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Purpose: Compare the ability of peripapillary and macular structural parameters, vascu-
lar parameters, and their integration to discriminate among glaucoma, suspected
glaucoma (GS), and healthy controls (HCs).

Methods: In this study, 196 eyes of 119 patients with glaucoma (n = 81), patients with
GS (n = 48), and HCs (n = 67) underwent optical coherence tomography (OCT) and
OCT angiography to measure peripapillary retinal nerve fiber layer (pRNFL), macular
ganglion cell-inner plexiform layer (mGCIPL) thicknesses, radial peripapillary capillary
perfusion density (RPC-PD), and macular GCIPL perfusion density (GCIPL-PD). Parame-
ters were integrated regionally with logistic regression and globally with machine learn-
ing algorithms. Diagnostic performances were evaluated with area under the receiver
operating characteristic (AUROC) curves.

Results: Patients with glaucoma had mild to moderate damage (median, —3.3 dB;
interquartile range, —6.5 to —1.4). In discriminating between patients with glaucoma
and the HCs, pRNFL thickness had higher AUROC curve values than RPC-PD for average
(0.87 vs. 0.62; P < 0.001), superior (0.86 vs. 0.54; P < 0.001), inferior (0.90 vs. 0.71; P <
0.001), and temporal (0.65 vs. 0.51; P = 0.02) quadrants. mGCIPL thickness had higher
AUROC curve values than GCIPL-PD for average (0.84 vs. 0.68; P < 0.001), superotem-
poral (0.76 vs. 0.65; P = 0.016), superior (0.72 vs. 0.57; P = 0.004), superonasal (0.70 vs.
0.56; P =0.01), inferotemporal (0.90 vs. 0.72; P < 0.001), inferior (0.87 vs. 0.69; P < 0.001),
and inferonasal (0.78 vs. 0.65, P = 0.012) sectors. All structural multisector indices had
higher diagnostic ability than vascular ones (P < 0.001). Combined structural-vascular
indices did not outperform structural indices. Similar results were found to discriminate
glaucoma from GS.

Conclusions: Combining structural and vascular parameters in a structural-vascular
index does not improve diagnostic ability over structural parameters alone.

Translational Relevance: OCT angiography does not add additional benefit to struc-
tural OCT in early to moderate glaucoma diagnosis.

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License. @. BY _NC_NO
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Introduction

Glaucoma is a chronic, progressive optic neuropa-
thy with typical alterations of the optic nerve head
and retinal nerve fiber layer. Although stereoscopic
optic disc photography has traditionally been used to
evaluate structural abnormalities, peripapillary optical
coherence tomography (OCT) and, more recently,
macular OCT have gained increasing popularity
among clinicians. There is strong evidence that struc-
tural parameters perform well in identifying patients
with glaucoma, and this imaging modality represents
a valuable tool for glaucoma diagnosis, including early
glaucoma.!'*

Optical coherence tomography angiography
(OCTA) is a recent technological advancement in
OCT imaging that allows the assessment of retinal
vasculature in a fast, non-invasive, and depth-resolved
manner.’> Previous studies have shown that patients
with glaucoma have decreased capillary perfusion
density at both peripapillary and macular regions.®!!
According to these studies, OCTA vascular param-
eters may demonstrate value in glaucoma diagnosis,
although with diagnostic performance that is lower
than, or only equivalent to, structural OCT.o"'l A
recent Ophthalmology Technology Assessment Report
by the American Academy of Ophthalmology review-
ing the published literature about OCTA in glaucoma
has suggested that peripapillary and macular vascular
parameters may be useful in the glaucoma diagnosis,
providing complementary information to functional
and structural parameters.'> However, it is still unclear
whether vascular parameters provide any additional
information over structural parameters, and their role
in routine glaucoma clinical practice is uncertain.

In this study, we compare the ability of peripapil-
lary and macular structural and vascular parameters to
distinguish between patients with glaucoma and those
with suspected glaucoma and healthy subjects and to
test whether the combination of structural and vascu-
lar information in a single, composite index improves
the diagnostic accuracy of either single modality used
alone.

Study Population

Patients with glaucoma, suspected glaucoma, and
healthy subjects were prospectively enrolled in this
cross-sectional study between September 2016 and
August 2019 at the Glaucoma Unit and General
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Ophthalmology Unit of the Department of Ophthal-
mology, San Raffaele Scientific Institute, Milan, Italy.
The study was approved by the San Raffacle Hospi-
tal Ethics Committee and conformed to the tenets
of the Declaration of Helsinki. All enrolled subjects
provided written consent to participate in observa-
tional studies.

