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Glaucoma is a sight-threatening disease and the primum mobile of irreversible blind-
ness worldwide [1]. Throughout the last decade, the interest in glaucoma diagnosis and
therapy has been encouraged through outstanding biotechnological advances and the
emergence of artificial intelligence to make the decision-making processes of glaucoma
management easier [2,3]. Clinicians, biomedical engineers, and scientific researchers have
been involved in improving knowledge of glaucoma risk factors and pathogenic mecha-
nisms as well as refining innovative tools for glaucoma diagnostic performance, such as
those wielded for corneal biomechanical properties, intraocular pressure (IOP) measure-
ment, structural and functional glaucoma probes [4–9], and those regarding the discovery
of IOP-lowering medical, laser, and surgical approaches [10,11].

The rising prevalence of diabetes mellitus, hypertensive blood pressure, cardiovascular
diseases, respiratory illnesses, neurodegenerative disorders, etc., has had a great impact
on global health, and can especially affect the course of glaucoma [12]. The COVID-19
pandemic, causing the severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2),
the government/volunteer lockdown, and subjective fear-related restrictions have had a
great impact on glaucoma patients [13]. Nevertheless, glaucoma patients may also suffer
from ocular disorders that can interfere with vision, quality-of-life, and well-being, such as
dry eye disorders, cataracts, uveitis, and/or retinopathies, all of these influencing visual
outcomes [14,15].

The primary goal of the Special Issue: “Recent Clinical Research on Glaucoma” is to
show readers to review the interdisciplinary background that favors exploration and under-
stand the outstanding preclinical translational research that is taking place in the glaucoma
field. The authors of this Special Issue have addressed a series of relevant topics regarding
glaucoma risk factors, clinical facts, diagnostic tools, glaucoma comorbidities, treatment,
and follow-up, as well as the newest research. A total of 16 works were compiled in this
Special Issue, including 1 review, 14 clinical articles and preclinical-translational research
studies, and this editorial, which have been collected on this occasion to precisely illustrate
the multidisciplinary characteristics of this Special Issue, with the articles synthesized
below and ordered by their respective publication dates.

Sato and Kawaky [16] take a close look at the “Effects of ripasudil on open-angle
glaucoma after circumferential incision of Schlemm’s canal”. Ripasudil hydrochloride
hydrate (a Rho-associated coiled-coil containing protein kinase (ROCK) inhibitor), a new
type of ocular hypotensive drug, was administered to open-angle glaucoma (OAG) patients
who received an operation including a circumferential incision of the Schlemm’s canal
and phacoemulsification. The main conclusion was that Ripasudil probably influenced the
distal outflow tract by resulting in significant IOP reductions [14].

J. Clin. Med. 2022, 11, 221. https://doi.org/10.3390/jcm11010221 https://www.mdpi.com/journal/jcm
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Atanasovska Velovska et al. [17] provided an overview of the “Association of genetic
polymorphisms in oxidative stress and inflammation pathways with glaucoma risk and
phenotype”. This work fully demonstrated that variability in the interleukin (IL)-1B and -6
gene polymorphisms encode significant risk for glaucoma, while the glutathion peroxidase
and tumor necrosis factor gene polymorphism appear to be associated with the glaucoma
phenotype.

Peris Martinez et al. [18] built upon the current knowledge of the diagnosis and
management of glaucoma and keratoconus by using Corvis ST and Pentacam HD devices,
through the “Evaluation of intraocular pressure and other biomechanical parameters to
distinguish between subclinical keratoconus and healthy corneas”. Therefore, this work
demonstrated that the use of normalized biomechanical parameters provided by noncontact
tonometry, combined with a discriminant function theory, is a useful tool for detecting
subclinical keratoconus in the course of glaucoma.

Raga-Cervera et al. [19] analyzed the differential expression profile of miRNAs in
the aqueous humor of OHT individuals and glaucoma patients in the analytical, observa-
tional, case–control study entitled “miRNAs and genes involved in the interplay between
ocular hypertension and primary open-angle glaucoma. Oxidative stress, inflammation
and apoptosis networks.” In this work, the authors showed, for the first time, that eight
miRNAs expressed differently in tears by comparing OHT and POAG patients. Therefore,
Raga-Cervera et al. proposed that specific miRNAs and their target genes and correspond-
ing signaling pathways can be useful to identify HTO individuals at risk of glaucoma
neurodegeneration.

Jeon et al. [20] showed clinical research results on “Vessel Density Loss of the Deep
Peripapillary Area in Glaucoma Suspects and Its Association with Features of the Lamina
Cribrosa”. These authors found that glaucoma suspects, with eyes having vessel density
defects in the peripapillary area also displayed structural differences in the lamina cribrosa.

Additionally, dealing with the vascular densities of the optic disc areas, Baek et al. [21]
observed normal-tension glaucoma (NTG) in their work “Optic Disc Vascular Density in
Normal-Tension Glaucoma Eyes with or without Branch Retinal Vessel Occlusion”. In
conclusion, significant changes in the distribution of vascular densities for the optic disc (in
the larger, medium, and small vessels) were observed in both eyes of NTG patients with
branch retinal vessel occlusion compared to NTG patients without this condition.

Del Buey Sayas et al. [22] analyzed the “Corneal Biomechanical Parameters and
Central Corneal Thickness in Glaucoma Patients, Glaucoma Suspects and a Healthy Popu-
lation” by using an Ocular Response Analyzer (ORA). This work demonstrated that the
biomechanical corneal parameters noticeably changed between the above study groups,
suggesting that these variables play important roles in glaucoma diagnosis.

González-Hernández et al. [23] addressed artificial intelligence tools by means of
their innovative article entitled “Fully automated colorimetric analysis of the optic nerve
aided by Deep Learning and its association with perimetry for the study of glaucoma”.
These authors designed the Laguna-ONhE, an application for the colorimetric analysis of
optic nerve images, which is capable of topographically assessing the cup and the presence
of hemoglobin. Currently, this tool has been fully improved and automated with five
deep-learning models. The authors evaluated glaucoma patients and glaucoma suspects
by means of the latest Laguna-OHnE version in combination with perimetry or cirrus-optic
coherence tomography, and the results were compared to those from normal eyes. In
conclusion, the morphology, perfusion, and function of glaucoma and glaucoma-suspect
eyes can be enhanced by using the procedures described herein to provide early sensitivity
for better management of glaucoma.

Chen et al. [24] performed a nationwide-population-based study on glaucoma risk
factors, precisely dealing with “Is Obesity a Risk or Protective Factor for Open-Angle
Glaucoma in adults? A Two-Database, Asian, Matched-Cohort Study”. This study aimed
to analyze the risk of OAG among obese adults in Taiwan. Data processing of this matched-
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cohort study at the 13-year follow-up revealed that the obese adults had a higher incidence
of OAG and that obese young adults displayed an increased chance of suffering OAG.

A systematic review and meta-analysis were performed by Liu et al. [25] on the
“Multifocal visual evoked potentials for the detection of visual field defects in glaucoma”.
These authors evaluated the diagnostic precision of the mfVEP in glaucoma to find its best
diagnostic indicator through the review of quantitative studies published up to 1 April
2021, including a total of 241 patients. The amplitude of mfVEP showed a good diagnostic
precision in the prediction of visual field defects. Therefore, Liu et al. suggested that
the analysis of the interocular mfVEP amplitude stands as a good indicator for glaucoma
diagnosis.

Gené-Morales et al. [26] investigated the influence of exercise in IOP by their work
entitled “Do age and sex play a role in the intraocular pressure changes after acrobatic
gymnastics?” The authors described that the IOP was significantly reduced, and the cen-
tral corneal thickness remained stable for five minutes after finishing a 90 min acrobatic
gymnastics training session. Sex and baseline IOP levels appeared as predictors of IOP
variations related to exercise. In summary, acrobatic gymnastics induced IOP reduction,
with potentially predicting factors influencing the described changes.

Fernandez-Albarral et al. [27] investigated the role of inflammation and immune
response and new therapeutic strategies for glaucoma in an animal model. This work
was entitled “Is Saffron Able to Prevent the Dysregulation of Retinal Cytokines Induced
by Ocular Hypertension in Mice?” The authors utilized a mouse model of unilateral
laser-induced OHT, with the main goal of evaluating the production of inflammatory
cytokine/chemokine and the changes following saffron treatment. The authors showed
that safron extracts had the ability to regulate the expression of pro-inflammatory cytokines,
VEGF, and fractalkine, thus protecting the retina from inflammation in the context of OHT.

Garcia-Medina et al. [28] carried out the work “Macular structure-function relation-
ships of all retinal layers in primary open-angle glaucoma assessed by microperimetry
and 8 × 8 posterior pole analysis of OCT”. The authors fully demonstrated that glaucoma
eyes displayed more structure–function relationships than healthy eyes. In addition, it
was shown that the associations were positive for the innermost retinal layers but nega-
tive for the inner/outer retinal layers in glaucoma eyes. In summary, these data strongly
suggest that the inner and outer retinal layers at the macula differ in structure–function
relationships.

Lever et al. [29] described circulatory changes in early-to-moderate glaucoma in their
work entitled “Microvascular and structural alterations of the macula in early to moderate
glaucoma: an optical coherence tomography-angiography study”. In this article, the
authors reported that glaucoma severity reinforces the relationship between the thickness
of the macular segment and the density of vessels. In conclusion, glaucoma individually
influences the parameters of the OCT and OCTA.

Ko et al. [30], in their observational, cross-sectional study including 1228 eyes from
661 participants (POAG in early, moderate, and later stages, pre-perimetric glaucoma and
normal), entitled “Vessel density in the macular and peripapillary areas in preperimetric
glaucoma to various stages of primary open-angle glaucoma in Taiwan”, focused on the
comparison of the above groups in terms of the changes in peripapillary and macular vessel
densities. With this work, the authors stated that the measurements of the peripapillary
vessel density could help to distinguish glaucoma stages.

To summarize this collection of papers covering different glaucoma topics, as de-
scribed above, being the Guest Editors of the Special Issue of the Journal of Clinical Medicine
Recent Clinical Research on Glaucoma, we believe that all of these works can be useful
for ophthalmologists, medical specialists, and interdisciplinary researchers to improve our
understanding of the pathogenic mechanisms, clinical characteristics, diagnosis, and ther-
apy underlying glaucoma for stimulating innovative “theranostic” glaucoma strategies for
better eye and vision care. We sincerely hope that our readers can appreciate the substantial
contribution of these works that may contribute to moving this important topic forward.
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Abstract: Peripapillary and macular vessel density (VD) are reduced in myopic non-glaucomatous
eyes, the dynamic range of VD may be decreased by myopia, and whether VD measurement has the
potential in differentiating stages of glaucoma severity in patients with myopic glaucoma remains
questionable. This observational, cross-sectional study aimed to clarify the changes in peripapillary
and macular VDs in preperimetric glaucoma (PPG) and primary open-angle glaucoma in the early,
moderate, and late stages. A total of 1228 eyes from 661 participants (540 normal, 67 PPG, and
521 glaucomatous) were included. Participants underwent free blood tests at the internal medicine
clinic to retrieve systemic data. Patients with glaucoma were grouped by disease severity, defined by
glaucomatous visual field mean defect, including early-(224 eyes), moderate-(103 eyes), and late-stage
glaucoma (194 eyes), and further divided into advanced (158 eyes) and terminal glaucoma (36 eyes).
Macular VD, peripapillary VD, circumpapillary retinal nerve fiber layer (cpRNFL) thickness, and
ganglion cell complex (GCC) thickness were evaluated and divided into superior and inferior parts.
One-way analysis of variance was performed, followed by Tukey’s post-hoc test. The peripapillary
VD was significantly different between the healthy and PPG groups and the early-, moderate-,
and late-stage glaucoma subgroups (all p < 0.001). Peripapillary VD measurements are helpful in
differentiating the various stages of glaucoma even in patients with myopic glaucoma.

Keywords: glaucoma; macula; peripapillary; optical coherence tomography-angiography; vessel
density; myopia

1. Introduction

Glaucoma, which is the global leading cause of irreversible blindness in individuals
aged 50 years and older, accounts for 11% of all blindness cases in 2020 [1]. In previous
studies, Asians and Africans are disproportionately affected by glaucoma, and the number
of patients with glaucoma worldwide is expected to increase to 111.8 million in 2040 [2].
Having a subtle chronic disease course, the pathogenesis of glaucoma has been theorized
to correlate with microcirculatory defects in the retina. With regard to the prevention of
glaucoma-related vision impairment, once detected, therapy for glaucoma can significantly
preserve the visual field (VF) and slow its deterioration [3]. Early detection and treatment
of glaucoma are very important in preserving vision, reducing morbidity, and diminishing
the burden on healthcare systems. Optical coherence tomography angiography (OCTA) is a
noninvasive, rapid, and high-resolution technique that provides three-dimensional images
to illustrate blood supply status, different segmentations, and parameters to indicate the
blood flow and microvasculature in the eyes.
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The mean defect (MD) in the VF is an important categorical severity classification
system for glaucoma. OCTA parameters such as vessel density (VD) have been shown to
be moderately or highly correlated with VF parameters [4]. For visual function decline in
glaucomatous eyes, OCTA parameters are better biomarkers than OCT parameters since
vascular loss has a stronger correlation with VF MD than with structural changes [5–10].
Some researchers suggest that OCTA may provide useful additional information for moni-
toring progression in later disease stages [4].

It has been reported that peripapillary and macular VDs are reduced in myopic non-
glaucomatous eyes [11–21], and the simultaneous presence of myopia and open-angle
glaucoma results in a greater level of microvascular attenuation than that with either
pathology alone [22]. In myopic eyes, reduced VD may increase the susceptibility to
vascular and age-related eye diseases [23,24]. The dynamic range of VD may be decreased
by myopia, and whether VD measurement has the potential in differentiating stages of
glaucoma severity in patients with myopic glaucoma remains questionable.

The current study aimed to evaluate the changes in peripapillary and macular VDs
in preperimetric glaucoma (PPG) and primary open-angle glaucoma (POAG) in various
(early, moderate, advanced, and terminal) stages and to compare the potential of OCT and
OCTA parameters in differentiating the stages of glaucoma severity, particularly in the
myopic population.

2. Materials and Methods

2.1. Study Participants

Patients aged 20 to 80 years who visited the ophthalmologic outpatient department
of our hospital between June 2019 and February 2020 were included. This cross-sectional,
observational study was conducted and approved by the institutional review board ((IRB)
number: NTUHHCB 108-025-E) of the National Taiwan University Hospital Hsin-Chu
Branch, Taiwan, and in accordance with the tenets of the Declaration of Helsinki (1964).
Informed consent was obtained from all the participants in the study.

All of the participants underwent a series of full ophthalmic examinations, includ-
ing refractive error measurement by ARK-510A (Nidek Co., Gamagori, Japan), slit-lamp
examination, gonioscopy, intraocular pressure (IOP) measurement by non-contact tonome-
ter NT-530P (Nidek Co., Gamagori, Japan), open anterior chamber angle by gonioscopy,
fundoscopy, visual field (VF) test by Humphrey Field Analyzer-840 (HFA-840; Carl Zeiss
Meditec, Inc. Dublin, CA, USA), and axial length (AL) by AL-SCAN (Nidek Co., Gamagori,
Japan). The bilateral eyes of every participant were evaluated and imaged. Then, they
underwent a free blood test at the internal medicine clinic to retrieve systemic data, includ-
ing mean arterial pressure (MAP), heart rate, serum triglyceride, high-density lipoprotein
(HDL), low-density lipoprotein (LDL), serum sugar, HbA1C, alanine aminotransferase
(ALT), creatinine, and uric acid.

All controls had best-corrected visual acuity (BCVA) better than 12/20. To avoid
poor image quality, the study excluded participants older than 60 years without previous
cataract surgery. Further exclusion criteria were as follows: history of ocular surgery
aside from uncomplicated cataract surgery; uveitis; ocular trauma; vitreoretinal diseases;
non-glaucomatous optic neuropathy; and retinopathy, such as diabetic retinopathy, hy-
pertensive retinopathy, maculopathy; any other known disease that may cause optic neu-
ropathy, retinopathy or VF loss, unreliable VF (false-positive and false-negative rate > 15%,
fixation losses > 20%), and unreliable OCTA image quality, such as a signal strength index
less than 40.

Control participants must show no evidence of retinal pathology or glaucoma in either
eye, intraocular pressure of 21 mm Hg or less, no chronic ocular or systemic corticosteroid
use, normal-appearing optic discs, and a normal result of VF examination. A normal VF
was defined as a pattern standard deviation (PSD) within the 95% confidence limit and a
normal glaucoma hemifield test result using a reliable VF test.
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In this study, preperimetric glaucoma (PPG) was defined on the basis of lesions in
decreasing circumpapillary retinal nerve fiber layer (cpRNFL) thickness or ganglion cell
complex (GCC) thickness by OCTA without glaucomatous VF abnormalities. Glaucoma-
tous VF abnormalities were defined as follows: (1) PSD beyond 95% normal limits (p < 0.05)
and glaucoma hemifield test beyond normal limits; (2) various glaucoma stages were de-
fined with 24–2 models as early (−2.0 dB > MD ≥ −6 dB), moderate (−6 > MD ≥ −12 dB),
and late stage further divided into advanced (−12 dB > MD ≥ −30 dB) and terminal stage
(MD < −30 dB).

2.2. OCTA Measurements

All participants underwent OCTA (AngioVue, Optovue Inc., Fremont, CA, USA) ex-
aminations, which were reviewed manually to ensure correct segmentation and applicable
quality. VD in the peripapillary area with a 4.5 × 4.5 mm2 scan size was divided into
superior and inferior hemifields. VD in the macular area was centered on the fovea with a
scan size of 3 × 3 mm2 with two concentric circles and diameters of 1 mm and 3 mm. It
was further divided into center, superior, and inferior parts. The scan base was between
the inner border of the internal limiting membrane and 10 μm above the outer border of
the inner plexiform layer. The cpRNFL thickness was measured in an annulus centered
on the optic disc with an outer and inner diameter of 4 mm and 2 mm, respectively. The
GCC scan, including the nerve fiber, ganglion cell, and inner plexiform layers, covered
a 7 mm × 7 mm area that is centered 1 mm temporal to the fovea. All images and data
containing an optic nerve head analysis, including cup/disc ratio, rim area, and disc area,
were automatically acquired using a built-in software.

2.3. Statistical Analysis

Categorical variables were expressed as percentages, while continuous variables as
mean values and standard deviation (SD). Categorical variables were compared using the
chi-square test and a two-sample independent t-test for other continuous variables.

The propensity score (PS) was derived using logistic regression to model the probabil-
ity of receipt in the control or glaucoma groups (PPG + glaucoma (G)) as a function of all
the potential confounders listed in Table 1. Matching analysis based on the PS was used
for different groups of glaucomatous and control participants to reduce selection biases
between each pair of groups. Glaucoma groups (PPG + G) were matched to control groups
(using the greedy matching algorithm) at a 1:1 ratio, 1:9 PS-matching for PPG groups and
control groups, 1:1 PS-matching for glaucoma eye (excluding PPG) and control groups,
and 1:5 PS-matching for glaucoma eye (excluding PPG) and PPG groups. Sex and age were
used as covariates.

The balance in baseline characteristics for different groups of glaucomatous and
control participants among the PS-matched population was assessed using the Mantel–
Haenszel test for sex and paired t-test for age.

To compare OCTA and OCT parameters within glaucoma severity groups, one-way
analysis of variance was performed, followed by the Tukey’s post-hoc test. Two paired
sample t-tests were used to compare the percentage loss of the superior and inferior
regions of the macular and peripapillary VDs and cpRNFL and GCC thicknesses within the
control, PPG (mean control − PPG)/mean control), and glaucoma groups (mean control −
glaucoma)/mean control).

Pearson’s correlation coefficient was used to evaluate the relationship between struc-
tural thickness and VD. Multivariable linear regression models using a generalized estimat-
ing equation (GEE) model were utilized for correlations between outcome and predictive
variables, while adjusting for within-patient and inter-eye dependence. After adjusting for
age, sex, and AL, the working correlation matrix was defined as exchangeable (compound
symmetry); that is, the two eye measurements were assumed to be equally correlated and
independent of the sequence. Statistical analysis was performed using the SAS (version 9.4;
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SAS Inc., Cary, NC, USA) and R (version 3.6.2) software. All tests were two-sided, and
p-values < 0.05 were considered significant.

3. Results

Of the 1275 eyes of 690 participants aged 20–80 years that were initially enrolled
in the study, 540 eyes from 290 control participants and 588 eyes from 371 glaucoma
participants were eligible for the study. A flowchart for selecting the eligibility criteria is
shown in Figure 1.

Figure 1. Flow chart of eligible eyes selection. After manual evaluation of the raw data to exclude
ineligible eyes, we grouped the eyes into control eyes (540 eyes), PPG eyes (67 eyes), and glaucoma
eyes (521 eyes) for the analysis. BCVA, best corrected visual acuity; PPG, pre-perimetric glaucoma.

All raw data were manually evaluated, and four eyes with missing data, 40 eyes in
controls with best-corrected visual acuity <0.6, and two eyes whose fundus photography
showed diabetic retinopathy were excluded. Furthermore, 101 patients who had one eye
that met the control group criteria, while the other eye with glaucomatous change, were
excluded; hence, only glaucomatous eyes were included. A total of 1128 eyes were included
in the database with SVD, cpRNFL thickness, and GCC thickness. For further multivariable
linear regression models with GEE analysis, 58 eyes that were selected from those who
only had a single eye that met the inclusion criteria were excluded.

The demographics and characteristics of the control and glaucoma participants are
summarized in Table 1 (Supplementary Table S1). No significant difference was found
among the groups in terms of the prevalence of nephropathy, self-reported diabetes,
self-reported hypertension, asthma, and CVA history (p > 0.05). The groups differed
by age, sex, blood pressure, MAP, heart rate, HDL, Ante Cibum (AC) sugar, ALT, and
eGFR (all p < 0.05). After matching for sex and age (Table 2, N = 200/200 in each group)
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(Supplementary Table S2), significant differences were not observed in the factors men-
tioned above in both groups.

Table 1. Demographics and Characteristics of the Control and Glaucoma groups.

Control
(N = 290)

Glaucoma
(N = 371)

p-Value

Age (years) 45.19 ± 14.23 51.95 ± 14.12 <0.001
<40 109 (37.6%) 76 (20.5%)

40–60 142 (49.0%) 190 (51.2%)
≥60 39(13.5%) 105 (28.3%)

Gender <0.001
Male 91 (31.4%) 231 (62.3%)

Female 199 (68.6%) 140 (37.7%)
SBP (mmHg) 123.81 ± 17.91 128.77 ± 18.61 <0.001
DBP (mmHg) 73.26 ± 12.35 76.07 ± 12.1 0.004
MAP (mmHg) 90.11 ± 13.31 93.63 ± 13.07 <0.001

HR (/min) 79.34 ± 12.46 75.31 ± 12.03 <0.0001
TG (mg/dL) 106.84 ± 70.33 117.08 ± 55.63 0.192

HDL (mg/dL) 56.04 ± 13.75 51.86 ± 15.29 0.024
LDL (mg/dL) 113.89 ± 33.05 108.98 ± 30.45 0.292

AC sugar (mg/dL) 94.86 ± 14.73 104.39 ± 23.19 <0.001
HbA1c (%) 5.98 ± 0.65 6.01 ± 0.88 0.798
ALT (U/L) 21.54 ± 18.05 27.21 ± 19.37 0.007

Creatinine (mg/dL) 0.9 ± 1.22 0.95 ± 0.77 0.641
eGFR (mL/min/1.73 m2) 99.83 ± 22.24 91.92 ± 21.34 0.001

Uric Acid(mg/dL) 5.24 ± 1.51 5.94 ± 1.36 <0.001
Note. SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; HR, heart
rate; TG, triglyceride; HDL, high-density lipoprotein (cholesterol); LDL, low-density lipoprotein (cholesterol);
ALT, aspartate aminotransferase; eGFR, estimated glomerular filtration rate.

Table 2. Demographics and Characteristics of the Control and Glaucoma groups after Gender and
Age Matching.

Control
(N = 200)

Glaucoma
(N = 200)

p-Value

Age (years) 47.4 ± 15.2 49.3 ± 14.7 0.08
<40 62 (31.0%) 51 (25.5%)

40–60 101 (50.5%) 107 (53.5%)
≥60 37 (18.5%) 42 (21.0%)

Gender 0.19
Male 88 (44.0%) 75 (37.5%)

Female 112 (56.0%) 125 (62.5%)
SBP (mmHg) 124.7 ± 17.9 126.9 ± 19.4 0.23
DBP (mmHg) 74.2 ± 11.8 73.3 ± 11.5 0.45
MAP (mmHg) 91.0 ± 12.9 91.2 ± 13.1 0.91

HR (/min) 78.4 ± 13.1 76.3 ± 12.4 0.10
TG (mg/dL) 114.7 ± 84.5 102.9 ± 52.2 0.29

HDL (mg/dL) 56.1 ± 15.0 54.7 ± 15.2 0.56
LDL (mg/dL) 107.2 ± 31.0 104.9 ± 31.2 0.70

AC sugar (mg/dL) 96.5 ± 16.1 101.9 ± 24.2 0.10
HbA1c (%) 6.0 ± 0.7 5.8 ± 0.7 0.25
ALT (U/L) 23.6 ± 20.9 25.8 ± 21.1 0.47

Creatinine (mg/dL) 1.0 ± 1.3 0.9 ± 0.4 0.45
eGFR (mL/min/1.73 m2) 97.1 ± 21.4 95.6 ± 22.4 0.63

Uric Acid(mg/dL) 5.5 ± 1.8 5.6 ± 1.5 0.93
Note. SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; HR, heart
rate; TG, triglyceride; HDL, high-density lipoprotein (cholesterol); LDL, low-density lipoprotein (cholesterol);
ALT, aspartate aminotransferase; eGFR, estimated glomerular filtration rate.
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Table 3 (Supplementary Table S2) summarizes the ophthalmic characteristics of the
control and glaucoma groups after matching for sex and age. Significant differences were
not found in eye laterality between the groups. The glaucoma group had significantly
longer AL and thinner central corneal thickness (CCT) as expected, higher CD ratio, lower
rim area, and worse VA, VF, VD, cpRNFL thickness, and GCC thickness (all p < 0.001) than
those in the healthy group. A significant difference (p = 0.51) was not observed in the IOP
between the two groups because of ethical and medical concerns. Moreover, the patients
in the current study did not stop using antiglaucoma eye drops; therefore, patients with
glaucoma in the present study should be more precisely described as those with medically
treated glaucoma.

Table 3. Ocular Data of the Control and Glaucoma groups after Gender and Age Matching.

Control Eyes
(N = 343)

Glaucoma Eyes
(N = 343)

p-Value

OD/OS 0.76
OD 173 (50.4%) 177 (51.6%)
OS 170 (49.6%) 166 (48.4%)

VA (logMAR) 0.1 ± 0.2 0.3 ± 0.6 <0.001
AL (mm) 25.1 ± 1.7 25.7 ± 2.1 <0.001

<24 100 (29.2%) 75 (22.0%) <0.001
24–25.9 145 (42.3%) 101 (29.6%)
≥26 98 (28.6%) 165 (48.4%)

IOP (mmHg) 14.9 ± 3.6 14.7 ± 4.1 0.509
CCT (μm) 547.1 ± 33.2 535.4 ± 37.9 <0.001

VF: Mean Defect −1.2 ± 1.8 −8.2 ± 8.3 <0.001
Macular VD (%)

Superior 50.1 ± 4.7 43.8 ± 7.4 <0.001
Center 18.7 ± 6.4 16.4 ± 7.0 <0.001
Inferior 49.6 ± 4.7 41.4 ± 8.1 <0.001

Peripapillary VD (%)
Superior 51.6 ± 5.0 40.5 ± 10.7 <0.001
Inferior 52.7 ± 5.0 37.9 ± 10.5 <0.001

cpRNFL Thickness (μm)
Superior 100.0 ± 9.6 78.2 ± 15.5 <0.001
Inferior 96.1 ± 9.1 72.0 ± 15.1 <0.001

GCC Thickness (μm)
Superior 95.6 ± 5.5 78.4 ± 12.5 <0.001
Inferior 95.0 ± 5.5 72.3 ± 13.2 <0.001

Cup/Disc Ratio (%) 51.2 ± 18.6 79.2 ± 16.0 <0.001
Rim Area (0.01 mm2) 131.1 ± 36.9 75.9 ± 39.8 <0.001
Disc Area (0.01 mm2) 203.5 ± 49.4 212.1 ± 61.5 0.046

Note. OD, right eye; OS, left eye; VA, visual acuity; AL, axial length; CCT, central corneal thickness; VF, visual
field; VD, vessel density; cpRNFL, circumpapillary retinal nerve fiber layer; GCC, ganglion cell complex.

Tables 4 and 5 (Supplementary Table S3) show the demographic and ophthalmic
characteristics and ocular data, respectively, of the control, PPG, and glaucoma (G) groups
after sex and age matching. The heart rate was significantly higher in the control group,
whereas the AC sugar and HbA1C levels were significantly lower in the PPG group than
those in the G group. The G group had significantly worse VA, thinner CCT, and longer AL
than those in the control group. VF in the G group was significantly lower than that in the
control and PPG groups. Significant differences in the hemifield macular VD, peripapillary
VD, and cpRNFL and GCC thicknesses were noted among the three groups when compared
in pairs (all p < 0.05) except for the center macular VD, which was only significantly lower
in the G group than that in the control group.
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Table 4. Demographics and Clinical Characteristics after Gender and Age Matching for Groups of Glaucomatous Subjects
and Control Subjects.

A vs. B
N = 288:32

A vs. C
N = 314:314

B vs. C
N = 62:310

p-Value

a b c

Age 44.7 ± 13.9 48.6 ± 15.7 47.7 ± 14.4 48.2 ± 12.9 46.9 ± 12.2 50.6 ± 14.1 0.12 0.52 0.33
<40 112 (38.9%) 9 (28.1%) 81 (25.8%) 95 (30.2%) 15 (24.2%) 75 (24.2%) 0.24 0.95 0.20

40–60 142 (49.3%) 18 (56.3%) 177 (56.4%) 150 (47.8%) 40 (64.5%) 163 (52.6%)
≥60 34 (11.8%) 5 (15.6%) 56 (17.8%) 69 (22.0%) 7 (11.3%) 72 (23.2%)

Gender 1.00 1.00 0.23
Male 72 (25.0%) 8 (25.0%) 156 (49.7%) 156 (49.7%) 43 (69.3%) 190 (61.3%)

Female 216 (75.0%) 24 (75.0%) 158 (50.3%) 158 (50.3%) 19 (30.7%) 120 (38.7%)
SBP 122.5 ± 17.7 130.3 ± 18.4 126.2 ± 18.4 125.9 ± 17.5 129.5 ± 16.0 129.0 ± 18.6 0.03 0.85 0.82
DBP 72.0 ± 12.0 76.8 ± 13.0 75.4 ± 12.0 74.5 ± 11.7 78.6 ± 12.5 76.0 ± 12.3 0.03 0.35 0.13
MAP 88.9 ± 13.0 94.7 ± 13.5 92.4 ± 13.2 91.7 ± 12.5 95.6 ± 12.7 93.6 ± 13.1 0.02 0.51 0.28
HR 79.4 ± 12.4 75.5 ± 9.8 78.8 ± 12.3 74.7 ± 11.5 74.9 ± 10.1 75.5 ± 12.3 0.08 <0.001 0.71
TG 105.7 ± 69.9 102.3 ± 45.6 122.7 ± 87.1 113.1 ± 49.7 108.6 ± 45.0 116.9 ± 57.2 0.64 0.27 0.52

HDL 55.9 ± 13.5 55.2 ± 12.4 52.4 ± 14.1 52.5 ± 14.8 52.0 ± 11.7 50.4 ± 15.5 0.77 0.96 0.63
LDL 113.7 ± 32.8 115.2 ± 35.1 113.6 ± 34.1 109.1 ± 29.1 119.2 ± 27.4 113.4 ± 31.7 0.89 0.35 0.47

AC sugar 94.1 ± 14.3 93.4 ± 8.1 96.9 ± 14.1 100.3 ± 19.8 95.4 ± 8.1 104.2 ± 22.5 0.70 0.12 0.001
HbA1c 6.0 ± 0.7 5.1 ± 0.3 6.0 ± 0.5 6.1 ± 1.1 5.4 ± 0.6 6.1 ± 0.9 0.02 0.33 0.01

ALT 20.2 ± 17.1 32.0 ± 21.9 22.2 ± 11.9 23.8 ± 16.2 31.1 ± 21.7 25.7 ± 18.3 0.03 0.38 0.18
Creatinine 0.9 ± 1.2 0.8 ± 0.2 1.0 ± 1.5 0.9 ± 0.8 0.9 ± 0.2 0.9 ± 0.8 0.49 0.47 0.27

eGFR 100.9 ± 21.3 99.2 ± 16.6 95.0 ± 21.4 95.9 ± 21.2 97.9 ± 17.7 93.0 ± 21.2 0.37 0.71 0.26
Uric Acid 5.1 ± 1.3 5.3 ± 1.3 5.7 ± 1.6 5.9 ± 1.3 5.9 ± 1.3 6.0 ± 1.4 0.51 0.46 0.85

Group A, control eyes; Group B, pre-perimetric glaucoma eyes; Group C, glaucoma eyes; a p-value, A vs. B; b p-value, A vs. C; c p-value,
B vs. C; Unit. Age (years); SBP (mmHg); DBP (mmHg); MAP (mmHg); HR (/min); TG (mg/dL); HDL (mg/dL); LDL (mg/dL); AC sugar
(mg/dL); HbA1c (%); ALT (U/L); Creatinine (mg/dL); eGFR (mL/min/1.73 m2); Uric Acid (mg/dL); Abbreviations. SBP, systolic blood
pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; HR, heart rate; TG, triglyceride; HDL, high-density lipoprotein
(cholesterol); LDL, low-density lipoprotein (cholesterol); ALT, aspartate aminotransferase; eGFR, estimated glomerular filtration rate.

Table 5. Ocular Data after Gender and Age Matching for Groups of Glaucomatous subjects and Control subjects.

A vs. B
N = 288:32

A vs. C
N = 314:314

B vs. C
N = 62:310

p-Value

a b c

OD/OS 0.68 0.58 0.68
OD 151 (52.4%) 18 (56.3%) 160 (51.0%) 153 (48.7%) 30 (48.4%) 159 (51.3%)
OS 137 (47.6%) 14 (43.7%) 154 (49.0%) 161 (51.3%) 32 (51.6%) 151 (48.7%)
VA

(logMAR) 0.1 ± 0.2 0.2 ± 0.6 0.1 ± 0.2 0.3 ± 0.5 0.3 ± 0.6 0.4 ± 0.7 0.37 <0.001 0.20

AL (mm) 25.2 ± 1.8 25.6 ± 1.8 25.1 ± 1.8 25.7 ± 2.1 25.9 ± 1.9 25.6 ± 2.4 0.22 <0.001 0.37
<24 78 (27.1%) 7 (21.9%) 97 (30.9%) 71 (22.8%) 13 (21.0%) 86 (27.8%)

24–25.9 121 (42.0%) 8 (25.0%) 118 (37.6%) 100 (32.0%) 16 (25.8%) 87 (28.2%)
26 89 (30.9%) 17 (53.1%) 99 (31.5%) 141 (45.2%) 33 (53.2%) 136 (44.0%)

IOP
(mmHg) 14.6 ± 3.4 14.9 ± 3.3 14.8 ± 3.6 14.8 ± 4.0 15.1 ± 4.0 14.7 ± 3.8 0.66 0.84 0.45

CCT (μm) 543.9 ± 35.9 542.2 ± 31.0 544.0 ± 35.4 536.4 ± 34.1 530.7 ± 44.7 536.5 ± 36.0 0.80 0.007 0.34
VF −1.4 ± 1.8 −1.4 ± 1.5 −1.2 ± 1.9 −9.0 ± 8.6 −1.0 ± 1.3 −10.3 ± 9.0 0.98 <0.001 <0.001

Macular
VD (%)

Superior 50.1 ± 4.8 47.3 ± 5.1 49.9 ± 5.3 43.5 ± 7.1 46.4 ± 6.7 42.9 ± 7.5 0.002 <0.001 <0.001
Center 18.4 ± 6.8 18.0 ± 6.4 18.6 ± 6.3 16.1 ± 7.0 17.8 ± 6.2 16.0 ± 6.9 0.72 <0.001 0.06
Inferior 49.5 ± 5.1 46.1 ± 4.8 49.4 ± 5.4 41.0 ± 7.7 45.7 ± 6.1 40.2 ± 8.0 0.001 <0.001 <0.001

Peripapil-
lary VD (%)

Superior 51.7 ± 5.2 47.1 ± 6.4 51.3 ± 5.3 39.1 ± 10.6 47.3 ± 5.9 37.9 ± 10.6 <0.001 <0.001 <0.001
Inferior 52.7 ± 5.4 48.5 ± 5.2 52.4 ± 5.4 36.6 ± 10.2 47.4 ± 5.1 35.4 ± 10.3 <0.001 <0.001 <0.001
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Table 5. Cont.

A vs. B
N = 288:32

A vs. C
N = 314:314

B vs. C
N = 62:310

p-Value

a b c

cpRNFL
Thickness

(μm)
Superior 101.0 ± 10.1 85.6 ± 10.2 100.8 ± 10.0 76.0 ± 16.0 86.6 ± 10.3 75.1 ± 15.4 <0.001 <0.001 <0.001
Inferior 96.9 ± 9.4 85.1 ± 9.8 96.3 ± 8.9 69.3 ± 15.0 81.5 ± 10.7 67.8 ± 13.4 <0.001 <0.001 <0.001

GCC
Thickness

(μm)
Superior 96.0 ± 5.9 86.3 ± 7.4 95.8 ± 5.4 76.6 ± 12.2 85.9 ± 8.0 76.3 ± 13.0 <0.001 <0.001 <0.001
Inferior 95.4 ± 5.9 83.5 ± 7.3 95.1 ± 5.6 70.5 ± 12.5 81.3 ± 8.1 70.0 ± 12.8 <0.001 <0.001 <0.001

C/D Ratio 49.8 ± 19.5 66.5 ± 18.6 51.5 ± 19.4 80.7 ± 15.6 70.5 ± 14.8 82.5 ± 13.4 <0.001 <0.001 <0.001
Rim Area 133.3 ± 37.2 109.3 ± 63.7 130.8 ± 37.1 72.0 ± 39.1 98.1 ± 50.8 69.8 ± 37.9 0.04 <0.001 <0.001
Disc Area 203.5 ± 48.4 218.9 ± 56.2 204.2 ± 49.4 212.6 ± 60.1 212.8 ± 48.8 216.4 ± 59.5 0.09 0.06 0.66

Group A, control eyes; Group B, pre-perimetric glaucoma eyes; Group C, glaucoma eyes; a p-value, A vs. B; b p-value, A vs. C; c p-value,
B vs. C; Unit. VA (logMAR); VF (mean deviation); VD (%); thickness (μm); C/D ratio (%); Rim area (0.01 mm2); Disc area (0.01 mm2);
Abbreviation. OD, right eye; OS, left eye; VA, visual acuity; AL, axial length; CCT, central corneal thickness; VF, visual field; VD, vessel
density; cpRNFL, circumpapillary retinal nerve fiber layer; GCC, ganglion cell complex; C/D Ratio, cup to disc ratio.

