review,
was significantly different between POAG (26.43 = 8.94 mm
Hg) and NTG (18.03 £ 1.82 mm Hg) groups (unpaired #-test, P
< 0.01). Mean IOP on the day of imaging (Ta) was also
statistically significantly different between POAG (14.85 =
3.40 mm Hg), NTG (12.69 * 2.57 mm Hg), and normal groups
(15.90 = 2.98 mm Hg, 1-way ANOVA, P = 0.001). Treatment

also varied between the groups. Primary open-angle glaucoma
patients were treated with an average of 2.76 *= 1.08 eye
drops, while NTG patients were treated with an average of
1.88 = 1.14 eye drops (unpaired #test, P < 0.01). In the POAG
group 15% used a prostaglandin analogue alone, 17% in
combination with dorzolamide-timolol, and 68% both these
medications in addition to brimonidine. In the NTG group 54%
used a prostaglandin analogue alone, 15% in combination with
dorzolamide-timolol, and 31% both medications in addition to
brimonidine. Nine (22%) POAG patients and four (15%) NTG
patients underwent prior cataract extraction. Four (10%) POAG
patients and two (8%) NTG patients underwent previous
glaucoma surgery. Trabeculectomy (83%) was more common
than tube shunt surgery (17%).

The comparison of annular PCD in POAG, NTG, and normal
patients is displayed in Table 4. Annular PCD represents the
percent of pixels associated with perfused capillaries over the
total number of pixels in the annular ROI after removal of the
major blood vessels. Annular PCD for the 3.5-mm scans was
33.40 *+ 6.53% for POAG, 37.20 * 3.51% for NTG, and 42.45
* 1.56% for normal patients. Annular PCD for the 4.5-mm
scans was 34.24 = 6.76% for POAG, 37.75 * 3.52% for NTG,
and 42.99 * 1.81% for normal patients. There were statistically
significant differences between group means for both 3.5- and
4.5-mm scans (1-way ANOVA, P < 0.01). Post hoc pairwise
comparisons between groups indicated that annular PCD for
both 3.5- and 4.5-mm scans was significantly reduced in both
POAG and NTG groups when compared to normal (P < 0.01).
Annular PCD was also significantly reduced in the POAG group
when compared to the NTG group (P < 0.01).

Using our custom software, a global PCD analysis of each
image, after the removal of both the inner 1.95-mm circular
area and the major blood vessels, was also performed (Table 5).
We found similar trends and statistical significances in the
global PCD values when compared to the annular PCD (Fig.
1E).

While the sample sizes in the early, moderate, and severe
glaucoma groups were limited, both POAG and NTG patients
demonstrated decreased annular PCD as glaucoma severity
increased. The only statistically significant changes were
between early and moderate glaucoma in both POAG (Mann-
Whitney U test, P=0.01) and NTG (P = 0.04) groups (Table 6)
and between early and severe glaucoma in the POAG group (P

Tasie 5. Global Perfused Capillary Density (PCD) Values in POAG, NTG, and Normal Patients

Global PCD, 3.5-mm Scan,

Global PCD, 4.5-mm Scan,

Study Group Mean *+ SD P Value* P Valuet Mean *= SD P Value* P Valuet
POAG 33.13 + 6.23% <0.01% <0.05% 3331 = 6.49% <0.01% <0.05%
NTG 36.49 *+ 3.18% <0.01% 36.48 = 3.10% <0.01%

Normal 41.32 + 1.96% 41.88 + 2.16%

* P value of glaucoma group versus normal.
T P value of POAG versus NTG.

$ P value < 0.05 was considered statistically significant (1-way ANOVA, Tukey’s HSD test).
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TaBie 6.  Annular Perfused Capillary Density (PCD) by Glaucoma Stage

POAG Annular PCD,
4.5-mm Scan

NTG Annular PCD,

Glaucoma Severity 4.5-mm Scan

Early 38.01 *+ 3.66% 39.16 * 2.56%
Moderate 32.65 £ 3.63%* 36.42 = 2.94%*
Severe 26.89 *+ 6.52%"* 36.25 + 5.05%
Total 34.24 + 6.76% 37.75 £ 3.52%

* Statistically significant difference compared to early glaucoma (P
< 0.05, Mann-Whitney U test).

< 0.01). The comparison between early and severe glaucoma
in NTG was not statistically significant (P = 0.19), likely as a
result of a small sample size and higher standard deviation in
comparison to the other groups.