Patients with a clinical diagnosis of primary open-
angle glaucoma or glaucoma suspect made by a
glaucoma consultant were prospectively identified and
invited to enter the study if they met the study criteria.
Patients with glaucoma were defined by the presence of
optic nerve head (ONH) glaucomatous changes (e.g.,
neuroretinal rim thinning or notching, characteristic
retinal nerve fiber layer [RNFL] defects indicative of
glaucoma) with or without visual field (VF) damage,
as determined by the glaucoma consultant treating the
patient. Patients with glaucoma were later confirmed to
have evidence of glaucomatous VF loss in at least one
eye. Patients with suspected glaucoma were defined by
either suspicious-looking ONH (e.g., large cup, inter-
eye cup asymmetry, cup vertical elongation, optic disc
hemorrhage with no rim loss) as determined by the
glaucoma consultant or ocular hypertension, defined
as untreated intraocular pressure above 21 mmHg on
two or more visits at least 6 months apart. Patients
with suspected glaucoma were required to have normal
VF with no evidence of characteristic glaucoma-
tous damage, Glaucoma Hemifield Test within normal
limits, and pattern standard deviation within 95%
confidence limits. Healthy subjects were recruited in
the ophthalmology department among staff members,
patients’ spouses or friends (not relatives), and patients
with no ocular disease who came for refraction to the
General Ophthalmology unit. Healthy subjects had no
evidence of glaucomatous damage and were required
to have (1) normal appearing ONH at the dilated
fundus examination with intact rim, intact RNFL, and
inter-eye cup-to-disc ratio asymmetry < 0.2; (2) normal
VF with Glaucoma Hemifield Test within normal limits
and pattern standard deviation within 95% confidence
limits; and (3) intraocular pressure < 21 mmHg. Inclu-
sion criteria common to all groups included age > 18
years; open angles at the gonioscopy, defined as trabec-
ular meshwork visible for >180°; and spherical equiv-
alent between —6 and +3 diopters. Common exclu-
sion criteria included the presence of any other ocular
(other than glaucoma) or systemic disease potentially
affecting OCT and OCTA results; significant media
opacity or poor fixation preventing adequate image
acquisition; and previous intraocular surgery except
uncomplicated cataract extraction >6 months prior
enrollment. The diagnostic category of each partici-
pant was assigned based on the worst eye; both eyes
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Figure 1. Quantification of capillary perfusion density for peripapillary (A-D) and macular (E-F) angiograms. Peripapillary en face
angiograms were binarized with the Zeiss nerve fiber layer microvasculature density (v0.9) algorithm. The algorithm applies a ring-shaped
ROI to the image centered on the ONH with an inner and outer annulus of 2- and 6-mm diameter, excludes large retinal vessels, and quanti-
fies the capillary perfusion density within the ROl area after applying a mask to exclude large retinal vessels. The superimposed green circular
dotted line represents the RNFL circle scan used to quantify structural RNFL thickness. Similarly, macular en face angiograms were binarized
with the Zeiss superficial and GCIPL analysis (v0.3) algorithm. The algorithm applies a ROl analogous to the GCIPL grid with a radius of
3.0 mm; excludes a central elliptical area (0.5-mm vertical radius and 0.6-mm horizontal radius) corresponding to the foveola; and calculates

the capillary perfusion density within the ROl area.

of the patients were included in the analysis if they met
the inclusion/exclusion criteria. Glaucoma, glaucoma
suspect, and healthy control diagnoses were not depen-
dent on OCT imaging. Goldmann applanation tonom-
etry was used to measure intraocular pressure, and the
consultant was not masked to tonometry values during
measurements.

Each patient underwent comprehensive ophthalmic
examinations, including Goldmann  applana-
tion tonometry, dynamic gonioscopy, ultrasound
pachymetry, and dilated fundus examination;
Humphrey VF with the Swedish Interactive Thresh-
olding Algorithm (SITA)-standard algorithm, 30-2
grid, and stimulus III; spectral-domain OCT (Cirrus
HD-OCT 5000; Carl Zeiss Meditec, Jena, Germany),
and swept-source OCTA (PLEX Elite 9000; Carl Zeiss
Meditec). OCT and OCTA imaging were acquired
after pupil dilation. All of the OCT and OCTA images
were reviewed by two investigators (AR, FF), and
images with segmentation errors, poor centration of
the peripapillary or macular ring, or known artifacts
(e.g., motion, blinking) were excluded.

PlexElite 9000 Swept-Source OCT and OCTA

The PLEX Elite 9000 device (Carl Zeiss Meditec)
was used to acquire peripapillary and macular 6
x 6-mm angiocubes centered on the ONH and
fovea, respectively. Technical specifications and
algorithms at the foundation of this imaging device
have been detailed elsewhere.!>'* Anonymized
raw data were exported and uploaded in the
Advanced Retina Imaging (ARI) Network Hub
(https://arinetworkhub.com), a cloud collaboration
platform providing its members access to a wide range
of prototype algorithms in development for research
analysis of OCTA images acquired with the PLEX
Elite 9000 device. Peripapillary and macular cubes
were binarized with the nerve fiber layer microvas-
culature density algorithm (v0.9) and the superficial
and ganglion cell-inner plexiform layer (GCIPL)
analysis algorithm (v0.3), respectively, which are early
prototype, proprietary algorithms developed by Zeiss
(Figure 1).13-15 Because these are prototype algorithms,
all output images and values were reviewed carefully
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to verify the accuracy of the analysis. With regard
to structural parameters, average and sector-wise
peripapillary RNFL and macular GCIPL thickness
values were extracted. As a comparison, Cirrus and
PlexElite structural measurements were compared, and
excellent agreement was found (data not shown). For
the peripapillary cube, a fully automated segmentation
algorithm was applied to isolate the radial peripapil-
lary capillary plexus (inner limiting membrane to the
outer boundary of RNFL); a ring-shaped region of
interest (ROI) centered on the ONH with an inner and
outer annulus of 2- and 6-mm diameter was applied;
and analysis was restricted to the area inside the ROL.
After the exclusion of large retinal vessels, average and
quadrant-wise peripapillary capillary perfusion densi-
ties (defined as the proportion of white pixels over
the total ROI area) were calculated. For the macular
cube, the algorithm output two angiography slabs:
GCIPL and superficial capillary plexus (inner limiting
membrane to the outer boundary of inner plexiform
layer). The former slab was used in this study to
ensure better matching with structural measurements.
Average and sector-wise capillary perfusion densities
were calculated for ROIs analogous to those of the
GCIPL sector division.