Table 6 (Supplementary Table S4) summarizes the characteristics of the glaucomatous
subgroups, which were divided according to the VF (MD) values, including the control
(group 0), PPG (group 1), and early-(group 2), moderate-(group 3), and late-stage (group 4)
glaucoma subgroups. Significant differences among the groups were not observed in terms
of sex. Participants in the late-stage group were significantly older than those in the other
groups, and their AL was significantly shorter. The peripapillary VD values were highest in
the control eyes, followed by the PPG and early-, moderate-, and late-stage glaucoma eyes;
all pairwise comparisons were statistically significant (p < 0.05, Tukey’s honestly significant
difference). Superior and inferior macular VDs showed significant differences between the
control, early, moderate, and late glaucoma groups but could not be differentiated between
the PPG and early glaucoma groups.

Table 6. One Way Analysis of OCTA parameters and OCT measurement among the glaucoma severity groups.

Group 0
N = 540

Group 1
N = 67

Group 2
N = 224

Group 3
N = 103

Group 4
N = 194

p-Value Tukey Test

Age (years) 44.4 ± 13.8 45.7 ± 12.7 48.3 ± 12.2 51.3 ± 12.8 56.1 ± 14.5 <0.001 4 > 0, 1, 2, 3
Axial Length (mm) 25.2 ± 1.7 25.9 ± 1.8 25.9 ± 1.8 26.3 ± 2.8 25.1 ± 2.2 <0.001 1, 2, 3 > 0, 4

Gender 0.463
Male 169 (31.3%) 43 (64.2%) 137 (61.2%) 69 (67.7%) 132 (68.0%)

Female 371 (68.7%) 24 (35.8%) 87 (38.8%) 33 (32.4%) 62 (32.0%)
Macular VD (%)

Superior 50.3 ± 4.8 46.6 ± 6.5 46.1 ± 6.0 41.2 ± 6.6 38.1 ± 7.5 <0.001 0 > 1, 2 > 3 > 4

Center 18.4 ± 6.4 18.1 ± 6.1 17.0 ± 6.6 14.7 ± 6.1 14.5 ± 7.0 <0.001 0 > 2; 0, 1,
2 > 3, 4

Inferior 49.7 ± 5.0 46.0 ± 5.9 43.7 ± 6.8 38.0 ± 7.2 35.2 ± 7.7 <0.001 0 > 1, 2 > 3 > 4
Peripapillary VD (%)

Superior 51.8 ± 4.9 47.4 ± 5.8 43.6 ± 8.4 37.1 ± 10.2 29.5 ± 9.2 <0.001 0 > 1 > 2 > 3 > 4
Inferior 52.9 ± 5.2 47.6 ± 5.0 41.5 ± 8.1 33.2 ± 9.2 26.9 ± 7.8 <0.001 0 > 1 > 2 > 3 > 4

cpRNFL Thickness
(μm)

Superior 100.8 ± 9.7 86.8 ± 10.4 81.2 ± 13.5 74.0 ± 14.6 67.1 ± 14.9 <0.001 0 > 1 > 2 > 3 > 4
Inferior 96.8 ± 9.0 82.0 ± 10.7 74.6 ± 12.8 65.2 ± 14.0 61.1 ± 13.4 <0.001 0 > 1 > 2 > 3 > 4

GCC Thickness (μm)
Superior 95.9 ± 5.8 86.0 ± 7.8 81.1 ± 10.2 73.9 ± 12.6 69.4 ± 12.4 <0.001 0 > 1 > 2 > 3 > 4
Inferior 95.3 ± 5.7 81.5 ± 8.0 75.0 ± 12.1 65.9 ± 10.4 64.2 ± 11.1 <0.001 0 > 1 > 2 > 3 > 4
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Table 6. Cont.

Group 0
N = 540

Group 1
N = 67

Group 2
N = 224

Group 3
N = 103

Group 4
N = 194

p-Value Tukey Test

Cup/Disc Ratio (%) 49.7 ± 19.5 69.5 ± 16.0 77.5 ± 14.0 83.4 ± 13.7 89.5 ± 11.0 <0.001 0 < 1 < 2 < 3 < 4
Rim Area (0.01 mm2) 133.3 ± 36.7 100.1 ± 50.2 78.5 ± 33.9 69.8 ± 38.2 51.6 ± 30.3 <0.001 0 > 1 > 2, 3 > 4
Disc Area (0.01 mm2) 203.4 ± 48.6 213.9 ± 49.8 209.5 ± 51.8 221.0 ± 81.9 216.7 ± 60.6 0.006

Group 0, control eyes; Group 1, pre-perimetric glaucoma eyes; Group 2, early glaucoma eyes with −2 dB > VF(MD) ≥ −6 dB; Group 3,
moderate glaucoma eyes with −6 dB > VF(MD) ≥ −12 dB; Group 4, late glaucoma eyes with VF(MD) < −12 dB; OD, right eye; OS, left
eye; VA, visual acuity; AL, axial length; CCT, central corneal thickness; VF, visual field; VD, vessel density; cpRNFL, circumpapillary
retinal nerve fiber layer; GCC, ganglion cell complex; MD, mean deviation.The OCTA-based VD and OCT-based structural thickness of
the two groups (advanced, terminal stage) are shown in Table 7. No significant difference was noted between the two groups in terms of
peripapillary and macular VDs, cpRNFL and GCC thickness, or CD ratio.

Table 7. Comparison of advanced or terminal glaucoma with OCTA parameters and OCT measurement.

Advanced Glaucoma
(N = 158)

Terminal Glaucoma
(N = 36)

p-Value

Age (years) 56.06 ± 14.44 56.47 ± 14.91 0.879
Male subjects 110(69.62) 22(61.11) 0.323

Macular VD (%)
Superior 38.13 ± 7.44 37.84 ± 7.93 0.845
Center 13.98 ± 6.48 17.19 ± 8.88 0.064
Inferior 35.15 ± 7.56 35.64 ± 8.36 0.759

Peripapillary VD (%)
Superior 29.68 ± 8.84 28.70 ± 11.02 0.635
Inferior 26.86 ± 7.33 27.16 ± 9.92 0.876

cpRNFL Thickness (μm)
Superior 66.99 ± 13.61 67.75 ± 19.56 0.827
Inferior 60.94 ± 13.20 61.72 ± 14.21 0.753

GCC Thickness (μm)
Superior 69.58 ± 11.95 68.56 ± 14.44 0.667
Inferior 63.96 ± 10.89 65.26 ± 11.81 0.536

Cup/Disc Ratio (%) 90.04 ± 9.79 87.11 ± 15.17 0.274
Rim Area (0.01 mm2) 49.92 ± 25.06 59.03 ± 46.49 0.262
Disc Area (0.01 mm2) 217.80 ± 59.97 211.69 ± 63.65 0.587

AL (mm) 25.07 ± 2.19 24.98 ± 2.24 0.818
VF (mean defect) −20.24 ± 5.49 −31.71 ± 0.87 <0.001

VA (logMAR) 0.55 ± 0.79 0.91 ± 1.20 0.148
Note. Advanced glaucoma, −12 dB > VF(MD) ≥ −30 dB; Terminal glaucoma, VF(MD) < −30 dB; Abbreviation.
VD, vessel density; cpRNFL, circumpapillary retinal nerve fiber layer; GCC, ganglion cell complex; VA, visual
acuity; AL, axial length.

The OCTA-based VD and OCT-based structural thickness of the two groups (advanced,
terminal stage) are shown in Table 7 (Supplementary Table S5). No significant difference
was noted between the two groups in terms of peripapillary and macular VDs, cpRNFL
and GCC thickness, or CD ratio.

Multivariable linear regression models with the GEE for correlations between MD VF
with OCTA parameters and OCT measurements are shown in Table 8. Positive correlations
were found between MD VF with VD in the macula and peripapillary areas and cpRNFL
and GCC thicknesses (all p < 0.001) except for the central macular VD. According to the
β-value, the rates of increase were highest in macular VD (0.55%, 0.54% every dB), followed
by peripapillary VD (0.47%, 0.53% every dB), GCC thickness (0.38 μm, 0.35 μm every dB),
and cpRNFL thickness (0.24 μm, 0.25 μm every dB).

The superior and inferior hemifield asymmetries of the percentage loss of peripapillary
and macular VDs and cpRNFL and GCC thickness were compared in the PPG and G groups
(Table 9). In the PPG group, the GCC thickness showed significant intra-eye asymmetry,
whereas the other factors did not. However, all factors were significantly more affected
severely in the inferior hemifield of the glaucoma group (p < 0.001).
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Table 8. Multivariable linear regression models with generalized estimating equation (GEE) model *
for correlations between visual field in mean defect with OCTA parameters and OCT measurement.

β SE p-Value

Macular VD (%)
Superior 0.55 0.05 <0.001
Center 0.16 0.10 0.123
Inferior 0.54 0.05 <0.001

Peripapillary VD (%)
Superior 0.47 0.04 <0.001
Inferior 0.53 0.03 <0.001

cpRNFL Thickness (μm)
Superior 0.24 0.03 <0.001
Inferior 0.25 0.03 <0.001

GCC Thickness (μm)
Superior 0.38 0.03 <0.001
Inferior 0.35 0.03 <0.001

Cup/Disc Ratio (%) −0.23 0.04 <0.001
Rim Area (0.01 mm2) 0.07 0.01 <0.001
Disc Area (0.01 mm2) 0.00 0.01 0.936

OCTA, optical coherence tomography angiography; VD, vessel density; cpRNFL, circumpapillary retinal nerve
fiber layer; GCC, ganglion cell complex. * Adjusted for age, gender, axial length.

Table 9. Comparison of percentage loss hemifield asymmetry of corresponding regions of OCTA
parameters between pre-perimetric glaucoma eyes and glaucoma eyes.

PPG †

N = 67
p-Value *

Glaucoma ‡

N = 521
p-Value *

Macular VD
Superior 0.07 ± 0.13

0.94
0.16 ± 0.15

<0.001Inferior 0.08 ± 0.12 0.20 ± 0.16
Peripapillary VD

Superior 0.09 ± 0.11
0.34

0.28 ± 0.21
<0.001Inferior 0.10 ± 0.10 0.35 ± 0.20

cpRNFL Thickness
Superior 0.14 ± 0.10

0.36
0.26 ± 0.15

<0.001Inferior 0.15 ± 0.11 0.30 ± 0.15
GCC Thickness

Superior 0.10 ± 0.08
<0.001

0.21 ± 0.13
<0.001Inferior 0.14 ± 0.08 0.27 ± 0.13

PPG, pre-perimetric glaucoma; VD, vessel density; cpRNFL, circumpapillary retinal nerve fiber layer; GCC, ganglion
cell complex; * Two sample pair t-test; † PPG group = (Mean Control –PPG)/Mean Control; ‡ G group = (Mean
Control – G)/Mean Control.

In Table 10, the r values of Pearson’s correlation coefficient between the cpRNFL and
GCC thicknesses and VD were 0.636 to 0.674, and higher positive linear associations were
noted in the peripapillary area than that in the macular area. The associations were slightly
higher in the superior region than that in the inferior region.

Table 10. Pearson correlation coefficient between OCTA parameters with OCT measurement in
same region.

r p-Value

Superior GCC Thickness
Macular VD 0.658 <0.001

Inferior GCC Thickness
Macular VD 0.636 <0.001

Superior cpRNFL Thickness
Peripapillary VD 0.674 <0.001
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Table 10. Cont.

r p-Value

Inferior cpRNFL Thickness
Peripapillary VD 0.666 <0.001

OCTA, optical coherence tomography angiography; VD, vessel density; cpRNFL, circumpapillary retinal nerve
fiber layer; GCC, ganglion cell complex.

In Table 11, positive linear correlations were found between superior and inferior GCC
thicknesses with macular VD (all p < 0.001) and between superior and inferior cpRNFL
thicknesses with peripapillary VD (p < 0.001). According to the β-value, the GCC and
cpRNFL thicknesses of the superior macular, inferior macula, and superior peripapillary
areas increased at a rate of 1.04 μm, 0.94 μm, 0.90 μm, and 0.91 μm for every percent of VD,
respectively. The macular area has a higher β-value than that in the peripapillary area.

Table 11. Multivariable linear regression models with generalized estimating equation (GEE) model *
for correlations between OCTA parameters with OCT measurement in same region: change in structural
thickness related with VD.

β SE p-Value

Superior GCC Thickness
Macular VD 1.04 0.05 <0.001

Inferior GCC Thickness
Macular VD 0.94 0.05 <0.001

Superior cpRNFL Thickness
Peripapillary VD 0.90 0.06 <0.001

Inferior cpRNFL Thickness
Peripapillary VD 0.91 0.05 <0.001

OCTA, optical coherence tomography angiography; VD, vessel density; cpRNFL, circumpapillary retinal nerve
fiber layer; GCC, ganglion cell complex; * Adjusted for age, sex, axial length.

Although myopia is a risk factor for glaucoma, the glaucoma group showed a longer
AL than the control group. However, we found that approximately half of the patients had
more VF defects in eyes with higher myopia than in the inter-eye asymmetry of the same
individual (Table 12).

Table 12. Proportion of higher myopia with more VF defect in all patients with glaucoma.

Glaucoma Subjects, N = 318 N %

Higher myopia with more VF defect a 161 50.6
Others b 157 49.4

VF, visual field; a In bilateral eyes: AL differences (mm) > 0 and VF differences (dB) < 0 or AL differences (mm) < 0
and VF differences (dB) > 0; b In bilateral eyes: AL differences (mm) ≤ 0 and VF differences (dB) ≤ 0 or AL
differences (mm) ≥ 0 and VF differences (dB) ≥ 0.

4. Discussion

In the present investigation,

1. Significant differences in the hemifield macular VD and peripapillary VD were noted
among the control, PPG, and glaucoma groups when compared in pairs (all p < 0.05)
except for the center macular VD.

2. Peripapillary VD showed better potential in differentiating the various stages of
glaucoma severity than macular VD even in the myopic population.

3. All parameters showed no significant differences between advanced and terminal
glaucoma.

4. Positive correlations between VF defect with VD and thickness were noted, and rates
of increase were highest in macular VD, followed by peripapillary VD, GCC thickness,
and cpRNFL thickness.
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5. The GCC thickness in the PPG group showed significant intra-eye asymmetry of
percentage loss (p < 0.001), whereas peripapillary and macular VDs and cpRNFL
thickness did not.

6. Only 50.6% of the patients had more VF defects in both eyes than that in the inter-eye
asymmetry of the same individual.

Peripapillary VD measurement showed better potential in differentiating the stages
(PPG, early, moderate, late) of glaucoma severity, whereas macular VD did not show a
significant difference between the PPG and early-stage glaucoma groups in our study.
However, the percent reduction in macular VD was significantly greater in the early
glaucoma group than in the PPG group (all p < 0.05), as reported by Wang et al. [25]. The
inconsistency may be attributed to our scan sizes being smaller than those of Wang’s study,
and the most vulnerable macular area was found to be outside the central 3 × 3 mm2 area
but inside the 6 × 6 mm2 area [26].

There was no significant difference between the parameters of advanced- (−30 dB
< MD ≤ −12 dB) and terminal-stage (MD ≤ −30 dB) glaucoma. In the early stage of
disease, both structural and functional data could help making judgements about the rate
of progression. In the advanced stage, functional data, such as mean defect of VF, is more
useful for follow-up in these cases. Severity in the advanced group (VF MD −20.2 ± 5.5 dB)
may have reached the measurement floor of cpRNFL and GCC thickness, as supported by
Moghimi et al. [27] and Phillips et al. [28]. Measurement floors of cpRNFL thickness and
macular VD in our population may be higher than that in Americans [27]. Measuring the
floor of peripapillary and macular VDs and cpRNFL and GCC thicknesses in the Asian
population should be performed in the future.

Mikelberg et al. found that 70% of glaucomatous eyes had initial damage limited to a
single hemifield, and 57% still had a single hemifield defect at the completion of follow-
up [29]. Therefore, the asymmetry of the percentage loss of VD and structural thickness
in the PPG and G groups was compared. All parameters were significantly more affected
severely in the inferior hemifield of the G group. In the PPG group, GCC thickness and
hemifield asymmetry could be seen in the PPG stage but not in peripapillary and macular
VDs, which was supported by previous studies. Chen et al. reported that macular ganglion
cell–inner plexiform layer (GCIPL) thickness asymmetry measurements have diagnostic
ability comparable to that of cpRNFL, GCIPL, and optic nerve head analysis for PPG [30].
Chang et al. also found that macular perfusion density asymmetry was not significantly
different between the healthy and PPG groups [31].

The peripapillary and macular VDs and GCC and RNFL thicknesses were significantly
more affected severely in the inferior hemifield than that in the superior hemifield of the
glaucoma group (p < 0.001). The literature shows that the inferior region of the macula
is particularly susceptible to glaucomatous damage [32]. Other studies have shown that
VD superior/inferior asymmetry may permit a more reproducible, objective diagnosis in
detecting early stages of glaucomatous changes [33,34]. As POAG progresses, the damage
becomes multifocal and diffuse, and asymmetry becomes smaller in the severe stages of the
disease [34]. Intra-eye VD asymmetry may have the potential to detect early glaucoma with
less influence of interindividual variation in factors, such as age, sex, race, AL, hypertension,
diabetes, and other systemic drug-related factors. In the future, it may be interesting to see
if the VF hemifield test matches upper and lower VD, cpRNFL, and GCC differences in
various stages of glaucoma.

A recent meta-analysis showed that individuals with myopia have a higher risk of
developing open-angle glaucoma than those without myopia. The overall odds ratio
(OR) was 1.95 for any myopia compared with emmetropia. The pooled ORs were 2.92 for
moderate/high myopia and 1.59 for low myopia, with a cutoff value of −3 D [23]. In our
study, the glaucoma group had longer AL than the control group, whereas in comparing
the inter-eye asymmetry of the same individual, only 50.6% of the patients with glaucoma
had more VF defects in eyes with higher myopia. In contrast, Lee et al. reported that in
inter-eye comparisons, more myopic eyes in myopic normal-tension glaucoma demonstrate
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more severe VF [35]. However, the literature showed that the rates of VF progression in the
myopic group (0.356 and 0.361 dB/y for 10◦ to 24◦, respectively, and glaucoma hemifield
test maps) were not significantly different from those in the non-myopic group (0.349 and
–0.364 dB/y; p = 0.951 and 0.973, respectively) [36]. Other studies have reported that myopia
may be a protective factor against optic disc/RNFL or VF progression in those with open-
angle glaucoma [37–39]. Whether inter-eye asymmetrically higher myopia is associated
with inter-eye asymmetrically progressive open-angle glaucoma remains questionable.
Further studies are needed to clarify the association between the inter-eye asymmetry of
myopia and open-angle glaucoma progression.

Our study population included more myopia patients and had a longer mean AL
than those of other studies in healthy [27,40,41], PPG [40], and glaucoma groups [27,40].
The mean macular and peripapillary VD values of the glaucoma group in our study were
lower than those in other studies [27,40]. However, for the healthy and PPG groups, no
significant difference in the mean VD values was noted between our populations and
other studies [27,40,41]. It has been reported that peripapillary and macular VD may
be reduced in high myopia non-glaucoma patients [11–21]. While comparing the non-
glaucoma population with that of Korean studies, our control group had shorter AL,
lower macular and peripapillary VDs, and thinner RNFL [14,16]. Compared with studies
conducted in China, our population had AL similar to that of moderate myopia defined in
these studies, with higher macular VD in our group, lower peripapillary VD, and thinner
GCC and peripapillary RNFL, which were lower and thinner than those of their high-
myopia groups [15,17,20]. The dynamic range of VD was decreased by myopia, but using
peripapillary VD to differentiate between the various stages of glaucoma severity is feasible.
However, the simultaneous presence of myopia and open-angle glaucoma resulted in a
greater level of microvascular attenuation than with either pathology alone [22]. The values
of reduction related to glaucoma may have been overestimated. Considering the effect of
myopia, VD may be more valuable in following glaucoma progression in each individual
than comparing data between individuals in clinical practice, and different baseline values
of parameters should not be neglected.

According to the vascular theory of glaucoma, neural structure loss is a consequence
of reduced ocular blood flow. Ischemia may damage the neural tissues [42,43]. On the
contrary, the destruction of the neural tissue in glaucoma may lead to microvascular
reduction through decreased metabolic demand [44]. The possible reasons why some
studies failed to demonstrate this link might because of big variation of cross-sectional
design. Longitudinal studies perhaps still cannot clarify whether neural tissue loss or
vessel loss is the primary event since these events can be interdependent.

There are some limitations to our study. First, our scan size was only 3 × 3 mm2,
and a larger macular scan size (6 × 6 mm2) was reported to have a higher diagnostic
accuracy [26,45]. A larger scan size of macular VD may help us understand more macular
microvascular changes in the early stages of glaucoma. Second, the small sample size of
the PPG group in this study may have induced selection bias in our population. Moreover,
most systemic factors did not show differences between the control and glaucoma patients.
Further studies with more participants may provide different results. Finally, since this
was a cross-sectional study, the interindividual variability of measurements and disease
progression could not be discussed. Longitudinal studies will help elucidate the pattern of
microvascular damage in the various stages of glaucoma.

5. Conclusions

In conclusion, the current study showed that peripapillary VD was significantly
different between the healthy and PPG groups and the early-, moderate-, and late-stage
glaucoma subgroups. Our results revealed that peripapillary VD measurement is helpful
in differentiating the various stages of glaucoma severity, even in a myopic population.
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Abstract: In glaucoma, macular optical coherence tomography (OCT) typically shows a thinning of
the three inner segments and OCT-angiography (OCTA) a reduction of the vascular density (VD). It is
still unclear if glaucoma directly affects macular VD. This retrospective study included 31 glaucoma
patients of early and moderate stage (GS1, GS2, Mills et al.) and 39 healthy individuals. Macular
segments’ thickness and superficial and deep plexus vascular density (VD) were obtained using
spectral-domain OCT and OCTA, respectively. One-way analysis of variance (ANOVA) was used to
compare healthy controls and glaucoma patients according to their glaucoma stage. Using correlation
analyses, the association between glaucoma and either OCT or OCTA parameters was evaluated.
A glaucoma stage-stratified linear regression analysis was then performed. Inner macular segment
and whole retinal thickness were reduced in GS1 and GS2 patients compared to healthy controls (e.g.,
ganglion cell layer GCL: controls: 47.9 ± 7.4, GS1: 45.8 ± 5.1, GS2: 30.6 ± 9.4, ANOVA: p < 0.0001).
Regarding OCTA-parameters, the VD of both segmentation levels was reduced in glaucoma patients,
particularly when comparing GS2 patients with controls (superficial plexus: p = 0.004) and GS2
with GS1 (p = 0.0008). Linear regression revealed an association between these parameters and the
presence of glaucoma (for superior plexus: R2 = 0.059, p = 0.043). Finally, a correlation between
macular segment thickness and VD was observed, but with a strength increasing with glaucoma
severity (GCL and superior plexus VD: controls: R2 = 0.23, GS1 R2 = 0.40, GS2 R2 = 0.76). Despite
the glaucoma-independent correlation between macular segment thickness and VD, disease severity
strengthens this correlation. This consideration suggests that glaucoma directly influences OCT and
OCTA parameters individually.

Keywords: glaucoma; macula; macular segmentation; optical coherence tomography-angiography;
vascular density; blood flow; biomarker

1. Introduction

Over the last two decades, advances in imaging techniques have led to significant
changes to the diagnosis and management of ophthalmic conditions. Optical coherence to-
mography (OCT) is one of the most important of them. In glaucoma, OCT provides precise
and objective structural measurements of the optic nerve head (ONH) and of the macula.
These data have become crucial to assess the presence and the degree of severity of the
disease. OCT measurements were shown to correlate with basic ophthalmologic glaucoma
criteria like intraocular pressure (IOP) and ONH cupping, as well as ocular function like
visual field perception [1]. While OCT is not recommended as a standalone glaucoma
diagnostic tool, it greatly complements more subjective ophthalmologic parameters [2].
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Initial research on OCT in glaucoma focused on ONH affection (e.g., peripapillary
retinal nerve fiber (RNFL) thickness [3], cupping [4], and Bruch membrane opening [5]).
More recent studies also identified macular changes that were useful for the management of
glaucoma in adults [6] and children [7]. In particular, the thickness of the three innermost
segments of the macula—the nerve fiber layer (NFL), ganglion cell layer (GCL), and
inner plexiform layer (IPL), summarized as ganglion cell complex (GCC)—constitutes
a reliable biomarker for assessing glaucoma severity and progression [8]. Compared to
ONH, the macula presents structural advantages, which reduce possible measurement
artifacts and enhance the reliability of the measurements [9]: the macula shows less
interindividual variability than the peripapillary RNFL thickness [10], and it lacks blood
vessels. These advantages justify the use of macular diagnostic tools for the management
of glaucoma patients.

Finally, recent technical improvements to OCT technology led to the development
of OCT-angiography (OCTA). In OCTA, up to 100,000 A-scans per second are performed
to indirectly detect retinal blood flow [11]. Consecutive computation of the obtained
data provides a precise evaluation of retinal and choroidal blood vessel density (VD)
without the need for an intravenous dye as in fluoresceine angiography. The obtained
three-dimensional representation of the ONH or macula allows for the VD quantification
of a superficial and a deep vascular plexus, and measurements of associated parameters
such as the surface of the foveal avascular zone (FAZ) [11]. In glaucoma patients, a
reduction of the VD was first observed at the ONH [12] and later also at the macula [13].
The following research in glaucoma patients showed that VD quantification using OCTA
is reproducible [14], can discriminate between glaucoma and healthy eyes [15,16], and
correlates with disease progression [17] and visual function [18].

As already reported, both OCT and OCTA measure different structural characteristics
of the macula, and thus a certain correlation between both diagnostic methods has been
observed [16]. Yet, the pathophysiological mechanisms that lead to a reduction of VD in
glaucoma are still unclear. To help determine if glaucoma has a direct effect on macular VD
or indirectly through the reduction of macular thickness, we selected patients with early to
moderate glaucoma and measured the alterations of macular segment thickness and OCTA
parameters in comparison to healthy adults. These results were then used to analyze the
correlation between both diagnostic parameters and to evaluate what individual effect
glaucoma has on them.

2. Materials and Methods

2.1. Study Design

Retrospective chart analysis of patients from whom a macular OCT and OCTA was
acquired between May and September 2019 at the Department of Ophthalmology of the
University Hospital Essen, Germany. Patients of 18 to 85 years of age were included to
the study based on the presence of early glaucoma (defined as stage 1 or stage 2 accord-
ing to the Mills et al. [19] classification) or the absence of a retinal disease or optic nerve
pathology other than glaucoma (healthy controls). Exclusion criteria were a history of
ocular trauma or intraocular surgery (excluding uncomplicated cataract surgery), refractive
errors > 3 diopters, advanced lens opacity/cataract, the presence of any systemic disease
(in particular cardiovascular or neurologic), and current vasoactive systemic medication.
Charts lacking data of best corrected visual acuity (BCVA), IOP, anterior segment examina-
tion, and/or fundoscopy were also excluded from the study. The eye with the best OCT
image quality was selected for further analysis. This study was conducted in accordance
with the 1964 Declaration of Helsinki and was approved by the ethics committee of the
University Hospital Essen, Germany (approval number: 19-8840-BO).

2.2. Data Acquisition

A comprehensive ophthalmic examination was performed, including review of past
medical history and current medication, determination of BCVA, slit-lamp examination
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of the anterior and posterior eye segment, and measurement of IOP (Goldmann applana-
tion tonometer, Haag-Streit, Bern, Switzerland). For glaucoma patients, the examination
also included an evaluation of the optic disc linear cup-to-disc ratio (CDR) and stereo-
scopic ONH photography, the measurement of the central corneal thickness (CCT; TX-20P
tonometer, Canon Medical Systems, Zoetermeer, The Netherlands), and a visual field
examination using 30-2 static automated perimetry (Twinfield 2, OCULUS Optikgeräte,
Wetzlar, Germany).

Macular spectral domain-OCT and OCTA were obtained using a SPECTRALIS®

HRA+OCT (Heidelberg Engineering, Heidelberg, Germany). Corneal curvature values
(c-curve) were known for all patients. At least two consecutive examinations of sufficient
image quality (quality score ≥ 20) were obtained. For macular OCT, 25 single horizontal
axial scans centered to the fovea were acquired. Using the manufacturer’s software, image
segmentation was calculated to obtain individual retinal layer thicknesses: total retinal
thickness (TRT), nerve fiber layer (NFL), ganglion cell layer (GCL), inner plexiform layer
(IPL), inner nuclear layer (INL), outer plexiform layer (OPL), and outer nuclear layer (ONL)
(Figure 1c). Additionally, the NFL, GCL, IPL, INL, OPL, and ONL segments were combined
as inner retinal layers (IRL). Results of the semi-automated segmentation were inspected
and corrected manually if necessary. Thickness results were divided into nine subfields
using the 1, 2.22, 3.45 mm grid of the Early Treatment Diabetic Retinopathy Study (ETDRS)
(Figure 1b). Thickness values of each subfield were exported using a software plug-in
provided by the device manufacturer. For OCTA, the vessel density (VD) of the superficial
(SVP) and deep vascular plexus (DVP), as well as the area of the foveal avascular zone
(FAZ, in mm2), were extracted and analyzed using the ImageJ software (Wayne Rasband,
version 1.52e).

 

Figure 1. Methodology. (a) Representation of the Early Treatment Diabetic Retinopathy Study
(ETDRS) grid 1, 2.22, 3.45 mm, which contains nine subfields (C0: center; S1 and S2 superior, N1
and N2 nasal, I1 and I2 inferior, and T1 and T2 temporal) and is used for thickness measurements.
The macular segments (b) are separated semi-automatically by optical coherence tomography (OCT)
software: nerve fiber layer (NFL), ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear
layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL)—together inner retinal layers
(IRL)—and outer retinal layers (ORL). Example of the superior (c) and deep (d) vascular plexus of
the macula obtained using OCT-angiography; the foveal avascular zone is located within the orange
line in (d).
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2.3. Statistical Methods

Numerical data were collected in Microsoft Excel (Microsoft, Redmond, WA, USA).
Normal distribution was examined using the D’Agostino and Pearson normality test. Mean
values were compared applying Student’s t-test, or Mann–Whitney U test, when appro-
priate. One-way ANOVA was performed to compare multiple subgroups, and the Tukey
method was applied for multiple comparison correction in post-hoc analyses. Correlation
between parameters was evaluated calculating Pearson or Spearman correlation factors,
when appropriate. The statistical analyses were performed using SAS Studio version 3.8
(SAS Institute Inc., Cary, NC, USA) and Prism 9.1 (GraphPad, La Jolla, CA, USA). In the
results section of this article, dichotomous variables are presented as absolute and rela-
tive frequencies (n, %), continuous variables are presented as mean ± standard deviation
(SD), and categoric variables as median ± interquartile range (IQR). In general, statistical
significance was assumed for p < 0.05.

3. Results

3.1. Patients’ Characteristics

Seventy patients aged 63.0 ± 13.1 years (range: 37–88 years) were included in this
study. Age distribution was comparable among glaucoma patients (n = 31, 44%) and
healthy controls (n = 39, 56%). Among the 31 glaucoma patients, disease severity was
evaluated as stage 1 according to Mills et al. [19] in 22 cases (71%); stage 2 was identified in
nine patients (29%). Male sex was slightly underrepresented in the whole study population
(46%). This trend was also similar in the glaucoma and control subgroups. The median
BCVA was 0.1 LogMAR (IQR: 0.1); 16% of glaucoma patients had a history of cataract
surgery at the time of examination, and this was also the case for 12% of control participants.
The overall mean IOP was 13.6 ± 3.0 mm Hg; in the control group, the mean IOP was
14.1 ± 3.2 mm Hg, compared to 12.7 ± 2.0 mm Hg in glaucoma patients. This difference is
explained by the antiglaucomatous therapy in the glaucoma group, consisting of a median
of 3 topical agents. Epidemiologic data are presented in Table 1.

Table 1. Epidemiologic and general ophthalmologic characteristics of patients.

Parameter Value p-Value 1

Patients (n) 70
Sex (male:female % (n)) 46:54% (32:38)

Glaucoma 45:55% (14:17)
Healthy 46:54% (18:21)

Eye (right:left % (n)) 56:44% (39:31)

Diagnosis (glaucoma: healthy % (n)) 44:56% (31:39)
Stage 1 (% of glaucoma (n)) 71.0% (22)
Stage 2 (% of glaucoma (n)) 29.0% (9)

Age (mean ± SD (y)) 63.0 ± 13.1
Glaucoma 63.8 ± 14.0 0.64

Glaucoma stage 1 64.7 ± 14.8 0.52
Glaucoma stage 2 61.8 ± 12.5 0.90

Healthy 62.4 ± 12.5

BCVA (median ± IQR (LogMar)) 0.1 ± 0.1
Glaucoma 0.1 ± 0.2 0.23
Healthy 0.0 ± 0.1

IOP (mean ± SD (mm Hg)) 13.6 ± 3.0
Glaucoma 12.7 ± 2.0 0.066
Healthy 14.1 ± 3.2
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Table 1. Cont.

Parameter Value p-Value 1

Linear CDR * (median ± IQR) 0.7 ± 0.3

Perimetry (MD) * (mean ± SD (dB)) 2.0 ± 4.3
1 p-values of t-test (age, IOP, and BCVA) between the healthy controls and the respective glaucoma group.
* Parameters displaying only data of the glaucoma group. Abbreviations: BCVA: best corrected visual acuity; IOP:
intraocular pressure; CDR: cup-to-disc ratio (by fundoscopy and/or ONH photography); y: years; MD: mean
deviation; dB: decibel; SD: standard deviation; and IQR: interquartile range.

3.2. Differences in Macular Segment Thickness between Glaucoma and Healthy

First, an analysis of the thickness of the whole macula and its segments was performed
for all subfields of the ETDRS grid. To compare results of glaucoma stage 1 and 2 patients
and healthy control participants, a one-way ANOVA was performed. The analysis revealed
a statistically significant difference between the three groups for the GCL and IPL in all
subfields but C0 (e.g., S2 subfield of GCL: controls: 47.9 ± 7.4, GS1: 45.8 ± 5.1, GS2:
30.6 ± 9.4, p < 0.0001). A similar observation appeared for measurements of the whole
retina and the IRL (e.g., S2 subfield of whole retina: controls: 333.6 ± 18.8, GS1: 333.0 ± 18.0,
GS2: 311.8 ± 28.7, p = 0.014). The post-hoc analysis returned statistically significant results
for the comparison of the control and GS2 groups and of the GS1 and GS2 groups. Even
though no such difference was present for the comparison of controls with GS1, a constant
trend of GS1 patients having a slightly thinner GCL, IPL, IRL, and whole retina is visible.
For measurements of the NFL, INL, OPL and ONL, as well as for ORL, no such difference
could be discerned in our cohort (data not shown). Table 2 presents an excerpt of these
measurements and ANOVA results. A graphical presentation of the results for the whole
retina and for GCL is provided in Figure 2.

Table 2. Macular segment thickness differs between glaucoma patients and healthy controls. The table presents the mean
thickness of selected macular segment sectors and the results of one-way ANOVA comparing thickness of each subfield in
patients with glaucoma stage 1, stage 2, and healthy controls. The comparison of controls and glaucoma stage 1 patients
almost never returned a statistically significant difference and thus is not presented here.

Macular Segment

Mean Thickness (μm) ± SD ANOVA Summary Adjusted p-Value

Controls
Glaucoma

Stage 1 (GS1)
Glaucoma

Stage 2 (GS2)
F p-Value

Controls vs.
GS2

GS1 vs.
GS2

Retina
Inner superior (S1) 335.4 ± 20.0 337.2 ± 21.0 314.2 ± 20.5 4.54 0.014 0.018 0.016
Outer superior (S2) 333.6 ± 18.8 333.0 ± 18.0 311.8 ± 28.7 4.59 0.014 0.012 0.024
Inner inferior (I1) 337.0 ± 14.9 333.5 ± 20.9 301.8 ± 23.1 14.1 <0.0001 <0.0001 0.0001
Outer inferior (I2) 327.6 ± 8.7 327.5 ± 17.9 305.7 ± 17.9 5.57 0.0058 0.0054 0.010

Ganglion cell layer
Inner superior (S1) 47.6 ± 9.6 48.1 ± 9.8 31.1 ± 10.3 11.8 <0.0001 <0.0001 <0.0001
Outer superior (S2) 47.9 ± 7.4 45.8 ± 5.1 30.6 ± 9.4 23.3 <0.0001 <0.0001 <0.0001
Inner inferior (I1) 49.4 ± 7.2 44.5 ± 11.1 23.9 ± 12.2 27.7 <0.0001 <0.0001 <0.0001
Outer inferior (I2) 47.7 ± 5.9 45.8 ± 8.2 28.2 ± 9.1 28.1 <0.0001 <0.0001 <0.0001

Inner plexiform layer
Inner superior (S1) 39.8 ± 5.5 39.8 ± 5.1 30.1 ± 6.8 11.9 <0.0001 <0.0001 0.0001
Outer superior (S2) 38.3 ± 4.8 37.3 ± 4.1 27.7 ± 7.3 16.8 <0.0001 <0.0001 <0.0001
Inner inferior (I1) 40.3 ± 4.2 38.0 ± 6.1 27.4 ± 8.3 19.8 <0.0001 <0.0001 <0.0001
Outer inferior (I2) 37.7 ± 4.4 37.2 ± 5.2 27.2 ± 5.4 18.5 <0.0001 <0.0001 <0.0001

p-values of ANOVA (analysis of variance). Abbreviation: SD, standard deviation.

3.3. Macular Vasculature Differences between Glaucoma Patients and Healthy Controls

Regarding the macular vascular parameters provided by OCTA, no significant dif-
ference appeared when comparing all glaucoma patients and control group (Table 3).
However, the separate analysis of stage 1 and stage 2 glaucoma patients using one-way
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ANOVA returned statistical differences between the three groups. This was apparent for
the vascular density (VD) of the superficial plexus (p = 0.0011) and of the deep plexus
(p = 0.0072) (Table 4). The additional post-hoc analysis revealed a difference predominantly
between controls and the GS2 group as well as between the GS1 and GS2 groups, but not
between controls and GS1 (Figure 3).

 
Figure 2. Retina and ganglion cell layer subfields’ thickness differs between glaucoma patients and healthy controls.
The figure depicts for exemplary purpose the mean thickness and 95% confidence interval of subfield thickness for the
entire retina (a) and for the ganglion cell layer (b). Statistically significant results of one-way ANOVA comparing each
subfield’s mean thickness in patients with glaucoma stage 1, stage 2, and healthy controls are represented (* when p < 0.05).
Abbreviations: subfields C0, center; S1, inner superior; S2, outer superior; N1, inner nasal; N2, outer nasal; I1, inner inferior;
I2, outer inferior; T1, inner temporal; and T2, outer temporal, as shown in the ETDRS grid legend.