There was a moderate linear relationship between average
RNFL thickness and annular PCD for POAG and normal
patients reaching statistical significance in both 3.5- and 4.5-
mm scans (Fig. 1). Pearson correlation for the POAG group was
r=0.74 (P < 0.01) and r = 0.69 (P < 0.01), respectively. This
correlation was weaker for NTG patients; however, it did still
reach statistical significance (» =0.50, P=0.01 and » = 0.45, P
= 0.02, respectively). Humphrey visual field MD and HVF PSD
also showed moderate correlation with annular PCD values,
again with the POAG group showing stronger correlation than
the NTG group. Pearson correlation for HVF MD in the 4.5-mm
scans was = 0.72 (P < 0.01) for the POAG group and » =0.50
(P=0.01) for the NTG group. Pearson correlation for HVF PSD
in the 4.5-mm scan was r=0.61 (P < 0.01) in the POAG group
and = 0.46 (P = 0.02) in the NTG group. Similar correlations
were demonstrated in the 3.5-mm scans. In both the POAG and
NTG groups there was no significant correlation between
annular PCD values and age (r=0.10, P=0.47 and r=0.32, P=

50
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0.12, respectively) or IOP (r =0.22, P=0.18 and »=0.10, P =
0.66), respectively). We also analyzed the correlation between
3.5- and 4.5-mm annular PCD values, which showed a very
strong correlation (r=0.94, P < 0.001). Graphs correlating 4.5-
mm annular PCD values with 3.5-mm annular PCD values, age,
HVF MD, HVF PSD, RNFL, and IOP are shown in Figures 2A
through 2D.

The linear correlation between annular PCD values, mean
HVF MD, mean HVF PSD, and mean OCT RNFL thickness
suggests that as glaucoma progresses, annular PCD decreases.
Analysis of the color-coded PCD maps showed that when
comparing color maps in early, moderate, and severe POAG
and NTG patients as glaucoma advances, areas lacking
perfused capillaries become larger as glaucoma progresses

(Fig. 3).

DISCUSSION

Previous studies demonstrate the use of OCT with a SSADA
algorithm in the detection of microvascular changes in both
the perifoveal and peripapillary regions in diseased
eyes. 1042-44,47,50,53-55 gplit.spectrum amplitude-decorrelation
angiography is a technique first described by Jia et al.>° in
2012. The algorithm uses intrinsic motion contrast to detect
red blood cells flowing in retinal and choroidal vessels,
including the fine capillary networks, and creates angiographic
images without intravenous contrast. Previous studies have
reported that quantitative analysis of OCT-A can differentiate
glaucomatous eyes from normal eyes in analyzing the entire
peripapillary vasculature, from ILM to Bruch’s membrane.4?
Our findings of decreased annular and global PCD values in the
RNFL peripapillary capillaries of glaucomatous patients com-
pared to age-matched normals are similar to recently published
data analyzing the entire peripapillary retina.“? The present
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Figure 3. Comparisons of 4.5-mm OCT-A images and color-coded perfused capillary density maps in a normal, a severe POAG, and a severe NTG
patient. First column: grayscale OCT-A images generated using SSADA algorithm. Second column: thresholded binary images containing only the
perfused capillaries after the removal of major blood vessels. Third column: corresponding color-coded perfused capillary density maps. Last
column: superimposed image of the color maps and the inverted OCT-A images. All images show the temporal peripapillary region on the /left.

study demonstrates the utility of the Optovue SSADA algorithm
and our custom image analysis approach in calculating PCD
values and generating color-coded PCD maps of perfused
peripapillary capillaries in the evaluation of glaucomatous
eyes.

To our knowledge, this is the first study to compare
perfused peripapillary capillary densities in POAG and NTG
using OCT-A. Both POAG and NTG patients demonstrated
decreased PCD values compared to normal patients. While the
sample size of our within-group analysis is limited, it appears
that PCD declines as glaucoma progresses (Table 6; Figs. 3, 4).
We also see a significant difference in PCD values between the
POAG and NTG groups, with POAG patients having a lower
PCD value than NTG patients. Given the similar distribution of
mild, moderate, and advanced glaucoma cases in each group,
this difference is less likely to be related to disease stage. It
could be related to medication effect, as our POAG group was
using a larger number of drops overall, including a larger
percentage of patients on medications such as timolol, which
may have effects on ocular perfusion pressure.>®>7 This
difference could be related to the different pathophysiological
processes proposed in normal- and high-tension glaucoma.

Liu et al.*? suggested that changes in OCT-A peripapillary
vessel density may be a reliable diagnostic parameter for
detecting glaucoma with similar sensitivities when compared
to OCT RNFL thickness. Our findings support their report. This
study also introduces the concept of OCT-A color-coded PCD
mapping, which offers the advantage of using qualitative data
to quickly and easily differentiate normal versus glaucomatous
eyes in the clinical setting. Color-coded topographic maps with
quantitative data, such as OCT RNFL thickness analysis, have
been used successfully by clinicians to evaluate glaucoma
patients for many years.>$-°° However, these measurements are
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limited to detecting evidence of more advanced stages of
disease.?3-3%42 We recently described the use of this novel
OCT-A mapping technique in perifoveal OCT-A images for
quantitative and qualitative grading of diabetic retinopathy.®
Our current study demonstrates its value for the quantitative
and qualitative evaluation of perfused peripapillary capillaries
in glaucoma. Optical coherence tomography angiography
color-coded PCD maps are as easy to interpret as OCT RNFL
thickness maps. We found that the qualitative PCD maps offer a
fast method that, along with the quantitative PCD value, can
help in the detection of disease. Both POAG and NTG patients
have a decrease in perfused vessels compared to normal
patients. In comparing the early, moderate, and severe
glaucoma patients, regions lacking perfused capillaries ex-
panded as in more advanced stages of glaucoma.