Statistical Analysis

Statistical analysis was performed with the open-
source software R (R Foundation for Statistical
Computing, Vienna, Austria). All tests were two tailed,
and P < 0.05 was considered statistically signifi-
cant. The distribution (normal vs. non-normal) of all
continuous variables was assessed through the inspec-
tion of frequency histograms and quantile-quantile
plots. Continuous normal and non-normal variables
are reported as mean + SD and median (interquar-
tile range [IQR]), respectively; discrete variables are
reported as frequencies and proportions.

Differences in the patient-related variables among
the three groups were evaluated with analysis of
variance (ANOVA) with Tukey post hoc test and x> test
for continuous and categorical variables, respectively.
Differences between demographic and eye-related clini-
cal variables were evaluated with a linear mixed model,
where the patient identification (ID) was the random
effect variable to account for within-subject correla-
tions due to the inclusion of two eyes of the same
patient. Differences in structural and vascular param-
eters among groups were tested with linear mixed
models, where the fixed factors were diagnostic status,
age, and signal strength to account for age and signal
strength differences among groups, and the patient ID
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was the random effect variable to account for within-
subject correlations due to the inclusion of two eyes of
the same patient.

Diagnostic performance was evaluated with area
under the receiver operating characteristic (AUROC)
curves and sensitivity at 90% specificity. All ROC
curves were clustered for the patient ID (to account
for the inclusion of both eyes of the same partici-
pant) to estimate, unbiased AUROC 95% confidence
intervals and test pairwise differences, as proposed by
Obuchowski.'® For this section of the study about
diagnostic performance, ROC curves were built on
age- and signal strength (SS)-adjusted structural and
vascular parameters. Age- and SS-adjusted values were
calculated with a method similar to that reported
in previous articles.!””'® We calculated normative
equations to obtain normal values for age, SS, and
sector using a linear mixed model on healthy eyes. As
we did not have a separate dataset of healthy eyes
to use as an external normative dataset, model fitting
and parameter estimation were performed using the
same pool of healthy patients. To avoid using the same
eye for both model fitting and parameter estimations,
we used a twofold cross-validation design. Specifically,
the dataset of healthy subjects was randomly divided
in two partitions: the first half was used to estimate
normative equations for the second half and vice
versa. For patients with glaucoma and patients with
suspected glaucoma, the normative models were calcu-
lated from all healthy controls. For each eye and each
sector, age and SS normative values were predicted, and
the differences between observed and normative values
were calculated for all of the measurements of interest
in the cohort of patients and used to build the ROC
curves. This approach allowed us to account for age
and SS without using these variables for discrimination
among groups.

The integration of structural OCT and vascular
OCTA parameters was performed with two methods:
region-by-region and multisector. In the region-by-
region method, corresponding structural and vascu-
lar regions (e.g., superior peripapillary quadrant) were
integrated into a single index with the method proposed
by Pepe.!” For each pair of corresponding struc-
tural and vascular regions, we fit a logistic model
where the dependent variable was the binary diagnostic
status (glaucoma vs. healthy or glaucoma vs. glaucoma
suspects), and independent variables were the corre-
sponding structural and vascular parameters. The
fitted values extracted from the logistic model were used
to generate the ROC curves.

Multisector indices were global multivariable
indices and were generated with a variety of different
algorithms, including elastic net regression and three
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supervised machine learning classifiers (random forest,
support vector machine [SVM], naive Bayes).?’ 2> For
each of the multisector methods, we built three distinct
classifiers: (1) structural classifier, which combined
all age- and SS-adjusted structural parameters; (2)
vascular classifier, which combined all age- and SS-
adjusted vascular parameters; and (3) combined
structural-vascular classifier, which included all age-
and SS-adjusted structural and vascular parameters.
As these classifiers are based on a large number of
variables and have a high degree of complexity, they
may overfit the data. Overfitted models lead to biased
overly optimistic diagnostic capabilities in the dataset
used for generating them, and they do not perform
well in new, unknown datasets. To avoid overfitting,
we used a fivefold cross-validation to estimate the
unbiased performance of the multisector models.”? In
fivefold cross-validation, the dataset is split into five
partitions of approximately the same size. The model
is estimated on every subset but one and tested on
the left-out subset, which is unknown to the model
as it is not used to generate the model. The process is
repeated until all of the partitions are used to train and
test the model. The probabilities of having glaucoma
estimated on the test samples were used to build the
ROC curves.