To evaluate if OCTA parameters correlate with the presence of glaucoma, we calculated
the Spearman correlation factor between OCTA parameters and glaucoma stage. For all
three parameters—FAZ area and VD of the superficial and deep plexus—no correlation
was detected (data not shown). Further, we performed univariate linear regression analysis,
which returned a weak association between the glaucoma stage and VD of both plexuses
(superior plexus: R2 = 0.059, deep plexus: R2 = 0.058) (Table 5).
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Table 3. OCTA parameters in glaucoma patients and healthy controls. The table displays the
mean ± standard deviation and Students t-test (for SVP and DVP) and Mann–Whitney U results (for
FAZ) of the foveal avascular zone area (FAZ) and vascular density (VD) of the macular superficial
(SVP) and deep plexus (DVP) in glaucoma patients and healthy controls.

Controls Glaucoma p-Value
Glaucoma

Stage 1
Glaucoma

Stage 2

FAZ area (mm2) 0.28 ± 0.11 0.31 ± 0.16 0.37 0.29 ± 0.13 0.34 ± 0.23
Superior plexus VD (%) 27.0 ± 5.8 26.1 ± 8.6 0.58 29.0 ± 7.4 19.0 ± 7.4

Deep plexus VD (%) 25.8 ± 5.4 24.7 ± 6.4 0.42 26.7 ± 5.7 19.8 ± 5.7
Abbreviations: OCTA: optical coherence tomography-angiography.

Table 4. Summary of one-way ANOVA results for OCTA parameters between glaucoma patients and
healthy controls. The table displays results of the one-way analysis of variance (ANOVA) comparing
optical coherence tomography-angiography (OCTA) parameters of healthy controls and glaucoma
patients of stage 1 (GS1) and stage 2 (GS2).

F of
ANOVA

p-Value
Mean

Difference
95% CI

Adjusted
p-Value

FAZ (mm2) 0.84 0.44
Controls vs. GS1 −0.015 −0.10 to 0.071 0.91
Controls vs. GS2 −0.064 −0.18 to 0.055 0.40

GS1 vs. GS2 −0.050 −0.18 to 0.078 0.62

Superior plexus (%) 7.8 0.0011
Controls vs. GS1 −1.9 −6.1 to 2.3 0.52
Controls vs. GS2 8.0 2.2 to 13.8 0.0040

GS1 vs. GS2 9.9 3.8 to 16.1 0.0008

Deep plexus (%) 5.3 0.0072
Controls vs. GS1 −0.85 −4.4 to 2.7 0.83
Controls vs. GS2 6.1 1.1 to 11.0 0.0120

GS1 vs. GS2 6.9 1.6 to 12.2 0.0069

p-Values are bold and underlined when statistically significant (p < 0.05). Abbreviation: FAZ: foveal avascular
zone, 95% CI: 95% confidence interval of the mean difference.

 
Figure 3. Superficial and deep vascular density of the macula differ between glaucoma patients and
controls. This figure shows the comparison (mean and 95% confidence interval) of optical coherence
tomography-angiography (OCTA) parameters between healthy controls (white bars) and glaucoma
patients of stage 1 (light grey) and 2 (dark grey). Statistically significant results (p < 0.05) of one-way
ANOVA are marked with an asterisk *. Abbreviation: FAZ, foveal avascular zone.

29



J. Clin. Med. 2021, 10, 5017

Table 5. Linear regression analysis between OCTA parameters and glaucoma stage. The table
displays the results of univariate linear regression between the glaucoma stage and optical coherence
tomography-angiography (OCTA) parameters: foveal avascular zone surface (FAZ) and vascular
density of the macular superficial and deep plexus.

Parameter Estimate 95% CI R2 p-Value

FAZ 0.78 −0.50 to 2.1 0.021 0.23
Superior plexus −0.024 −0.048 to −0.00079 0.059 0.043

Deep plexus −0.029 −0.058 to −0.00075 0.058 0.045

p-Values are bold and underlined when statistically significant (p < 0.05). Abbreviations: FAZ: foveal avascular
zone, 95% CI: 95% confidence interval of the parameter estimate, and R2: Tjur’s pseudo R2.

3.4. Correlation of Vascular Density and Macular Segment Thickness

Finally, to evaluate the strength of the association between macular segment thickness
and VD of the superficial and deep plexuses, a correlation analysis between all subfields
of all macular segments and the vascular density of the superior and deep plexus was
performed. The parameters with the highest correlation factor in the entire cohort and
in glaucoma stage 2 patients were selected for further regression modelling. Regarding
the superior plexus, the T2 subfield of the GCL was selected (entire cohort: Pearson
r = 0.67, 95% CI: 0.52–0.78; GS2: Pearson r = 0.87, 95% CI: 0.50–0.97). Regarding the deep
plexus, the N2 subfield of IPL showed the highest correlation in both groups (entire cohort:
Pearson r = 0.45, 95% CI: 0.24–0.62; GS2: Pearson r = 0.82, 95% CI: 0.33–0.96). A univariate
linear regression analysis was performed using the selected parameter as independent
variable. This analysis showed that the strengths of association between GCL thickness (T2
subfield) and vascular density increases with glaucoma severity. According to our results,
an intermediate association is detectable in controls (R2 = 0.23), as well as in GS1 patients
(R2 = 0.40), and a strong association in GS2 patients (R2 = 0.76). Similarly, the strengths
of association between IPL thickness (N2 subfield) and glaucoma increase with disease
severity: R2 is low — shows no association — in controls (R2 = 0.027) and in GS1 patients
(R2 = 0.097) but high – shows a strong association – in GS2 patients (R2 = 0.66). These
results are presented in Table 6.

Table 6. Correlation between vascular density and macular segment thickness is strongest in glau-
coma patients. The table presents the results of univariate linear regression analysis between either
the outer temporal (T2) subfield of the ganglion cell layer (GCL) and the VD of the superficial plexus,
or between the outer nasal (N2) subfield of the inner plexiform layer (IPL) and the VD of the deep
plexus in optical coherence tomography-angiography.

Parameter Estimate 95% CI R2

T2 of GCL → superficial plexus vascular density

Controls 0.41 0.16 to 0.66 0.23
Glaucoma stage 1 0.57 0.24 to 0.89 0.40
Glaucoma stage 2 0.56 0.28 to 0.84 0.76

N2 of IPL → deep plexus vascular density

Controls 0.19 −0.19 to 0.57 0.027
Glaucoma stage 1 0.43 −0.18 to 1.0 0.097
Glaucoma stage 2 0.74 0.27 to 1.0 0.66

Abbreviation: 95% CI, 95% confidence interval.

4. Discussion

The present study investigates the relation between macular segments’ thickness as
well as OCTA-assessed vascular density in the context of early or moderate glaucoma. The
main findings of the study are:

• The vascular density of the deep and superficial plexus is reduced in glaucoma and
correlates with the presence of glaucoma.
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• Differences in macular vascular density are mainly detectable in GS2 but less so in
GS1 eyes.

• The foveal avascular zone is not affected by glaucoma.
• Glaucoma severity directly influences the strength of association between macular

inner segments’ thickness and vascular density.

The study population analyzed in the present work is composed of healthy partici-
pants and patients with early or moderate glaucoma (as defined by Mills et al. [19]). Adult
participants of a wide age range of 37 to 88 years were included, and the gender distribution
was comparable between all subgroups. A comparison of the macular segments’ thickness
was performed between healthy controls and glaucoma patients, and between glaucoma
stages. The present analysis showed a reduction of inner macular segment thickness (the
GCL and IPL), in all ETDRS subfields except C0. This observation is consistent with recent
reports about the glaucoma-induced loss of retinal ganglion cells located in the inner retinal
layers [20] and the subsequent thinning of these layers. Similar observations were made
in both adults [16,21] and children [7]. While macular diagnostics in glaucoma focuses
mainly on the NFL, GCL, and IPL thickness (summarized as GCC, [21]), the presented
one-way ANOVA also showed a thickness reduction of the entire retinal thickness and of
the inner retinal layers (IRL). Additionally, the post-hoc analysis revealed a trend towards
a thinning of the GCL and IPL between GS1 patients and controls. This difference is
statistically significant between GS2 patients and controls as well as between GS2 and GS1
patients. These observations are in line with previous work stating that structural macular
deterioration occurs early in glaucoma [22], even prior to detectable functional (perimetric)
damage [23].

In most open-angle glaucoma patients, the glaucoma-induced structural retinal changes
are explained by elevated IOP [24]. In addition to this, a vascular etiology for glaucoma
progression was proposed [25]. This hypothesis is fueled by the possible occurrence and
progression of glaucoma despite a seemingly acceptable IOP, which is qualified as normal
tension glaucoma (NTG). The dysregulation of ocular blood flow observed in NTG patients
is thought to be their leading pathophysiological mechanism [26]. Ocular blood flow moni-
toring never gained clinical relevance due to practicability reasons, high interindividual
variability, and a lack of reproducible quantitative measurement methods. This trend
changed with the development of OCT-angiography, which allows for a quantitative and
objective, dye-free, and non-invasive method to measure blood flow at the optic nerve
head [12]. Later, vascular density changes in glaucoma patients were also described at the
macula [13]. The present study showed macular VD differences between early to moderate
glaucoma patients and healthy individuals. Our analyses showed a clear reduction of VD
in superficial and deep macular plexuses in GS2 patients compared to both controls and
GS1 patients. While it may be unexpected that controls and GS1 patients show a similar
VD, this lack of statistical difference could be explained by the relatively high mean age
in our cohort or by a number of participants too low to detect a slight difference between
both subgroups. Overall, our observations are in line with recent publications: while early
studies described the decrease of the superficial plexus VD in glaucoma patients [13,15],
newer investigations observed additional differences in the deep plexus [17,27]. The pro-
vided additional linear regression analyses returned a weak but statistically significant
association between vascular density of both superficial and deep macular plexuses and
glaucoma stage (no glaucoma, GS1, and GS2). This observation is similar to recent works
studying the glaucoma diagnostic ability of macular OCTA measurements [16,28].

When studying macular OCTA parameters, FAZ area in our study population was also
analyzed. FAZ area is known to increase in retinopathies involving ischemia (e.g., diabetic
retinopathy) [29,30]. However, this does not seem to be the case in glaucoma. Accordingly,
our results show no difference in FAZ size between healthy controls and glaucoma patients
regardless of the disease stage. This was also observed recently by Lommatzsch et al. [31]
for glaucoma patients with peripheral visual field defects, whereas patients with central
VF defects (not present in our study) had an enlarged FAZ. This can be explained by the
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fact that the fovea only consists of photoreceptors, which are usually not directly affected
in glaucoma. Additionally, the lacking difference between FAZ area in glaucomatous
and healthy eyes is comparable to the lacking difference of C0 ETDRS-subfield thickness
between these groups. In summary, the FAZ does not seem to be an informative biomarker
for quantifying glaucomatous damage.

In the present study population, inner macular segment thickness and VD are both
reduced in glaucoma patients compared the healthy controls. The fact that glaucoma leads
to a reduced GCC thickness is well recognized [8], and a comparable effect of glaucoma on
macular VD was also observed in the present study (Table 5) and described previously [18].
As these parameters both characterize a different aspect of the same anatomic region (i.e.,
the macula), it could be possible that glaucoma does not affect macular thickness and VD
independently but rather influence one parameter (e.g., VD), leading to an indirect affection
of the other parameter (e.g., macular thickness). To verify this hypothesis, a glaucoma
stage-stratified quantification of the association between VD and inner macular thickness
was performed. A notable strength of the present study population is its reduction of
other potential confounders for macular parameters: the age and sex distribution are
highly consistent between the control and glaucoma groups, and comorbidities knowingly
altering retinal blood flow or macular thickness measurements by OCT(A) were excluded.
Our analysis of the whole cohort returned a moderate correlation between GCL and IPL,
and the macular VD. This suggests that a reduced VD correlates with a reduced macular
segment thickness (and vice versa), which has been described previously in POAG [16]
and NTG patients [18]. However, the glaucoma stage-stratified analysis revealed a stronger
correlation between inner segment thickness and macular VD in GS2 patients than in GS1
patients or healthy controls: the goodness-of-fit of linear regression (R2) increased along
with disease severity. This allows one to postulate that glaucoma is causing a reduction
of macular inner segment thickness and vascular density in addition to the physiological
association between these two parameters. It is still unclear whether RGC loss (e.g., inner
macular segment thinning) is the cause or the consequence of vascular density reduction,
but the present analysis adds up to the common assumption that glaucoma severity is
strongly associated with both inner macular thickness and VD.

The present study has several limitations that need to be discussed. First, it is unclear
how topic antiglaucomatous medication affects ocular blood flow and OCTA measure-
ments, which weakens the validity of comparisons of glaucoma patients and medication-
naïve controls. Similarly, a possible vasoactive effect of phenylephrine used for pupil
dilatation prior to OCTA measurements could also not be ruled out. Further, it must be
noted that segmentation differences between devices of different manufacturers can affect
the comparability of the present results with other studies. Another aspect influencing
results reproducibility is the present use of 3 × 3 mm scans, as other scan sizes (6 × 6 mm
or even 9 × 9 mm) might return different results. Finally, the relatively small size of the co-
hort analyzed here, the focus on early to moderate glaucoma, and absence of preperimetric
patients do not allow for generalization of the present results, particularly for advanced
glaucoma stages.

5. Conclusions

Using OCT and OCTA to identify and monitor the structural and vascular changes
at the macula in glaucoma patients is gaining in clinical relevance. In the present study,
an inner macular segment thinning is present in early to moderate glaucoma. Regarding
OCTA-parameters, the vascular density of the superficial and deep plexuses is reduced
compared to healthy controls, whereas no difference of the foveal avascular zone area is
visible. Finally, a correlation between inner macular segment thickness and superficial
and deep plexus vascular density is already present in healthy individuals. However, the
strength of this association seems to be directly influenced by glaucoma severity, suggesting
that glaucoma directly affects both diagnostic parameters.
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Abstract: Purpose: The aim of this study is too correlate the sensitivity and thickness values of in-
traretinal layers at macula in healthy eyes and primary open-angle glaucoma (POAG) eyes. Methods:

The thickness of different intraretinal segmentations was estimated by means of optical coherence
tomography (OCT) Spectralis (Heidelberg, Engineering, Inc., Heidelberg, Germany) with the pos-
terior pole analysis program 8 × 8 in 91 eyes from 91 patients (60 with glaucoma and 31 healthy
patients). Macular sensitivity was also measured with an MP-1 microperimeter (Nidek Instruments,
Inc Padova, Italy) with a customized, 36-stimulus pattern adjusted to an anatomical correspondence
with the OCT grid. Correlations were calculated by using Spearman’s rho and the results were
represented in color maps. Results: Significant structure–function correlations were much more
frequent in the glaucoma group than in control group. In general terms, associations were positive
for inner retinal layers but negative correlations were also found for the inner nuclear layer and outer
retinal layer in glaucoma. Conclusions: In general terms, significant structure–function correlations
for different intraretinal layers are higher and wider in POAG eyes than in healthy eyes. Inner and
outer retinal layers behave differently in terms of the structure–function relationship in POAG as
assessed by microperimetry and OCT.

Keywords: microperimetry; OCT; glaucoma; macula; structure; function; correlation; retina; inner;
outer

1. Introduction

Glaucoma is a chronic and progressive neuropathy of the optic nerve characterized
by retinal ganglion cell apoptosis [1]. This event is not only associated with optic nerve
cupping due to retinal nerve fiber layer loss (dendrites of the retinal ganglion cells) but
also with changes at different intraretinal layers of the macula as shown in our previous
studies [2,3].

All these structural modifications are usually accompanied by functional losses that
can be first observed as localized visual field (VF) defects or scotomas that can affect the
macular region [4].
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The structure–function relationship has been widely studied. However, most of
the investigations have been functionally performed with standard automated perimetry
(SAP) [5].

Microperimetry (MP) is a technology with theoretical benefits in relation to SAP such
as automated eye tracking and more precise location of the stimulus on the retina [6].
However, few works have studied the macular structure–function relations in glaucoma
using MP [7–10]. Plus, all of them have only structurally analyzed some of the inner
retinal segmentations of the macula obtained by optical coherence tomography (OCT).
Although glaucoma is primarily a disease of ganglion cells, in the light perception and
early integration of visual stimuli all retinal layers participate, not only in inner retinal
layers. Considering the structural changes detected by our group in glaucoma [2,3], we
hypothesize that there could exist associations between thickness of all retinal layers with
its anatomically corresponding sensitivity in glaucoma and, specifically, with such a precise
technology as MP. To the best of our knowledge, we have not found any study in this sense.
Thus, this is the purpose of the present work.

2. Materials and Methods

This is a prospective, observational, cross-sectional study. All the eyes included in the
study were recruited from consecutive patients seen at the Glaucoma Clinic of General
University Hospital Reina Sofia, Murcia, Spain. The investigation was approved by the
institutional review board of the mentioned hospital. All participants signed an informed
consent and the study was conducted in accordance with the tenets of the Declaration
of Helsinki.

The inclusion criteria of glaucomatous group were as follow:

1. Caucasian race and age between 40 and 90 years;
2. Diagnosis of primary open-angle glaucoma (POAG) with threat to fixation according

to our clinical records;
3. Refractive error of 3 dioptres or less of spherical equivalent and;
4. Best corrected visual acuity of 0.5 or better in the Snellen scale.

POAG diagnosis required:

1. Intraocular pressure > 21 mmHg in at least three different days;
2. Glaucomatous optic disc changes and/or characteristic glaucomatous SAP abnormal-

ities, as judged by a glaucoma specialist (J.J.G.M.), and;
3. Open anterior chamber angle in gonioscopy.

Threat to fixation was defined as a depression of one or more of the four paracentral
points with a p < 1% in the two previous reliable 30-2 SITA Fast VF tests [11]. SAPs were
considered reliable when loss of fixation, false-positive and/or false-negative responses
were under 20% and were obtained from clinical records in the past year.

Inclusion criteria for healthy group (controls) were the same that for glaucomatous
group except for criterium number 2. Exclusion criteria for both groups were as follow:

1. Previous intraocular or refractive surgery, or laser procedure in the six months before
the recruitment;

2. History of ocular trauma;
3. Use of ocular or systemic medications that could affect the VF;
4. Presence of other ophthalmic or systemic significant diseases (eyelid, corneal, lens or

retinal disease, diabetes) that could influence microperimetry or OCT results.

Only one eye was selected per patient. When both eyes were eligible one of them was
randomly chosen.

At the time of enrollment, an ophthalmic examination was performed that included
the following tests, which were made in this order:

1. Autorefractometry;
2. Best Corrected Visual Acuity (BCVA), using decimal scale;
3. Intraocular pressure estimation using applanation tonometry.
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Microperimetry and OCT examinations were performed in a subsequent visit if the
patient was eligible.

Microperimetry was conducted with the MP-1 (Nidek Instruments Inc., Padova, Italia)
using a customized pattern by the same examiner (M.R.) selecting a full-threshold strategy
4-2-1 decibels with a Goldmann III-size stimulus presented for 200 milliseconds and a
4 apostilb backgroud. The maximal sensitivity for each stimulus was 20 decibels.

This pattern consisted of 37 stimuli centered at the fovea and with the following features:

1. The nearest stimuli from vertical and horizontal main axes were located at 1.5 degrees
from these axes;

2. The stimuli were separated 3 degrees from each.

The central stimulus (number 37), located in the intersection of the main vertical and
horizontal axes, was not considered for the calculations (Figure 1).

 

Figure 1. Customized pattern of microperimetry used in this study.

Then OCT examinations were performed using an 8 × 8 posterior pole algorithm with
the device Spectralis (Heidelberg Engineering, Heidelberg, Germany; 6.0 software version).
This algorithm estimates the thickness of the considered layer of 64 superpixels centered at
the fovea. Each superpixel is 3 × 3 degrees wide. Alignment of the horizontal main axis
according to the fovea—disc axis is automatically displayed in this algorithm (Figure 2).

In the present study, the 8 × 8 grids were horizontalized using a reference horizontal
rectangle at zero degrees overlaying on the OCT interface by means of the software Overlay
2.1 (Collin Thomas Photography Ltd. London, UK, http://www.colinthomas.com/overlay
(accessed on 25 October 2021)). (Figure 3).

Thus, using this customized pattern in microperimetry, we located each stimulus at
the center of each superpixel of the horizontalized grid in the OCT 8 × 8 posterior pole
grid to achieve the anatomical correspondence (Figure 4).

Only superpixels with a projected stimulus at the center were considered in this study.
All maps were constructed as if all eyes were right ones (Figure 5).

Only reliable OCT examinations (with signal strength ≥ 20) were selected. All scans
were checked by the same experienced operator (J.J.G.M.). If segmentation errors were
detected, the examinations were considered unreliable and discarded.
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Figure 2. Posterior pole program analysis. Note the inclination of the grid automatically generated
by the device.

 

Figure 3. Horizontalization of the grid using a overlaid reference horizontal rectangles (red) by
means of Overlay 2.1 software.
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Figure 4. Horizontal OCT grid and microperimetry pattern.

 

Figure 5. Denomination of superpixels in 8 × 8 Posterior Pole Algorithm (right eye). Only the
thickness of the superpixels represented in green (and its corresponding microperimetric sensitivities)
were considered in this study. All eyes were represented as if they were all right eyes.

Spectralis OCT allows an automatic segmentation of different intraretinal layers
(Figure 6) and estimation of thickness of the selected segmentation.
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Figure 6. Three-dimensional (3D) representation of automatic segmentation of all retinal layers in a
8 × 8 grid.

In this study the thickness of the following automatic segmentations were considered
at the macula: full retina, retina nerve fiber layer (mRNFL), ganglion cell layer(GCL), inner
plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear
layer (ONL), outer retina, and retinal pigment epithelium (RPE). ONL and OPL thickness
values were added (OPL + ONL) in order to avoid artefactual results due to Henle fibers
orientation [12].

Statistical calculations were performed using SPSS software (IBM, version 22, Chicago,
IL, USA). The sex and laterality of the eye were compared using Fisher’s test between
groups. All the continuous variables were assessed for normality with the Kolmogorov–
Smirnov test. Age, clinical variables, all microperimetric results (in decibels), and many
of the thickness OCT results (in microns) did not show a normal distribution. Thus,
comparisons of mean age, BCVA, spherical equivalent, IOP, and vertical cupping between
both groups were assessed by means of the Mann–Whitney test. Correlations between
the sensitivity and thickness for each segmentation at each megapixel were calculated by
Spearman’s rank correlation coefficient. structure–function correlation maps were plotted
for each considered segmentation. All were constructed as if all eyes were right eyes. The
significance level was p < 0.05.

3. Results

Sixty eyes of 60 POAG patients and thirty-one eyes of 31 controls were finally selected.
Demographic and clinical data are presented in Table 1.

Figure 7 sums up the structure function associations between full retina thickness
and microperimetric sensitivity both in the control group and the glaucoma group. In the
glaucoma group positive, several moderate–weak correlations were found in the superior
and inferior hemisphere but not affecting the central area. There were only two positive
correlations in the control group.
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Table 1. Demographic and clinical data of this study. Significant results are indicated in bold.

Demographic and Clinical Data Glaucoma Group Control Group Significance (Test)

Eyes and laterality
n = 60

Right eyes = 30
Left eyes = 30

n = 31
Right eyes = 15
Left eyes = 16

1 (Fisher’s test)

Age (years) 73 (15) 67 (31) 0.07 (Mann–Whitney test)

Sex 29 men
32 women

9 men
22 women 0.11 (Fisher’s test)

BCVA 0.9 (0.3) 1 (1.9) 0.07 (Mann–Whitney test)

IOP (mmHg) 20 (7) 17 (4) 0.004 (Mann–Whitney test)

Spherical equivalent 0.25 (4) 1 (2) 0.04 (Mann–Whitney test)

Vertical cupping 0.8 (0.3) 0.4 (0.2) <0.001 (Mann–Whitney test)

Continuous variables are reported with median (interquartile range).

  
(a) (b) 

Figure 7. Color map of correlations for full retinal thickness in the glaucoma group (a) and control group (b). Green color
indicates non-significant correlation. Blue color indicates significant positive correlation. Red color indicates significant
negative correlation. Black color indicates OCT superpixels not considered in the calculations. r = Spearman’s rho,
p = significance.

mRNFL showed positive, weak–moderate correlations in the superior hemisphere
and strong–moderate ones in the inferior hemisphere in the glaucoma group but none in
the control group (Figure 8).

Figures 9 and 10 depict the correlations corresponding to GCL and IPL, respectively.
In the glaucoma group, as it can be seen, difuse, positive, strong–moderate correlations
were demonstrated in the field except for papillomacular bundle area. These correlations
were stronger and more difuse for GCL than for IPL. In the control group, no significant
association were found for GCL and scarce but negative ones were shown for IPL.

Figure 11 shows the completely different structure–function behavior for INL in both
groups. While there were positive correlations in the glaucoma group, the control group
showed negative correlations.

Figure 12 shows that barely any significant correlation was found in both groups when
considering OPL + ONL.

Positive, ring-shape correlations for the glaucoma group were seen when consid-
ering inner retina (mRNFL + GCL + IPL + INL + OPL + ONL) and not affecting the to
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papillomacular bundle (Figure 13). Only three positive correlations were found in control
the group.

  
(a) (b) 

Figure 8. Color map of correlations for macular retinal nerve fiber layer in the glaucoma group (a) and control group (b).
Green color indicates non–significant correlation. Blue color indicates significant positive correlation. Red color indicates
significant negative correlation. Black color indicates OCT superpixels not considered in the calcula-tions. R = Spearman’s
rho, p = significance.

  
(a) (b) 

Figure 9. Color map of correlations for ganglion cell layer in the glaucoma group (a) and control group (b). Green color
indicates non-significant correlation. Blue color indicates significant positive correlation. Red color indicates significant
negative correlation. Black color indicates OCT superpixels not considered in the calculations. r = Spearman’s rho,
p = significance.
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Figure 14 depicts that while there were significant, negative correlations for outer
retina (including outer photoreceptors segments and RPE) in the inferior hemisphere of
the glaucoma group, there was only one positive correlation in the control group.

  
(a) (b) 

Figure 10. Color map of correlations for inner plexiform layer in the glaucoma group (a) and control group (b). Green color
indicates non-significant correlation. Blue color indicates significant positive correlation. Red color indicates significant
negative correlation. Black color indicates OCT superpixels not considered in the calculations. r = Spearman’s rho,
p = significance.

  
(a) (b) 

Figure 11. Color map of correlations for inner nuclear layer in the glaucoma group (a) and control group (b). Green color
indicates non-significant correlation. Blue color indicates significant positive correlation. Red color indicates significant
negative correlation. Black color indicates OCT superpixels not considered in the calculations. r = Spearman’s rho,
p = significance.
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Finally, there are isolated correlations for RPE in both glaucoma and control group
(Figure 15).

  
(a) (b) 

Figure 12. Color map of correlations for outer plexiform layer + outer nuclear layer in the glaucoma group (a) and control
group (b). Green color indicates non-significant correlation. Blue color indicates significant positive correlation. Red
color indicates significant negative correlation. Black color indicates OCT superpixels not considered in the calculations.
r = Spearman’s rho, p = significance.

  
(a) (b) 

Figure 13. Color map of correlations for inner retinal layer in the glaucoma group (a) and the control group (b). Green color
indicates non-significant correlation. Blue color indicates significant positive correlation. Red color indicates significant
negative correlation. Black color indicates OCT superpixels not considered in the calculations. R = Spearman´s rho,
p = significance.
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(a) (b) 

Figure 14. Color map of correlations for outer retina layer in the glaucoma group (a) and control group (b). Green color
indicates non-significant correlation. Blue color indicates significant positive correlation. Red color indicates significant
negative correlation. Black color indicates OCT superpixels not considered in the calculations. r = Spearman’s rho,
p = significance.

  
(a) (b) 

Figure 15. Color map of correlations for retinal pigment epithelium in the glaucoma group (a) and control group (b).
Green color indicates non-significant correlation. Blue color indicates significant positive correlation. Red color indicates
significant negative correlation. Black color indicates OCT superpixels not considered in the calculations. r = Spearman’s
rho, p = significance.

4. Discussion

This study dealt with the structure–function correlation of all retinal layers using
OCT and MP. As mentioned in the introduction, a number of studies about the structure–
function relationship have been performed by means of SAP [5]. SAP is a technique in
which the projection of the stimulus on the retina can vary anatomically due to head
misalignments and fixation losses. In contrast, MP is a technique that ensures that the
projection of the stimulus is exactly at a specific anatomical point [6]. This is possible
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because MP has a real-time eye tracking system that stops the test until the eye is exactly
oriented as it should be. This fact is controlled because the device continuously detects
anatomical references that should be correctly positioned and only in this case does the
examination go on. Plus, MP has been shown in some studies to have better ability to
detect VF defects in comparison with SAP [13,14].

Only few studies have investigated macular structure–function correlation with MP
in glaucoma. Some authors demonstrated that there were strong–moderate positive corre-
lations between retinal sensitivity measured by microperimetry and ganglion cell layer +
inner plexiform layer (GCLIPL) thickness in all the sectors and the sector average of the
macular ellipsoid implemented in the Cirrus OCT device [7–9]. Zabel et.al. also found
good positive correlations between the mean ganglion cell complex (mRNFL + GCL +
IPL) thickness of the complete macula as determined by OCT and the average sensitivity
threshold in a study aiming to correlate OCT angiography results and microperimetry
results [10]. The results in this study are coincident with these mentioned studies in relation
to ganglion cell-related layers showing positive, strong–moderate correlations. However,
not only inner retinal layers are affected in glaucoma. Experimental studies [15,16] and
human studies [2,3] have shown that outer retinal layers are also altered in glaucoma.
However, to the best of our knowledge, the structure–function relationship for outer retinal
layers has not been previously studied with MP.

In our study, they are remarkable the negative correlations found for outer retinal
layer (photoreceptors + RPE) in the glaucoma group. This could be in relation to the
changes found in these layers in our previous works [2,3] and these findings merit further
investigation. Another noteworthy result in this study is the behavior of the structure–
function relationship in the inner nuclear layer: while in the control group positive and
moderate relationships were demonstrated, in the glaucoma group, the relationships found
were also moderate but negative.

In general terms, the correlations found in this study were larger in glaucoma group
than in the control group for almost all the considered retinal segmentations achieving the
most intense associations for GCL and mRNFL and specially in the inferior hemisphere.

In this study we selected glaucomatous eyes with a threat to fixation in order to make
sure that there was macular alteration in glaucomatous eyes. When scotomas progress
towards the VF center in glaucoma, they may ultimately threaten fixation. Threat to
fixation is considered an alarm sign in the management of patients with glaucoma because
its progression may result in a significant decrease in vision-related quality of life [11,17–19].
However, threaten to fixation is not unusual in patients suffering from glaucoma. It has
been described that threat to fixation is present at the diagnosis of glaucomain almost 60%
of eyes [20].

This study presents several limitations to be considered. One was the relatively small
size of the sample. Another one was the fact that the glaucoma group was made up of
Caucasic patients suffering from POAG, so our results might not be extrapolated to other
ethnic groups or to other types of glaucoma. Otherwise, each MP Goldmann III-size
stimulus (circular light spot with a diameter of 43 degrees) [21] is projected at the center
of a 3 × 3 degree OCT superpixel so the anatomical correspondence is not exact but it is
representative of the studied area. Plus, it has been recently show that the MP-1 device has
an overall bias in sensitivity values, as well as an eccentricity based measuring anomaly
so our results may have been influenced by these facts [22]. Additionally, the fact that the
strength of a correlation changes with the range of measurements being considered [23]
could have induced, at least in part, the stronger correlations seen in the glaucoma group
where both sensitivities and thicknesses change over a greater range. Finally, this is a
cross-sectional study so, due to its nature, this investigation does not permit to study
progressive changes of POAG.
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5. Conclusions

In general terms, significant structure–function correlations for different intraretinal
layers are higher and wider in POAG eyes than in healthy eyes and it is more marked for
inner retinal layers as determined by using MP and OCT. Additionally, inner and outer
retinal layers behave differently in terms of the structure–function relationship in POAG.
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Abstract: Cytokine- and chemokine-mediated signalling is involved in the neuroinflammatory pro-
cess that leads to retinal ganglion cell (RGC) damage in glaucoma. Substances with anti-inflammatory
properties could decrease these cytokines and chemokines and thus prevent RGC death. The authors
of this study analysed the anti-inflammatory effect of a hydrophilic saffron extract standardized to 3%
crocin content, focusing on the regulation of cytokine and chemokine production, in a mouse model
of unilateral laser-induced ocular hypertension (OHT). We demonstrated that following saffron
treatment, most of the concentration of proinflammatory cytokines (IL-1β, IFN-γ, TNF-α, and IL-17),
anti-inflammatory cytokines (IL-4 and IL-10), Brain-derived Neurotrophic Factor (BDNF), Vascular
Endothelial Growth Factor (VEGF), and fractalkine were unaffected in response to laser-induced
OHT in both the OHT eye and its contralateral eye. Only IL-6 levels were significantly increased in
the OHT eye one day after laser induction compared with the control group. These results differed
from those observed in animals subjected to unilateral OHT and not treated with saffron, where
changes in cytokine levels occurred in both eyes. Therefore, saffron extract regulates the production
of proinflammatory cytokines, VEGF, and fractalkine induced by increasing intraocular pressure
(IOP), protecting the retina from inflammation. These results indicate that saffron could be beneficial
in glaucoma by helping to reduce the inflammatory process.

Keywords: cytokines; BDNF; VEGF; fractalkine; glaucoma; ocular hypertension; microglia; saffron;
crocin; retinal glial cells

1. Introduction

Glaucoma is a neurodegenerative disease in which there is an irreversible loss of
retinal ganglion cells (RGCs), leading to blindness [1]. Intraocular pressure (IOP) is one
of the main risk factors for this pathology and the one on which the main current treat-
ments are based [2]. However, IOP control often fails to prevent the progression of the
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disease, so new factors that could be related to glaucomatous neurodegeneration, such as
neuroinflammation, are being discovered [3,4].

In the course of the inflammatory process, retinal glial cells, both microglia and
macroglia (Müller cells and astrocytes), can be activated and release factors that can be
neuroprotective in some cases and neurodegenerative in others [5–7]. Activated microglia
can be found along two extreme activation phenotypes, M1 and M2. The M2 phenotype
releases neurotrophic factors (neurotrophins, Glial cell line-derived Neurotrophic Factor
(GDNF), Brain-derived Neurotrophic Factor (BDNF), etc. and anti-inflammatory cytokines
(TGFβ, IL-4, IL-10, etc.) that help control inflammation and promote neuronal survival.
However, the M1 phenotype releases proinflammatory mediators (nitric oxide and reactive
oxygen species) and proinflammatory cytokines (IL-1β, IL-6, IFN-γ, TNF-α, etc.). Therefore,
if this phenotype becomes chronic, it can promote the neurodegenerative process [5,8,9].

In previous studies, we analysed microglial activation [9–13] and the expression of
different proinflammatory cytokines (IL-1β, IL-6, IL-17, IFN-γ, TNF-α), anti-inflammatory
cytokines (IL-4 and IL-10), BDNF, VEGF, and fractalkine (CX3CL1) [14] in a mouse model
of glaucoma at different time points (1, 3, 5, 7, and 15 days) after ocular hypertension (OHT)
induction. In this model, we found that the highest microglial activation, as measured
by increased cell number, increased number of vertical processes, increased soma size,
retraction of the processes, and downregulation of P2RY12 (which is a sensitive marker of
the switch from resting to activated microglia [15]), occurred at 3 and 5 days after OHT
induction [11]. This peak of microglial activation seemed to overlap with an increased
expression of pro-inflammatory cytokines (IL-6 and IFN-γ), anti-inflammatory (IL-4 and
IL-10) cytokines, VEGF, fractalkine, and BDNF, which showed greater expression at 1, 3,
and 5 days after OHT induction [14]. Higher inflammation was found to occur at these time
points, and RGC loss was thereafter triggered; at 3 days after OHT induction, we observed
a decrease in the expression of the RGCs marker Brn3a, and from 5 and 7 days onwards, the
neurodegenerative process became evident [14,16]. Therefore, 1, 3, and 5 days after OHT
induction (especially after 1 and 3 days) would be the ideal time points to analyse whether
a substance has anti-inflammatory effects in this murine glaucoma model. Accordingly,
we analysed the possible beneficial effect of saffron extracts on the neuroinflammatory
and neurodegenerative process in this model of glaucoma, as saffron has important anti-
inflammatory, antiapoptotic, and antioxidant properties [17–20]. The therapeutic activity
of saffron may be due to its content in carotenoids, such as crocetin, crocin, and safranal,
which are saffron’s main bioactive components, with crocetin being the major component
responsible for its therapeutic properties [21–24]. Different mechanisms of action have been
attributed to crocetin including a reduction of proinflammatory molecules and protection
against oxidative damage. Crocetin’s anti-inflammatory properties could be due to its
capacity to modulate the proinflammatory cytokines’ release from glial cells (IL-6, IL-1β
among others); to its ability to block TNF-α expression by microglia, to DNA fragmentation
avoidance and thus cell death; to its capacity to modulate the expression of adhesion
molecules; to reduce mRNA of some proinflammatory enzymes; and to modulate the
NF-κB inflammatory pathway [25–31]. With regard to its antioxidant properties, crocetin,
together with other carotenoids contained in the saffron extract, is able to modulate the
expression of genes related to the redox cells system, to inhibit the proteins, and DNA
and RNA synthesis; to modify stress markers in the endoplasmic reticulum system; to
reduce telomerase activity; and to counteract oxidative stress via tRNA–crocetin union and
suppression of the activation of NF-κB through activation of the nuclear factor erythroid
2-related factor 2 (Nrf2) signal related to the modulation of oxidative stress [24,26,32–35].

We found that at day 3 after OHT induction, animals treated with saffron extracts
showed a decrease in the morphological signs of microglial activation and partially reversed
the downregulation of P2RY12. Furthermore, they prevented the death of RGCs 7 days after
OHT induction, indicating that saffron extracts were able to produce an anti-inflammatory
and neuroprotective effect against the damage caused by increased IOP [36]. However,
the effects of this saffron extract on the release of different inflammatory mediators with
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anti-inflammatory or proinflammatory properties to promote the protection of RGCs are
currently unknown. Therefore, the purpose of the present work was to analyse whether
the administration of saffron extracts in a laser-induced OHT model at 1 and 3 days after
OHT induction, in which we found increased cytokine expression in OHT eyes, causes
changes in the expression of proinflammatory cytokines (IL-1β, IL-6, IL-17, IFN-γ, and
TNF-α), anti-inflammatory cytokines (IL-4 and IL-10), BDNF, VEGF, and fractalkine using
multiplex and immunohistochemical techniques.

2. Materials and Methods

2.1. Animals

The study was performed on male Swiss mice weighing 40–45 g and aged 12–16 weeks,
obtained from Charles River Laboratories (Barcelona, Spain). The animals were kept in
the animal house of the Faculty of Medicine of the Universidad Complutense de Madrid
(Spain). The animals were placed in cages in which the light intensity varied between 9
and 12 lux and the light/dark cycles were 12 h. The animals were fed a standard diet and
had free access to it and water. The experimental protocols complied with all of the ethical
guidelines endorsed by Spanish law and the Guidelines for Humane Endpoints for Animals
Used in Biomedical Research. The study was approved by the Ethics Committee for
Animal Research of Complutense University (Madrid, Spain) and the Directorate General
of Agriculture and Food, Ministry of Economy and Employment of the Community of
Madrid (approval ID number: ES280790000086, 1 April 2016). Finally, the procedures also
followed institutional guidelines, the European Union regulations for the use of animals in
research, and the Association for Research in Vision and Ophthalmology (ARVO) statement
for the use of animals in ophthalmic and vision research.