Optical coherence tomography angiography has high
within-visit repeatability as well as high between-visit repro-
ducibility. Our findings were previously reported and are
consistent with other reports.“0-4452 One limitation of the
device is the difficulty encountered when imaging patients
with poor vision or unstable fixation, which may affect
repeatability and reliability. Compared to other noninvasive
techniques that attempt to measure blood flow using laser
Doppler flowmetry or laser speckle flowgraphy, OCT-A
appears more reproducible and reliable. Its ease of use
translates into a very high interoperator reproducibility
compared to other devices.*>%1-%7 In this study we chose to
use a single operator, but in a clinical practice OCT-A can easily
be used by multiple operators with good reproducibility.?
While OCT-A is not capable of directly measuring blood flow, it
offers insights into the perfusion status of the peripapillary
region by identifying perfused vessels and quantifying the
overall density of perfused vessels. In addition, the color maps
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Ficure 4. Comparisons of peripapillary perfused capillary density and circumpapillary RNFL thickness in the same normal, POAG, and NTG
patients shown in Figure 2. First column: annular peripapillary capillary area superimposed with 4.5-mm OCT-As. Second column: quadrant-specific
perfused capillary density of the corresponding OCT-As on the left. Mean perfused capillary densities are indicated in the center. Third column:
quadrant-specific RNFL thickness of the corresponding RNFL thickness plots on the right. Mean RNFL thicknesses are indicated in the center. Last
colummn: circumpapillary RNFL thickness plots. The OCT-A image of the left eye has been flipped horizontally. All OCT-A images show the temporal

peripapillary region on the /left.

easily identify regions of decreased perfused vessel density.
This high-resolution imaging not only is capable of differenti-
ating acquired changes in diseased states, but is also sensitive
enough to detect dynamic changes in perfused peripapillary
vessels in transient states of hyperoxia.!

At the time of our study, OCT-A was capable of capturing
both 3.5 X 3.5 and 4.5 X 4.5-mm peripapillary scans. Current
software capabilities have expanded to allow 4.5- and 6-mm
scans. When comparing the 3.5- and 4.5-mm scans, we found
similar PCD values when applying the annular ROI to these
images (Table 4). The 3.5- and 4.5-mm annular PCD values
correlated very strongly (r = 0.94, P < 0.001, Fig. 2A). One
advantage of using the fixed annular ROI is the ability to
improve longitudinal analysis, especially in the setting of
slightly decentered images or various scan sizes obtained over
time. Interestingly, global PCD analysis of the perfused RNFL
peripapillary capillary images after the removal of both the
major blood vessels and the inner 1.95-mm circular area (inside
the disc) also produced similar results in 3.5- and 4.5-mm scans
(Table 5). This suggests that even when image size varies, our
custom image analysis approach is capable of producing
comparable results. This may allow for improved longitudinal
analysis of patients imaged with either 3.5-mm scans, 4.5-mm
scans, or a combination of scans acquired over time. Further
research is necessary to determine if this translates to the
newer 6-mm images as well.

There are a number of limitations to our study. The
relatively small sample size and retrospective nature limit the
power of our findings. This was also a cross-sectional analysis
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and patients were not followed over time, so while OCT-A has
good repeatability and reliability, we cannot comment on the
device’s effectiveness in assessing disease progression. In
addition, our study was composed mostly of African American
and Hispanic patients. While ethnicities were evenly distribut-
ed across all groups, it is possible that PCD varies between
ethnicities. Other factors that may influence PCD include IOP,
medications, and other systemic vascular conditions. Further
research is necessary to determine the effects of these variables
on PCD values. Another limitation is the acquisition time
required for the OCT-A imaging process. In order to obtain
images with adequate signal strength, patients must have good
fixation and relatively good central acuity. Patients with
advanced glaucoma or poor acuity due to other conditions,
such as cataracts or macular lesions, are unlikely to have
reliable or reproducible results. In addition, further refine-
ments of both the SSADA algorithm and our custom image
analysis approach may help improve the concept of perfusion
density scaling. Future refinements in the software may serve
to assist OCT-A in becoming a standardized imaging modality
for the diagnosis and management of glaucoma.

In summary, this study demonstrates that the qualitative and
quantitative information provided by OCT-A can differentiate
glaucomatous patients from normal patients, and may offer
new insights into early diagnosis and a better understanding of
glaucoma patients. Optical coherence tomography angiogra-
phy is an easily interpretable, fast, reliable, noninvasive tool
that uniquely permits visualization of perfused peripapillary
capillaries, making it an attractive imaging modality for
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assessing glaucoma. These findings are the first step in using
OCT-A to investigate different patterns of glaucomatous
changes in the peripapillary retina, and further research is
necessary to determine the role of OCT-A in the detection,
monitoring, and characterization of glaucomatous nerve
changes according to pathophysiological features.
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