Two sets of analyses were performed to distin-
guish between (1) patients with glaucoma and healthy
controls and (2) patients with glaucoma and those with
suspected glaucoma. We also performed a subanalysis
dividing patients in early (mean deviation [MD] > —6
dB) and moderate to advanced glaucoma (MD < —6
dB) to investigate the diagnostic performance of the
structural and vascular parameters as a function of the
disease severity.
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This study included 196 of 119 patients with
glaucoma, glaucoma suspects, and healthy subjects,
after excluding 27 eyes of 23 patients because of poor
image quality, centration, and segmentation failure.
Demographic and main clinical characteristics are
listed in Table 1. Patients with glaucoma (62.8 £+ 13.5
years) were significantly older than glaucoma suspect
(50.2 4+ 15.3 years; P < 0.001) and healthy controls
(50.3 £+ 14.4 years; P < 0.001), whereas there was
no difference between glaucoma suspects and healthy
subjects (P = 1). Overall, most patients with glaucoma
had mild to moderate VF damage with a median mean
deviation of —3.3 dB (IQR, —6.5 to —1.4). Fifty-four,
22, and five eyes had MD better than —6 dB, between
—6 and —12 dB, and worse than —12 dB, respec-
tively. SS did not significantly differ among groups
for macular scans (P = 0.13). Healthy subjects had
significantly higher SS values than both patients with
glaucoma (P = 0.026) and glaucoma suspects (P =
0.005) at the peripapillary scan, whereas patients with
glaucoma and patients with suspected glaucoma did
not significantly differ (P = 0.55).

Peripapillary RNFL thickness and capillary perfu-
sion density values are illustrated in Figure 2 and
detailed in Supplementary Table S1. Peripapillary
RNFL thickness values were statistically different
among the groups for every parameter of interest
(P = 0.018 or below), except for the temporal
quadrant (P = 0.09); conversely, average (P = 0.002)
and inferior (P < 0.001) quadrants were the only
peripapillary vascular parameter statistically different
among the various groups. For structural parameters,
peripapillary RNFL differences between glaucoma and

Table 1. Demographic and Main Clinical Data of Patient Cohort

Parameters Glaucoma GS HC P
Patients/eyes, n 52/81 29/48 38/67 —
Age (y), mean £ SD 62.8+ 135 50.2 +£15.3 503+ 144 <0.001
Caucasian, n 52 29 38 —
Male/female, n 20/32 16/13 16/22 0.34
Right eye/left eye, n 40/41 23/25 34/33 —
SS nerve, median (IQR) 8.0 (7.0-9.0) 8.0 (7.0-8.25) 9.0 (8.0-9.0) 0.004
SS macula, median (IQR) 8.0 (8.0-9.0) 8.0 (8.0-9.0) 9.0 (8.0-9.5) 0.13
VF MD (dB), median (IQR) —3.3(—6.5t0 —1.4) —1.2(—2.5t0 —0.1) 0.0(—3.0t00.9) 0.001
Disc area (mm?), mean =+ SD 19+04 19+04 1.9+0.3 0.72
Rim area (mm?), mean + SD 09+0.3 1.1+0.2 1.4+03 <0.001

GS, glaucoma suspect; HC, healthy control. Bold values indicate a statistical significance at P < 0.05.
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Figure 2.

Peripapillary RNFL thickness (top left), peripapillary capillary perfusion density (top right), macular GCIPL thickness (bottom left),

and macular capillary perfusion density (bottom right) values among patients with glaucoma, patients with suspected glaucoma, and healthy

subjects.

healthy controls were more pronounced than between
glaucoma and glaucoma suspects; the peripapillary
RNFL difference between glaucoma suspects and
healthy subjects was small and significant only for the
average (P = 0.014) and inferior quadrant (P = 0.031)
values. In multivariable linear mixed models (Supple-
mentary Table S2), age was not significantly associ-
ated with peripapillary RNFL values for any param-
eter of interest (P = 0.06 or above), whereas SS was
significantly associated with the peripapillary RNFL
thickness of the temporal quadrant only (P = 0.016).
For vascular parameters, patients with glaucoma had
lower peripapillary capillary perfusion density than
healthy controls only for the inferior quadrant (P
= 0.001) and lower peripapillary capillary perfusion
density than glaucoma suspects for the average (P =
0.002) and inferior (P < 0.001) quadrants. Peripapil-
lary capillary perfusion density values did not differ
significantly between glaucoma suspects and healthy
subjects. As shown in Supplementary Table S2, older
age was significantly associated with lower peripap-

illary perfusion density values at all quadrants (P =
0.03 or below), except for the inferior (P = 0.81) and
temporal (P = 0.07) quadrants; SS was not signifi-
cantly associated with peripapillary perfusion density
at any quadrant (P = 0.08 or above). Macular struc-
tural GCIPL thickness and capillary perfusion density
values are illustrated in Figure 2 and detailed in Supple-
mentary Table S3. Patients with glaucoma had signifi-
cantly lower macular GCIPL values for every measure
of interest when compared with healthy controls (P <
0.001) and glaucoma suspects (P = 0.039 or below). On
the other hand, macular perfusion density in patients
with glaucoma was lower for the average (P = 0.049 vs.
glaucoma suspects), inferior (P = 0.020 and P = 0.001
for patients with glaucoma vs. controls and glaucoma
suspects, respectively), and inferotemporal sectors (P
< 0.001 and P < 0.001 for patients with glaucoma
vs. controls and glaucoma suspects, respectively),
whereas all other sectors did not differ among groups.
Both macular GCIPL and macular capillary perfusion
density values were not significantly different between
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glaucoma suspects and healthy controls. As shown in
Supplementary Table S4, older age was significantly
associated with thinner macular GCIPL for average
(P = 0.037), superior (P = 0.035), and inferotemporal
(P = 0.049) quadrants; older age was also associated
with lower capillary perfusion density (P = 0.006 or
below) for every parameter of interest. SS was signif-
icantly associated with macular perfusion density only
for superior (P = 0.034) and superotemporal sectors
(P =0.043).