2.2. Experimental Groups

The animals were divided into three study groups: (i) a naïve age-matched control
group that received saffron extract (saffron-naïve group; SNG) and (ii) two groups of laser-
treated animals that were photocoagulated with laser in the left eye to provoke an OHT and
that were treated with saffron extract. These groups were sacrificed 1 (saffron laser-induced
group sacrificed on day 1, SLG1d) and 3 days (saffron laser-induced group sacrificed on
day 3, SLG3d) after OHT induction. In the laser groups, both saffron OHT eyes (SOHT)
and their normotensive saffron-contralateral eyes (S-contralateral) were analysed.

2.3. Treatment with Saffron

The company Pharmactive Biotech Products S.L. (Madrid, Spain) was responsible for
supplying the hydrophilic stigma extracts of saffron (Crocus sativus L.) that were marketed
under the saffron ® EYE brand (Pharmactive Biotech Products S.L., Madrid, Spain) [37,38].
These extracts were standardised to 3.14% total crocin and contain dextrin as a carrier.
They were prepared by a proprietary method and analysed by high performance liquid
chromatograph (HPLC) (Agilent Technologies 1220, Hewlett-Packard-Strasse, Waldbronn,
Germany) [37]. The extract was in powder form and was stored in the dark until use.
The dose selected and the time of administration was the same as that used in a previous
work [36]. The dose was 60 mg/kg b.w. per day, which contained a total amount of crocin
of 1.8 mg. Saffron extract was administered for 15 days in the SNG and 15 days before
OHT induction in the laser groups. The administration of saffron extract was maintained
after laser treatment until the day of animal sacrifice: 1 day (SL1d) and 3 days (SL3d). At
the beginning of the study, in order to calculate the proportion of extract per kilogram of
body weight, the animals were weighed. To ensure that the animals received their exact
dose, the extract was diluted in water and administered by gavage (0.01 mL/g b.w.).

2.4. Anaesthetics

To avoid animal suffering, surgical procedures were performed after the intraperi-
toneal administration of a general anaesthetic consisting of a mixture of medetomidine
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(0.26 mg/kg; Medetor®, Virbac España S.A., Barcelona, Spain) and ketamine (75 mg/kg;
Anesketin®, Dechra Veterinary Products SLU, Barcelona, Spain). After the procedure, an
ointment containing tobramycin (Tobrex®; Alcon, Barcelona, Spain) was administered on
to the eyes to prevent eye drying and infection. Subsequently, the animals were returned
to their cages for recovery from anaesthesia. An overdose of sodium pentobarbital (Do-
lethal Vetoquinol®, Especialidades Veterinarias, Alcobendas, Madrid, Spain) was used for
the sacrifice of the animals. For the measurement of IOP, the animals were given inhala-
tional anaesthesia of 2% isoflurane in oxygen (ISOFLO Isoflurane 100% w/w, Zoetis SL,
Alcobendas, Madrid, Spain).

2.5. Laser Treatment and Measurement of IOP

A laser treatment was performed to induce an OHT. For this purpose, the left eyes of
previously anaesthetised animals were treated with a diode laser according to previously
described protocols [39,40]. Briefly, the laser beam was applied directly, without any
lens, on the episcleral and limbal veins, so that 55–76 burns were performed. The used
parameters were: a spot size of 50–100 μm, a duration of 0.5 s, and a power of 0.3 W. IOP
was measured in both eyes of all of the experimental groups using a rebound tonometer
(Tono-Lab, Tiolat, OY, Helsinki, Finland) [41,42]. IOP was measured after the administration
of anaesthesia and always at the same time point (around 9 a.m.) to avoid changes due to
circadian rhythms [43]. Six consecutive IOP measurements were performed and averaged
each time. In the control group (SNG), IOP was measured before sacrifice. In the SLGs,
IOP was measured before laser induction. In the SLG1d group, IOP was also measured on
day 1 after laser induction, and in the SLG3d group, it was measured on days 1, 2, and 3
after laser induction.

2.6. Multiplexed Immunoassay Study
2.6.1. Protein Assay

For the multiplex immunoassay, animals were sacrificed with an overdose of sodium
pentobarbital, after which the retinas were removed and frozen. As in previous studies [14],
three retinas were pooled to perform the assay because of the small amount of protein
obtained per mouse retina. Thus, four samples per experimental group were assayed,
each one coming from three pooled retinas from eyes from the same experimental group.
Retinas were homogenized on ice with a lysis buffer (MILLIPLEX MAP Lysis buffer for
Multiplexing, Merck KGaA, Darmstadt, Germany) at a ratio of 1: 3 (w/v) and then frozen
overnight at −70 ◦C. The following day, the samples were centrifuged (12,000× g for 5 min
at 4 ◦C), and the supernatants were collected and processed again in the same way. These
last supernatants were aliquoted to analyse the protein concentration by using the Bradford
protein assay (Bio-RadDye Reagent Concentrate, Bio-Rad Laboratories, Irvine, CA, USA),
which was then measured by a Multiskan reader (Thermo Fisher Technologies, Madrid,
Spain). The obtained protein concentration was suitable for immunoassay.

2.6.2. Multiplexed Magnetic Bead Immunoassay

Using two multiplexed magnetic bead immunoassay kits (MILLIPLEX MAP Mouse
Cytokine/Chemokine Magnetic Bead Panel; MILLIPLEX MAP Myokine Magnetic Bead
Panel, Merck KGaA, Darmstadt, Germany), based on Luminex© technology, we measured
the cytokines and myokines chosen for the study in duplicate. Briefly, the followed
protocol used magnetic beads (25 μL) that were conjugated with the specific antibodies
for the different cytokines/myokines (IFN-γ, IL-1β, IL-4, IL-6, IL-10, IL-17, TNF-α, VEGF,
BDNF, and then fractalkine (CX3CL1)) were incubated together with the tissue samples
(25 μL) under agitation overnight at 4 ◦C. After this, the wells were washed three times
using a wash buffer. They were then incubated with a biotinylated antibody for 1 h at
room temperature. The beads were then incubated for 30 min at room temperature with
streptavidin-PE (phycoerythrin), which is a reporter molecule that completes the reaction
on the surface of each microsphere. The samples were then washed three times, and the
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detection component included in the immunoassay kit was added. After immunoassay
completion, the samples were analysed using the Bio-Plex suspension array system 200,
and the mean fluorescence intensity was measured using Bio-Plex Manager Software 4.1
(Bio-Rad Laboratories, Irvine, CA, USA).

2.6.3. Immunostaining

In order to locate the cells that expressed the factors and cytokines detected in the
multiplex assay, we performed an immunohistochemical analysis. As Fernández-Albarral
et al. (2021) described [14], each animal was anaesthetised, then transcardially perfused
by first employing a 0.9% saline solution and then 4% paraformaldehyde (PFA 4%) in a
0.1 M phosphate buffer. Then, eyes were dissected and fixed for 24 h at 4 ◦C in PFA. After
24 h, corneas and lenses were removed, and the optical cups containing the retina stood
overnight at 4 ◦C in PFA again. The next day, each eye was washed in phosphate-buffered
saline (PBS), pH 7.2, for 30 min. This procedure was repeated 3 times, and then each
eye stood in PBS with 11% sucrose at 4 ◦C for 24 h in order to start the cryoprotection
process. Then, the eyes passed to 33% sucrose PBS at 4 ◦C for 48 h. After the cryoprotection
process was finished, the eyes were embedded in a tissue-freezing medium (Tissue-Tek®

O.C.T.TM Compound, Sakura Finetek Spain, Barcelona, Spain). During the inclusion, the
eye anatomical references were noted to keep track of each part of the retinas. The samples
were frozen at −30 ◦C till they were later used and processed.

For immunostaining techniques, optical cups with retinas were frozen sectioned using
a Leica CM-3050 cryostat (Leica Biosystems, Heidelberger, Germany) in 16-μm-thick serial
sagittal sections from the nasal to temporal retina. Tissue sections were collected onto
gelatine-coated slides (two sections per slide), air-dried, and stored at −30 ◦C until use.
We selected those retinas (OHT and/or contralateral) and time points where the expression
of cytokines and factors analysed by multiplex were greatest.

In the present study, we employed primary antibodies (Table 1) against IL-1β, IL-4,
IL-6, IL-10, IL-17, INF-Y, fractalkine, TNF-α, and BDNF, which were co-located with Iba-1, a
microglial marker; Glial fibrillary Acidic Protein (GFAP), a macroglial marker, and NF-200
(200 kD neurofilament), an RGC axon marker. Each secondary antibody was conjugated
with a determined fluorochrome, as indicated in Table 1, which allowed for their detection
during a double-labelling fluorescent immunohistochemistry study.

Slides were allowed to dry at room temperature for 60 min in order to increase the
adhesion of the slices to the slides. All washes were conducted in PBS, pH 7.2, containing
0.1% Triton X-100, which constituted the washing buffer (WB); incubations were performed
in WB with 1% universal serum and the antibody in the desired concentration. After three
washes in WB, sections were incubated overnight at 4 ◦C with the primary antibodies (see
Table 1), then rinsed three times in WB, and incubated for 2 h at room temperature with
the secondary antibodies, except for Iba-1 (not needed). The details and dilutions of all of
the primary and secondary antibodies used are presented in Table 1.

After incubations, sections were washed three more times with WB, then cover-slipped
with a Vectashield Vibrance Antifade® mounting medium with DAPI (Ref. H-1800; Vector
Laboratories, Burlingame, CA, USA).

Immunostaining batches contained slides of every animal from every experimental
group (n = 4 per experimental group) as well as an internal control (omitting the primary
antibody) to check the specificity of the immunoreaction and to rule out nonspecific binding.
Three different batches were run for each primary antibody.
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Table 1. Antibodies employed for the immunostaining analysis and their corresponding concentrations.

Colour Primary Antibody Conc. Secondary Antibody Conc.

GREEN

Rabbit polyclonal anti-IL-1β (ref. ab9722,
Abcam plc) [44] 1:250

Goat anti-rabbit Alexa
Fluor 488
(ref. ab150077, Abcam plc)

1:150

Rabbit polyclonal anti-IL-6 (ref.
ab208113, Abcam plc) [45] 1:200

Rabbit polyclonal anti-IL-17 (ref.
ab79056, Abcam plc) [46] 1:300

Rabbit polyclonal anti-IFNγ (ref. ab9657,
Abcam plc) [47] 1:300

Rabbit monoclonal anti-BDNF (ref.
ab213323, Abcam plc) [44] 1:250

Rabbit monoclonal anti-VEGF receptor 1
(ref. ab32152, Abcam plc) [48] 1:200

Rabbit polyclonal anti-CX3CL1 (ref.
ab25088, Abcam plc) [49] 1:500

Rabbit polyclonal anti-TNFα (ref. ab9739,
Abcam plc) [50] 1:300

Rat monoclonal anti-IL-4 (ref. ab11524,
Abcam plc) [51] 1:250 Goat anti-rat Alexa

Fluor 488
(ref. ab150165, Abcam plc)

1:150Rat monoclonal anti-IL-10 (ref. ab189392,
Abcam plc) [52] 1:200

RED

Rabbit polyclonal anti-Iba1 Red
Fluorochrome 635 conjugated (ref.
5100756, Wako Chemicals GmbH) [53]

1:200

Chicken polyclonal anti-GFAP (ref.
AB5541, Sigma-Aldrich) [54] 1:200

Goat anti-chicken IgY
(H+L) Alexa Fluor 594 (ref.
A-11042, Invitrogen)

1:300

Rabbit polyclonal anti-NF-200 (ref.
N4142, Sigma-Aldrich) [55] 1:150

Donkey anti-rabbit IgG1
Alexa Fluor 594 (ref.
A21207, Invitrogen)

1:800

Antibodies used in the study: interleukin 1 beta (IL-1β), interleukin 6 (IL-6), interleukin 17 (IL-17), interferon gamma (IFN-γ), brain-derived
neurotrophic factor (BDNF), vascular endothelial growth factor (VEGF), fractalkine (CX3CL1), tumour necrosis factor alpha (TNF-α),
interleukin 4 (IL-4), and interleukin 10 (IL-10); also included are the antibodies used to identify microglial cells (Iba-1), axons (NF-200 KDa),
and macroglia (GFAP). The colour (green/red) indicates how the immunostaining is labelled.

Immunostained slides were observed under a Zeiss Axio Imager M.2 fluorescence
microscope (Carl Zeiss AG, Oberkochen, Germany) associated with the Apotome-2 module
(Carl Zeiss AG, Oberkochen, Germany) and AxioCam 503 Mono high-resolution camera
(Carl Zeiss AG, Oberkochen, Germany). The microscope was equipped with a Zeiss 10 filter
set for Alexa Fluor 488, a Zeiss 64 filter set for Alexa Fluor 594, and a 49 filter set for Alexa
Fluor 405. Taken images were analysed using ZEN2 software (Carl Zeiss AG, Oberkochen,
Germany). All lighting conditions and magnifications were kept constant during the
capture process. Figures were prepared using Adobe Photoshop CS4 Extended 10.0 (Adobe
Systems, San Jose, CA, USA).

2.7. Statistical Analysis

The results obtained both in the IOP measurements and the multiplex analysis were
analysed using SPSS version 25 (IBM, Armonk, NY, USA) and were reported as the mean
(±standard deviation; SD). If the results followed a normal distribution and equal variances,
we performed an ANOVA and then a post-hoc Bonferroni comparison analysis in order to
establish significant differences between experimental groups.

If data did not follow a normal distribution and were not homoscedastic, they were
transformed (only for IL-6, IL-17, and BDNF analysis). Outliers were deleted according to
the SPSS program [56]. Otherwise, non-parametric analyses—in particular, Kruskal–Wallis
analysis followed by Mann–Whitney comparisons as a post-hoc—were performed. Only
p-values under 0.05 were considered statistically significant.
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3. Results

3.1. Intraocular Pressure

Eyes that had undergone OHT induction (saffron OHT eyes) had significant differences
in IOP compared with SNG and saffron-contralateral eyes. (all p < 0.001; Figure 1). At all of
the analysed time points, the contralateral eyes had an IOP similar to that of the naïve eyes
(p > 0.05; Figure 1).

Figure 1. Intraocular pressure (IOP) values after laser-induced ocular hypertension (OHT) in 1, 2, and 3 days after laser OHT
induction in saffron-naïve eyes, saffron ocular hypertension eyes (Saffron OHT), and saffron-contralateral eyes (saffron-
contralateral). Statistical significance indicators: *** p < 0.001 vs. saffron-naïve; +++ p < 0.001 vs. saffron-contralateral.

3.2. Multiplex Analysis

Among the measured proinflammatory cytokines, 1 and 3 days after OHT induction,
no significant differences were found in IL-1β expression between saffron OHT and saffron
contralateral eyes compared to saffron-naïve eyes. Thus, retinal IL-1β levels were not
affected by the laser OHT induction (Figure 2).

Regarding the IL-6 content, 1 day after OHT laser induction, a significant increase in
its expression was observed in saffron OHT eyes compared to saffron contralateral eyes
and saffron-naïve eyes (all p < 0.05). No significant differences were observed for IL-6
expression 3 days after OHT laser induction. Thus, retinal IL-6 expression was significantly
higher exclusively 1 day after the laser induction in the saffron OHT eyes; cytokine levels
were then returned to normal values 3 days post-laser treatment (Figure 3).

The analysis of IFN-γ levels showed no significant differences after experimental
OHT induction. IFN-γ levels were not affected by the laser induction at any of the time-
points considered (Figure 4). Similarly, the analysis of IL-17 levels showed no significant
differences after laser induction in comparison to saffron-naïve eyes. Retinal IL-17 levels
were not affected by the experimental OHT induction in the saffron OHT eyes and neither
in saffron-contralateral eyes (Figure 5).
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Figure 2. IL-1β levels at 1 and 3 days after laser-induced ocular hypertension (OHT). (a) The IL-1β
values obtained in the multiplex assay. The histogram shows the mean levels (± SD) of IL-1β
(pg/mg) at days 1 and 3 after laser OHT induction, in saffron ocular hypertension eyes (saffron
OHT), saffron-contralateral eyes (saffron-contralateral), and naïve eyes. (b,c) Immunohistochemical
study of IL-1β expression in naïve and saffron OHT eyes three days after unilateral laser-induced
OHT. Retinal sections were immunolabeled with antibodies to IL-1β (green), Iba-1 (red in (b)), or
GFAP (red in (c)). The merge section is denoted with the colour yellow. (b) The arrowhead shows the
co-expression of Iba-1 and IL-1β. (c) Arrowhead (astrocytes) and arrow (Müller cells) indicate the
co-expression of GFAP and IL-1β. Abbreviations: OHT (ocular hypertension); IL-1β (interleukin 1
beta); Iba-1 (ionized calcium-binding adaptor molecule); GFAP (glial fibrillary acidic protein).
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Figure 3. IL-6 levels at 1 and 3 days after laser-induced ocular hypertension (OHT). (a) The IL-6 values obtained in the
multiplex assay. The histogram shows the mean levels (±SD) of IL-6 (pg/mg) at days 1 and 3 after laser OHT induction in
saffron ocular hypertension eyes (saffron OHT), saffron-contralateral eyes (saffron-contralateral), and saffron-naïve eyes.
Statistical significance indicators: * p < 0.05. (b) Immunohistochemical study of IL-6 expression in saffron OHT eyes one
day after unilateral laser-induced OHT. Retinal sections were immunolabeled with antibodies to IL-6 (green) and Iba-1
(red). Merge is denoted by the colour yellow. The arrowhead shows the co-expression of Iba-1 and IL-6 in saffron OHT
and saffron-naïve eyes. Abbreviations: OHT (ocular hypertension); IL-6 (interleukin 6); Iba-1 (ionized calcium-binding
adaptor molecule).
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Figure 4. IFN-γ levels at 1 and 3 days after laser-induced ocular hypertension (OHT). (a) The IFN-γ values obtained in the
multiplex assay. The histogram shows the mean levels (±SD) of IFN-γ (pg/mg) at days 1 and 3 after laser OHT induction
in saffron ocular hypertension eyes (saffron OHT), saffron-contralateral eyes (saffron-contralateral), and saffron-naïve eyes.
(b) Immunohistochemical study of IFN-γ expression in saffron-contralateral eyes three days after unilateral laser-induced
OHT. Retinal sections were immunolabeled with antibodies to IFN-γ (green) and Iba-1 (red). Merge is denoted with the
colour yellow. The arrowhead shows the co-expression of Iba-1 and IFN-γ in saffron-contralateral and saffron-naïve eyes.
Abbreviations: OHT (ocular hypertension); IFN-γ (interferon-γ); Iba-1 (ionized calcium-binding adaptor molecule).
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Figure 5. IL-17 levels at 1 and 3 days after laser-induced ocular hypertension (OHT). (a) The IL-17 values obtained in
the multiplex assay. The histogram shows the mean levels (±SD) of IL-17 (pg/mg) at days 1 and 3 after laser OHT
induction in saffron ocular hypertension eyes (saffron OHT), saffron-contralateral eyes (saffron-contralateral), and naïve
eyes. (b) Immunohistochemical study of IL-17 expression in saffron-contralateral eyes one day after unilateral laser-induced
OHT. Retinal sections were immunolabeled with antibodies to IL-17 (green) and Iba-1 (red). Merge is denoted by the
colour yellow. The arrowhead shows the co-expression of Iba-1 and IL-17 in saffron-contralateral and saffron-naïve eyes.
Abbreviations: OHT (ocular hypertension); IL-17 (interleukin-17); Iba-1 (ionized calcium-binding adaptor molecule).

Regarding TNF-α levels, 1 and 3 days after OHT induction, no significant changes
were found in its expression neither in saffron OHT eyes nor in saffron contralateral eyes
when compared to saffron-naïve eyes. Retinal TNF-α levels were not affected by the
experimental OHT induction (Figure 6).
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Figure 6. TNF-α levels at 1 and 3 days after laser-induced ocular hypertension (OHT). (a) The TNF-α values obtained
in the multiplex assay. The histogram shows the mean levels (±SD) of TNF-α (pg/mg) at days 1 and 3 after laser OHT
induction in saffron ocular hypertension eyes (saffron OHT) and saffron-contralateral eyes (saffron-contralateral) as well as
in saffron-naïve eyes. (b) Immunohistochemical study of TNF-α expression in saffron-contralateral eyes three days after
unilateral laser-induced OHT. Retinal sections were immunolabeled with antibodies to TNF-α (green) and Iba-1 (red in
(b)), or GFAP (red in (c)). Merge is denoted by the colour yellow. (b) The arrowhead shows the co-expression of Iba-1 and
TNF-α. (c) The arrowhead shows the co-expression of GFAP and TNF-α. Abbreviations: OHT (ocular hypertension); TNF-α
(tumour necrosis factor-α); Iba-1 (ionized calcium-binding adaptor molecule); GFAP (glial fibrillary acidic protein).
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The analysis of the anti-inflammatory cytokines showed that 1 and 3 days after OHT
induction, IL-4 expression was not significantly affected by the laser treatment in saffron-
treated eyes, neither in OHT nor in their contralateral eyes, compared to saffron-naïve eyes
(Figure 7).

Figure 7. IL-4 levels at 1 and 3 days after laser-induced ocular hypertension (OHT). (a) The IL-4 obtained in the multiplex
assay. The histogram shows the mean levels (±SD) of IL-4 (pg/mg) at days 1 and 3 after laser OHT induction in saffron
ocular hypertension eyes (saffron OHT) and saffron-contralateral eyes (saffron-contralateral) as well as in naïve eyes.
(b) Immunohistochemical study of IL-4 expression in saffron-contralateral eyes three days after unilateral laser-induced
OHT. Retinal sections were immunolabeled with antibodies to IL-4 (green) and Iba-1 (red). Merge is denoted by the
colour yellow. The arrowhead shows the co-expression of Iba-1 and IL-4 in saffron-contralateral and saffron-naïve eyes.
Abbreviations: OHT (ocular hypertension); IL-4 (interleukin- 4); Iba-1 (ionized calcium-binding adaptor molecule).

Regarding IL-10, at all time-points studied after OHT induction, no significant differ-
ences were found. IL-10 expression was not altered in saffron OHT and saffron contralateral
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eyes compared to saffron-naïve eyes; retinal IL-10 levels were not affected by the laser
treatment in saffron-treated animals (Figure 8).

Figure 8. IL-10 levels at 1 and 3 days after laser-induced ocular hypertension (OHT). (a) The IL-10 values obtained in the
multiplex assay. The histogram shows the mean levels (±SD) of IL-10 (pg/mg) at days 1 and 3 after laser OHT induction in
saffron ocular hypertension eyes (saffron OHT) and saffron-contralateral eyes (saffron-contralateral) as well as in naïve eyes.
(b) Immunohistochemical study of IL-10 expression in saffron-contralateral eyes three days after unilateral laser-induced
OHT. Retinal sections were immunolabeled with antibodies to IL-10 (green) and NF-200 (red). Merge is denoted by the
colour yellow. The arrowhead shows the co-expression of Iba-1 and IL-10 in saffron-contralateral and saffron-naïve eyes.
Abbreviations: OHT (ocular hypertension); IL-10 (interleukin-10); NF-200 (neurofilament-200 KDa).

Regarding the analysed neurotrophic factors, BDNF levels showed no significant
changes among the saffron groups after experimental OHT induction. Retinal BDNF levels
were not affected by the laser treatment at 1 or 3 days post OHT laser-induction (Figure 9).
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Figure 9. BDNF levels at 1 and 3 days after laser-induced ocular hypertension (OHT). (a) The BDNF values obtained in
the multiplex assay. The histogram shows the mean levels (± SD) of BDNF (pg/mg) at days 1 and 3 after laser OHT
induction in saffron ocular hypertension eyes (saffron OHT), saffron-contralateral eyes (saffron-contralateral), and naïve eyes.
(b) Immunohistochemical study of BDNF expression in saffron OHT eyes three days after unilateral laser-induced OHT.
Retinal sections were immunolabeled with antibodies to BDNF (green) and GFAP (red). Merge is denoted by the colour
yellow. The arrowhead shows the co-expression of GFAP and BDNF in saffron OHT and saffron-naïve eyes. Abbreviations:
OHT (ocular hypertension); BDNF (brain-derived neurotrophic factor); GFAP (glial fibrillary acidic protein).

The analysis of VEGF expression rendered no significant differences between saffron-
naïve eyes and saffron OHT and saffron-contralateral eyes after laser treatment. Retinal
VEGF levels were not affected by the experimental OHT induction in these saffron-treated
animals (Figure 10).
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Figure 10. VEGF levels at 1 and 3 days after laser-induced ocular hypertension (OHT). (a) The VEGF values obtained
in the multiplex assay. The histogram shows the mean levels (±SD) of VEGF (pg/mg) at days 1 and 3 after laser OHT
induction in saffron ocular hypertension eyes (saffron OHT) and saffron-contralateral eyes (saffron-contralateral) as well as
in saffron-naïve eyes. (b) Immunohistochemical study of VEGF expression in saffron OHT eyes one day after unilateral
laser-induced OHT. Retinal sections were immunolabeled with antibodies to VEGF (green) and GFAP (red). Merge is
denoted by the colour yellow. The arrowhead shows the co-expression of GFAP and VEGF in saffron OHT and saffron-
naïve eyes. Abbreviations: OHT (ocular hypertension); VEGF (vascular endothelial growth factor); GFAP (glial fibrillary
acidic protein).

The analysis of the content of the microglial activator factor fractalkine (Figure 11) 1
and 3 days after OHT induction revealed no significant differences between experimental
groups. Retinal fractalkine levels were not affected by the laser treatment at any day
post-laser among the saffron-treated animals.
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Figure 11. Fractalkine levels at 1 and 3 days after laser-induced ocular hypertension (OHT). (a) The fractalkine values
obtained in the multiplex assay. The histogram shows the mean levels (±SD) of fractalkine (pg/mg) at days 1 and 3 after
laser OHT induction in saffron ocular hypertension eyes (saffron OHT) and saffron-contralateral eyes (saffron-contralateral)
as well as in saffron-naïve eyes. (b) Immunohistochemical study of fractalkine expression in saffron OHT eyes one day after
unilateral laser-induced OHT. Retinal sections were immunolabeled with antibodies to fractalkine (green) and Iba-1 (red).
Merge is denoted by the colour yellow. The arrowhead shows the co-expression of Iba-1 and fractalkine in saffron OHT and
saffron-naïve eyes. Abbreviations: OHT (ocular hypertension); Iba-1 (ionized calcium-binding adaptor molecule).

3.3. Cytokine Colocalizations with Different Cell Populations

The results obtained in the immunohistochemical assay demonstrated that all of the
pro- and anti-inflammatory cytokines as well as BDNF, VEGF, and fractalkine, colocalized
with specific retinal cell populations (see Table 2).
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Table 2. Co-location of cytokines with specific cell types.

Cytokine Co-Expression Cell Type Figures

IL-1β Microglia and Macroglia (astrocytes
and Müller cells) Figure 2

IL-6 Microglia Figure 3

INF-γ Microglia Figure 4

IL-17 Microglia Figure 5

TNF-α Microglia and Astrocytes Figure 6

IL-4 Microglia Figure 7

IL-10 Axons of retinal ganglion cells Figure 8

BDNF Macroglia (astrocytes and Müller cells) Figure 9

VEGF Macroglia (astrocytes and Müller cells) Figure 10

Fractalkine Microglia Figure 11
The table represents the cells showing the expression of the different cytokines and factors used in this study:
interleukin 1 beta (IL-1β), interleukin 6 (IL-6), interleukin 17 (IL-17), interferon gamma (IFN-γ), brain-derived
neurotrophic factor (BDNF), vascular endothelial growth factor (VEGF), fractalkine (CX3CL1), tumour necrosis
factor alpha (TNF-α), interleukin 4 (IL-4), and interleukin 10 (IL-10).

4. Discussion

In the present study, we demonstrated that following saffron treatment, most of the
previously observed changes in the concentration of proinflammatory (IL-1β, IFN-γ, IL-6,
and IL-17) cytokines, anti-inflammatory cytokines (IL-4 and IL-10), BDNF, VEGF, and
fractalkine in response to laser-induced OHT [14] were absent. Among all of the analysed
pro- and anti-inflammatory cytokines, only IL-6 levels were significantly increased in the
OHT eye one day after the surgery compared with the naïve control group, although to a
much lesser extent. These augmented IL-6 levels returned to normal at day 3 after laser
treatment, an effect that might have been related to the changes in IOP. Moreover, the
immunofluorescent study allowed us to confirm that the cytokines were located on the
same cellular subtypes within the retina, which was in agreement to a previous study
that characterized the temporal profile of neuroinflammation in the same experimental
model of glaucoma [14]. Specifically, IL-1β, IL-6, IFN-γ, IL-17, TNF-α, IL-4, and fractalkine
colocalize with microglia; IL-1β, TNF-α, VEGF, and BDNF colocalize with macroglia;
and IL-10 colocalizes with axons of RGCs. Since the saffron extract used in this study is
commercialized, as saffron ® EYE with 3.14% of crocin, results could be replicated in future
experiments, and its underlying mechanisms further investigated, as well as its potential
therapeutic application.

In a previous study, using this experimental model of glaucoma, we were able to
prevent RGC death and the associated neuroinflammation (focused on morphological signs
of microglial activation and on the expression of P2RY12) following the oral administration
of saffron at the same dosage as that used in the current study [36]. Recently, we better
characterized the temporal profile of the neuroinflammatory damage, focusing on both the
morphological signs of microglial activation [11] and the cytokine expression profile [14]
induced in both the OHT and contralateral eye in this animal model of glaucoma. Therefore,
in the present research, which was designed as an extension of these three previous studies,
we aimed to further investigate the anti-inflammatory properties of saffron in glaucoma
while focusing on the cytokine expression profile. This research was performed 1 and 3
days after laser-induced OHT since previous studies had detected microglial activation
one day after surgery, and the peak of microglial activation was described on day 3 after
lasering [11]. In addition, these two days after OHT induction were also selected as in our
previous study because these were the days on which the greatest variation in cytokine
expression occurred in both OHT and contralateral eyes [14].
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In the previous study [14], we demonstrated that this model of laser-induced OHT
led to a loss of cytokine homeostasis in the retina. Similar changes in cytokine levels have
also been observed in the heritable DBA/2J model of glaucoma in response to activation
of retinal glial cells [57]. Moreover, another natural compound, a Chinese herb extract
containing Triptolide, has been shown to exert anti-inflammatory effects in DBA/2J mice,
mostly by reducing microglial activation and proinflammatory factors, such as TNF-α,
probably due to modulation of NF-κB [58]. Thus, herbal extracts with anti-inflammatory
properties, such as saffron, may be effective in the management of glaucomatous eyes not
only in our laser-induced OHT murine model, but also in other genetic and/or interven-
tional models. Future studies will evaluate the efficacy of this saffron extract in additional
and complimentary animal models.

It has been found that saffron suppresses the secretion of proinflammatory cytokines,
such as TNF-α, IL-1β, IL-6, and IFNγ, among others, decreasing inflammation in different
organs or systems (such as the nervous system [59–63], respiratory system [64,65], gastroin-
testinal system [66,67], cardiovascular system [68,69], and urogenital system [70,71]), as
observed in various experimental models and in vitro experiments. In the present study, the
oral administration of saffron seems to prevent and/or revert the release of these cytokines,
possibly as a result of the previously reported decrease in microglial activation [36].

In the current study, no significant differences were observed in IL-1β levels between
all groups treated with saffron. However, in the previous study, performed on untreated
saffron mice [14], a significant decrease in IL-1β levels was detected in the OHT at 1 day,
but an increase in its content in both contralateral (1 day) and contralateral (3 days) eyes
was also detected. Discrepant results have been previously reported when using a similar
model of laser-induced OHT in which only a modest IL-1β mRNA upregulation, not IL-1β
immunolabeling, was observed in the retina. Three hypotheses were then proposed to
explain such discrepancies: (i) the absence of mRNA translation and an overly fast protein
degradation; (ii) an expression restricted to isolated cells; or (iii) an insufficient amount of
protein that did not allow for its detection through the employed assay [72]. The reported
downregulation of IL-1β in OHT at 1 day was explained by the actions of IL-4 and IL-10 [14].
IL-4 and IL-10 polarize the M2 microglial phenotype and downregulate the production of IL-
1β, following a negative feedback model in order to control the inflammatory response [73].
The results of Chidlow et al. (2012) [72] and Fernández-Albarral et al. (2021) [36] are
contradictory to those obtained in this work, but our model demonstrated that either
the changes produced by OHT were reversed by saffron treatment or that OHT did not
affect the retinal content of IL-1β in the saffron-treated groups. Following the approach
of Chidlow et al. (2012) [72], IL-1β expression may have not been high enough to be
detected. However, after comparing our results with those obtained by Fernández-Albarral
et al. (2021) [14] and considering the possible relationship between the anti-inflammatory
cytokines IL-4 with IL-1β, we can state that since our treatment lowered IL-1β levels, a
compensatory response of IL-4 might not be further required, thus explaining the absence
of significant differences detected in these anti-inflammatory cytokines compared with the
control group. Our current results may reinforce this association since in the saffron-treated
animals, OHT did not affect the IL-1β retinal content and IL-4 levels did not change.

TNF-α levels did not differ in any group with respect to the control one, and a com-
parison could not be established with the previous non-saffron model, since no detectable
concentration was found in the previously performed multiplex immunoassay. However,
TNF-α regulation seemed to follow the same route as the one previously described for
IL-1β, which is evidence indicating the preventive role of saffron in neuroinflammation
and microglial activation, thus avoiding the release of proinflammatory cytokines and the
need for a compensatory anti-inflammatory cytokine release [36,72,73]. Another possible
approach could be the one previously stated by Chidlow et al. (2012) [72]: the absence
of mRNA translation and an overly fast protein degradation; an expression by isolated
cells; or an insufficient amount of protein that did not allow for its detection through the
employed assay.
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In the present study, as previously indicated, only IL-6 levels were significantly
increased in the OHT eye at 1 day. This result further corroborates the increase in IL-6
levels observed in the prior study following OHT on saffron-free animals, despite the
reported increase in that study being around 20 times higher (716.28 pg/mg) than among
saffron-treated animals (46.53 pg/mg). Thus, saffron once again seems to counteract the
effects induced by OHT. This cytokine is one of the main causes of RGC death in glaucoma
models, leading to massive optic nerve degeneration that provokes a loss in visual acuity,
as Echevarría et al. (2017) [74] demonstrated in a microbead glaucoma mouse model.
However, IL-6 has also been proposed to have a neuroprotective effect; in particular, in an
in vitro model of increased IOP, IL-6 was reported to counteract the proapoptotic effects
of other factors [75]. The relationship between IOP elevation and IL-6 secretions was
confirmed in both Fernández-Albarral et al. (2021) [14] and the current study, in which the
highest expression of IL-6 occurred 1 day after OHT induction. However, in this study, we
observed that despite the fact that pressure values remained elevated 3 days after laser
induction, saffron was able to regulate IL-6 values.

IFN-γ showed no significant differences in the present study, but in the study of
Fernández-Albarral et al. (2021) [14], it significantly increased in OHT eyes at 3 day. IFN-
γ is directly related to microglial activation, polarizing it into the M1 phenotype and
inducing the production of IL-1β, IL-6, TNF-α, reactive oxygen species (ROS), and nitric
oxide (NO) [76], all of them being part of the inflammatory response. The capacity of
saffron to prevent an increase in IFN-γ levels may underlie its ability to reduce microglial
activation [14] and, thus (indirectly), its capacity to diminish the production and release
of proinflammatory mediators. Its potential action on IFN-γ may be key for the anti-
inflammatory properties of saffron.

IL-17 can induce neuroinflammation by recruiting T-helper-17 lymphocytes, which
are highly related to the inflammatory response in autoimmune pathologies [77]. As
expected, in our current study, non-significant changes in IL-17 levels were detected in
both experimental groups, although in our previous study in untreated saffron animals, a
downregulation of IL-17 content was detected in OHT eyes 1 and 3 days after surgery. We
previously hypothesised this IL-17 decrease is caused by the counteracting effect of some
anti-inflammatory cytokines, such as IL-4 and IL-10 [36]. In the present study, no elevations
of IL-4 or IL-10 levels were detected, and no changes in IL-17 levels were expected.

In our previous study, we showed an upregulation of BDNF in OHT eyes 1 and 3
days after laser treatment [14], probably due to the fact that BDNF is mainly released after
a significant RGC loss. BDNF participates in RGC survival by inhibiting apoptosis, as
demonstrated in a rat OHT model [78]. In the current study, BDNF levels were not changed.
As microglial activation may have been downregulated thanks to the saffron treatment,
the glaucoma-related massive RGC death might not have occurred, thus making BDNF
release unnecessary.

In our previous study, in untreated saffron animals, VEGF levels were significantly
increased in OHT at 1 day (54.35 pg/mg); however, the VEGF values obtained in the
present work in the saffron-treated animals were much lower (1.72 pg/mg). The increased
expression of VEGF is associated with an augmentation of vascular permeability and the
attraction of phagocytic cells [79]. VEGF directly participates in vasculogenesis, increasing
its levels around damaged tissue. The excessive IOP may have exerted damaging effects,
or even a disruption of the blood–retinal barrier (BRB), caused by a direct increase in the
surrounding VEGF levels [80]. In the current study, no significant differences were observed
in VEGF levels in any experimental group, suggesting that saffron may have protected
BRB integrity, avoiding damage and/or disruption and thus avoiding the infiltration of
hazardous substances and/or specific, potentially harmful cell populations to the retina.
Future studies focused on the integrity of the BRB would be of great interest to elucidate
whether saffron is able to prevent damage (if the BRB is intact) or counteract the already
induced neuroinflammatory response (if the BRB is damaged).
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No significant differences were found regarding fractalkine levels. As previously
stated, fractalkine is a chemokine secreted by neurons that directly induce the prolifer-
ation, activation, and migration of microglia [81,82]. Microglia seems to co-locate with
fractalkine because of the fractalkine–receptor (CXCR1) interaction since CXCR1 is located
on microglial cells, so fractalkine may remain on the microglial surface. Sokolowski et al.
(2014) [83] proposed that apoptotic neurons release fractalkine as a “find me” signal, stim-
ulating the migration of microglial processes towards the apoptotic neurons in order to
eliminate debris. In our previous analysis, fractalkine levels were higher in OHT at 1 day,
possibly as an initial response to neuronal damage that enhanced early microglial activation
and migration [14]. Upon fractalkine increase and consequent microglial activation on OHT
at 1 day, microglial cells may remain active through additional signals from the cellular
environment (mainly astroglia and Müllers cells) and not just by fractalkine. This may
explain the decrease in fractalkine levels in OHT eye at 3 days and contralateral eye at
1 and 3 days, which may not imply a lack of microglial activation. In the current work,
saffron prevented the appearance of fractalkine changes, thus suggesting a neuroprotective
role for saffron that may initially prevent neuronal apoptosis and subsequent posterior
fractalkine release. The maintenance of fractalkine homeostasis gives support to our main
hypothesis of a reduction of the inflammatory response, since under normal fractalkine
levels, microglial cells might not become active, cytokine release may not occur, and RGC
survival might therefore be enhanced.

It is worth mentioning that saffron-dried stigmas have been used in traditional
medicine for a long time, but Zeinali et al. (2019) [31] questioned how the saffron affects
the immune response, explaining its antioxidant, antiapoptotic, and anti-inflammatory
properties with its radical scavenging properties. Saffron acts as a transcription inhibitor for
TNF-α, IFN-Y, IL-1β, IL-6, and IL-17, and it downregulates inflammatory enzymes, such as
myeloperoxidase, cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (INOS), phos-
pholipase A2, and prostanoids. These authors reviewed different models of inflammation
and proposed that saffron may reduce the production of inflammatory mediators by block-
ing Toll-like receptors (such as TLR2) or their subsequent activation cascade, which leads to
the production of inflammatory cytokines and chemokines, enzymes, and growth factors.
Saffron blocks the NF-kB pathway, which produces IL-1, IL-2, IFN-Y, COX-2, iNOS, and
TNF-α, inflammatory mediators related to carcinogenesis [84,85]. In particular, crocin has
been reported to reduce the mRNA expression of TNF-α, IFN-Y, IL-1β, and IL-6, as well as
iNOS and COX-2, in the mucosa [85]. Crocin can also inhibit the MAPK pathway, as it was
found to block the synthesis of TNF-α, IL-1β, IL-6, and iNOS in the intervertebral discs in
an LPS rat model [86]. Moreover, different neuroinflammation models focused on the study
of microglia have also demonstrated the anti-inflammatory effects of saffron. Pretreatment
with crocin is able to reduce the production of NO, TNF-α, and IL-1β by repressing NF-κB
activity [62]. Crocetin was found to decrease the expression of inflammatory cytokines
(IL-1β, IL-6, IL-10, TNF-α, iNOS, and COX-2) in BV2 microglial cells [87]. Crocin prevents
NF-κB activation and decreases NO, TNF-α, IL-1β, and ROS expression in brain microglial
cells after LPS stimulation [27]. All of these previously stated studies reinforce our main
hypothesis, since the blocking of the MAPK and NF-kB routes can regulate the production
of the above-mentioned inflammatory mediators in different tissues and animal models
that can be compared with our OHT-induced glaucoma model. It is important to consider
that our study may have certain limitations, such as the limited number of Inflammatory
markers evaluated, which would require new studies with a broader and more unbiased
proteomic approach in which the mechanistic aspects associated with saffron extracts could
be defined.

5. Conclusions

In conclusion, this study demonstrates that saffron extract standardized to 3.14%
crocin content is effective in regulating the production of proinflammatory cytokines,
VEGF, and fractalkine induced by increased IOP, thus protecting the retina from its related
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damage. In addition, it highlights the relevance of anti-inflammatory treatment to control
the inflammatory process generated after ocular hypertension. Saffron extracts could be
beneficial as coadjuvant therapies in the treatment of glaucoma, thus helping to decrease
the inflammatory process that occurs in this pathology.
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Abstract: To evaluate the effects of an acrobatic gymnastics (AG) training session on intraocular
pressure (IOP), a familiarization session was employed to confirm the participant’s suitability for the
study. Forty-nine gymnasts (63.27% females, 18–40 years old) voluntarily agreed to participate. As
age, sex, baseline IOP, and central corneal thickness (CCT) were considered as potential predictors
of the IOP variations, in the second session measurements of the above parameters were taken
before and after 90 min of AG. A mixed-factorial analysis of variance evaluated differences. Linear
regression was conducted to potentially predict the IOP variation with the exercise. After the
scheduled exercise, highly significant (p < 0.001, effect size: 0.73) reductions in IOP, but no significant
changes in CCT (p = 0.229), were observed. IOP was significantly modified in males, older than
25 years, and subjects with baseline IOP > 14 mmHg (p ≤ 0.001, effect sizes: 0.57–1.02). In contrast,
the IOP of females, younger participants, and subjects with baseline IOP ≤ 14 mmHg was not
significantly modified (p = 0.114). With the regression analyses, we concluded that both sex and
baseline IOP levels were significant predictors of the IOP fluctuation with AG. These findings could
be of interest for gymnasts, coaches, ophthalmologists, and/or optometrists in the prevention and
control of risk factors associated with glaucoma.

Keywords: physical exercise; sport; acrobatic gymnastics; baseline intraocular pressure; central
corneal thickness; ocular health; tumbling skills; hand balance

1. Introduction

Intraocular pressure (IOP) and its fluctuations are still recognized as the main mod-
ifiable factor in the control, management, and prevention of glaucoma [1–3]. IOP can
fluctuate due to different internal and external factors. Among them, age and sex are
acknowledged factors that condition IOP [4,5]. Additionally, corneal thickness [6] and base-
line IOP levels [2,7] have been identified to play a role in the short-term IOP fluctuations.
As far as we know, no previous research has analyzed the potential effects of baseline IOP
levels and corneal thickness (CCT) on the IOP fluctuations caused by acrobatic gymnastics
(AG) exercise.

Exercise is a key external factor that modifies intraocular pressure [3–5,8,9] and cardio-
vascular parameters [10]. More specifically, aerobic, continuous exercise such as running or
cycling at low to moderate intensities has proven to acutely reduce IOP [8,11–13]. Regard-
ing resistance exercises involving muscular strength such as weightlifting, controversial
results appear in the scientific literature, with many studies ensuring IOP elevations [14–20]
and other studies reporting IOP reductions due to the exercise effect [21–30]. As shown
in previous expert literature, recovery of pre-exercise IOP values could take from several
minutes after resistance exercises to up to one hour after aerobic exercise [4,8]. In addition
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to the exercise methodology itself, certain positions during the activity such as head-down
positions could increase IOP [3,5,8]. Considering the above concerns, it remains necessary
to study sport disciplines that in their practice combine the aerobic and muscular systems
and changes of position, such as AG. Nevertheless, knowledge on AG remains incom-
plete [31], especially in terms of ocular adaptations. No previous studies dealing with IOP
variations after AG were found.

AG is growing in popularity among different age groups [31,32]. AG is a combined
activity that can be performed in pairs or groups and includes static elements such as
balances and figure holds (hand balances, bridges, splits, human pyramids) and dynamic
elements such as partner lifts, throws with complex somersaults and twists, and tumbling
skills [33–35]. This motor and social sport requires high levels of strength, flexibility,
balance, agility, coordination, speed, and cardiovascular performance [36]. Due to the
aforementioned topics, it is scientifically necessary to evaluate the IOP acute adaptations
that could occur after an AG session, to obtain a better understanding of the effects of
this activity that could not be reached within a laboratory environment. Furthermore,
the question arises as to whether sociodemographic and ocular variables such as sex, age,
baseline IOP, and baseline CCT could play a role in the IOP variations.

The main aim was to evaluate IOP and CCT variations after an AG session. Addi-
tionally, a set of demographics (age and sex) and ocular parameters (baseline IOP and
CCT) were considered as potential predictors of the IOP variation due to the exercise effect
(difference between post-exercise and pre-exercise intraocular pressure values).

We hypothesized that exercise would reduce the IOP and CCT would remain un-
changed. We also expected to find that the independent variables (age, sex, baseline IOP,
and CCT) would affect the IOP variations.

2. Materials and Methods

An observational, prospective, longitudinal study was conducted to compare the IOP
and CCT of gymnasts pre- and post-exercise. Additionally, the prediction potential of
age, sex, baseline IOP, and CCT on the variation of IOP was addressed. We conducted the
study in conformity with the Code of Ethics of the World Medical Association (Declaration
of Helsinki [37]), and ethical approval was provided by the Research Ethics Committee
on human research of the University of Valencia (H1499867368458). The study was also
approved by the Club Dynamic Gym of Manises (Valencia, Spain). The subjects were
informed of the study characteristics and protocols, and signed, informed consent was
obtained from all the participants at the beginning of the procedures. Participants were
free to withdraw from the study at any time. Data were confidential and participation was
anonymous, implying no potential risks for the integrity of the subjects apart from those
derived from the physical activity.

2.1. Participants

The sample size was determined by a priori power analyses, assuming an α of 0.05,
power levels (1-ß) of between 0.80 and 0.95, a non-sphericity correction of ε = 1, and
an effect size of f(V) = 0.45 for ANOVA tests and f2 = 0.24 for the regression analyses.
Thus, 49 participants were recruited for this study. Main inclusion criteria were: (1) older
than 18 and younger than 40 years old, (2) experience with acrobatic gymnastics of at
least 6 months and performing at least 2 days per week, (3) no musculoskeletal issues,
(4) baseline IOP between 10.00 and 21.00 mmHg, (5) normal anterior chamber depth, (6) no
history of ophthalmic laser procedures, ocular surgery, traumatism, or use of topic/systemic
medications potentially affecting the IOP. Subjects with a family history of glaucoma and/or
contact lens wearers were excluded from this study.

At the beginning of the study, 51 athletes were recruited, but only 49 met the criteria
(18 male and 31 female). All these subjects voluntarily agreed to participate in the study.
Participants were classified into two groups according to their age: (1) adults (>25 years old)
and (2) young adults (≤25 years old) [38]. Additionally, three more groups were formed
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regarding the baseline IOP levels (low, medium, and high). For such purpose, baseline
IOP was divided into terciles (with limits at 14 and 17 mmHg) as previously reported [2,7].
Further characteristics of the sample, including demographics and spherocylindrical refrac-
tion values, are reflected in Table 1. The spherocylindrical refraction values were converted
to power vector notation (M, J0, and J45). Refractive error was determined in terms of
(1) the spherical equivalent (M component) and (2) a pair of Jackson Crossed Cylinder
lenses oriented at 0◦/90◦ (J0 component) and 45◦/135◦ (J45 component) for determination
of astigmatism. Refractive error was measured to characterize the sample considering its
potential influences on IOP [39].

Table 1. Characteristics of the general sample (n = 49).

Variable Mean
Standard
Deviation

95% Confidence Interval

Lower Upper

Age (years) 27.67 7.10 25.66 29.69
M (D) −0.86 1.62 −1.32 −0.41
J0 (D) −0.01 0.31 −0.09 0.08

J45 (D) −0.03 0.15 −0.07 0.02
M: spherical equivalent; J0 and J45: Jackson crossed cylinder lenses, representing the three components of
refractive error in power vector notation; D: diopters.

All participants were instructed to avoid alcohol/tobacco consumption and to not
perform vigorous exercise 24 h before any programmed session. They were asked to sleep
for at least 8 h, to not consume stimulants, to not drink more than 1 L of liquids [4], and to
not perform prolonged near-viewing activities within the 3 h before the trials [40].

2.2. Procedures

All procedures were conducted in the same gymnastic facilities by the same researchers
(one optometrist (in charge of the measurements) and one sports scientist (responsible
for the gymnastics session)). All data were collected in a thermoneutral environment
(~22 ◦C and ~60% humidity), under the same lighting, and at the same period (between
7:20 p.m. and 9:10 p.m.) to reduce the effects of circadian rhythm variations in the
eyes [41]. Measurement tools were installed in a room next to the training facilities to
improve access and performance of techniques. Two sessions separated by 1 week were
scheduled: one for assessment of sociodemographic data, participants’ characteristics, and
systematized ophthalmological examination at baseline, and a second session to carry out
all experimental procedures to evaluate the dependent variables before and after the AG
session.

In the first session, an ocular examination was performed to ensure the validity of
participants, including measurements of best-corrected visual acuity, subjective refraction,
IOP (Auto Kerato-Refracto-Tonometer TRK-2P; Topcon®, Tokyo, Japan), stereopsis, motility,
and biomicroscopic anterior eye segment examination (Slit Lamp SL-D4, Topcon Europe
Medical BV, The Netherlands). Objective refraction was measured with the Auto Kerato-
Refracto Tonometer (TRK-2P, Topcon®, Tokyo, Japan) and was followed by a subjective
refinement.

In the second session, pre-exercise eye parameters were measured 5 to 10 min before
starting the exercise. All subjects underwent the same 90-min acrobatic gymnastics train-
ing session (as reflected in the previous section, for further information on the specific
characteristics of this type of sport). IOP and CCT were measured again 5 to 10 min after
finishing the exercise.

Intraocular Pressure and Central Corneal Thickness

As above reflected, IOP and CCT were measured in mmHg and microns, respectively,
with the Auto Kerato-Refracto-Tonometer TRK-2P (Topcon®, Tokyo, Japan). This non-
contact instrument is composed of Rotary Prism Technology and provides unmatched
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accuracy and reliability as well as permitting accurate and reliable measurements with a
pupil as small as 2 mm in diameter. The device uses optical pachymetry to determine CCT,
which involves using a tangential slit of light directed onto the cornea at a known angle.
The illuminated slit is measured, and corneal thickness is calculated using trigonometry.
All parameters, including horizontal and vertical alignment and vertex distance, were
determined by the instrument. Additionally, TRK-2P allows adjusting the value of pneu-
motonometry with pachymetry, so that it automatically adjusts the IOP value based on
corneal thickness [42]. The measurements were taken using the full screening mode, which
includes intraocular pressure, keratometry, autorefraction, and pachymetry values. Three
readings for each patient were obtained, averaged, and recorded.

Measurements were taken in both eyes in this study. Right eye measurements were
used since no significant difference (p = 0.112) was observed between the eyes.

2.3. Statistical Analysis

First, a basic data curation was performed, and descriptive statistics of the sample
features were calculated. Variation of IOP was calculated as post-exercise IOP minus
pre-exercise IOP, which, in turn, was converted to a percentage (Δ%). Normality of data
distribution and homoscedasticity was assessed through the Shapiro–Wilk and Levene tests,
respectively. Data showed a normal-Gaussian distribution with homogeneous variances.

At this point, a mixed factorial analysis of variance (ANOVA), with the exercise (base-
line and post-exercise measurements) as the within-subject factor, and sex (male, female),
age (young adult, adult), and baseline IOP levels (low, medium, high) as the between-
subject factors, was used to evaluate the effects of the exercise as well as to assess differences
in the study-dependent variables. Effect size was evaluated with eta partial squared (ηp2),
where 0.01 < ηp2 < 0.06 constitutes a small effect, 0.06 ≤ ηp2 ≤ 0.14 constitutes a medium
effect, and ηp2 > 0.14 constitutes a large effect. Pairwise post hoc comparisons were evalu-
ated using Bonferroni correction. The effect size for post hoc comparisons was calculated as
Cohen’s d with Hedges’ corrections to avoid biases due to sample size or standard deviation
differences [43]. This corrected value is reported as unbiased Cohen’s d (dunb) [44], with
dunb < 0.50 constituting a small effect, 0.50 ≤ dunb ≤ 0.79 a moderate effect, and dunb ≥ 0.80
a large effect [45].

Afterward, Multiple Linear Regression analyses (MLR–method: enter) were carried
out for the variation of intraocular pressure (difference between post-exercise and pre-
exercise IOP values). Two models’ fit were tested as potential predictors of the IOP variation,
one including socio-demographic (age and sex) and one including ocular variables (baseline
levels of IOP and CCT).

All the statistical analyses were carried out using the software IBM SPSS Statistics for
Macintosh (Version 26.0; IBM Corp., Armonk, NY, USA), while statistical power analyses
were carried out with the software G*Power (Version 3.1.9.6; [46]). The level of statistical
significance was set at p < 0.05, and tendencies were identified from 0.05 ≤ p ≤ 0.13.

3. Results

The ANOVA performed on IOP revealed a significant effect of the exercise
(F[1, 43] = 33.77, p < 0.001, ηp2 = 0.46), the interaction exercise*sex (F[1, 43] = 6.53, p = 0.015,
ηp2 = 0.14), and exercise*age (F[1, 43] = 7.76, p = 0.008, ηp2 = 0.17). The interaction
exercise*baseline IOP levels resulted non-significant, although with medium effect size
(F[2, 43] = 1.70, p = 0.196, ηp2 = 0.08). All the rest of the interactions analyzed were not
significant (p > 0.05). Regarding the CCT, the ANOVA revealed a non-significant effect
of exercise (F[1, 43] = 3.97, p = 0.05, ηp2 = 0.09), or for any of the interactions analyzed
(exercise*sex: F[1, 43] = 3.62, p = 0.064, ηp2 = 0.09; exercise*age: F[1, 43] = 0.70, p = 0.407,
ηp2 = 0.02; exercise*baseline IOP levels (F[2, 43] = 0.24, p = 0.788, ηp2 = 0.01). Table 2
presents the general results of the sample. It is worth highlighting that, while IOP was
significantly modified (p < 0.001), as a consequence of the exercise, with a moderate-large
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effect size (dunb = 0.73), CCT showed non-significant differences from pre- to post-exercise
experimental points (p = 0.229).

Table 2. Data comparison between the pre- and post-exercise intraocular pressure values in the study
participants (n = 49).

Pre-Exercise Post-Exercise Δ% p-Value Cohen’s dunb

IOP
(mmHg)

15.28 ± 0.95
[14.78–15.83]

14.30 ± 1.61
[13.93–14.97] −6.27 <0.001 0.73

CCT
(microns)

557.34 ± 35.51
[544.78–566.05]

557.91 ± 35.23
[545.98–566.94] 0.19 0.229 0.03

Post hoc tests’ outcomes with Bonferroni adjustments are presented for intraocular pressure (IOP) and central
corneal thickness (CCT). Results are displayed as mean ± standard deviation [95% confidence interval] and
percentage of change (Δ%). Cohen’s d represents the effect size of the pre- and post- differences, being dunb < 0.50
a small effect, 0.50 ≤ dunb ≤ 0.79 a moderate effect, and dunb ≥ 0.80 a large effect.

3.1. Between-Group Comparisons

Bonferroni’s post hoc comparisons for the IOP and CCT results are presented in Table 3
(sex), Table 4 (age), and Table 5 (baseline IOP levels grouping). First, regarding between-
sexes comparisons, significant differences were found in pre- (p = 0.01, dunb = 0.59) and
post-exercise intraocular pressure (p = 0.04, dunb = 0.45), but not in the CCT (pre-exercise,
p = 0.097; post-exercise, p = 0.071). Highly significant differences were detected between
sexes in the value of the variation of IOP (Δ%), with a significantly higher reduction found
in males (mean difference (m.d.) 1.60 mmHg, 95% CI [1.11–2.13], p < 0.001, dunb = 1.50).
Concerning the pre- and post- comparison (within-group comparison), on the one hand,
male athletes obtained a significant decrease in IOP with a large effect size (dunb = 1.02). On
the other hand, the variation of this variable was non-significant in females (p = 0.312). It is
also remarkable that CCT was significantly modified (p = 0.007) from pre- to post-exercise
in females, with the effect size being negligible (dunb = 0.03).

The post hoc analyses performed for age showed significant between-group differ-
ences in the post-exercise IOP values (m.d. 1.17 mmHg, 95% CI [1.12–1.22], p = 0.016,
dunb = 0.50), but not in the pre-exercise values (m.d. 0.02 mmHg, 95% CI [0.01–0.05],
p > 0.05). Additionally, both age groups showed a statistical tendency of significantly dif-
ferent IOP variation (Δ%) with moderate effect size (m.d. 0.75 mmHg, 95% CI [0.09–0.98],
p = 0.07, dunb = 0.50). Only the subjects over 25 years old presented significant (p < 0.001)
IOP fluctuations from pre- to post-exercise with a moderate-large effect size (dunb = 0.78).
The young adults did not show significant fluctuations with the exercise (p = 0.154). No
significant changes were observed for either of the groups in terms of the CCT (young
adults: p = 0.605; adults: p = 0.243).

Table 3. Data comparison between the pre- and post-exercise intraocular pressure values, according
to the sex of the participants (males, n = 18; females, n = 31).

Group Pre-Exercise Post-Exercise Δ% p-Value Cohen’s dunb

IOP
(mmHg)

Male 15.60 ± 1.31 *
[15.28–16.04]

13.82 ± 2.29 *
[13.06–14.38] −11.41 ** <0.001 1.02

Female 14.91 ± 1.04
[15.11–15.71]

14.73 ± 1.81
[14.66–15.70] −1.20 0.312 0.15

CCT
(microns)

Male 546.94 ± 57.95
[526.11–559.51]

546.66 ± 57.13
[526.93–559.85] 0.09 0.395 0.01

Female 568.02 ± 45.73
[554.84–581.20]

569.53 ± 45.09
[556.54–582.52] 0.27 0.007 0.03

Post hoc tests’ outcomes with Bonferroni adjustments are presented for intraocular pressure (IOP) and central
corneal thickness (CCT). Results are displayed as mean ± standard deviation [95% confidence interval] and
percentage of change (Δ%). * and ** characterize statistically significant and highly statistically significant
differences between sexes, respectively. Cohen’s d represents the effect size of the pre- and post- differences, with
dunb < 0.50 being a small effect, 0.50 ≤ dunb ≤ 0.79 a moderate effect, and dunb ≥ 0.80 a large effect.

79



J. Clin. Med. 2021, 10, 4700

Table 4. Data comparison between the pre- and post-exercise intraocular pressure values, according
to the age of the participants (young adults [minor or equal to 25 years], n = 21; adults [older than
25 years], n = 28).

Group Pre-Exercise Post-Exercise Δ% p-Value Cohen’s dunb

IOP
(mmHg)

Young
adults

15.27 ± 1.30
[14.89–15.64]

14.88 ± 2.21 *
[14.25–15.52] −2.55 0.154 0.21

Adults 15.25 ± 1.39
[14.84–15.65]

13.71 ± 2.37
[13.03–14.40] −10.10 <0.001 0.78

CCT
(microns)

Young
adults

564.62 ± 58.28
[547.78–581.46]

564.95 ± 57.74
[548.27–581.64] 0.06 0.605 0.00

Adults 550.05 ± 62.57
[531.97–569.13]

550.87 ± 62.00
[532.95–568.78] 0.15 0.243 0.01

Post hoc tests’ outcomes with Bonferroni adjustments are presented for intraocular pressure (IOP) and central
corneal thickness (CCT). Results are displayed as mean ± standard deviation [95% confidence interval] and
percentage of change (Δ%). * characterize statistically significant differences between age groups. Cohen’s d
represents the effect size of the pre- and post- differences, with dunb < 0.50 being a small effect, 0.50 ≤ dunb ≤ 0.79
a moderate effect, and dunb ≥ 0.80 a large effect.

Table 5. Data comparison between the pre- and post- exercise intraocular pressure values, according
to the baseline IOP of the participants (lowest [≤14.00 mmHg], n = 18; medium [14.01 to 16.99 mmHg],
n = 17; highest [≥17.00 mmHg], n = 14).

Group Pre-Exercise Post-Exercise Δ% p-Value Cohen’s dunb

IOP
(mmHg)

Low 13.42 ± 1.43 **
[13.00–13.83]

12.91 ± 2.50 **
[12.19–13.63] −3.80 3 0.114 0.25

Medium 15.75 ± 1.44 **
[15.33–16.17]

14.56 ± 2.53 *
[13.83–15.29] −7.56 0.001 0.57

High 17.44 ± 1.46
[17.02–17.86]

15.88 ± 2.56
[15.14–16.61] −8.95 <0.001 0.74

CCT
(microns)

Low 551.58 ± 63.13
[533.39–569.77]

552.70 ± 62.24
[534.77–570.63] 0.20 0.136 0.02

Medium 552.03 ± 63.86
[533.63–570.42]

553.24 ± 62.97
[535.10–571.38] 0.22 0.111 0.02

High 562.65 ± 64.79
[543.98–581.31]

563.44 ± 63.88
[545.03–581.84] 0.14 0.303 0.01

Post hoc tests’ outcomes with Bonferroni adjustments are presented for intraocular pressure (IOP) and central
corneal thickness (CCT). Results are displayed as mean ± standard deviation [95% confidence interval] and
percentage of change (Δ%). * and ** characterize statistically significant and highly statistically significant
differences with the rest of the groups, respectively. 3: significant differences with Group 3 (high baseline
IOP). Cohen’s d represents the effect size of the pre- and post-differences, with dunb < 0.50 being a small effect,
0.50 ≤ dunb ≤ 0.79 a moderate effect, and dunb ≥ 0.80 a large effect.

Regarding the baseline IOP, significant differences were found in the post-exercise IOP
values, as shown in Table 5. In fact, IOP variation (Δ%) showed significantly lower values
in the participants with lower baseline IOP (≤14.00 mmHg) than those with higher IOP at
baseline (≥17.00 mmHg; m.d. 1.60 mmHg, 95% CI [0.37–2.83], p = 0.008, dunb = 0.96). The
IOP variation (Δ%) in subjects with medium baseline IOP and those with higher IOP did
not reflect statistical differences (m.d. 0.37 mmHg, 95% CI [0.28–1.87], p = 0.420, dunb = 0.18).
Furthermore, while subjects with moderate (between 14.01 and 16.99 mmHg) and higher
baseline IOP displayed significant (p ≤ 0.001) IOP decreases with moderate effect sizes (dunb
from 0.57 to 0.74), subjects with lower baseline IOP did not show statistically significant
differences (p = 0.114) with a small effect size (dunb = 0.25).

Differences in IOP variation (post-exercise minus pre-exercise) of each of the three
groups of participants that were subdivided by IOP values can be found in Figure 1. It
is worth mentioning that some subjects of the Lower-Tercile Group (baseline IOP under
14.00 mmHg) and a few of the Upper-Tercile group (baseline IOP over 17.00 mmHg) had
their IOP increased due to the exercise effect, as can see in the boxplots on the left and right.
Significant differences were encountered between the Lower- and Upper-Tercile Groups
(p = 0.008, dunb = 0.96).
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Figure 1. Intraocular pressure variation (post-exercise IOP minus pre-exercise IOP) of each of the three groups formed
considering the baseline IOP levels (lower: n = 18; middle: n = 17; upper: n = 14). Values of the vertical axis (IOP variation)
are presented in mmHg. The symbol “#3” highlights significant differences with the Upper-Tercile Group (p = 0.008,
dunb = 0.96).

3.2. Regression Analyses

Multiple linear regression was calculated to potentially predict the IOP variation
based on different features of the sample (age, gender, levels of baseline IOP, and levels of
baseline CCT). A significant regression equation was found (F[3, 45] = 10.159, p < 0.001,
with an adjusted R2 of 0.433). Baseline CCT and age were discarded from the equation due
to non-significant results. The predicted variation of IOP was equal to 1.430 (sex)–0.270
(baseline IOP), where age is measured in years and the baseline IOP in mmHg. Regression
analyses’ models are displayed in Table 6, where the significant model and its coefficients
are described. Model 2 was retained, as it was the one with the greatest prediction potential.
This model predicted 43.3% of the variance in IOP. Sex and baseline IOP levels were
significant (p = 0.001, and p = 0.007, respectively) predictors of the test outcomes. As shown
in Table 6, while the baseline IOP levels were negatively correlated with the IOP variation,
sex showed a positive correlation.

Table 6. Regression analyses.

Model Predictor

Unstandardized
Coefficients

Standardized
Coefficients t Sig. Adj. R2 �R2 Durbin-Watson

B S.E. β

1
(Constant) −2.799 1.035 −2.704 0.010

0.358 0.284

1.975

Age −0.036 0.026 −0.164 −1.392 0.171
Sex 1.800 0.372 0.569 4.835 0.000

2 *

(Constant) −0.606 3.059 −0.198 0.844

0.433 0.096
Age −0.035 0.024 −0.158 −1.429 0.160
Sex 1.430 0.383 0.452 3.730 0.001

Baseline
IOP −0.270 0.096 −0.322 −2.817 0.007

Baseline
CCT 0.005 0.005 0.104 0.892 0.377

IOP: Intraocular pressure; CCT: Central corneal thickness; * Retained model; B = Unstandardized effect coefficient; S.E. = Standard Error;
β = Standardized effect coefficient (Beta can be interpreted as controlling for the effects of other variables); t = Value of the Student’s t-test;
Sig = p-value of the test; Adj. R2 = Adjusted R-square; �R2 = Changes in R-square.
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4. Discussion

To the best of our knowledge, this is the first study aimed at evaluating the effect of an
AG session on IOP. Additionally, a set of variables were selected to potentially predict the
variation of IOP. The most notable findings were that a session of AG significantly reduced
the IOP values, but did not significantly modify CCT (see Table 2), which is consistent with
most previous studies on the effects of dynamic exercise on IOP [4,5,8] and confirms our
first hypothesis. The small changes observed in CCT, such as those detected in females,
could be due to physiological diurnal variations [47]. Additionally, it is worth highlighting
that sex and baseline IOP levels were significant predictors of the fluctuation on IOP
due to the exercise (see Table 6), which only partially confirms the second hypothesis.
Accordingly, male gender and lower baseline IOP demonstrated in a previous study a
possible association with visual field progression [48].

Bearing the aforementioned results in mind, it is worth discussing the outputs of this
research under the light of other empirical evidence that addressed the influence of the
independent variables selected in this study (sex, age, baseline IOP) on intraocular pressure.
However, caution should be applied when comparing different methodologies of exercise
and it should be borne in mind that the results presented in this study concern specifically
acrobatic gymnastics.

First, sex could be a potential factor conditioning intraocular pressure due to sex
hormones and genetic variants [49–51]. However, the findings encountered in the scientific
literature are not consistent. Our results suggest that significant differences exist in both
the baseline and post-exercise IOP values (see Table 3). Furthermore, while males had
their IOP significantly modified due to the exercise effect, the intraocular pressure of
females did not significantly change. This is in contrast with authors who encountered
non-significant differences between sexes in the IOP changes due to treadmill running and
isometric efforts [52,53]. On the other hand, the results presented concerning the sex of the
participants are consistent with previous research that encountered differences between
sexes [54–58] or identify sex as a confounding variable in the relationship between exercise
and glaucoma [59]. More specifically, Vera et al. [60] detected further IOP fluctuations in
males compared with women after isometric squats. Further research needs to be done in
this regard eliminating confounding variables to elucidate if there is an actual difference in
the IOP response to exercise between sexes and the origin of these differences.

Age has been widely studied as a conditioning factor of the IOP with significant
positive correlations [6,52,55,61]: Only one study was found reporting non-significant
correlations between age and IOP [62]. The age of 40 is recognized by the American
Academy of Ophthalmology as the cutoff criterion to start comprehensive medical eye
evaluation screening [63]. Due to this, only subjects under 40 years old were selected
for the study. Although age was excluded from the prediction equation and was not
correlated with IOP variations, significantly different behaviors were observed in the IOP
of young adults under 25 years old and adults over 25. The fact of not finding a significant
correlation with age in the present study could be due to the age of the sample being
limited to subjects under 40 years, with studies reporting that the significant increase in
baseline values occurs after the age of 40 [64]. This is interesting and coincides with the
information presented in Table 4. While the baseline IOP of both groups (under 40 years
old) was not significantly different, the after-exercise IOP showed significant between-
group differences with a moderate effect size (dunb = 0.50). These results suggest that once
finished with the effort, the young adults under 25 years old return faster to pre-exercise
values than adults over 25 years old. This could be due to the compensatory mechanisms
in charge of maintaining tissue stability [2], which may function better in younger subjects,
as demonstrated in rats [65].

As for the third independent variable included in this study, it is worth highlighting
that IOP followed different behaviors in subjects with medium and high baseline IOP
compared to subjects with lower baseline IOP (see Table 5). This is consistent with previous
research that encountered larger fluctuations in subjects with higher baseline IOP and less

82



J. Clin. Med. 2021, 10, 4700

pronounced fluctuations in subjects with lower baseline IOP [2,7,66]. More specifically,
larger post-exercise decreases in subjects with higher pre-test values are reported by the
expert literature [54,67–69]. In contrast, one study encountered a negative significant corre-
lation between baseline IOP and its change (elevation) after an incremental running test [70]
and other non-significant correlations [71]. The results presented are to be considered of
relevance, bearing in mind that subjects with lower IOP are more susceptible to optical
nerve damage with fluctuations [7,48]. It could be stated that the baseline level of IOP
influences the post-exercise IOP and, therefore, this should be a factor to consider in the
management of subjects with glaucoma risk factors.

Finally, the analysis and comparison with animal studies could shed some light on the
behavior of IOP with exercise. For instance, Castro et al. [72] found positive results in the
IOP of rats on a high-fructose diet with treadmill exercise at low intensity. These authors
proposed as potential underlying mechanisms improved insulin sensitivity, reduced arterial
pressure, and diminished peripheral sympathetic modulation [72]. Additionally, one
study reported that swimming can reverse the negative impact of aging on the optic
nerve function of rats [73]. As reported by previous expert literature, exercise-related IOP
diminishments could be related to lower norepinephrine concentrations, increased colloid
osmotic pressure, co-action of nitric oxide and endothelin after exercise, and the association
with a β2-adrenergic receptor gene polymorphism [74–76]. Future studies should evaluate
the specific mechanisms that led to lower post-exercise IOP with AG.

Limitations and Future Directions

Although all the procedures carried out in this study were carefully designed and
supervised, several limitations should be listed. Validated non-contact air-puff tonometry
was chosen as it is easy to use and does not require the use of anesthesia [77,78]. However,
one should bear in mind that the values presented in this study only reflect pre- and
post-exercise values. In this regard, continuous monitoring devices [79] would provide the
scientific literature with relevant information on what exactly happens during the practice.
Additionally in this concern, future studies should address the time needed for IOP to
return to pre-exercise values with similar exercise procedures. As per the results on the
different IOP behaviors depending on the age of subjects, it could be interesting to include
adults over 40 years in a similar study design. Finally, and as presented in the introduction,
the importance of field-based studies like this is unnegotiable; however, it could be of
great scientific interest to continuously monitor IOP while performing somersaults and/or
tumbling skills in a controlled laboratory environment.

5. Conclusions

In summary, IOP significantly decreased and CCT remained unchanged from pre-
to post-exercise. The IOP of males was lowered from baseline to the end of the study.
On the other hand, females did not reflect IOP changes. Similarly, the IOP of adults was
further reduced compared to young adults. Finally, subjects with higher IOP at baseline
(middle and upper terciles) had more pronounced decreases than the participants with
lower IOP. Sex and baseline intraocular pressure were obtained as significant predictors of
IOP variation.

Taken together, the analyses presented in this article shed some light on the behavior
of specific ocular parameters after exercise. The combination of findings presented herein
could be of interest for the programming of physical exercise for gymnastics coaches
and ophthalmologists or optometrists in the prevention, management, and control of risk
factors associated with IOP and glaucoma.
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21. Avunduk, A.M.; Yilmaz, B.; Şahin, N.; Kapicioglu, Z.; Dayanır, V. The Comparison of Intraocular Pressure Reductions after
Isometric and Isokinetic Exercises in Normal Individuals. Ophthalmologica 1999, 213, 290–294. [CrossRef]

22. Chromiak, J.A.; Abadie, B.R.; Braswell, R.A.; Koh, Y.S.; Chilek, D.R. Resistance Training Exercises Acutely Reduce Intraocular
Pressure in Physically Active Men and Women. J. Strength Cond. Res. 2003, 17, 715–720. [PubMed]

23. Conte, M.; Scarpi, M.J.; Rossin, R.A.; Beteli, H.R.; Lopes, R.G.; Marcos, H.L. Intraocular pressure variation after submaximal
strength test in resistance training. Arq. Bras. Oftalmol. 2009, 72, 351–354. [CrossRef]

24. Conte, M.; Ciolac, E.G.; Rosa, M.R.R.; Cozza, H.; Baldin, A.D. Efeito agudo do exercicio resistido, aerobico continuo e intervalado
na pressao intraocular de individuos fisicamente ativos. Ens. Ciênc 2012, 16, 27–37.

25. Conte, M.; Scarpi, M.J. A Comparison of the Intraocular Pressure Response between Two Different Intensities and Volumes of
Resistance Training. Rev. Bras. Oftalmol. 2014, 73, 23–27. [CrossRef]

26. Soares, A.S.; Caldara, A.A.; Storti, L.R.; Teixeira, L.F.M.; Terzariol, J.G.T.; Conte, M. Variation of Intraocular Pressure in Resistance
Exercise Performed in Two Different Positions. Rev. Bras. Oftalmol. 2015, 74, 160–163. [CrossRef]

27. Tamura, S.D.; Caldara, A.A.; Soares, A.S.; Storti, L.R.; Teixeira, L.F.M.; Conte, M. Association between Plasma Lactate Concentra-
tions after Resistance Exercise with Intraocular Pressure. Perspect. Med. 2013, 24, 5–10. [CrossRef]

28. Teixeira, L.F.M.; Tamura, S.D.; Possebom, H.M.; Conte, M. Effect of Resistance Training Session on Intraocular Pressure in Patients
with Open Angle Glaucoma. Med. Sci. Sports Exerc. 2019, 51, 988. [CrossRef]

29. Vieira, G.M.; Penna, E.P.; Marques, M.B.; Bezerra, R.F. The Accute Effects of Resistance Exercise on Intraocular Pressure. Arq. Bras.
Oftalmol. 2003, 66, 431–435. [CrossRef]

30. Gene-Morales, J.; Gené-Sampedro, A.; Salvador, R.; Colado, J.C. Effects of Squatting with Elastic Bands or Conventional
Resistance-Training Equipment at Different Effort Levels in the Post-Exercise Intraocular Pressure of Healthy Men. Biol. Sport.
2022, 39, in press.

31. Taboada-Iglesias, Y.; Santana, M.V.; Gutiérrez-Sánchez, Á. Anthropometric Profile in Different Event Categories of Acrobatic
Gymnastics. J. Hum. Kinet. 2017, 57, 169–179. [CrossRef] [PubMed]

32. Taboada-Iglesias, Y.; Gutiérrez-Sánchez, Á.; Vernetta Santana, M. Anthropometric Profile of Elite Acrobatic Gymnasts and
Prediction of Role Performance. J. Sports Med. Phys. Fitness 2016, 56, 433–442. [PubMed]

33. Fédération Internationale de Gymnastique World Age Group Competition Rules. Acrobatic Gymnastics. 2017–2020. 2016.
Available online: https://www.gymnastics.sport/publicdir/rules/files/en_ACRO%20WAGC%20Rules%202017-2020%20(with%
20videos).pdf (accessed on 26 July 2021).

34. Fédération Internationale de Gymnastique Technical Regulations 2020. Section 1 General Regulations. 2020. Available online:
https://www.gymnastics.sport/publicdir/rules/files/en_Technical%20Regulations%202021%20with%20changes.pdf (accessed
on 26 July 2021).

35. Fédération Internationale de Gymnastique Acrobatic Gymnastics. Available online: https://www.gymnastics.sport/site/pages/
disciplines/pres-acro.php (accessed on 5 October 2021).

36. Höög, S.; Andersson, E.P. Sex and Age-Group Differences in Strength, Jump, Speed, Flexibility, and Endurance Performances of
Swedish Elite Gymnasts Competing in TeamGym. Front. Sports Act. Living 2021, 3, 653503. [CrossRef]

37. Hutchinson, D. World Medical Association Declaration of Helsinki, Edinburgh 2000; Canary Publications: Guildford, UK, 2002.
38. Bonnie, R.J.; Stroud, C.; Breiner, H.; Committee on Improving the Health, Safety, and Well-Being of Young Adults; Board on

Children, Youth, and Families; Institute of Medicine; National Research Council. Investing in the Health and Well-Being of Young
Adults; National Academies Press (US): Washington, DC, USA, 2015.