Diagnostic abilities of peripapillary structural
RNFL, vascular peripapillary radial capillary perfu-
sion density, and their regional integrated index are
illustrated in Figure 3 and Supplementary Table S5.
Peripapillary RNFL had a significantly higher ability
than peripapillary perfusion density to discriminate
between patients with glaucoma and healthy controls
for the average value (AUROC 0.872 vs. 0.616; P <
0.001), inferior quadrant (AUROC 0.904 vs. 0.712; P
< 0.001), superior quadrant (AUROC 0.855 vs. 0.540;
P < 0.001), and temporal quadrant (AUROC 0.647
vs. 0.512; P = 0.02). There was no difference between
the two imaging modalities with respect to the nasal
quadrant. The structural-vascular integrated index

was not superior to structural RNFL thickness alone
in any sector. Similar results were obtained in the
discrimination between patients with glaucoma and
those with suspected glaucoma, with the difference that
the diagnostic ability of the temporal quadrant was
similar between structural and vascular parameters.
Diagnostic abilities of macular GCIPL thick-
ness, capillary perfusion density, and their region-
ally integrated indices are illustrated in Figure 4 and
Supplementary Table S5. For the distinction between
patients with glaucoma and healthy subjects, macular
GCIPL thickness outperformed capillary perfusion
density for the average value (AUROC 0.842 vs. 0.675;
P < 0.001), superotemporal sector (AUROC 0.756 vs.
0.648; P = 0.016), superior sector (AUROC 0.717 vs.
0.569; P = 0.004), superonasal sector (AUROC 0.701
vs. 0.557; P = 0.01), inferotemporal sector (AUROC
0.898 vs. 0.717; P < 0.001), inferior sector (AUROC
0.866 vs. 0.687; P < 0.001), and inferonasal sector
(AUROC 0.783 vs. 0.650; P = 0.012). The integrated
regional structural-vascular index was not superior
to structural parameters for any macular comparison.
Similar results were obtained in the distinction between
patients with glaucoma and glaucoma suspects, with
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Figure 4. ROC curves of macular structural, vascular, and combined structural-vascular parameters to distinguish between patients with
glaucoma and either healthy controls (top row) or glaucoma suspects (bottom row). Vertical dotted lines indicate a value of 1-specificity of 0.1.

the exception of the superonasal sector, which had
similar discriminating ability between structural and
vascular parameters.

Figure 5 and Supplementary Table S6 show the
diagnostic properties of the multisector indices (struc-
tural, vascular, and structural-vascular combined).
Regardless of the algorithm used, structural multi-
sector indices had higher diagnostic abilities than the
vascular ones to distinguish patients with glaucoma
from healthy subjects (P < 0.001) and glaucoma
suspects (P < 0.004). Among the tested algorithms,
the structural SVM classifier had the best ability
to discriminate between patients with glaucoma
and healthy controls (AUROC 0.922). Combined
structural-vascular classifiers did not outperform
structural classifiers in the discrimination of patients
with glaucoma from healthy subjects (P > 0.17)
or glaucoma suspects (P > 0.28), except for the
SVM between patients with glaucoma and glaucoma
suspects (P = 0.008).

Table 2 illustrates sensitivity values at 90% speci-
ficity of the various imaging parameters. Overall,
multisector classifiers had higher sensitivity at 90%
specificity than the individual parameters. At matched
specificity, sensitivities of vascular variables were
consistently lower than structural ones, and the
structural-vascular combined index (regardless of the
combination method) performed similarly to structural
parameters alone.

Analyses were repeated with stratification of eyes
into mild and moderate to advanced glaucoma. As
shown in Supplementary Figure S1 and Supplemen-
tary Tables S7 and S8, differences among groups for
both structural and vascular parameters were greater
in eyes with moderate to advanced disease than those
with early glaucoma. In early glaucoma, all structural
variables of interest, except peripapillary RNFL at the
nasal and temporal sectors, were significantly different
when compared with controls; on the other hand, no
vascular variable differed significantly between the
two groups. In moderate to advanced glaucoma, all
structural thickness values were significantly thinner
than for the controls, except for the peripapillary
temporal quadrant. A significant difference between
moderate to advanced glaucoma and healthy controls
was seen for many vascular parameters, both in the
peripapillary (average and inferior quadrants) and
macular areas (average, superotemporal, inferotempo-
ral, inferior, and inferonasal sectors). Similar results
were found for the discriminative analysis (Supplemen-
tary Figs. S2 and S3, Supplementary Table S9). ROC
curves for discriminating moderate to severe glaucoma
from healthy controls had higher AUROC values
than those for early glaucoma vs. controls. Structural
parameters performed better than vascular param-
eters, and regional structural-vasculature integra-
tion did not significantly outperform structural data
alone.
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Figure 5. ROC curves of structural, vascular, and combined structural-vascular multisector indices to distinguish between patients with

glaucoma and either healthy controls (top row) or glaucoma suspects (bottom row). Vertical dotted lines indicate a value of 1-specificity

of 0.1.