39. Wong, T.Y.; Klein, B.E.K.; Klein, R.; Knudtson, M.; Lee, K.E. Refractive Errors, Intraocular Pressure, and Glaucoma in a White
Population. Ophthalmology 2003, 110, 211–217. [CrossRef]

40. Vera, J.; Jiménez, R.; García, J.A.; Cárdenas, D. Intraocular Pressure Is Sensitive to Cumulative and Instantaneous Mental
Workload. Appl. Ergon. 2017, 60, 313–319. [CrossRef] [PubMed]

41. Lau, W.; Pye, D.C. Associations between Diurnal Changes in Goldmann Tonometry, Corneal Geometry, and Ocular Response
Analyzer Parameters. Cornea 2012, 31, 639–644. [CrossRef] [PubMed]

42. Kocamis, O.; Kilic, R. Repeatability, Reproducibility and Agreement of Central Corneal Thickness Measurements by Two
Noncontact Pachymetry Devices. Med. Hypothesis Discov. Innov. Ophthalmol. 2019, 8, 34–39.

43. Lakens, D. Calculating and Reporting Effect Sizes to Facilitate Cumulative Science: A Practical Primer for t-Tests and ANOVAs.
Front. Psychol. 2013, 4, 863. [CrossRef]

44. Cumming, G. The New Statistics: Why and How. Psychol. Sci. 2014, 25, 7–29. [CrossRef]
45. Cohen, J. Statistical Power Analysis for the Behavioral Sciences, 2nd ed.; L. Erlbaum Associates: Hillsdale, NJ, USA, 1988; ISBN 978-0-

8058-0283-2.

85



J. Clin. Med. 2021, 10, 4700

46. Faul, F.; Erdfelder, E.; Lang, A.-G.; Buchel, A. G*Power 3: A Flexible Statistical Power Analysis Program for the Social, Behavioral,
and Biomedical Sciences. Behav. Res. Methods 2007, 39, 175–191. [CrossRef]

47. Ariza-Gracia, M.A.; Piñero, D.P.; Rodriguez, J.F.; Pérez-Cambrodí, R.J.; Calvo, B. Interaction between Diurnal Variations of
Intraocular Pressure, Pachymetry, and Corneal Response to an Air Puff: Preliminary Evidence. JCRS Online Case Rep. 2015, 3,
12–15. [CrossRef]

48. Nouri-Mahdavi, K.; Hoffman, D.; Coleman, A.L.; Liu, G.; Li, G.; Gaasterland, D.; Caprioli, J. Predictive Factors for Glaucomatous
Visual Field Progression in the Advanced Glaucoma Intervention Study. Ophthalmology 2004, 111, 1627–1635. [CrossRef]
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Abstract: Obesity contributes to multiple systemic disorders; however, extensive discussion re-
garding obesity and open-angle glaucoma (OAG) remains limited, and conclusions in the existing
literature diverge. This study aims to analyze the risk of OAG among obese adults in Taiwan. In
this study, adults (aged ≥18 years) with a diagnostic code of obesity or morbid obesity registered
in the Longitudinal Health Insurance Database (LHID) 2000 and LHID2005 from 1 January 2001 to
31 December 2010 were included. All adults were traced until the diagnosis of OAG, the occur-
rence of death, or 31 December 2013. Risk of OAG was significantly higher in obese adults than in
non-obese adults after multivariable adjustment (adjusted hazard ratio (aHR): 1.43 (95% confidence
interval (CI) 1.11–1.84)/aHR: 1.54 (95% CI 1.23–1.94) in the LHID2000/LHID2005). Both databases
demonstrated that young obese adults (aged ≤40 years) had a remarkably increased risk of OAG
compared with young non-obese adults (aHR 3.08 (95% CI 1.82–5.21)/aHR 3.81 (95% CI 2.26–6.42)
in the LHID2000/LHID2005). This two-database matched-cohort study suggests that obese adults
have an increased risk of OAG. In young adults, in particular, obesity could be a potential risk factor
of OAG.

Keywords: obesity; open-angle glaucoma; risk factor; young adults

1. Introduction

Obesity represents one of the biggest health emergency issues worldwide. According
to the World Health Organization, the prevalence of obesity (body mass index (BMI)
≥ 30 kg/m2) in the United States was 36.2% in 2016 [1]; this figure was projected to
soar to 50.7% by 2030 [2]. Similarly, the prevalence of obesity in Europe and Asia has
increased exponentially over the past decade. Obesity has a multifactorial association with
the environment, dietary habits, sedentary lifestyles, and genetics [3]. Obesity-derived
metabolic dysregulation, inflammatory stress, and neural degeneration lead to a series
of pathophysiological processes [4]. Numerous studies have indicated that obesity has a
strong connection with diabetes mellitus, hypertension, ischemic heart disease, stroke, and
Alzheimer’s disease [5,6].

Although discussing the association between obesity and sight-threatening disorders
has recently intensified [7], the relationship between obesity and open-angle glaucoma
(OAG) remains controversial. OAG, the most prevalent subtype of glaucoma globally, is
characterized by progressive damage of retinal ganglion cells (RGCs), enlarged optic disc
cupping, and irreversible deterioration of the visual field. Lowering intraocular pressure

J. Clin. Med. 2021, 10, 4021. https://doi.org/10.3390/jcm10174021 https://www.mdpi.com/journal/jcm

89



J. Clin. Med. 2021, 10, 4021

(IOP) is considered to be the most effective strategy in preventing disease progression,
although the etiology of OAG has been not completely elucidated.

To date, several studies have reported that obesity has a positive correlation with
increased IOP [8–10]. Nevertheless, whether obesity is a risk factor for OAG remains
inconclusive [11,12]. In the Rotterdam study, there was no significant association between
BMI and OAG after multivariable adjustment [13]. However, Newman-Casey showed
that obese patients had a 14% increased risk of OAG in the univariable analysis, and
obese women had a 6% increased hazard for OAG after multivariable adjustment [14].
Conversely, Pasquale reported that increased BMI was associated with a 6% lower risk of
OAG in Caucasian women [15]. Additionally, Kim et al. showed that overweight status
is a protective factor of OAG [16]. Prompted by inconsistent reports of the association
between obesity and OAG, the present 13-year matched-cohort study aimed to analyze the
risk of OAG among obese individuals using data from two Taiwanese population-based
longitudinal databases.

2. Materials and Methods

2.1. Databases

In this study, participant data were collected from the Longitudinal Health Insurance
Database (LHID) 2000 and LHID2005, which belong to the National Health Insurance
research database (NHIRD) in Taiwan. The National Health Insurance program is a uni-
versal and compulsory health insurance program benefiting >99.6% of the Taiwanese
population to date, and data of the NHIRD, including registration files and original claim
data, have been used in many studies with high academic value. The LHID2000 contains
1,000,000 de-identified insurance claim data randomly retrieved from the year 2000 Reg-
istry of Beneficiaries of the NHIRD (23.75 million) during the period of 1 January 2000 to
31 December 2000 by Oracle’s internal random number generator. Likewise, the LHID2005
encompasses 1,000,000 insurance claim data drawn from the year 2005 Registry of Benefi-
ciaries of the NHIRD (25.68 million) during the period of 1 January 2005 to 31 December
2005 following the same method. Through statistic validation, there was no selection bias
on age, sex, or insurance premiums between the LHID and the NHIRD. Both the LHID2000
and LHID2005 adopted the 2001 Edition of International Classification of Diseases, Ninth
Revision, Clinical Modification (ICD-9-CM). This study was approved by the Institutional
Review Board (IRB) of Chang Gung Medical Foundation, and adhered to the tenets of
the Declaration of Helsinki. Given the retrospective nature of this study and the use of
de-identified patient data in the LHID, the IRB of the Chang Gung Medical foundation
approved that the requirements of informed consent were waived.

2.2. Study Design

A flowchart of enrollment of obese and non-obese groups is presented in Figure 1.
The LHID2000 and LHID2005 were separately reviewed in this matched-cohort study.
There were 17,256 and 17,474 individuals aged ≥18 years included from the LHID2000
and LHID2005. The obese individuals were qualified with the coding of obesity or morbid
obesity (ICD-9-CM codes 278.0, 278.00, 278.01) between 1 January 1997 and 31 December
2013. We washed out the initial 4-year period to eliminate individuals with incomplete
data and those diagnosed with obesity before 2001 (LHID2000/LHID2005: 1889/1880
individuals). Simultaneously, individuals with a new diagnosis of obesity after 2010 were
excluded to confirm that individuals can be traced for at least 3 years (LHID2000/LHID2005:
3365/3397 individuals). Further, individuals diagnosed with OAG before a coding of
obesity were also excluded (LHID2000/LHID2005: 60/74 individuals). Final numbers of
11,939 and 12,118 individuals with a new diagnosis of obesity between 2001 and 2010 were
recruited in obese groups of the LHID2000 and LHID2005. Individuals without a diagnosis
of overweight or obesity (ICD-9-CM codes: 278.0, 278.00, 278.01, 278.02, and 278.1) were
included in the non-obese group. The obese individuals were matched with the non-obese
individuals at a 1:4 ratio by sex, age, urbanized level, and income. The stratification of
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urbanization level and income followed the criteria reported in a previous LHID study [17].
All individuals were traced from the index date to the diagnosis of OAG, occurrence of
death, or 31 December 2013.

Figure 1. Flowchart of enrollment and allocation of adults with obesity and non-obesity in a two-database matched-cohort
study. Obese adults aged ≥18 years in the LHID2000 and LHID2005 between 1 January 1997 and 31 December 2013
were included. Adults first diagnosed with obesity before 2001, adults first diagnosed with obesity after 2010, and adults
diagnosed with OAG before obesity were excluded in this study. Obese adults were matched with non-obese adults at
a 1:4 ratio by sex, age, urbanization level, and income. All adults were traced until the death, occurrence of OAG, or
31 December 2013. LHID = longitudinal health insurance database; OAG = open-angle glaucoma.

To increase the validation of OAG, outcomes were rigorously defined as the coding
of OAG (ICD-9-CM codes 365.1, 365.10, 365.11, 365.12), with a treatment involving anti-
glaucoma drugs or surgeries ≥2 times, adjudicated by an ophthalmologist(s) over one year.
Multiple covariates were collected for adjustment of the risk of OAG: diabetes mellitus
(ICD-9-CM codes 250x), hypertension (ICD-9-CM codes 401x–405x), hyperlipidemia (ICD-
9-CM codes 272x), ischemic heart disease (IHD) (ICD-9-CM codes 410x–414x), chronic
kidney disease (CKD) (ICD-9-CM codes 585x and 586x), myopia (ICD-9-CM codes 367.1),
migraine (ICD-9-CM codes 346x), hypothyroidism (ICD-9-CM code 244.9), obstructive sleep
apnea (OSA) (ICD-9-CM codes 327.23, 780.51, 780.53, and 780.57), and hypotension (ICD-9-
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CM codes 458x). The inclusion criteria for covariates were diagnostic coding ≥1 time in
admission or ≥3 times in ambulatory visits.

2.3. Statistical Analyses

All statistical data in this study were processed and analyzed using SAS version 9.4
(SAS Inc., Cary, NC, USA). For baseline characteristics, a chi-squared test and Student’s t
test were used to analyze categorical and continuous variables, respectively. The cumu-
lative incidence of OAG was calculated using the Kaplan–Meier method and a log-rank
test. A multivariable Cox proportional regression was applied to estimate the adjusted
hazard ratio (aHR) and 95% confidence interval (CI) for risk of OAG. The main model for
adjustment consisted of demographic variables: sex, age, urbanization level, and income,
and five cardinal covariates associated with risk of OAG: diabetes mellitus, hypertension,
hyperlipidemia, ischemic heart disease, and chronic kidney disease. Another five potential
covariates of OAG—myopia, hypothyroidism, migraine, obstructive sleep apnea, and
hypotension—were added one by one into the main model for testing the stability of the
sensitivity analysis. Ultimately, sex, age, and covariates were tested for risk of OAG in
multivariable stratified analysis. Statistical significance was defined as a two-sided p < 0.05.

3. Results

In the LHID2000, OAG occurrence was 99 in 11,939 obese individuals, and the incidence
rate of OAG was 1.0 and 0.6 per 1000 person-years in the obese and non-obese groups
(incidence rate ratio (IRR) 1.79), respectively. In the LHID2005, OAG occurrence was 122 in
12,118 obese individuals, and the incidence rate of OAG was 1.3 and 0.7 per 1000 person-
years in the obese and non-obese groups (IRR 1.85), respectively. The average follow-up was
7.91 ± 2.93/7.93 ± 2.93 years in the obese/non-obese groups of the LHID2000, respectively,
and 7.88 ± 2.92/7.89±2.92 years in the obese/non-obese groups of LHID2005, respectively.
The ratio of females to males was 2:1 in both databases. For age distribution, the ratio
of obese individuals aged ≤40 and >40 years was approximately 1:1 in both databases.
Obese adults had a higher rate and frequency of ophthalmology visits than non-obese adults.
Additionally, obese adults had higher rates of diabetes mellitus, hypertension, hyperlipidemia,
ischemic heart disease, chronic kidney disease, myopia, obstructive sleep apnea, migraine,
and hypothyroidism than non-obese adults in both databases (Table 1).

Table 1. Baseline characteristics with incidence of open-angle glaucoma in obese and non-obese adults.

LHID2000 LHID2005

Obesity Non-Obesity Obesity Non-Obesity

Variables n (%) n (%) p-value n (%) n (%) p-value
Total 11,939 47,756 12,118 48,472

Gender 1.00 1.00
Female 7718 (64.6) 30,872 (64.6) 7815 (64.5) 31,260 (64.5)
Male 4221 (35.4) 16,884 (35.4) 4303 (35.5) 17,212 (35.5)

Age 1.00 1.00
18–30 3135 (26.3) 12,540 (26.3) 3098 (25.6) 12,392 (25.6)
31–40 2858 (23.9) 11,432 (23.9) 2961 (24.4) 11,844 (24.4)
41–50 2660 (22.3) 10,640 (22.3) 2645 (21.8) 10,580 (21.8)
51–60 1992 (16.7) 7968 (16.7) 2054 (17.0) 8216 (17.0)
61–70 886 (7.4) 3544 (7.4) 944 (7.8) 3776 (7.8)
>70 408 (3.4) 1632 (3.4) 416 (3.4) 1664 (3.4)

Urbanization level 1.00 1.00
1(City) 3965 (33.2) 15,860 (33.2) 3765 (31.1) 15,060 (31.1)

2 5477 (45.9) 21,908 (45.9) 5837 (48.2) 23,348 (48.2)
3 1673 (14.0) 6692 (14.0) 1746 (14.4) 6984 (14.4)

4(Villages) 824 (6.9) 3296 (6.9) 770 (6.4) 3080 (6.4)
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Table 1. Cont.

LHID2000 LHID2005

Obesity Non-Obesity Obesity Non-Obesity

Income 1.00 1.00
0 3952 (33.1) 15,808 (33.1) 2447 (20.2) 9788 (20.2)

1–15,840 1883 (15.8) 7532 (15.8) 1811 (14.9) 7244 (14.9)
15,841–25,000 3990 (33.4) 15,960 (33.4) 3742 (30.9) 14,968 (30.9)

≥25,001 2114 (17.7) 8456 (17.7) 4118 (34.0) 16,472 (34.0)

OPH visit 3856 (32.3) 12,082 (25.3) <0.001 3995 (33.0) 12,731 (26.3) <0.001
Frequency of OPH

visit <0.001 <0.001

0 8083 (67.7) 35,674 (74.7) 8123 (67.0) 35,741 (73.7)
1–2 2458 (20.6) 8061 (16.9) 2564 (21.2) 8470 (17.5)
>2 1398 (11.7) 4021 (8.4) 1431 (11.8) 4261 (8.8)

Comorbidity
Diabetes mellitus 3494 (29.3) 5419 (11.4) <0.001 3642 (30.1) 5810 (12.0) <0.001

Hypertension 5576 (46.7) 10,818 (22.7) <0.001 5571 (46.0) 11,434 (23.6) <0.001
Hyperlipidemia 5202 (43.6) 8326 (17.4) <0.001 5353 (44.2) 8939 (18.4) <0.001

IHD 2275 (19.1) 4510 (9.4) <0.001 2306 (19.0) 4867 (10.0) <0.001
CKD 381 (3.2) 969 (2.0) <0.001 372 (3.1) 1027 (2.1) <0.001

Myopia 1169 (9.8) 3422 (7.2) <0.001 1207 (10.0) 3562 (7.4) <0.001
Migraine 697 (5.8) 1618 (3.4) <0.001 730 (6.0) 1815 (3.7) <0.001

Hypothyroidism 269 (2.3) 354 (0.7) <0.001 266 (2.2) 404 (0.8) <0.001
OSA 463 (3.9) 319 (0.7) <0.001 428 (3.5) 313 (0.7) <0.001

Hypotension 72 (0.6) 225 (0.5) 0.067 71 (0.6) 234 (0.5) 0.151
No. of OAG 99 222 122 265
Incidence % 1.0 0.6 <0.001 1.3 0.7 <0.001

IRR (95% CI) 1.79 (1.41–2.27) 1.85 (1.49–2.29)

CI = confidence interval; CKD = chronic kidney disease; IHD = ischemic heart disease; LHID = Longitudinal Health Insurance Database
OAG = open-angle glaucoma; OSA = obstructive sleep apnea; OPH = ophthalmology IRR = incidence rate ratio.

Kaplan–Meier curve analysis revealed that the obese group had a significantly higher
cumulative incidence of OAG than the non-obese group in both databases (p < 0.001)
(Figure 2A,B). In the age-stratified analysis, both the young and older obese groups still
showed an increased accumulation of OAG compared with the young and older non-obese
groups, and the young obese group displayed a remarkable accumulation of OAG in both
databases (Figure 2C,D).

The risk of OAG in the multivariable Cox proportional hazard regression are summa-
rized in Table 2. The risk of OAG occurrence was significantly higher in the obese group
than in the non-obese group after adjusting for the main model (aHR 1.43 in the LHID2000;
aHR 1.54 in the LHID2005). Men appeared to have a higher risk of OAG than women;
however, the difference did not reach statistical significance. Older adults (aged >40 years)
had an increased risk of OAG compared with young adults (aged ≤40 years). Among
covariates, diabetes mellitus was a prominent risk factor for OAG in both databases.
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Figure 2. Cumulative incidence of open-angle glaucoma in obese and non-obese adults. (A) Cumulative incidence of OAG
in the LHID2000; (B) cumulative incidence of OAG in the LHID2005; (C) age-stratified analysis for the cumulative incidence
of OAG in the LHID2000; (D) age-stratified analysis for the cumulative incidence of OAG in the LHID2005. Both the
LHID2000 and LHID2005 demonstrated that the cumulative incidence of OAG was higher in obese adults than non-obese
adults (Log-rank test p < 0.001). In the age-stratified analysis, young obese adults (red line) displayed a remarkable
cumulative incidence of OAG compared with young non-obese adults (red dotted line) (Log-rank test p < 0.001) although
both the young and older obese adults had a significantly higher cumulative incidence of OAG. LHID = longitudinal health
insurance database; OAG = open-angle glaucoma.

Table 2. Multivariable cox proportional hazard regression of the association between open-angle glaucoma and potential
risk factors.

LHID2000 LHID2005

Variables
Crude HR
(95% CI)

p-Value
aHR

(95% CI)
p-Value

Crude HR
(95% CI)

p-Value
aHR

(95% CI)
p-Value

Exposure

Non-obesity 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference)

Obesity 1.79 (1.41–2.27) <0.001 1.43 (1.11–1.84) 0.006 1.85 (1.49–2.29) 122 1.54 (1.23–1.94) <0.001

Gender

Female 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference)

Male 1.23 (0.98–1.54) 0.076 1.21 (0.95–1.52) 0.120 1.16 (0.95–1.43) 0.153 1.19 (0.96–1.47) 0.109
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Table 2. Cont.

LHID2000 LHID2005

Variables
Crude HR
(95% CI)

p-Value
aHR

(95% CI)
p-Value

Crude HR
(95% CI)

p-Value
aHR

(95% CI)
p-Value

Age ≤ 40 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference)

Age > 40 3.83 (2.94–5.00) <0.001 3.09 (2.26–4.25) <0.001 4.75 (3.66–6.15) <0.001 3.52 (2.64–4.70) <0.001

Comorbidity

Diabetes

No 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference)

Yes 2.91 (2.31–3.66) <0.001 1.55 (1.18–2.04) 0.002 3.04 (2.47–3.73) <0.001 1.61 (1.26–2.06) <0.001

Hypertension

No 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference)

Yes 2.68 (2.16–3.34) <0.001 1.22 (0.92–1.61) 0.170 3.00 (2.46–3.67) <0.001 1.38 (1.07–1.77) 0.012

Hyperlipidemia

No 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference)

Yes 2.51 (2.01–3.12) <0.001 1.14 (0.87–1.50) 0.347 2.27 (1.86–2.78) <0.001 0.90 (0.71–1.15) 0.412

IHD

No 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference)

Yes 2.66 (2.08–3.42) <0.001 1.27 (0.95–1.68) 0.106 2.60 (2.07–3.25) <0.001 (1.170.91–1.50) 0.231

CKD

No 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference)

Yes 2.17 (1.29–3.64) 0.003 1.02 (0.60–1.74) 0.934 2.05 (1.28–3.30) 0.003 0.93 (0.57–1.51) 0.764

CKD = chronic kidney disease; IHD = ischemic heart disease; IRR = incidence rate ratio; LHID = Longitudinal Health Insurance Database
OAG = open-angle glaucoma.

In sensitivity analysis of the risk of OAG (Figure 3), after adjustment for full model or
potential covariates, the aHR of OAG occurrence in obesity remained steady, from 1.32 to
1.43 in the LHID2000, and from 1.46 to 1.58 in the LHID2005.

Figure 3. Sensitivity analysis of the risk of open-angle glaucoma in obesity. Sensitivity analysis in both the LHID2000
and LHID2005 showed that the adjusted hazard ratio of OAG remained stable after being adjusted according to the full
model and main model with each potential covariate (myopia, migraine, OSA, hypotension, and hypothyroidism). The
adjusted hazard ratio of OAG was 1.32 to 1.43 in the LHID2000, and 1.49 to 1.58 in the LHID2005. a Main model adjusted
for age, gender, income, urbanization, diabetes mellitus, hypertension, hyperlipidemia, ischemic heart disease, and chronic
kidney disease b Full model adjusted for the main model, myopia, hypothyroidism, migraine, OSA, and hypotension.
OAG = open-angle glaucoma; OSA = obstructive sleep apnea.
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The multivariable stratified analysis is presented in Figure 4. In the age-stratified
analysis, there was a demonstrably higher risk in young obese adults than in young non-
obese adults, but there was no statistical significance of OAG risk in older adults. In the
sex-stratified analysis, obese men had a higher risk of OAG compared with the non-obese
men in both databases; however, obese women had an unremarkable (LHID2000) and
borderline (LHID2005) risk of OAG. Moreover, adults with at least one ophthalmology visit
were analyzed, and the result showed that obese adults still had a higher risk of OAG than
non-obese adults in both databases. In the covariate-stratified analysis, the results revealed
that in the LHID2005, obese adults without each covariate had a significantly higher risk of
OAG than non-obese adults without each covariate, but obese adults with each covariate
had a nonsignificant hazard for OAG compared with non-obese adults with each covariate.
There was a similar tendency in most analyses of covariates in the LHID2000, although
the analysis of hypertension and hyperlipidemia was discordant between the LHID2000
and LHID2005.

Figure 4. Multivariable stratified hazard analysis of the association between obesity and open-angle glaucoma. All adjusted
hazard ratios in the multivariable stratified analysis were adjusted by the main model. The results in both the LHID2000
and LHID2005 displayed that obesity was a remarkable hazard of OAG in young (aged ≤40 years) obese adults compared
with young non-obese adults. In gender stratification, the risk of OAG was more significant in obese men than non-obese
men. As for the stratified analysis of covariates, in the LHID2005, the obese group without each covariate had an increased
risk of OAG compared with the non-obese group without each covariate; however, the obese group with each covariate had
a nonsignificant risk of OAG compared with the non-obese group with each covariate. There was a similar tendency in
most of the stratified analyses of covariates in the LHID2000, but the analyses of hypertension and hyperlipidemia were
inconsistent between the LHID2000 and LHID2005. There was no adjusted hazard ratio in a few subgroups (obesity with
OSA in the LHID2005, and obesity with hypotension in both the LHID2000 and LHID2005). LHID = longitudinal health
insurance database; OAG = open-angle glaucoma; OSA = obstructive sleep apnea; OPH = ophthalmology.
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4. Discussion

In this two-database, matched-cohort study, obese adults had a higher cumulative
incidence of OAG at the 13-year follow-up. Overall, obesity was a significant hazard of
OAG after adjustment for multivariable covariates. Moreover, young obese adults had a
remarkably higher risk of OAG than young non-obese adults.

The cardinal pathogenesis of OAG is the progressive degeneration of RGCs. Several
mechanisms could be considered as to how obesity contributes to the damage of RGCs in
OAG. Hormonal disequilibrium in obesity plays an integral role in the progressive impair-
ment of RGCs. Decreased adiponectin and increased leptin resistance in obesity result in
insulin resistance, dysfunctional lipid metabolism, atherosclerosis, and the activation of
proinflammatory cytokines and oxidative stress, which lead to vascular hypo-perfusion
and chronic inflammation of RGCs [18–20]. OAG is firmly associated with neurodegenera-
tive pathogeneses such as dysregulation of the brain-derived neurotrophic factor (BDNF),
phosphorylation of the tau protein, and overexpression of the apolipoprotein E (APOE)
gene [21–23]. These neurodegenerative pathways have crucial connections with obesity.
BDNF is a potential neuroprotective molecule that prevents neuron damage and synaptic
disturbances. Recent studies have demonstrated that decreased BDNF has a profound
effect on neurodegenerative diseases in the obese population [24]. Furthermore, leptin
resistance in obesity plays a critical role in the formation of tau phosphorylation, which
may have a detrimental effect on the impairment of RGCs [25]. Meanwhile, the fat-mass
and obesity-associated (FTO) gene, strongly related to obesity, was found to be associated
with risk of Alzheimer’s disease through interaction with the APOE gene [26], and modu-
lates cholesterol metabolism in the central neural network [23]. It is possible that obesity
orchestrates a similar genetic vulnerability in the pathogenesis of OAG.

This was an Asian population-based study used to substantiate the association be-
tween obesity and OAG, and the results suggest that obesity is a potential risk factor for
OAG, especially in young obese adults. This result, however, contradicts those of some
previous population-based studies, in which the increase of BMI was associated with a
lower risk of OAG. There are several possible explanations for this divergence. First, we
only included truly obese adults, because physicians in Taiwan coded obesity or morbid
obesity as patients with a BMI ≥ 30 kg/m2 who intended to seek medical assistance (e.g.,
including dietary consultation, enrollment in a weight-loss program, the use of anti-obesity
drugs, or evaluation for bariatric surgery) [27]. Likewise, Newman-Casey’s study, in which
the result showed obesity is a risk factor of OAG, also included obese patients as the study
population [14]. By contrast, the study by Pasquale and Ramdas included patients with a
wide range of BMI values, which were not thoroughly specific for an obese population [15].
In Kim’s study, they adopted the overweight status (BMI > 25 kg/m2) to evaluate the
risk of OAG instead of the obese status [16]. Body fat is the critical factor that induces a
series of physical dysfunctions in obesity. However, increase in BMI cannot truly reflect the
increased mass of body fat, especially in adults with who are overweight or have a normal
weight [28]. Further, obesity contributes to more severe morbidities and mortality than
overweight [29]. Several studies have even reported that overweight is related to lower
mortality rates than normal weight [30,31]. This is why our results showed that obesity is a
significant hazard of OAG, because this study recruited truly obese adults who were in
need of medical assistance.

Second, previous studies have included study populations aged >40 years, whereas
our study recruited study populations aged ≥18 years. In Table 2, the risk of OAG
was significantly higher in older adults than in young adults (aged ≤40 years), which is
compatible with the concept that OAG is a strong age-related neurodegenerative disease.
In the age-stratified analysis, obesity was a nonsignificant hazard for OAG in older adults
(aged >40 years) although there was an increased risk of OAG in obese adults. This result
is similar to most of the previous studies in that obesity was a nonsignificant risk factor for
OAG in adults aged >40 years. This outcome could partially determine age as the most
conspicuous risk factor for OAG, and show that age-related neurodegenerative effects
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result in a more profound risk for OAG than obesity-related neurodegenerative effects.
Meanwhile, the degeneration of optic neurons is susceptible to long-term chronic diseases
such as hypertension and diabetes, and metabolic diseases among older obese adults.
These multiple factors would make the impact of obesity inconspicuous when assessing
risk of OAG.

On the other hand, our data indicated that obesity is a remarkable contributor to OAG
in young adults (aged ≤40 years) regardless of accumulative incidence or age-stratified
analysis. This result may have suggested that without the influence of aging and long-
term chronic diseases, obesity would be a decisive factor for accelerating the damage
of neurons, and that obesity-related neurodegenerative effects have a crucial impact on
OAG occurrence among young adults [32]. Moreover, obesity may be correlated with the
pathogenesis of juvenile OAG, such as mutation of the CYP1B1 gene or the glaucoma-
associated olfactomedin domain of myocilin [33,34]. With obesity trending among younger
populations, it is important to raise the awareness that obesity could be a potential risk
factor for OAG in young adults.

In this study, obese adults had a higher rate and frequency of ophthalmology visits
than non-obese adults, which is reasonable because obese adults with diabetes, hyperten-
sion, or metabolic diseases are often asked for the ophthalmic survey of cataract, retinopa-
thy, or macular degeneration. This may have increased the incidental diagnosis of OAG
that resulted in a selection bias of higher OAG risk in obese adults. In order to reduce
the effect of higher rates of ophthalmology visits among obese adults, we analyzed the
risk of OAG in adults with at least one ophthalmology visit, and the data showed that
obesity is still a significant risk factor for OAG after multivariable adjustment. In addition,
this study showed that the obese populations skewed towards female and young adults.
It is assumed that female and young adults may be more concerned with their physical
stature and health than male or older adults, so that these two populations are more active
in seeking medical assistance to control weight. To reduce sex and age biases, a complete
matching strategy was adopted in this study to mitigate the bias of these factors.

The analysis of both databases demonstrated that men exhibit a higher risk for OAG
than women, although the HR did not reach statistical significance. This phenomenon
could be explained by the fact that estrogen can protect RGCs in women [35]. In the sex-
stratified analysis, obese men had a significantly higher HR of OAG than non-obese men.
One reason may be that there are decreased adiponectin levels and an increased insulin
resistance among obese men compared with non-obese men [36]. On the other hand, the
risk of OAG was relatively indistinct between obese and non-obese women, which could
imply that elevated circulating estrogen in obese menopausal women may reduce the risk
of OAG [37].

In the multivariable analysis, diabetes mellitus showed a strong association with risk
of OAG. Probable pathophysiological mechanisms include insulin resistance, vascular dys-
regulation, and reduction of neurotrophic factors [38]. In the covariate-stratified analysis,
obesity without each covariate was shown to be a significant OAG hazard, but obesity
with each covariate revealed a nonsignificant risk of OAG in the LHID2005. Most stratified
analyses of covariates had a similar tendency in the LHID2000. These results indicated
that even in adults without these covariates, obesity would be a prominent risk factor for
OAG. Nevertheless, in adults with these covariates, mutual interaction between obesity
and covariates may weaken the impact of obesity on OAG occurrence, and obesity could
become a relatively inconspicuous risk factor for OAG. Another reason for the nonsignif-
icant hazard of OAG in obese adults with covariates could be due to the small number
of cases because the analysis revealed a wide confidence interval. Further, the stratified
analysis of hypertension and hyperlipidemia were inconsistent between the LHID2000
and LHID2005, and a larger study population is required to elucidate their role on the
association between obesity and OAG in advanced studies.

This study had several limitations. First, the data of BMI were not collected in the
LHID, and the dynamic changes of weight could not be traced. Additionally, the obese
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population may have been underestimated, as most physicians code obesity only if the
obese patient wants to seek out medical assistance. On the other hand, the coding of obesity
is rather reliable in Taiwan, because physicians are required to code patients with obesity
for medical intervention, otherwise they will face the risk of an audit and heavy penalties
under the monthly review of the Bureau of National Health Insurance. In addition, the
incidence rate of OAG may have been underestimated. In clinical experience, obese adults
often experience a long period of obesity before coding; however, we excluded all adults
diagnosed with OAG before the coding of obesity could curtail the incidence of OAG in
obese adults. Second, IOP is a critical risk factor for OAG, and most studies have already
reported that obesity is highly associated with elevated IOP. However, the data of IOP was
not collected in the LHID, so the mutual interaction among obesity, IOP, and OAG could
not be evaluated without IOP data. Third, the definition of OAG depends on the coding
system of the ICD-9. To validate the accuracy of OAG, we strictly defined the outcome as
(at least) a coding of OAG with a treatment involving anti-glaucoma drugs or surgeries
≥2 times, adjudicated by an ophthalmologist(s) over one year. Moreover, two independent
databases were used to confirm the consistency of the results. Finally, there is no personal
history collected in the NHIRD, so the effect of smoking was not taken into account.

To summarize, in a Taiwanese-based population, the results of this two-database
matched-cohort study suggested that obese adults have an increased hazard of OAG. In
age stratification, obesity could be a potential risk factor of OAG in young adults, but
obesity poses a nonsignificant risk for OAG in older adults. In this era of obesity trending
among young adults, more attention should be paid to the impact of obesity on OAG
occurrence, and a recommendation of ophthalmic survey should be considered in young
obese adults, not only for those with metabolic diseases. A comprehensive understanding
of the association between obesity and OAG could have a far-reaching influence on the lives
of young obese adults. Obesity-related hormonal disequilibrium, neurologic disturbance,
and genetic dysregulation are possible pathogenic mechanisms of OAG. Advanced clinical
and laboratory research will be essential for elucidating the relationship between obesity
and OAG.
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Abstract: Background: Laguna-ONhE is an application for the colorimetric analysis of optic nerve
images, which topographically assesses the cup and the presence of haemoglobin. Its latest version
has been fully automated with five deep learning models. In this paper, perimetry in combina-
tion with Laguna-ONhE or Cirrus-OCT was evaluated. Methods: The morphology and perfusion
estimated by Laguna ONhE were compiled into a “Globin Distribution Function” (GDF). Visual
field irregularity was measured with the usual pattern standard deviation (PSD) and the threshold
coefficient of variation (TCV), which analyses its harmony without taking into account age-corrected
values. In total, 477 normal eyes, 235 confirmed, and 98 suspected glaucoma cases were examined
with Cirrus-OCT and different fundus cameras and perimeters. Results: The best Receiver Operating
Characteristic (ROC) analysis results for confirmed and suspected glaucoma were obtained with the
combination of GDF and TCV (AUC: 0.995 and 0.935, respectively. Sensitivities: 94.5% and 45.9%,
respectively, for 99% specificity). The best combination of OCT and perimetry was obtained with
the vertical cup/disc ratio and PSD (AUC: 0.988 and 0.847, respectively. Sensitivities: 84.7% and
18.4%, respectively, for 99% specificity). Conclusion: Using Laguna ONhE, morphology, perfusion,
and function can be mutually enhanced with the methods described for the purpose of glaucoma
assessment, providing early sensitivity.

Keywords: glaucoma; deep learning; perimetry; optic nerve

1. Introduction

Glaucoma is a disease with a relatively high incidence, estimated between 2.09% and
5.82% of the adult population [1]. Its diagnosis in early stages is difficult due to its almost
asymptomatic onset and controversy of criteria regarding its initial signs.

Intraocular pressure is an important pathogenesis factor; while not the only one, it
is currently the only one that can be targeted for treatment. Many other factors seem to
have an influence on the disease: genetic, morphological, vasospasm, intracranial pressure,
tissue thickness and morphology, sleep apnoea, etc.

For many years, visual field assessment and optic nerve head examination were the
main diagnostic procedures. More recently, morphological tests have been proposed,
and many authors have argued their greater precocity [2], although, as shown in this
paper, this opinion is debatable. Examples are the scanning laser polarimeter (GDx), the
Heidelberg retina tomograph (HRT) and the optical coherence tomograph (OCT), which is
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currently widely used. More recently, OCT angiographies have been introduced to analyse
vascularization [3], especially in the retinal areas surrounding the optic nerve.

We developed a simple colorimetric procedure to estimate the presence of haemoglobin
and its distribution on the optic disc, which reflects its perfusion and morphology, using
conventional colour retinographies (Laguna ONhE) [4]. The method has been shown to
have good sensitivity and specificity in previous studies [5–12]. However, deep learning
methods for the segmentation of optic nerve edges were later incorporated to facilitate its
use and improve its reproducibility [13].

Artificial intelligence, especially convolutional networks, allow the experience of
experts to be transferred with great precision to other possible users in different medical
specialties, most notably in ophthalmology [14]. Transfer Learning’s new procedures
simplify the development work, taking advantage of the previous training of networks on
generic problems [15].

In a previous experiment [13], we used a deep learning U-Net architecture for se-
mantic segmentation [16]. In this case, 40,000 images were used to segment the optic disc,
identifying the inner edge of Elschnig’s scleral ring.

The importance of perfusion in glaucoma is well recognised [3]. A recent paper using
this same version of the algorithm showed that its results are in the range of an OCT
angiography [17]. The aim of this paper was to take advantage of these new automatic
procedures based on experience to facilitate the use of the application and to improve its
reproducibility, sensitivity, and specificity. In particular, an attempt was made to combine
the morphological and perfusion information provided by the method with functional
perimetric data representative of visual field homogeneity [18] to assess whether this
provided robustness in the diagnostic decision.

2. Materials and Methods

The study protocol of this cross-sectional retrospective study adhered to the principles
of the 1975 Declaration of Helsinki revised in 2013, and was approved by the Research
Ethics Committee of the Hospital Universitario de Canarias (CHUC_2018_09 (V3)). Consent
was obtained from all participants.

2.1. Automation of the Laguna ONhE Method for Estimation of Haemoglobin in the Optic
Nerve Head

The presence of haemoglobin in the tissue was estimated by Laguna ONhE with refer-
ence to the colour of the vessels. Haemoglobin mainly absorbs green radiation and reflects
most of the red. Therefore, the reference colour of the vessels was calculated using the
values of the red (R) and green (G) channels of their pixels, to which the formula (R−G)/R
is applied. The same equation was used for the pixels of the tissue, and finally, the result
was expressed as a percentage. An estimate of cup size and position was also obtained,
and the results of the cup, rim sectors, vertical cup/disc ratio (Hb-C/D) and cup/disc area
ratio were compared with the percentiles achieved in the normal population [10]. Each
fundus camera model was calibrated to achieve an equivalent response.

To achieve full automation of the method, five neural networks were used: one to
segment the edges of the optic nerve already described [13], one for vessel segmentation
using 4195 optic disc images, one to identify the eye as left or right using 4201 images, one
to recognize image quality using 7048 images, and one to identify between normality (using
1518 images) and confirmed or suspected glaucoma (using 1596 images). The technical
method is described in detail in the Appendix A “Computing development setup”.