Discussion

In this study, we compared the ability of peripap-
illary and macular structural, vascular, and combined
structural-vascular indices to discriminate between
patients with glaucoma, patients with suspected
glaucoma, and healthy subjects. We found that
structural parameters had good diagnostic proper-
ties, which were significantly higher than vascular
ones in both the peripapillary and macular areas. The
combination of structural and vascular information
into a unique region-by-region or multiparametric
index obtained with supervised machine learning did
not outperform structural OCT measurements.

Peripapillary and macular OCT are established
imaging modalities in glaucoma. Our findings are
in agreement with the multitude of studies showing
the good ability of structural OCT to distinguish
patients with glaucoma from glaucoma suspects and
healthy subjects.!">¢-24-2¢ In accordance with previ-
ous studies,®??® we also found that average and

inferior peripapillary RNFL thickness values were
thinner in patients with suspected glaucoma than
healthy subjects, whereas none of the macular GCIPL
or OCTA parameters differed between these two
groups. The explanation for this finding is specula-
tive. In a longitudinal study, Lalezary and colleagues®’
evaluated predictors of development of glaucomatous
damage in a cohort of 114 patients with suspected
glaucoma, and they found that thinner baseline
peripapillary RNFL was independently predictive
for glaucoma development. Patients with suspected
glaucoma may have subclinical disease not detected
by clinical evaluation, which might manifest itself
later on; however, it remains unclear why differ-
ences were found only with the peripapillary, and not
macular, structural OCT measures. Because patients
with suspected glaucoma were defined by suspicious
ONH features in the clinical examination, another
possible explanation is that we selected patients differ-
ing from healthy subjects for structural peripapillary
abnormalities that were evident on the peripapillary
OCT.
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Table 2. Sensitivity at 90% Specificity

Glaucoma vs. HC (%)
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Glaucoma vs. GS (%)

Parameters Structure  Vasculature SV Integration Structure Vasculature SV Integration
Peripapillary
Average 74.1 29.6 74.1 53.1 29.6 54.3
Superior quadrant 74.1 23.5 74.1 39.5 18.5 432
Nasal quadrant 17.3 14.8 22.2 7.4 24.7 24.7
Inferior quadrant 80.2 420 79.0 66.7 38.3 66.7
Temporal quadrant 32.1 2.9 29.6 32.1 333 39.5
Macula
Average 58.0 29.6 58.0 69.1 37.0 70.4
Superotemporal 50.6 30.9 50.6 53.1 333 543
Superior 43.2 23.5 444 48.1 23.5 50.6
Superonasal 46.9 19.8 48.1 53.1 235 53.1
Inferotemporal 71.6 444 76.5 74.1 494 75.3
Inferior 64.2 39.5 65.4 75.3 50.6 74.1
Inferonasal 531 22.2 531 55.6 321 556
Multisector
Elastic net regression 82.7 56.8 80.2 75.3 55.6 67.9
Random forest 80.2 49.4 815 76.5 54.3 741
SVM 84.0 43.2 84.0 69.1 54.3 74.1
Naive Bayes 85.2 45.7 76.5 74.1 55.6 76.5

SV, structural-vascular.

Despite having fair diagnostic ability, vascular
parameters performed worse than structural parame-
ters in most of the selected sectors in both the peripap-
illary and macular regions. Comparing our results
with those of other authors is not straightforward,
as various studies have reported a wide range of
AUROC values and are highly heterogeneous in terms
of study population, glaucoma severity and subtype,
OCTA device, angiocube size, and post-processing
technique. Overall, AUROC values were in agreement
with previous studies.” 7-'° In our study, peripapillary
and macular vascular parameters had similar discrim-
inative abilities. This finding is in agreement with a
study by Chen and colleagues,” which evaluated the
ability of peripapillary and macular vascular parame-
ters to discriminate between 26 patients with glaucoma
and 27 healthy controls. In their study, the authors
found equivalent and extremely high diagnostic perfor-
mances of peripapillary and macular vascular param-
eters with AUROC curve values of 0.93 and 0.94,
respectively. The exclusion of patients with preperi-
metric glaucoma and the inclusion of patients with
more advanced glaucoma (average MD, —9 dB) is likely
responsible for such overly optimistic AUROC curve
values, which are the highest reported in the litera-
ture. On the other hand, other authors have reported

different results. Both Rao et al.”” and Triolo et al.’
found that peripapillary perfusion density had better
diagnostic performance (0.83 and 0.88, respectively)
than macular perfusion density (0.63 and 0.71, respec-
tively). Both of these studies quantified macular perfu-
sion density on a small macular region, and it has been
argued that wider angiocubes are required to detect
glaucomatous damage, as it usually affects peripheral
macular areas first.*® This, however, is not likely to
be the reason for such a discrepancy. Richter and
colleagues'’ compared the diagnostic performance of
peripapillary and macular vascular parameters with
large angiocubes (6 x 6 mm) and found that macular
vascular parameters had lower diagnostic accuracy
than peripapillary ones. We also compared the diagnos-
tic ability of a smaller region of interest, matching the
GCIPL grid, and a larger one covering the entire 6 x
6-mm angiocube, and we did not observe any signifi-
cant difference (data not shown).