The classification results obtained by deep learning were associated with the distri-
bution of haemoglobin and the estimated Cup/Disc ratios to define a new value for the
“Globin Distribution Function” (GDF) index, as previously described [4,5]. Once the value
of the deep learning classifier was normalized to the mean values and standard deviation
in the normal population, it influenced the result of the current GDF index by 45%. In
the remaining 55%, the rest of the usual variables that we used in previous studies also
intervened with normalized values. An example of the graphic results is shown in Figure 1.
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It shows how the method automatically performs the analysis of a retinography (a). Once
its quality has been checked, the position of the optic nerve is identified, the inner edge of
Elschnig’s scleral ring is defined, which is more internal than the apparent clear edge, and
the size and shape of the cup is estimated (b). Its veins and arteries are then segmented,
the colour of which is used to estimate the relative haemoglobin of the rest of the nerve
tissue, shown in a colour code (c). In each sector of the optic disc, cup or rim, their areas are
estimated as a percentage of the total disk area and expressed in colour if it corresponds to
what is expected in a normal optic nerve (d).

 
Figure 1. Example of Laguna ONhE analysis: (a) Original wide-field eye fundus image. (b) Identifi-
cation of the optic disc and boundaries segmentation. Central cup estimated from the haemoglobin
distribution. (c) Segmentation of reference vessels and pseudo-colour image of haemoglobin dis-
tribution. (d) Estimated sector areas as a percentage of the total area, and compared to a normal
reference population.

2.2. Combination of Laguna ONhE and Perimetric Indices

The pattern standard deviation (PSD) perimetric index and its equivalent in the
Octopus perimeters, the square root of loss variance (sLV), are well known. In essence,
the pointwise differences between the patient’s sensitivity thresholds and the expected
value in a subject of the same age were calculated, and the standard deviation of all values
was obtained. In general, these values increase as the disease progresses, but in advanced
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defects they reduce as the number of points with no detectable sensitivity (0 dB) increases.
To achieve a linear response, in advanced glaucoma, a modification was made, as previously
described [19], taking into account the mean defect/deviation (MD), using Equation (1).

Equation (1): sLV modification to provide a linear response.

If abs(MD) > 16.33, then sLV = sLV +
abs(MD)− 16.33

0.84
(1)

The threshold coefficient of variation (TCV) is an index of regularity described by
our research group, which represents the harmony of one’s own visual field, without
comparing it with patterns of normality [18]. A characteristic for normality is stability
or harmony, and for pathology, is irregularity or fluctuation. We aimed to analyse them
in the subject themself, regardless of whether their thresholds are close or far from the
normal average, in the same way that a subject can be harmonious and of short stature or
harmonious and tall. This way, TCV is a less complex index than PSD, as it is independent
of the age of the subject. In normal subjects and initial and moderate glaucoma, it is
calculated by dividing the standard deviation of the thresholds in 16 symmetrical positions
of the visual field by their mean value, and multiplying by 100. In advanced glaucoma,
where absolute scotomas are present, both values are adjusted to their number.

2.3. Datasets for the Laguna ONhE, OCT and Perimetric Indices

Two groups were included, consisting of 477 healthy eyes from 409 subjects and
333 eyes with confirmed or suspected chronic open-angle glaucoma from 246 subjects.
Healthy subjects consisted of hospital staff, patient relatives, or people who needed refrac-
tion but did not have eye abnormalities.

All cases had corrected visual acuity of 20/40 or higher, refractive error with spher-
ical equivalent of less than ±5.00 dioptres, astigmatism less than ±2 dioptres, and open
anterior chamber angle. Subjects with cataracts reaching the specified visual acuity were
not excluded. Previous cataract or glaucoma surgery were also not exclusion criteria.
Patients with associated ocular diseases which could interfere with the interpretation of
the results, such as optic neuritis, coloboma, and papillary oedema, were not included.
All the participants underwent a complete examination, including visual acuity, slit lamp
examination, Goldmann tonometry, and fundus examination, within a maximum time
interval of one week.

All cases were examined with the Cirrus spectral-domain optical coherence tomograph
(OCT; Carl Zeiss Meditec, Jena, Germany), using the optic disc cube 200 × 200 acquisition
protocol (software version 5.2). All images were acquired with a quality greater than 6/10.

Three fundus cameras, two perimeters, and two different perimetric strategies were
used to verify that the results of the evaluated method did not depend on the instru-
ments used. In total, 213 normal cases and 110 glaucomas were examined with a Nidek
AFC-210 non-mydriatic fundus retinograph (Nidek Co., LTD, Aichi, Japan) and a white-
on-white Spark strategy in an Easyfield perimeter (Oculus Optikgeräte GmbH, Wetzlar,
Germany) [20]. Then, 87 normal cases and 70 glaucomas were examined with a Kowa Wx
non-mydriatic fundus retinograph (Kowa Co. Ltd., Tokyo, Japan) and with the Easyfield
perimeter using Spark strategy, and 177 normal and 153 glaucomas were examined with a
Horus Scope DEC-200 handheld fundus camera (MiiS, Hsinchu, Taiwan) and an Octopus
300 perimeter (Hagg-Streit AG, Bern, Switzerland) using the Tendency Oriented Perimetry
(TOP) strategy [21].

All control and glaucoma patients underwent perimetric assessment, having under-
gone at least two previous examinations. Healthy eyes had intraocular pressure less than
21 mmHg, and no abnormal results in the visual field or on the optic disc. The “glaucoma”
group comprised glaucoma and glaucoma-suspected eyes. Not all patients in the “glau-
coma” group had defects characteristic of the optic nerve or visual field. In some cases,
there were only signs of suspicion, such as intraocular pressure greater than 21 mmHg,
associated with a family history of glaucoma, an optic disc with a dubious appearance,
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or borderline visual fields, such as a mean deviation exceeding −2 dB or points outside
normal limits on the defect curve. Subjects with ocular pressures greater than 25 mmHg,
or pressures between 21 and 25 mmHg accompanied by a thin cornea (less than 500 μm),
were also included.

Two types of analysis were carried out. In the first, no strict boundary was established
between confirmed and suspected glaucoma, so as not to introduce an a priori criterion
that could alter an objective interpretation of the results [22]. This methodology was widely
discussed in a previous paper [23]. Additionally, two groups were analysed separately
(confirmed glaucoma and glaucoma suspects): confirmed glaucoma was defined based on
the presence of glaucomatous visual field loss in standard automated perimetry (pattern
standard deviation or mean deviation of <5%) and signs of glaucomatous neuropathy
(Laguna ONhE GDF or OCT-rim area of <5%). Those who did not meet these criteria,
but met some of the criteria described in the previous paragraph, were considered as
glaucoma suspects.

2.4. Statistical Analysis

Clinical statistical analyses were performed using the Excel 2016 program (Excel, Mi-
crosoft Corp., Redmond, WA, USA) and MedCalc (Version 18.9–64 bits; MedCalc software
bvba, Mariakerke, Belgium). The statistical comparison between the results of the different
AUCs were calculated in MedCalc using the criteria described by DeLonng et al. [24].

For statistical purposes, the sign of MD values of the Octopus Perimeter was inverted,
to use the same criterion in both perimeters.

In order to associate different indices, they were previously normalized in relation to
the mean value and standard deviation of all normal cases.

3. Results

The reference group was composed of 167 male eyes and 310 female eyes, aged
44.56 ± 13.23 years, with a perimetric MD of 0.18 ± 1.56 dB and PSD-sLV of 1.48 ± 0.52 dB.
The rim area of the Cirrus-OCT was 1.42 ± 0.29 mm2, the retinal nerve fibre layer thickness
(RNFLT) was 91.67 ± 9.77 μm, and the vertical cup/disc ratio (OCT-C/D) was 0.45 ± 0.15.

The glaucoma group consisted of 176 male eyes and 157 female eyes, aged
63.63 ± 11.74 years, with a perimetric MD of −8.85 ± 8.45 dB and PSD-sLV of 4.43 ± 2.82 dB.
The rim area was 0.77 ± 0.34 mm2, the RNFLT was 68.75 ± 16.44 μm, and the OCT-C/D
was 0.74 ± 0.14. Differences were statistically significant in all cases (p < 0.0001). Among
them, 235 met the criteria for confirmed glaucoma, and 98 were considered to be suspected
glaucoma. Glaucoma suspects had an MD of −0.92 ± 2.71 dB, and confirmed glaucoma
had an MD of −12.16 ± 7.81 dB.

3.1. Results of the Indices of the Three Testing Methods on the Total Sample (without Separating
Confirmed and Suspected Glaucoma)

The GDF index result in the groups of validation datasets is shown in Table 1. The
Laguna ONhE GDF index obtained significantly higher results than all perimetric and
Cirrus-OCT indices. The best OCT index was rim area and the best perimetric index TCV,
with no significant differences between them.

Figure 2 shows the receiver operating characteristic (ROC) curves obtained for the
Laguna ONhE GDF index, the OCT indices, and the perimetric indices. To improve the
identification of differences, the upper left part of the curves is enlarged. GDF presented a
sensitivity higher than the rim area for 95.0% (p = 0.0121) and 99.0% specificities (p = 0.0131),
which was also higher than the rest of the perimetric indices and OCT (p < 0.0001).
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Table 1. Performance of Laguna OnhE, OCT, and perimetry indices.

GDF RNFLT Rim Area OCT-C/D MD PSDr TCV

AUC 0.970 0.875 0.926 0.921 0.897 0.883 0.904
SE 0.0054 0.0135 0.0104 0.0099 0.012 0.013 0.0115
CI 0.956–0.981 0.850–0.897 0.906–0.943 0.901–0.939 0.874–0.917 0.859–0.904 0.881–0.923

GDF RNFLT Rim Area OCT-C/D MD PSD-sLVr

RNFLT p < 0.0001
Rim Area p < 0.0001 p < 0.0001
OCT-C/D p < 0.0001 p = 0.0006 p = 0.5812

MD p < 0.0001 p = 0.1389 p = 0.0422 p = 0.0869
PSDr p < 0.0001 p = 0.6013 p = 0.0039 p = 0.0083 p = 0.0692
TCV p < 0.0001 p < 0.0001 p = 0.0824 p = 0.1731 p = 0.5053 p = 0.0066

GDF = Laguna OnhE globin distribution factor; RNFLT = OCT retina nerve fiver layer thickness; OCT-C/D = OCT vertical cup/disc
ratio; MD = perimetric mean defect or deviation; PSDr = perimetric pattern standard deviation or square root of loss variance rectified;
TCV = perimetric threshold coefficient of variation; AUC = area under the receiver operating characteristic curve; SE = standard error; and
CI = 5–95% confidence intervals.

 

Figure 2. Receiver operating characteristic curve (ROC) obtained with Laguna ONhE (GDF), Cirrus-
OCT (rim area, vertical C/D ratio, and RNFLT) and perimetry (MD, TCV, and PSD-sLV) indices, as
well as percentage sensitivities for 95% and 99% specificities.

3.2. Combination of Laguna ONhE and Perimetric Indices on the Total Sample (without Separating
Confirmed and Suspected Glaucoma)

Table 2 shows the results of the combinations of the two examination methods (Laguna
ONhE and OCT) and the perimetric indices of uniformity and harmony. The AUCs did not
show significant differences when combining GDF with each of the two perimetric indices,
but these two combinations produced significantly larger curves than the combinations
of perimetric and OCT indices. The RNFLT and PSDr combination performed better than
the other OCT indexes combinations with the perimetric PSDr. The combinations with the
perimetric MD performed worse and were thus ignored.
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Table 2. Performance of the combination of Laguna ONhE and Cirrus-OCT variables and perimetric variables.

GDF and TCV GDF and PSDr Rim Area and PSDr OCT-C/D and PSDr RNFLT and PSDr

AUC 0.978 0.976 0.945 0.947 0.915
SE 0.00459 0.00506 0.00872 0.0079 0.0109
CI 0.965–0.987 0.963–0.986 0.927–0.960 0.929–0.961 0.894–0.933

GDF and TCV GDF and PSDr Rim Area and PSDr OCT-C/D and PSDr

GDF and PSDr p = 0.2974
Rim Area and PSDr p = 0.0001 p = 0.0002
OCT-C/D and PSDr p < 0.0001 p < 0.0001 p = 0.8728

RNFLT and PSDr p < 0.0001 p < 0.0001 p = 0.0015 p = 0.0004

GDF = Laguna ONhE globin distribution factor; RNFLT = OCT retina nerve fiver layer thickness; OCT-C/D = OCT vertical cup/disc
ratio; MD = perimetric mean defect or deviation; PSDr = perimetric pattern standard deviation or square root of loss variance rectified;
TCV = perimetric threshold coefficient of variation; AUC = area under the receiver operating characteristic curve; SE = standard error; and
CI = 5–95% confidence intervals.

Figure 3 shows the ROC curves obtained for the combinations of the Laguna ONhE
and OCT indices with those of perimetry. The combinations of GDF and TCV and GDF and
rectified PSD-sLV did not present differences in sensitivity for 95.0% (p = 0.790) and 99.0%
(p = 0.674) specificities. For 95.0% specificity, both combinations had higher sensitivities
than the combinations of perimetry and OCT (p < 0.0005). For 99.0% specificity, the
combination GDF and TCV had higher sensitivity than the rim area and rectified PSD-sLV
(p = 0.011). GDF and rectified PSD-sLV surpassed this with p = 0.032. Both combinations
surpassed the combinations used by the other OCT and perimetrics indices (p < 0.0005).

 

Figure 3. Graph of the receiver operating characteristic curve (ROC) of the combinations of Laguna
ONhE and Cirrus-OCT indices with the perimetrics, as well as percentage sensitivities for 95% and
99% specificities.

A linear relationship was observed between perimetric MD and the GDF and TCV
combination (Figure 4a), while the relationship was largely curvilinear when comparing
MD with the combination of OCT morphological indices and TCV or PSDr (Figure 4b). The
correlation between MD and GDF and TCV (r = 0.9132) was significantly higher than that
between MD and GDF and PSDr (r = 0.8927) (p = 0.0252).
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(a) (b) 

Figure 4. Relationship between the perimetric MD index and (a) the combined GDF and TCV and (b) the vertical C/D and
PSDr (right) indices.

3.3. Results of the Indices of the Three Testing Methods on the Total Sample Compared to
Confirmed and to Suspected Glaucoma

Table 3 shows that Laguna ONhE GDF index obtained significantly higher results than
all perimetric and Cirrus-OCT indices in suspect glaucomas. It also achieves the highest
ROC area in confirmed glaucoma, but without significant differences with several of the
other indices.

Table 3. Performance of Laguna ONhE, OCT, and perimetry indices.

GDF RNFLT Rim Area OCT-C/D MD PSDr TCV

AUC susp. 0.932 0.709 0.827 0.834 0.687 0.651 0.718
AUC conf. 0.986 0.944 0.968 0.958 0.985 0.98 0.981
SE susp. 0.013 0.0303 0.025 0.0223 0.0297 0.0311 0.029
SE conf. 0.00437 0.0107 0.00877 0.00867 0.00316 0.00432 0.00391
CI susp. 0.908–0.951 0.670–0.746 0.794–0.857 0.801–0.864 0.647–0.725 0.611–0.690 0.679–0.754
CI conf. 0.974–0.993 0.925–0.960 0.952–0.979 0.940–0.971 0.973–0.993 0.966–0.989 0.968–0.990

GDF RNFLT Rim Area OCT-C/D MD PSDr

RNFLT susp. p < 0.0001
RNFLT conf. p = 0.0002

RimArea susp. p < 0.0001 p = 0.0002
Rim Area conf. p = 0.0635 p = 0.0490
OCT-C/D susp. p < 0.0001 p = 0.0001 p = 0.7755
OCT-C/D conf. p = 0.0019 p = 0.2691 p = 0.1642

MD susp. p < 0.0001 p = 0.5917 p = 0.0004 p = 0.0001
MD conf. p = 0.8630 p = 0.0002 p = 0.0636 p = 0.0025

PSDr susp. p < 0.0001 p = 0.1429 p < 0.0001 p < 0.0001 p = 0.2399
PSDr conf. p = 0.2847 p = 0.0015 p = 0.2264 p = 0.0199 p = 0.2146
TCV susp. p < 0.0001 p = 0.8057 p = 0.0022 p = 0.0008 p = 0.2796 p = 0.0050
TCV conf. p = 0.3720 p = 0.0008 p = 0.1663 p = 0.0106 p = 0.2885 p = 0.6232

GDF = Laguna ONhE globin distribution factor; RNFLT = OCT retina nerve fiver layer thickness; OCT-C/D = OCT vertical cup/disc
ratio; MD = perimetric mean defect or deviation; PSDr = perimetric pattern standard deviation or square root of loss variance rectified;
TCV = perimetric threshold coefficient of variation; AUC = area under the receiver operating characteristic curve; SE = standard error; and
CI = 5–95% confidence intervals.
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3.4. Performance of Combined Indexes in Normal Subjects as Compared to Confirmed and to
Suspected glaucoma

Table 4 shows the results of the best combinations of two non-psychophysical exami-
nation methods (Laguna ONhE and OCT), with the perimetric indices of uniformity and
harmony in confirmed and suspected glaucoma. Significant differences between the two
could be observed in glaucoma suspects. In suspected glaucomas, the combinations of
the three OCT indices and the perimetric PSDr did not show significant differences. The
combinations with the perimetric MD were worse and thus ignored.

Table 4. Performance of the combination of Laguna ONhE and Cirrus-OCT variables and perimetric variables between
reference and confirmed (conf.) and suspect (susp.) glaucoma cases.

GDF and TCV GDF and PSDr Rim Area and PSDr OCT-C/D and PSDr RNFLT and PSDr

AUC conf. 0.995 0.995 0.988 0.988 0.987
AUC susp 0.935 0.932 0.843 0.847 0.742

SE conf. 0.0021 0.0021 0.0049 0.0035 0.0033
SE susp. 0.013 0.015 0.024 0.022 0.029
CI conf. 0.987–0.999 0.987–0.999 0.977–0.995 0.977–0.995 0.976–0.994
CI susp 0.912–0.954 0.908–0.951 0.810–0.871 0.815–0.876 0.704–0.77

GDF and TCV GDF and PSDr Rim Area and PSDr OCT-C/D and PSDr

GDF and PSDr conf. p = 0.695
GDF and PSDr susp. p = 0.323

Rim Area and PSDr conf. p = 0.187 p = 0.195
Rim Area and PSDr susp. p < 0.0001 p = 0.0002
OCT-C/D and PSDr conf. p = 0.060 p = 0.064 p = 0.8728
OCT-C/D and PSDr susp. p < 0.0001 p < 0.0001 p = 0.839

RNFLT and PSDr conf. p = 0.036 p = 0.037 p = 0.852 p = 0.859
RNFLT and PSDr susp. p < 0.0001 p < 0.0001 p = 0.0005 p = 0.0001

GDF = Laguna ONhE globin distribution factor; RNFLT = OCT retina nerve fiver layer thickness; OCT-C/D = OCT vertical cup/disc
ratio; MD = perimetric mean defect or deviation; PSDr = perimetric pattern standard deviation or square root of loss variance rectified;
TCV = perimetric threshold coefficient of variation; AUC = area under the receiver operating characteristic curve; SE = standard error; and
CI = 5–95% confidence intervals.

4. Discussion

Several current papers that apply deep learning to the study of glaucoma exhibit
interesting theoretical approaches; however, they are not always based on real-life scenarios,
but on samples collected by outside groups. Several review papers [14,25] highlight the
results of others that exclude suspected glaucomas from the sample, not fully reflecting the
reality of the clinical problem. They often do not clarify the type of sample analysed [26], or
they base the reference classification (normal or glaucoma) exclusively on subjective expert
opinions on the images [27]. Others include only cases with large cups as glaucomas [28],
or do not indicate the specificity achieved [29]. Achieving a good sensitivity is not sufficient
in this type of task [15] if the specificity is not high. Our analysis was performed on a
real sample, without excluding doubtful or intermediate cases, and trying to avoid biases
that may occur when differentiating between confirmed and suspected glaucoma [23],
although both groups were analysed separately, according to the most common criteria in
the literature.

Selectively analysing the optic nerve and controlling image quality has undoubted
advantages over the use of wider eye fundus images [30], although it has been suggested
that the sectoral atrophy of fibres could enrich the diagnosis [31].

Attempting to emulate the behaviour of an OCT to obtain its most efficient indices
is an interesting approach [32]. However, the classifiers obtained through deep learning
produce results that tend to involve the extremes of a dichotomous series (for example:
Yes/No glaucoma or Yes/No image of adequate quality) but do not provide a gradual
value of the degree of defect. For this reason, in our case, we attempted to combine these
results with the estimation of other indices, such as the cup/disc ratio, which is obtained
by multiple regression from sectoral haemoglobin estimates [10], and/or with the results of
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visual field examinations. This type of combination provides new indices with progressive
gradation to better assess the level of defect and, likely, its degree of progression.

In general, published procedures require the intervention of experts for pre-processing
or assessing if the images are of sufficient quality for analysis. Our procedure reached a
degree of full automation in this respect, requiring no human intervention.

It is well known that the relationship between morphology and function estimated
by OCT and perimetry is not linear. However, the precocity of detectable morphological
damage with respect to functional damage has been questioned by several authors [33,34].
Some aspects can be complementary. Indeed, our study suggests that the association
between the Laguna ONhE algorithm and perimetry seems to provide highly promising
results. In particular, the linearity between the perimetric mean deviation (MD), the combi-
nation of the morphological and perfusion information presented by the Laguna ONhE
GDF index, and the functional disharmony assessed by TCV provides a new perspective in
the interpretation of these relationships.

It is noteworthy that this combination achieves high sensitivity while retaining high
specificity. In a disease of uncertain onset, such as glaucoma, it is advisable to evaluate it
with highly specific procedures, in order not to establish unnecessary treatments and to
avoid overloading the health systems.

The combination of the indices provided by OCT angiography with perimetric indices
should be evaluated in the future, in order to compare their results with those presented in
this paper. However, an important factor to take into account in this type of comparison is
the cost–benefit ratio for healthcare systems, given the low cost of some current fundus
cameras, and the possibility of evaluating their images via telemedicine, without additional
equipment. Such an evaluation should also be carried out in the near future.

5. Conclusions

The Laguna ONhE method arose from the observation of differences in RGB frequency
histograms of optic disc structures (vessels, rim, and cup) when analysing colour pho-
tographs of the optic nerve, as can be seen in Figure 6 of our first publication [4]. The
favourable results of a simple, non-invasive test, such as the one we propose for the assess-
ment of glaucoma, were cited in the introduction, and are further evident in this new study,
as they are enhanced by functional perimetric results. The application of deep learning
facilitates the use of the Laguna ONhE software, taking advantage of expert experience,
and improving its reproducibility, sensitivity, and specificity. Morphology, function, and
perfusion can be combined for the optimal evaluation of glaucoma. However, these results
should be confirmed by other independent studies.
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Appendix A. Computing Development Setup

For the development of the Laguna ONhE program and its neural networks, the
Python programming language (ver. 3.7.1, Python Software Foundation, Beaverton, OR,
USA) was selected.

Machine learning and deep learning development was carried out using images pro-
vided by RetinaLyze®, partner of INSOFT SL. For each neural network, the corresponding
image data sets were divided into three subsets. The training process of the neural net-
works requires two different images and ground-truths subsets (training and validation) to
fully pass through them in several cycles in order to complete the training process. Once
the network is trained on an independent test subset, which has never been seen by the
algorithm, it is used to estimate the method’s efficacy.

The libraries used were Keras, with Tensorflow background for the implementation
of the architectures; OpenCV, for RGB component analysis, image pre-processing, and
post-processing; Numpy, for calculations; Pandas, for data manipulation; and Scikit-learn
for splitting the training set between training and validation sets.

A. Optic Disc segmentation: In a previous experiment [13], we used a deep learning
U-Net architecture [16] for semantic segmentation. In this case, 40,000 images were used
to segment the optic disc, identifying the inner edge of Elschnig’s scleral ring. This was
achieved by manually identifying by an expert. Elschnig’s scleral ring is observed as a thin
white ring, immediately adjacent to the margin of the optic disc. An example is shown in
Figure 1 of reference [13].

B. Vessel segmentation: 4195 optic disc images were used to train the neural network
on vessel segmentation. The vessels were drawn by hand by a single expert on each
image, using the GIMP program (Version 2.10.10. http://www.gimp.org, Accessed on
21 July 2019). The data set was then divided into training (3684), validation (921), and test
(410) subsets. The training set was used to train the neural network, obtaining information
on each pixel belonging to a vessel or to adjacent tissue. The same basic structure of U-Net
was used with contracting path filter sizes of 16, 32, 64, 128, 256, and 512 pixels towards a
centre filter of 1024 pixels with batch normalization at each convolution block and ReLU
activation.

Results: The Sorensen–Dice index of coincidence between the ground truth and the
network was 0.932, and its corresponding Jaccard index was 0.877, in the 410 images of the
test subset.

C. Eye labelling as right or left: 4201 images of the optic disc and surrounding region
were divided into subsets for training (3025), validation (756), and testing (420). The results
were compared with two other criteria: the greater presence of vessels in the nasal half of
the optic disc and the estimation of a greater presence of haemoglobin in such area. The
optic disc position on wide-angle retinographies was not considered, in order to explicitly
assess the method’s ability to identify it as isolated or centred.

A pre-trained ResNet50-v2 was used, with the top layers cut out. The network was
trained in the ImageNet database. The network was fine-tuned with a global average
pooling layer and three fully connected layers using stochastic gradient descent (SGD).

Results: 98.5% of the eyes of the test dataset were correctly automatically classified
using only the optic nerve image, observing a greater presence of haemoglobin in the nasal
sector; 99.3% by the greater presence of vessels in the nasal half; and 95.9% by the neural
network. The coincidence of two of these three criteria identified 99.5% of the cases.

D. Image quality: Previous experience in screening systems with multiple users
showed us that it is necessary to detect and exclude images of very poor quality, incomplete
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optic disc, etc. In total, 7048 images were subjectively classified into two groups according
to their quality by a single expert (4780 acceptable and 2268 unacceptable quality), and
divided into subsets of training (5075), validation (1268), and testing (705).

For this analysis, a ResNet50 network architecture was used with two fully connected
layers. A LeakyRelu activation function [35] and an Adam optimizer were used for
stochastic optimization [36]. The network was first trained for 50 epochs and a learning
rate of 0.0001 and was fine tuned for an extra 20 epochs at a learning rate of 0.00001.

Results: In the test subset, an AUC of 0.958 was obtained, with a 5–95% confidence
interval 0.940 to 0.971 (p < 0.0001). For a sensitivity of 95.0%, indicating that the image
quality was correct, the specificity was 82.8%.

E. Normal vs. glaucoma discrimination: To train the network to distinguish normal
cases from glaucoma, the haemoglobin values estimated in the tissue were represented as
a pseudo-colour image, preserving the details of its surroundings. Normalization of its
colour channels was applied to reduce the differences due to the fundus camera or flash
used. In this way, the training was intended to include the atrophies that glaucoma usually
produces outside the optic disc.

Then, 3114 such images belonging to subjects verified as normal (1518) and of glau-
coma or glaucoma suspects (1596) were divided into subsets of training (2274), validation
(529), and testing (311). Transfer learning was used, passing the images to a ResNet50 net-
work [37], with the upper layers cut out, including the pre-trained weights in the ImageNet
database [38]. Therefore, independently of the original image size, which was 1956 × 1934,
all images were trimmed around the ONH segmentation and resized to 224 × 224 in order
to fine tune the pretrained ResNet50 network. Random horizontal flip, rotation of up to 25◦,
and brightness darkening up to a 20% were implemented. A global average pooling layer
and three specific layers were then included to classify the case as normal or glaucoma [39].
After each of the first two fully connected layers, a dropout layer with a rate value of 0.5
was included. Additionally, both use a hyperbolic tangent (tanh) activation function. The
final one uses a softmax activation function. Categorical cross-entropy was used as a loss
function, and accuracy was used as a metric to evaluate the performance of the model.
Stochastical gradient decent (SGD) was used as an optimizer with a learning rate of 0.0001
and momentum of 0.9. The classification results obtained by deep learning were associated
with the distribution of haemoglobin and the estimated cup/disc ratios to define a new
value for the globin distribution function (GDF) index, as previously described [4,5].

Results: In the test subset, an AUC of 0.976 was obtained, with a 5–95% confidence
interval of 0.953 to 0.990 (p < 0.0001).

In order to assess the model’s efficiency [40], the learning curve of the training and
validation loss as well as the confusion matrix of the test dataset are shown in Figure A1a,b.
These graphical representations are the most commonly accepted methods to determine
the model’s accuracy and generalization capability [41,42].

These show the capacity of the dataset, and therefore seem to us to be more representa-
tive of the effectiveness of the network than other possibilities such as “heat maps”, which
show examples of how the network focuses on representative details of specific cases, but
do not reflect the overall sensitivity of the method [43]. Figure A2 shows four examples of
these heat maps.

As can be seen from the learning curve, we achieved an optimal fit, which is the goal of
any learning algorithm achieving the minimum generalization gap [44]. Both the training
and validation losses decreased to a point of stability. After 1000 epochs, the training was
stopped in order to avoid overfitting. Additionally, dropout was activated when training,
but deactivated when evaluating the validation data, which makes it reasonable for the
validation error to be smaller than training error. The confusion matrix showed that the
model had very good accuracy in the test data set. The learning curves show that both
the training and validation losses drop rapidly until 100 epochs and then both continue to
decrease at a slower pace until both curves meet. Even though the validation error in the
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graph looks as though it stops lowering from epoch 100 onwards, this is a scale problem.
The validation curve does not stop; it continues to descend.

 

Figure A1. From the normal vs. glaucoma neural network: (a) learning curve of the training and validation loss and (b)
confusion matrix of the test dataset.

Figure A2. (Top): Pseudo-colour images of haemoglobin distribution in two normal optic discs (left) and two glaucomas
(right) and the normalised environment, which are used for network training. The eyes are always analysed with the
temporal region to the left. (Below): The Gradient-weighted Class Activation Maps, known as Grad-CAM saliency map, or
heat maps, indicate that the networks seem to be particularly focused on the cup and the upper and lower poles.
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Abstract: Purpose: To evaluate and compare corneal hysteresis (CH), corneal resistance factor
(CRF), and central corneal thickness (CCT), measurements were taken between a healthy population
(controls), patients diagnosed with glaucoma (DG), and glaucoma suspect patients due to ocular
hypertension (OHT), family history of glaucoma (FHG), or glaucoma-like optic discs (GLD). Addi-
tionally, Goldmann-correlated intraocular pressure (IOPg) and corneal-compensated IOP (IOPcc)
were compared between the different groups of patients. Methods: In this prospective analytical-
observational study, a total of 1065 patients (one eye of each) were recruited to undergo Ocular
Response Analyzer (ORA) testing, ultrasound pachymetry, and clinical examination. Corneal biome-
chanical parameters (CH, CRF), CCT, IOPg, and IOPcc were measured in the control group (n = 574)
and the other groups: DG (n = 147), FHG (n = 78), GLD (n = 90), and OHT (n = 176). We performed
a variance analysis (ANOVA) for all the dependent variables according to the different diagnostic
categories with multiple comparisons to identify the differences between the diagnostic categories,
deeming p < 0.05 as statistically significant. Results: The mean CH in the DG group (9.69 mmHg)
was significantly lower compared to controls (10.75 mmHg; mean difference 1.05, p < 0.001), FHG
(10.70 mmHg; mean difference 1.00, p < 0.05), GLD (10.63 mmHg; mean difference 0.93, p < 0.05) and
OHT (10.54 mmHg; mean difference 0.84, p < 0.05). No glaucoma suspects (FHG, GLD, OHT groups)
presented significant differences between themselves and the control group (p = 1.00). No statistically
significant differences were found in the mean CRF between DG (11.18 mmHg) and the control group
(10.75 mmHg; mean difference 0.42, p = 0.40). The FHG and OHT groups showed significantly higher
mean CRF values (12.32 and 12.41 mmHg, respectively) than the DG group (11.18 mmHg), with
mean differences of 1.13 (p < 0.05) and 1.22 (p < 0.001), respectively. No statistically significant differ-
ences were found in CCT in the analysis between DG (562 μ) and the other groups (control = 556 μ,
FHG = 576 μ, GLD = 569 μ, OHT = 570 μ). The means of IOPg and IOPcc values were higher in the
DG patient and suspect groups than in the control group, with statistically significant differences in
all groups (p < 0.001). Conclusion: This study presents corneal biomechanical values (CH, CRF), CCT,
IOPg, and IOPcc for diagnosed glaucoma patients, three suspected glaucoma groups, and a healthy
population, using the ORA. Mean CH values were markedly lower in the DG group (diagnosed
with glaucoma damage) compared to the other groups. No significant difference was found in CCT
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between the DG and control groups. Unexpectedly, CRF showed higher values in all groups than in
the control group, but the difference was only statistically significant in the suspect groups (FHG,
GLD, and OHT), not in the DG group.

Keywords: glaucoma; corneal hysteresis; ocular inflammation; corneal biomechanics; ocular biomarkers

1. Introduction

Corneal biomechanics studies the balance and deformation of the corneal tissue
subjected to any external action. This scientific discipline explores the function and the
inner structure of the cornea and endeavors to establish some physical-mathematical
bases that define it [1]. The possible practical applications range from the diagnosis and
assessment of certain pathologies [2–5] to the prediction of response to corneal surgical
procedures [6–9].

The Ocular Response Analyzer, ORA (Reichert), was the first device to measure
the biomechanical properties of the cornea in vivo. It can determine some parameters
of the structure and viscoelastic properties of the cornea, and also intraocular pressure
(IOP) [10]. Corneal biomechanical parameters measured by ORA are corneal hysteresis
(CH) and corneal resistance factor (CRF), as well as noncontact intraocular pressures,
such as the Goldmann-correlated intraocular pressure (IOPg) and corneal-compensated
intraocular pressure (IOPcc). Several studies have tried to set biomechanical parameters
to help improve prediction of corneal ectasia, refractive surgery pre- and post-operative
evaluation, corneal pathologies, and glaucoma. It has been shown that CH is lower
after refractive surgery in corneal ectasia, such as in keratoconus, Fuchs’ dystrophy, and
glaucoma patients [11–15]. Glaucoma is a chronic and progressive optic neuropathy
characterized by loss of the retinal nerve fiber layer, progressive optic disc damage, and the
development of characteristically evolving visual field defects. It is associated, although not
in all cases, with an increase in IOP. The prevalence of glaucoma is 1.5%–2% in individuals
over 40 years of age and even higher in those over 60 years of age. Glaucoma is an especially
relevant ocular pathology, since it is the second cause of irreversible blindness after diabetic
retinopathy. The most common type, accounting for 60% of glaucoma cases, is primary
open-angle glaucoma (POAG). It is usually bilateral, although frequently asymmetric,
and the chamber angle is open and is not related to another ocular disorder. The exact
etiology of POAG is unknown, but there are some risk factors, including IOP, family
history, increasing age, race, myopia, and cardiovascular status [15,16]. It is currently
known that, although an increase in IOP is the most important risk factor for suffering
from glaucoma and the only one on which we can act at the moment, it is not the only
determining factor. Some facts support these claims, suggesting that other risk factors
should be considered: There are patients who present an IOP of over 21 mmHg (even
30 mmHg) but do not present alterations in the optic nerve or in the visual field. They are
called ocular hypertensive or glaucoma suspects, and although some develop glaucoma
(40% in 10 years), others remain unaffected despite elevated intraocular pressure values.
Another group of patients present visual field examination and optic nerve head alterations
typical of glaucoma, with normal IOP values or even lower than usual, a circumstance that
we call low-tension glaucoma or normal-tension glaucoma [17]. It has been reported that
45% of treated glaucoma patients had glaucomatous progression in visual fields despite
an average 25% decrease in IOP [18]. Even so, IOP is the only factor on which we can act
to stop the progress of the disease and to which all anti-glaucoma treatments have been
directed so far.

In the last decade, the biomechanical properties of the cornea have received increasing
attention, particularly corneal hysteresis (CH). Corneal biomechanics provides insight into
the behavior of the cornea and could reflect the vulnerability of the optic nerve structures
to glaucoma. Thus, CH could become a potential glaucoma biomarker, which could serve
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as a risk indicator of progression. Besides CH, a new compensated IOP (IOPcc) would
show a more real IOP value. The analysis, study, and assessment of corneal biomechanical
properties, IOPcc, and corneal thickness obtained with the ORA in normal eyes, in eyes
with glaucoma, and in eyes with suspected glaucoma, provide new data that can help
identify patients with a higher risk of glaucoma progression.

The purpose of this study was to evaluate and compare CH and central corneal
thickness (CCT) measurements between a healthy population (controls), patients diagnosed
with glaucoma (DG) in treatment for IOP control, and glaucoma suspect patients due to
ocular hypertension (OHT) or other risk factors, such as family history of glaucoma (FHG)
or glaucoma-like optic discs (GLD) [19]. Additionally, the corneal resistance factor (CRF),
Goldmann-correlated intraocular pressure (IOPg), corneal-compensated IOP (IOPcc), and
CCT are evaluated and compared between the different groups of patients. Furthermore,
the study of a large control group defines the mean values of corneal biomechanical
properties and IOP in the healthy Spanish population.

2. Methods

This is a prospective analytical-observational study that was performed at the Anterior
Segment section of the Department of Ophthalmology, Hospital Clínico Universitario
Lozano Blesa, Saragossa (Spain). The study was approved by the Institutional Review
Board of the University of Saragossa Faculty of Medicine and was conducted in accordance
with the Declaration of Helsinki for research involving human subjects. The studywas
approved by the Ethics Committee for Clinical Research of Aragon (CEICA 18/2017)
and the date of approval was 25 October 2017. Written informed consent was signed by
all participants.

2.1. Subjects

Subjects included in this study were healthy persons without a diagnosed ocular
pathology (controls), patients diagnosed with glaucoma (DG), and glaucoma suspect
patients who were undergoing a study for early diagnosis due to ocular hypertension
(OHT), family history of glaucoma (FHG), or glaucoma-like optic discs (GLD).

Subjects excluded from this study were patients with serious general diseases, such as
recent surgery, malignant neoplastic pathology, collagen diseases, immunological diseases,
metabolic stress due to moderate-severe renal failure, decompensated diabetes mellitus,
altered nutritional status, or any general situation of the patient that could compromise
the results of the evidence. Further exclusion criteria were patients with other ocular
pathologies, such as severe dry eye syndrome, corneal chemical burn, infectious and
inflammatory diseases of the cornea, conjunctiva, uvea and sclera; corneal ectasia or
dystrophies; acute pathologies and postsurgical states, such as retinal detachment, acute
glaucoma, proliferative diabetic retinopathy, iris rubeosis, need for valve implants due to
glaucoma, patients undergoing any corneal surgery, or patients who presented signs of
corneal pathology.

2.2. Examination Techniques

All participants underwent exhaustive ophthalmologic examination, including a
review of medical history, slit-lamp biomicroscopy, best-corrected visual acuity, IOP mea-
surement using Goldmann applanation tonometry (GAT), and retinal ophthalmoscopy
examination. The clinical examinations necessary for the diagnosis and evolutionary as-
sessment of the patients were carried out following an action protocol specific to the ocular
pathology group to which they belonged. The entire battery of diagnostic devices typical
of a hospital ophthalmology department were available to us to perform this study. These
included a refractometer, indirect ophthalmoscope, optical coherence tomography (OCT),
ORBSCAN ocular topography, endothelial analysis with a non-contact specular microscope,
and standard automated perimetry (SAP).
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In the group of healthy patients, topographic exploration with ORBSCAN was also
performed on those patients with refractive defects (to rule out evident keratoconus or sub-
clinical keratoconus), as was specular microscopy on patients with doubtful biomicroscopy
or high corneal thickness suspected of edema. If any corneal pathology was evidenced, the
patient was excluded from the study.