OCTA is an important component of multimodal
retinal imaging, and most recent OCT devices have an
integrated angiographic module; this imaging modal-
ity will be widely available on devices already used
in glaucoma practice. Although vascular parameters
had lower diagnostic abilities than structural param-
eters, we investigated whether integrating these two



translational vision science & technology

Structural-Vascular Indices to Diagnose Glaucoma

imaging modalities might improve the diagnosis of
glaucoma. If structural and vascular parameters really
provide complementary information, one would expect
an increase in diagnostic ability with combined indices;
on the other hand, if one measure is the carbon
copy of the other, then the information will be redun-
dant, and integrated indices will not likely add any
extra value. We integrated structural and vascular
parameters both sector by sector on a regional basis
and with various statistics to obtain a multiparamet-
ric index. We found that, regardless of the method
used, combined structural-vascular indices were not
superior to structural parameters. There is limited, and
inconsistent, evidence as to whether OCTA provides
any additional advantage over structural OCT. Kwon
and colleagues®' evaluated the diagnostic properties of
peripapillary structural parameters, vascular param-
eters, and their combination in a cohort of Korean
patients. They calculated sensitivity and specificity to
diagnose glaucoma of structural, vascular, structural
and vascular parameters combined with either AND or
OR-Boolean logic, and found that structural-vascular
combinations lead to increased sensitivity and speci-
ficity. This study has shortcomings: the combination
of structural and vascular parameters relied on a
rudimentary method, which transformed continuous
parameters into binary classifiers based on the selec-
tion of optimal ROC cutoffs with Youden’s index.
This approach has several disadvantages, including
transforming a continuous variable into a binary
one with significant loss of information, and the
selection of cutoff values based on different parts
of the ROC curve with different levels of sensitiv-
ity and specificity. Kim and associates® investigated
the diagnostic properties of macular GCIPL, super-
ficial capillary perfusion density, and their combina-
tion sector by sector in a cohort of patients with
normal-tension glaucoma and suspected glaucoma.
They found that the inferotemporal macular sector
had the best diagnostic ability for both structural and
vascular parameters, and the integration of the two
imaging modalities did not further improve glaucoma
detection. The structural-vascular index calculated by
Kim and colleagues®* was similar to the regional one
used in our study and was based on the integra-
tion of corresponding structural and vascular sectors
with logistic regression. Although the study by Kim
et al.®?> had limitations, including the small sample
size, a specific subset of glaucoma, no information
on ethnicities other than Korean, lack of a proper
control group, and no information about peripapil-
lary OCTA, its results are in accordance with our
findings.
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In a recent study, Bowd and colleagues®® combined

peripapillary and macular structural and vascular
parameters with a gradient boosting classifier, which is
a supervised machine learning algorithm sharing many
similarities with the random forest classifier used in
our study. They found a significantly better perfor-
mance of the classifier combining all structural and
vascular parameters, although the difference was small
and of limited clinical relevance. Andrade De Jesus
and colleagues* recently investigated the performance
of multisector and multilayer indices combining all
OCTA parameters in glaucoma diagnosis, and they
found that such indices did not outperform peripap-
illary RNFL thickness. In our study, multiparametric
classifiers combining all of the structural parameters
had the best discriminative ability and the highest sensi-
tivity at 90% specificity than all of the other indices.
This finding is not unexpected, as various studies
have shown that the combination of various peripap-
illary and macular OCT parameters may improve the
diagnostic ability of individual parameters.>-3¢

Multiparameter indices were developed with the
idea of maximizing OCT diagnostic properties and
simplifying the clinician’s job by integrating multiple
and often discordant parameters into a single classi-
fier. Although these indices may be helpful summary
metrics, we warn the reader against the uncritical
and unconsidered use of such integrated indices in
clinical practice, including those used in this study.
Glaucoma has specific patterns of RNFL and GCIPL
damage that differ from other optic neuropathies and
are associated with specific patterns of visual field
damage.’” 3% In the attempt to provide a unique, simpli-
fied index, combined metrics do not retain spatial
information. Also, some of the most recent combina-
tion algorithms, such as the ones used in this study,
have a “black box” approach with very little control
on how precisely the model behaves across the full
range of clinical scenarios. Although having one best-
performing structural metric can look appealing to
many, skilled clinicians should be able to combine
in their mind the multitude of structural, functional,
clinical, and demographic information to diagnose
glaucoma. However, combined indices may have a
complementary role, similar to visual field global
indices. The additional inclusion of vascular parame-
ters in the machine learning classifiers did not signifi-
cantly improve the diagnostic ability.

This study was not designed to answer the ultimate
question of whether structural damage precedes vascu-
lar damage or vice versa. Differences in structural
parameters were more pronounced than vascular
ones; also, patients with early glaucoma demonstrated
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significant structural damage with less evident vascu-
lar damage as measured with these techniques. This
finding is in agreement with a recent cross-sectional
study by Hirasawa and colleagues,'® who found that
only one-third of early glaucoma had more vascular
damage than structural damage, with lower SS being
at least partially responsible for more pronounced
vascular damage. Hence, one may conclude that
the reduced perfusion density is secondary to the
ganglion cell degeneration, with vascular damage
being a direct consequence of structural damage.
Glaucoma, however, is a complex and heterogencous
group of diseases, and the relative contribution of
structural versus vascular abnormalities may vary
in different patients and at different stages of the
disease. Also, OCTA is a fairly recent technology,
and, at the current stage of technological develop-
ment, its resolution might be insufficient to identify
early and subtle vascular changes. In contrast, OCT
imaging was developed in the early 1990s and so has
undergone several hardware and software improve-
ments. Whether structural damage precedes vascu-
lar damage cannot be determined with cross-sectional
studies but only with careful, long-term longitudinal
studies.

A limitation of this study is that the different
subgroups were not matched for age and signal
strength. Age differences among groups in case-control
glaucoma diagnostic studies are not uncommon, as
patients with glaucoma are often older than healthy
subjects and glaucoma suspects. Because older age
and lower SS are associated with lower structural and
vascular quantitative values,**~* unadjusted values
may lead to biased results and overestimate the true
diagnostic ability of structural and vascular param-
eters. Previous studies tried to address this issue by
integrating unbalanced covariates (e.g., age) into a
single index with multivariable logistic regression and
using regression fitted values to build ROC curves,
as proposed by Pepe.!”**3 However, we believe that
the use of this statistical technique in this regard is
flawed and may lead to biased high AUROC curve
values. Suppose that age and SS values are added into
a multivariable classifier along with other parameters
of interest. In that case, the model will not compen-
sate for differences in these confounders but instead
will use them to discriminate among groups. We used
a more sophisticated statistical technique to compen-
sate for age and SS differences without involuntarily
using these variables as discriminators. This method
is similar to that used by previous studies.!”-'® Briefly,
we estimated cross-validated normative equations to
obtain normal values for age, SS, and sector, and we
predicted sector-wise age and SS normative values
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for each study eye. Then, we calculated the differ-
ence between observed and normative values, which
indicates how much a certain value deviates from
that expected in a cohort of healthy patients of the
same age and with the same SS value. The interpre-
tation of this differential value is analogous to visual
field total deviation. Differences between observed and
normative values were finally used to build the ROC
curves. Supplementary Figures S4 and S5 compare
ROC curves for unadjusted capillary perfusion density
values; capillary perfusion density values adjusted for
age and SS with the method proposed by Pepe; capil-
lary perfusion density values adjusted for age and SS
with the method used in this study based on norma-
tive equations; and empty models with age and SS as
covariates. It is evident that age and SS have a moder-
ate discriminative ability by themselves, and their intro-
duction into a multivariable model inflates the diagnos-
tic accuracy of the parameter of interest. On the other
hand, adjustment with normative equations produced
ROC curves slightly lower than those obtained with
unadjusted values, as one would expect when account-
ing for age and SS imbalance.?-%-!!

Other limitations of this study should be acknowl-
edged. Differences in axial length may cause differ-
ences in the magnification of retinal images and inaccu-
racy in uncorrected capillary perfusion density calcu-
lations.** As axial length was not measured in our
cohort of patients, we did not apply any correction
for image magnification. Because both structural and
vascular parameters are prone to image magnification
secondary to axial length differences, this limitation
is likely to affect both measurements. Also, spherical
equivalents, which are a surrogate measure for axial
length, did not differ significantly among the study
groups. All the subjects included in this study are of
European descent, and results might not be general-
izable to patients of different ethnicities. A previous
study® has highlighted ethnicity-related differences in
macular capillary perfusion density in healthy subjects;
however, clinical implications of this finding are still
uncertain. A large number of statistical tests were
performed in this study, and this increases the rate of
type I error. We refrained, however, from performing
any adjustments for multiple comparisons because of
the exploratory nature of the study.*®

Vascular quantitative metrics are dependent on the
OCTA instrument,*’ angiocube size,*® and quantifi-
cation algorithm!?; similarly, OCT-derived thickness
values vary as a function of the device used.*’ Although
different instruments, scanning patterns, and post-
processing and quantification algorithms may lead to
slightly different absolute values, we believe that such
small differences would not change the conclusions of
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this study. Recent studies®® have suggested that three-
dimensional perfusion density analysis of angiocubes
might improve the diagnostic abilities of OCTA in
retinal diseases, but this is not commercially avail-
able and has never been applied to glaucoma; further
studies may investigate whether it improves glaucoma
discrimination. The definition of glaucoma in this
study mandated the presence of clinically detectable
structural damage, and this could have inflated the
true diagnostic abilities of structural and vascular
measurements. Because of its cross-sectional design
with predefined separation of cases and controls, this
study may have overestimated the diagnostic accuracy
of imaging modalities. For all of the reasons mentioned
above, we invite the readers to evaluate the absolute
AUROC curve values carefully. Finally, the diagno-
sis of glaucoma was based on the subjective evalu-
ation of the optic nerve appearance by experienced
glaucoma specialists. This resembles what happens in
clinical practice, where the treating physician makes
a diagnosis of glaucoma based on the whole clinical
picture rather than applying predefined criteria. Previ-
ous studies have shown substantial variability in the
interpretation of optic disc changes, even among expert
clinicians.”!

In conclusion, structural parameters discriminate
patients with glaucoma from those with suspected
glaucoma and healthy subjects better than vascular
parameters with both peripapillary and macular scans.
Combining structural and vascular parameters in a
structural-vascular index does not improve diagnostic
ability over structural parameters alone. Multiparamet-
ric indices based on a combination of structural param-
eters perform better than individual metrics, especially
at high specificity values. With current technology,
OCTA does not add additional benefit to structural
OCT for the diagnosis of early to moderate glaucoma.
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