In the DG group, functional diagnostic tests with standard automated perimetry (SAP),
the Swedish Interactive Threshold Algorithm (SITA), 24–2 testing of the HVS Analyzer II,
model 750i (Carl Zeiss Meditec, Inc., Dublin, CA, USA), and structural tests (fiber and
papilla OCT) were performed to assess glaucomatous damage.

Examination was completed with gonioscopy, stereoscopic optic disc photography,
functional tests with SAP, and structural tests (OCT of fibers and papilla) in the glaucoma
suspect groups (OHT, FHG, or GLD). If there was evidence of unknown glaucomatous
damage, treatment was prescribed, and the patient was excluded from the study. Ocular
hypertension was defined as IOP equal to or higher than 21 mmHg with a normal visual
field and optic nerve. Family history of glaucoma was determined as at least one of the
parents with diagnosed glaucoma. Glaucoma-like optic discs were defined as having a
vertical cup-to-disc ratio greater than 0.5 or asymmetry of cupping between the two eyes
in patients with normal IOP and visual fields and open angles.

All patients were explored with Reichert’s Ocular Response Analyzer (ORA), both
to determine their biomechanical properties (CH, CRF) and to determine their Goldman
equivalent IOP (IOPg) and compensated IOP (IOPcc). The central corneal thickness (CCT)
was determined from the pachymetry performed with the ultrasonic pachymeter incorpo-
rated in the ORA. All ocular examinations, including ORA, were performed on the same
day. Four consecutive ORA measurements were determined in both eyes. Then the results
were averaged. One eye of each patient was chosen at random.

2.3. Statistical Analysis

A total of 1065 patients (one eye of each) were recruited in this prospective analytical-
observational study. Normal subjects comprised the control group (n = 574), who were
studied alongside the DG (n = 147), FHG (n =78), GLD (n = 90), and OHT (n = 176)
diagnosis groups. Microsoft Excel was used to collate data including patient age and
gender, diagnosis group, CH, CRF, IOPg, IOPcc, and CCT. The IBM SPSS (version 17)
statistical package was used for data analysis. An analysis of variance (ANOVA) was
carried out for all the dependent variables according to the different diagnostic categories,
with multiple comparisons to distinguish between the diagnostic categories in which there
were differences, taking p < 0.05 as statistically significant.

3. Results

3.1. Subjects

The study included one eye of each of the 1065 patients. Table 1 summarizes the basic
demographic information for the patients included in the five different diagnosis groups.
A higher percentage of females was present in the FHG (71.8%) and GLD groups (78.9%)
compared to the control (50.7%), OHT (54%), and DG (44.2%) groups. The control group
patients were younger, on average, than the patients included in the other four groups.
After carrying out a comparative study of the control group with the pathological groups,
we found the following results for each variable using the ORA (CH, CRF, IOPg, IOPcc,
and CCT), which are summarized in Table 2 and Figures 1 and 2.
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Table 1. Demographics of the control and the four diagnosis groups included in the study (DG, FHG,
GLD, and OHT). Gender is summarized by frequency and percentage; age by mean ± SD.

Control
(n = 574)

DG
(n = 147)

FHG
(n = 78)

GLD
(n = 90)

OHT
(n = 176)

Total
(n = 1065)

Female 291 (50.7%) 65 (44.2%) 56 (71.8%) 71 (78.9%) 95 (54%) 578 (54.3%)
Male 283 (49.3%) 82 (55.8%) 22 (28.2%) 19 (21.1%) 81 (46%) 487 (45.7%)
Age

(years) 39 ± 15 56 ± 16 47 ± 15 48 ± 14 51 ± 13 46 ± 17

DG—diagnosed glaucoma; FHG—family history of glaucoma; GLD—glaucoma-like optic discs; OHT—ocular
hypertension; SD—standard deviation.

Table 2. Descriptive statistics of the control and the four diagnosis groups included in the study (DG,
FHG, GLD, and OHT). Variables summarized by mean ± SD.

Control
(n = 574)

DG
(n = 147)

FHG
(n = 78)

GLD
(n = 90)

OHT
(n = 176)

IOPg
(mmHg) 15.63 ± 3.1 20.07 ± 3.6 21.01 ± 4.0 18.48 ± 3.6 21.76 ± 3.6

IOPcc
(mmHg) 15.72 ± 3.0 20.68 ± 3.7 20.41 ± 3.8 18.30 ± 3.9 21.22 ± 3.8

CH
(mmHg) 10.75 ± 1.5 9.69 ± 1.9 10.70 ± 1.7 10.63 ± 1.9 10.54 ± 1.8

CRF
(mmHg) 10.75 ± 1.6 11.18 ± 2.0 12.32 ± 1.9 11.50 ± 1.9 12.41 ± 1.8

CCT
(μ) 556.8 ± 35.3 562.6 ± 39.6 576.3 ± 38.3 569.5 ± 31.5 570.3 ± 34.7

DG—diagnosed glaucoma; FHG—family history of glaucoma; GLD—glaucoma-like optic discs; OHT—ocular
hypertension; SD—standard deviation. IOPg: Goldmann-correlated intraocular pressure, IOPcc: corneal-
compensated IOP, CH: Corneal Hysteresis, CRF: Corneal Resistance Factor, CCT: Central Corneal Thickness.

Figure 1. Plot of meanCorneal Hysteresis (CH), Corneal Resistance Factor (CRF), Goldmann-
correlated intraocular pressure (IOPg) and corneal-compensated IOP (IOPcc) values in all groups.
DG—diagnosed glaucoma; FHG—family history of glaucoma; GLD—glaucoma-like optic discs;
OHT—ocular hypertension.
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Figure 2. Plot of mean Central Corneal Thickness (CCT) values in all groups. DG—diagnosed glaucoma;
FHG—family history of glaucoma; GLD—glaucoma-like optic discs; OHT—ocular hypertension.

3.1.1. CH

The mean CH in DG patients (9.69 ± 1.9 mmHg) was lower than in the control
group (10.75 ± 1.5 mmHg). Additionally, the mean CH in DG patients was lower than
in all glaucoma suspect groups: FHG, GLD, and OHT (10.70 ± 1.7, 10.63 ± 1.9, and
10.54 ± 1.8 mmHg, respectively). The scatter graphs for the CH variable according to the
groups studied show a minimal dispersion in the control group and a greater dispersion in
the DG group and in the glaucoma suspect groups (FHG, GLG, and OHT). Figure 3 shows
the comparison of the mean values (left) and the scatter graphs (right) of the CH variable
in all groups. An inferential statistical study was carried out to verify the significance of
these differences, using the ANOVA multiple comparisons test (Table 3), which shows the
existence of statistically significant differences (p < 0.05) for the CH variable comparing
the DG group with the rest of the groups. No significant differences were found between
the control group and the glaucoma suspect groups (p = 1.00). The FHG, GLD, and OHT
groups showed no significant differences between themselves (p = 1.00).

Figure 3. Comparison of mean values (left) and the scatter graphs (right) of the CH variable in all
groups. DG—diagnosed glaucoma; FHG—family history of glaucoma; GLD—glaucoma-like optic
discs; OHT—ocular hypertension.
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Table 3. Statistical results using ANOVA multiple comparisons test for the CH variable.

Dependent
Variable

(I) Pathology (J) Pathology
Mean Difference

(I–J)
SE p Value

95% CI

Upper Limit Lower Limit

CH Control DG 1.053 (*) 0.174 0.000 * 0.502 1.604
FHG 0.052 0.207 1.000 −0.611 0.717
GLD 0.119 0.216 1.000 −0.572 0.811
OHT 0.210 0.153 0.995 −0.272 0.693

DG Control −1.053 (*) 0.174 0.000 * −1.604 −0.502
FHG −1.000 (*) 0.254 0.003 * −1.807 −0.194
GLD −0.934 (*) 0.262 0.013 * −1.763 −0.104
OHT −0.842 (*) 0.213 0.003 * −1.513 −0.172

FHG Control −0.052 0.207 1.000 −0.717 0.611
DG 1.000 (*) 0.254 0.003 * 0.194 1.807

GLD 0.066 0.285 1.000 −0.836 0.970
OHT 0.157 0.240 1.000 −0.605 0.921

GLD Control −0.119 0.216 1.000 −0.811 0.572
DG 0.934 (*) 0.262 0.013 * 0.104 1.763

FHG −0.066 0.285 1.000 −0.970 0.836
OHT 0.091 0.248 1.000 −0.696 0.879

OHT Control −0.210 0.153 0.995 −0.693 0.272
DG 0.842 (*) 0.213 0.003 * 0.172 1.513

FHG −0.157 0.240 1.000 −0.921 0.605
GLD −0.091 0.248 1.000 −0.879 0.696

SE—standard error, * Statistical significance (p < 0.05), CI—confidence interval, DG—diagnosed glaucoma; FHG—family history of
glaucoma; GLD—glaucoma-like optic discs; OHT—ocular hypertension.

3.1.2. CRF

The glaucoma suspect groups (FHG, GLD, and OHT) showed higher CRF values
(12.32 ± 1.9, 11.50 ± 1.9, and 12.41 ± 1.8 mmHg, respectively) than the control group
(10.75 ± 1.6 mmHg) with statistically significant differences (p < 0.001, p < 0.05, and
p < 0.001, respectively). No statistically significant differences were found between the
DG group and the control group. In the comparative study of the DG group versus the
glaucoma suspect groups (FHG, GLD, and OHT), the FHG and OHT groups presented
higher CRF values and the differences were significant (p < 0.05 and p < 0.001, respectively)
(Table 4).

3.1.3. IOPg

The DG group and the glaucoma suspect groups (FHG, GLD, and OHT) presented
higher IOPg values (20.07 ± 3.6, 21.01 ± 4.0, 18.48 ± 3.6, and 21.76 ± 3.6 mmHg, respec-
tively) than the control group (15.63 ± 3.1 mmHg) with statistically significant differences
(p < 0.001). The DG group had significantly lower IOPg than the OHT group (p < 0.05)
and significantly higher IOPg than the GLD group (p < 0.05). The GLD group presented
significantly lower IOPg values than the DG (p < 0.05), FHG (p < 0.001), and OHT (p < 0.001)
groups (Table 5).

3.1.4. IOPcc

The DG group and the glaucoma suspect groups (FHG, GLD, and OHT) presented
higher IOPcc values (20.68 ± 3.7, 20.41 ± 3.8, 18.30 ± 3.9, and 21.22 ± 3.8 mmHg, re-
spectively) than the control group (15.72 ± 3.0) with statistically significant differences
(p < 0.001). When comparing the DG group with the glaucoma suspect groups, the IOPcc
values were found to be significantly lower in the GLD group (p < 0.001). The OHT group
presented no differences when compared with the DG group, since the IOPcc values were
lower than those of IOPg in this group (Table 6).
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Table 4. Statistical results using ANOVA multiple comparisons test for the CRF variable.

Dependent
Variable

(I) Pathology (J) Pathology
Mean Difference

(I–J)
SE p-Value

95% CI

Upper Limit Lower Limit

CRF Control DG −0.429 0.180 0.403 −0.998 0.140
FHG −1.562 (*) 0.235 0.000 * −2.317 −0.808
GLD −0.745 (*) 0.214 0.020 * −1.430 −0.060
OHT −1.653 (*) 0.155 0.000 * −2.144 −1.163

DG Control 0.429 0.180 0.403 −0.140 0.998
FHG −1.133 (*) 0.279 0.002 * −2.018 −0.249
GLD −0.316 0.262 0.999 −1.145 0.511
OHT −1.224 (*) 0.216 0.000 * −1.906 −0.543

FHG Control 1.562 (*) 0.235 0.000 * 0.808 2.317
DG 1.133 (*) 0.279 0.002 * 0.249 2.018

GLD 0.816 0.302 0.193 −0.141 1.775
OHT −0.091 0.263 1.000 −0.929 0.747

GLD Control 0.745 (*) 0.214 0.020 * 0.060 1.430
DG 0.316 0.262 0.999 −0.511 1.145

FHG −0.816 0.302 0.193 −1.775 0.141
OHT −0.908 (*) 0.245 0.008 * −1.686 −0.129

OHT Control 1.653 (*) 0.155 0.000 * 1.163 2.144
DG 1.224 (*) 0.216 0.000 * 0.543 1.906

FHG 0.091 0.263 1.000 −0.747 0.929
GLD 0.908 (*) 0.245 0.008 * 0.129 1.686

SE—standard error, * Statistical significance (p < 0.05), CI—confidence interval, DG—diagnosed glaucoma; FHG—family history of
glaucoma; GLD—glaucoma-like optic discs; OHT—ocular hypertension.

Table 5. Statistical results using ANOVA multiple comparisons test for the IOPg variable.

Dependent
Variable

(I) Pathology (J) Pathology
Mean Difference

(I–J)
SE p-Value

95% CI

Upper Limit Lower Limit

IOPg Control DG −4.435 (*) 0.328 0.000 * −5.472 −3.397
FHG −5.378 (*) 0.474 0.000 * −6.902 −3.854
GLD −2.844 (*) 0.408 0.000 * −4.149 −1.539
OHT −6.130 (*) 0.302 0.000 * −7.083 −5.177

DG Control 4.435 (*) 0.328 0.000 * 3.397 5.472
FHG −0.943 0.546 0.921 −2.680 0.792
GLD 1.590 (*) 0.490 0.039 * 0.038 3.142
OHT −1.695 (*) 0.406 0.001 * −2.974 −0.415

FHG Control 5.378 (*) 0.474 0.000 * 3.854 6.902
DG 0.943 0.546 0.921 −0.792 2.680

GLD 2.534 (*) 0.598 0.001 * 0.636 4.432
OHT −0.751 0.531 0.992 −2.442 0.939

GLD Control 2.844 (*) 0.408 0.000 * 1.539 4.149
DG −1.590 (*) 0.490 0.039 * −3.142 −0.038

FHG −2.534 (*) 0.598 0.001 * −4.432 −0.636
OHT −3.285 (*) 0.474 0.000 * −4.785 −1.785

OHT Control 6.130 (*) 0.302 0.000 * 5.177 7.083
DG 1.695 (*) 0.406 0.001 * 0.415 2.974

FHG 0.751 0.531 0.992 −0.939 2.442
GLD 3.285 (*) 0.474 0.000 * 1.785 4.785

SE—standard error. * Statistical significance (p < 0.05). CI—confidence interval; DG—diagnosed glaucoma; FHG—family history of
glaucoma; GLD—glaucoma-like optic discs; OHT—ocular hypertension.
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Table 6. Statistical results using ANOVA multiple comparisons test for the IOPcc variable.

Dependent
Variable

(I)
Pathology

(J)
Pathology

Mean Difference
(I–J) SE p-Value

95% CI

Upper Limit Lower Limit

IOPcc Control DG −4.954 (*) 0.335 0.000 * −6.014 −3.895
FHG −4.686 (*) 0.450 0.000 * −6.131 −3.241
GLD −2.577 (*) 0.434 0.000 * −3.966 −1.187
OHT −5.503 (*) 0.314 0.000 * −6.494 −4.513

DG Control 4.954 (*) 0.335 0.000 * 3.895 6.014
FHG 0.268 0.531 1.000 −1.416 1.953
GLD 2.377 (*) 0.518 0.000 * 0.737 4.017
OHT −0.548 0.422 0.998 −1.877 0.779

FHG Control 4.686 (*) 0.450 0.000 * 3.241 6.131
DG −0.268 0.531 1.000 −1.953 1.416

GLD 2.109 (*) 0.599 0.015 * 0.211 4.007
OHT −0.817 0.518 0.969 −2.462 0.828

GLD Control 2.577 (*) 0.434 0.000 * 1.187 3.966
DG −2.377 (*) 0.518 0.000 * −4.017 −0.737

FHG −2.109 (*) 0.599 0.015 * −4.007 −0.211
OHT −2.926 (*) 0.505 0.000 * −4.525 −1.327

OHT Control 5.503 (*) 0.314 0.000 * 4.513 6.494
DG 0.548 0.422 0.998 −0.779 1.877

FHG 0.817 0.518 0.969 −0.828 2.462
GLD 2.926 (*) 0.505 0.000 * 1.327 4.525

SE—standard error. * Statistical significance (p < 0.05). CI—confidence interval. DG—diagnosed glaucoma; FHG—family history of
glaucoma; GLD—glaucoma-like optic discs; OHT—ocular hypertension.

3.1.5. CCT

The DG group and the glaucoma suspect groups (FHG, GLD, and OHT) presented
higher CCT values (562.6 ± 39.6 μ, 576.3 ± 38.3 μ, 569.51 ± 31.5 μ, and 570.34 ± 34.7 μ,
respectively) than the control group (556.8 ± 35.3 μ), but only the FHG and OHT groups
exhibited statistically significant differences (p < 0.05). No significant differences were
found in the comparative analysis of the DG group with respect to the FHG, GLD, and
OHT groups (Table 7).

Table 7. Statistical results using ANOVA multiple comparisons test for the CCT variable.

Dependent
Variable

(I)
Pathology

(J)
Pathology

Mean Difference
(I–J) SE p-Value

95% CI

Upper Limit Lower Limit

CCT Control DG −5.80 4.36 0.997 −19.71 8.10
FHG −19.45 * 5.01 0.006 * −35.64 −3.27
GLD −12.64 4.34 0.122 −26.63 1.35
OHT −13.47 * 3.52 0.005 * −24.62 −2.33

DG Control 5.80 4.36 0.997 −8.10 19.71
FHG −13.64 6.26 0.585 −33.54 6.24
GLD −6.83 5.73 0.999 −25.02 11.35
OHT −7.67 5.14 0.984 −23.92 8.58

FHG Control 19.45 * 5.01 0.006 * 3.27 35.64
DG 13.64 6.26 0.585 −6.24 33.54

GLD 6.81 6.24 1.000 −13.07 26.70
OHT 5.97 5.70 1.000 −12.21 24.16

GLD Control 12.64 4.34 0.122 −1.35 26.63
DG 6.83 5.73 0.999 −11.35 25.02

FHG −6.81 6.24 1.000 −26.70 13.07
OHT −0.83 5.11 1.000 −17.12 15.44

OHT Control 13.47 * 3.52 0.005 * 2.33 24.62
DG 7.67 5.14 0.984 −8.58 23.92

FHG −5.97 5.70 1.000 −24.16 12.21
GLD 0.83 5.11 1.000 −15.44 17.12

SE—standard error. * Statistical significance (p < 0.05). CI—confidence interval. DG—diagnosed glaucoma; FHG—family history of
glaucoma; GLD—glaucoma-like optic discs; OHT—ocular hypertension.
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4. Discussion

4.1. Control Group

This work provides reference values for corneal biomechanical parameters (CH and
CRF), IOPg, IOPcc, and CCT for the healthy Spanish population because it studied such a
large control group (574 eyes). It should be noted that the existence of ocular pathologies
(clinical or subclinical keratoconus, glaucoma, corneal dystrophies, and so on) in the control
group was ruled out, and the study shows the results of a population with a wide age
range. The mean age of the group of healthy control patients was 38.7 years, similar to
that of other published studies [11,14,20,21]. The standard deviation of 15.54 in the age
range (9–84 years) shows an age range of the control group subjects greater than that of
other published works [10,22]. Mean values of CH (10.75 mmHg), CRF (10.75 mmHg),
CCT (556.8 μ), IOPg (15.63 mmHg), and IOPcc (15.72 mmHg) hwere obtained. Means of
the CH values obtained in other studies have ranged from 9.6 to 11.4 mmHg, but it should
be taken into account that disparate population groups were studied regarding race and
age, and moreover, some of them were carried out on a population of subjects with high
refractive errors [23–26]. The mean CH obtained by Shah et al. [13] in healthy subjects was
10.7 ± 2.0, which is similar to that obtained in our work (10.7 ± 1.5). In another European
study carried out on the eyes of healthy subjects [27], mean values of 10.7 ± 1.8 mmHg
were obtained for the CRF, of 10.6 ± 1.6 mmHg for CH, of 15.9 ± 3.9 mmHg for IOPg,
and of 16.2 ± 3.7 mmHg for IOPcc. It can be seen that they are similar to those obtained
in our work, although in their study, they did not rule out the existence of possible
subclinical keratoconus.

The ORA can determine IOPg values correlated to GAT, as well as IOPcc values, and
it is less influenced by corneal biomechanical properties. In our study, we found that the
control group of healthy patients, with normal biomechanical properties, presented similar
mean IOPg and IOPcc values (15.6 mmHg and 15.7 mmHg, respectively). These values
are similar to the GAT means reported in the literature for the healthy population, which
are around 15.5 mmHg. We believe that these results, obtained from a large control group,
validate the ORA as a tonometer, since the value means were determined in a large group of
a healthy population, in which tests, such as topography and pachymetry, were performed
that ruled out corneal subclinical alterations. Ping-Bo et al. [28] conducted a study using
the ORA on 296 eyes of 158 healthy patients, classified into three groups according to
their CCT (<520 μ, 520–580 μ, >580 μ), and found the following mean IOP values (IOPg:
14.95 ± 2.99 mmHg, IOPcc: 15.21 ± 2.77 mmHg, and GAT: 15.22 ± 2.77 mmHg), which are
similar to those obtained in the control group of our work. When analyzing the values
according to the CCT, they concluded that IOPcc measurements with ORA were only
affected to a small extent by CCT, and they are probably much closer to the true value of
the IOP than GAT.

The mean values of the CCT of the healthy population, in most of the published
studies, are between 528μ and 562μ [29–32], which is similar to those obtained in this study
for the healthy control population (556 μ).

4.2. Glaucoma, FHG, and Glaucoma Suspect Groups

In the last 15 years, a large number of articles about corneal biomechanical characteri-
zation have been published [33–38]. In the context of corneal biomechanical parameters of
patients with glaucoma, we previously observed a significant decrease in CH when com-
pared to healthy subjects [39,40]. This coincides with the results of other authors [14,41–43]
who also found a significant decrease in CH in glaucoma, which was particularly evident in
cases of congenital glaucoma [22]. The published results of CRF values are not consistent,
as some have obtained low values [37] and others have obtained high values [35]. Our
study aims to go into greater depth of cases of suspected glaucoma, which are referred to
in this study, either owing to a family history of this pathology or to some doubtful sign,
such as a suspicious papillary excavation or borderline or high IOP values, but without
evident glaucomatous damage that would confirm the diagnosis.
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We carried out a statistical study with multiple comparisons in which we obtained
results for each group; we compared them with those of the control group, and we also
compared them between each other to verify if there were any statistically significant
differences. We found no published study that performs a comparative analysis on these
groups of patients, so the results may have a special impact on the assessment of this
pathology. This study has several limitations, since we did not analyze the evolutionary
data of patients with glaucoma, nor did we differentiate pigmentary from pseudoexfoliative
glaucoma; we did not include a group of normal-tension glaucoma, nor did we assess cases
of angle-closure glaucoma.

4.2.1. CH

In this study, we verified the existence of decreased CH in the DG group compared
to the control group; however, we did not find statistically significant differences in CH
values in the three groups studied for suspected glaucoma and FHG when compared to
the control group. These groups did not present evident glaucomatous lesions in the visual
field or in the OCT fiber study. Consequently, CH could be a promising indicator to predict
the progression of glaucoma, since it determines a specific biomechanical condition that
is found in the cornea, but that could also affect other ocular structures, conditioning a
special susceptibility to suffer glaucomatous damage. Recent studies suggest a possible
relationship between lower CH values and structural changes in the optic nerve associated
with glaucomatous damage. The relationship of low CH values with mean cup depth,
linear cup-to-disc ratio, and greater posterior displacement of the lamina cribrosa has
been evidenced [44–46]. Corneal hysteresis may provide insight into the biomechanical
properties of the optic nerve and its supporting structures.

Some research indicates that eyes with higher IOP have lower CH values, and that
the therapeutic manipulation of IOP can induce an inverse response in CH. It has been
suggested that it may be due to the effect of prostaglandin therapy. Nevertheless, Meda
et al. [47] do not support this hypothesis and suggest that this increase in CH may be due
to IOP control. Furthermore, other medical and surgical treatments have shown to increase
CH. Sun et al. [48] found that CH was significantly lower in eyes with chronic angle-closure
glaucoma (CACG) compared to the contralateral eye and the control group of normal eyes.
On the other hand, in this prospective study, it was found that trabeculectomy decreased
the mean IOP from 31.5 to 11.5 mmHg, and that CH increased from 6.8 to 9.2 mmHg in the
same period, although CH remained lower than in the contralateral eye without CACG.
This study reflects the apparent dependence of CH according to IOP, and the probability
that the regression of high IOP increases the mean of CH in this type of patients.

4.2.2. CRF

In this study, the values of CRF in the DG group showed higher values than the control
group, but we found no statistically significant differences (p > 0.05). FHG, GLD, and OHT
groups showed higher CRF values than the control group, with statistically significant
differences. The OHT group showed the highest CRF values. Pillunat et al. [37] found
that glaucoma patients had the lowest CRF values (9.07 ± 1.93 mmHg) in comparison
to controls (10.2 ± 1.9 mmHg) and OHT patients (CRF: 10.6 ± 2.1 mmHg). However,
Kaushik et al. found that CRF was significantly higher in POAG and OHT, which matches
our results.

4.2.3. CCT

Regarding CCT, in the DG group we found no differences in the CCT of DG patients
compared to those of the control group, which coincides with the results of other au-
thors [14,22,38,42]. Although low CCT influences an underestimation of IOP by GAT [16],
our glaucoma patients did not present different CCT values from those of the normal
population, and the underestimation of IOP by GAT (IOPcc higher than IOPg) in the DG
group could be related to other corneal biomechanical conditions, such as CH.
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4.2.4. CH and CCT

Several studies have analyzed the association between CH and the visual field and
optic nerve deterioration in glaucomatous patients [46,49,50], but the understanding of
the direct importance of CH for glaucoma, and especially its relationship with CCT, is still
evolving. Although it is true that low CCT has been related to the risk of OHT progression to
glaucoma and to the progression of glaucomatous visual field loss, the results of our study
agree with those of other authors, such as Congdon et al. [49], who found an association
of low CH values with greater progression of the glaucomatous visual field, regardless
of the CCT values, in their retrospective observational clinical study. It should be taken
into account that CH is a direct estimate of an aspect of ocular biomechanics measured
in the cornea, while CCT represents only one parameter that affects biomechanics. Wells
et al. [46] found a relationship between low CH and the existence of greater deformation of
the optic nerve after hyperpressure caused by suction in patients with glaucoma, but not
with CCT.

The importance of measurable biomechanical parameters of the cornea has not yet
been fully clarified. We know that CCT influences the estimation of a real IOP. In fact, there
are structurally strong, thick corneas (high CCT, CH, and CRF), as in cases of hyperopic
patients or OHT with high pachymetry values [51–53], where the IOPcc values are lower
than the GAT or IOPg. There are also structurally weak, thick corneas, as in cases of
endothelial dystrophy, bullous keratopathy, or rejection in keratoplasties [12,54]. In Fuchs’
endothelial dystrophy, it has been shown that, when a high CCT value is due to corneal
edema, there is a decrease in the CH and CRF biomechanical parameters. In these cases,
there is no overestimation of IOP due to the increase in CCT, quite the opposite. The GAT
in these patients underestimates the IOP and the IOPcc values show a higher real IOP [12].

The ORA can provide additional interesting information in the study of glaucoma
patients. On the one hand, it provides an IOPcc value that is less influenced by the
biomechanical properties of the cornea, which helps assess each case and, furthermore, it
indicates CH values that can give guidance in the control of patients. The existence of a
low CH value can be considered a risk factor for glaucoma progression. Likewise, in cases
of OHT, the presence of high biomechanical values of CH, CRF, and CCT may indicate a
low risk of progression to glaucoma; these cases usually present lower IOPcc values (in the
normal range) than those of IOPg and GAT.

The present study provides the following conclusions on corneal biomechanics and
IOP with the ORA:

1. A mean CH and CRF value of 10.75 mmHg was established in the healthy control
population, which can be a reference for the Spanish population. The mean IOPg
(15.63 mmHg) and IOPcc (15.72) values estimated by the ORA, in patients without
ocular pathology, were similar to the mean GAT values. IOPg and IOPcc values were
similar when the biomechanical properties of the cornea were within normal limits.

2. The IOPg and IOPcc means were significantly higher than those of the control group in
all glaucoma and glaucoma suspect groups. There was a significant decrease in CH in
the DG group compared to the control group, and with respect to the three glaucoma
suspect groups. However, the CH values in the three glaucoma suspect groups (FHG,
GLD, and OHT) did not show statistically significant differences between them, or
with respect to the control group. No statistically significant differences in CRF
values between the DG group and the control group were found. However, elevated
CRF values in all the glaucoma suspect groups were found, such differences being
statistically significant with respect to the control group. There was no CCT alteration
in the DG group. POAG showed its own biomechanical profile (normal or high CCT,
normal or high CRF, and low CH with IOPcc > IOPg).

3. The OHT and FHG suspect groups presented higher CRF values than the DG group
and the differences were statistically significant. The mean CCT values were higher
than the control group in all groups, although there were no statistically significant
differences. Ocular hypertension suspect cases showed the highest CCT values. OHT
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showed its own biomechanical profile (high CCT, high CRF, and normal or high CH
with IOPcc < IOPg).

Finally, future studies could be performed to compare the biomechanical characteri-
zation of the cornea by two different devices, namely ORA and CORVIS-ST. To date, no
study has found a relationship between the parameters they report. The contribution to
diagnosis of CORVIS-ST has been studied mainly for corneal ectasia, but there is a lack of
data about the differential role of CORVIS parameters in the glaucoma spectrum.
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Abstract: We analyzed the vascular densities (VDs) of the optic disc areas in eyes with normal-tension
glaucoma (NTG) according to their branch retinal vessel occlusion (BRVO) status. The VDs of the
optic discs and peripapillary areas of 68 NTG patients with BRVO (BRVO group; BRVO eyes and
fellow eyes) and 37 patients with NTG alone (control eyes) were measured on angiographic images
obtained via swept-source optical coherence tomography angiography. VDs were compared among
groups and correlations were assessed. The VD of the optic disc large vessel was the highest in BRVO
eyes, followed by the fellow eyes and controls (all P < 0.05). Conversely, small and medium vessel
VD was in the opposite order (all P < 0.05). Large vessel VD was negatively correlated with small
and medium vessel VD (r = −0.697, P < 0.001). Peripapillary VD was lower in the BRVO eyes than in
the control and fellow eyes (P < 0.001 and P = 0.861, respectively). In conclusion, significant changes
in the distribution of VDs for optic disc larger vessel and small and medium vessels were observed
in both eyes of NTG patients with BRVO, compared to NTG patients without BRVO.

Keywords: OCTA; vessel density; disc; peripapillary; NTG; BRVO

1. Introduction

An association between retinal vein occlusion (RVO) and glaucoma has been docu-
mented in many previous studies [1–8]. The prevalence of normal-tension glaucoma (NTG)
has been reported to be higher in eyes with RVO than in the general population [1]. This
pathogenesis may be explained by abnormal disc anatomy, elevated intraocular pressure
(IOP), and the effects of various vascular factors. In the Ocular Hypertension Treatment
Study, a greater cup-to-disc ratio was associated with RVO development in patients with
elevated IOP [9]. Changes in disc hemodynamics may also link RVO and glaucoma,
especially in eyes with NTG; such changes play pathogenic roles in both diseases [10–12].

Recently, optical coherence tomography angiography (OCTA) has been extensively
used to analyze the vascular structures of the retina and disc area; OCTA facilitates the
detailed, noninvasive evaluation of retinal and choroidal microvascular structures. The
results of OCTA studies have supported the notion that hemodynamic changes may trigger
glaucoma. Such studies have revealed reduced vascular densities (VDs) in the optic
disc and peripapillary area in eyes with glaucoma, including NTG [13–17]. The recent
publication of a meta-analysis of OCTA VDs in glaucoma patients confirmed a significant
reduction in the mean peripapillary, whole optic disc, and inside-disc VDs [18]. Reduced
VD has been associated with disease severity and progression [19–21].

Given that pathogenic hemodynamic parameters are shared by eyes with NTG and
eyes with RVO, an analysis of vessel structures around the disc in patients with these
diseases might afford useful insights into the roles played by vascular changes. Here, we

J. Clin. Med. 2021, 10, 2574. https://doi.org/10.3390/jcm10122574 https://www.mdpi.com/journal/jcm

135



J. Clin. Med. 2021, 10, 2574

identified changes in the vascular structures of the optic disc and peripapillary area and we
used OCTA to quantitatively analyze the VDs of eyes with NTG, according to their branch
retinal vein occlusion (BRVO) status.

2. Materials and Methods

This observational case-control study was performed using medical records. The
study was approved by the Institutional Review Board of Seoul St. Mary’s Hospital
(KC18RESI0852). Patients were informed of the study, but the requirement for written
informed consent was waived because of the retrospective nature of the study. The study
was conducted in accordance with the tenets of the Declaration of Helsinki.

2.1. Patients

Consecutive patients with NTG (with or without BRVO) in both eyes who visited
Seoul St. Mary’s Hospital (Seoul, Korea) between March 2018 and March 2020 were
enrolled. The number of patients in each group was decided using a two-tailed trial for
80% power and 5% significance. NTG diagnostic criteria were: (1) glaucomatous optic
disc change (i.e., rim thinning, disc hemorrhage, rim notch, or vertical cup-to-disc ratio
greater than that of the other eye by ≥0.2-fold) and glaucomatous visual field (VF) loss
(i.e., pattern standard deviation (P < 0.05) or glaucoma hemifield test result (P < 0.01)
outside the normal limits, exhibiting a consistent pattern in the Bjerrum areas of both
VFs); (2) maximum IOP < 22 mm Hg (without glaucoma medications) as determined by
repeated measurements performed on different days; and (3) an open angle on gonioscopic
examination.

BRVO was defined as retinal venous obstruction in a localized area of the retina,
characterized by scattered superficial and deep retinal hemorrhages, venous dilation,
intraretinal microvascular abnormalities, and occluded and sheathed retinal venules. BRVO
was diagnosed at the time of initial NTG diagnosis or during NTG follow-up.

The exclusion criteria were: (1) spherical refraction > ±6.0 diopters; (2) glaucoma with
BRVO in both eyes; (3) history of any retinal disease other than BRVO; (4) history of eye
trauma or surgery, with the exception of uncomplicated cataract surgery; and (5) any optic
nerve disease other than glaucoma.

All patients underwent a complete ophthalmic examination, including assessment
of best-corrected visual acuity (BCVA) and refractive error; slit-lamp biomicroscopy; go-
nioscopy; IOP measurement using Goldmann applanation tonometry; axial length assess-
ment via ocular biometry (IOLMaster; Carl Zeiss Meditec, Dublin, CA, USA); stereoscopic
photography and red-free fundus photography (Canon, Tokyo, Japan); Humphrey VF
testing using the Swedish Interactive Thresholding Algorithm Standard 24-2 test (Carl
Zeiss Meditec, Dublin, CA, USA); optical coherence tomography (Carl Zeiss Meditec,
Dublin, CA, USA) of the retinal nerve fiber layer (RNFL); and OCTA of the disc area (DRI
OCT Triton, Topcon Corporation, Tokyo, Japan). OCTA data regarding eyes with BRVO
were obtained during the inactive phase of BRVO (i.e., in the absence of edema and active
hemorrhage). BCVA was converted into the logarithm of the minimal angle of resolution
to allow statistical analysis.

2.2. Image Analysis

En face OCTA images (3 × 3 mm2 in area, centered at the optic disc) were obtained
for each eye. For eyes with macular edema and hemorrhage, OCTAs were taken after
subsidence of fluid and hemorrhage. All images were acquired after confirmation of
the flow signal shown on the OCT B-scan. For VD analysis, a combined image was
automatically generated by ImageNet software (ImageNet 6, ver. 1.19.11030, Topcon
Corporation, Tokyo, Japan) and the superficial and choriocapillaris layers were fused
(Figure 1A). VD was quantified as follows using FIJI software (an expanded version of
ImageJ ver. 1.51a, available at http://fiji.sc/Fiji, accessed on 10 June 2021). First, all vessels
were traced using the Frangi vesselness plugin (Figure 1B). Large vessels were defined
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as retinal arteries and veins coming from and into the optic disc, and vessel areas were
traced using the Tubness plugin (Figure 1C). Then, the total, small and medium, and large
vessel VDs were measured in regions of interest of the optic disc and peripapillary area;
the final figures were calculated by dividing the vessel area by the total region of interest
(Figure 1D,E). Peripapillary VDs were subdivided into four quadrants: superotemporal
(ST), superonasal (SN), inferonasal (IN), and inferotemporal (IT) (Figure 1E). The means
of two measurements of each VD were used. Cases with media opacities were excluded.
Only clear images with signal strength index >40 that did not exhibit blurring or artifacts
attributable to motion were analyzed.

Figure 1. Measurement of vascular density: (A) En face, optical coherence tomography angiography image of 3 × 3-mm2

disc area showing vessels from two combined layers; (B) Vessels were traced using Frangi vesselness plug-in; (C) Large
vessel areas were selected using Tubness plug-in. Regions of interest were selected in the optic disc (D) and peripapillary
area (E). Vascular density was calculated by dividing vessel area by region of interest.

2.3. Statistical Analysis

Continuous variables were marked as mean ± standard deviation. Statistical analysis
was performed using SPSS Statistics (version 23.0.1; IBM Corp., Armonk, NY, USA). In-
dependent t-test was used for the comparison between unpaired eyes, while paired t-test
was used for paired eyes after confirmation of a normal distribution using Kolmogorov–
Smirnov test. The Mann–Whitney U test and Wilcoxon signed rank test were employed
when a normal distribution could not be confirmed. Categorical variables were compared
between groups using the chi-squared test. Standardized adjustment for residuals was
used as the post hoc test after the chi-squared test. Effect of treatment modality on VD was
assessed using multinomial logistic regression. Correlation analysis was performed with
Spearman rank correlation for continuous variables and univariate logistic regression for
binary variables. A p-value < 0.05 was considered statistically significant.

3. Results

3.1. Patient Demographics and Clinical Features

In total, 68 NTG patients with BRVO (BRVO group; 68 eyes with BRVO and 68 fellow
eyes) and 37 patients with NTG alone (control group; 74 control eyes) were included in this
study. Four patients (5.6%) with low image quality were excluded. The mean patient age
was 66.97 years. There were no significant differences in age, sex, diabetes mellitus status,
cardiovascular disease status, or cerebrovascular disease status between the BRVO group
and the control group (all P > 0.05). Hypertension was more common in the BRVO group
than in the control group (P < 0.001). All the NTG patients were on treatment eyedrops: 30
were on prostaglandin analogues, 10 were on beta-blockers, 2 were on alpha-agonist, and
26 were on combination treatment. Patient demographics are summarized in Table 1.

The mean BCVA values were lower in BRVO eyes than in fellow eyes and control eyes
(both P < 0.05). The mean VF deviation was lower in BRVO eyes compared to control eyes
(P = 0.006). No other ocular parameters differed significantly between BRVO eyes, fellow
eyes, and control eyes (all P > 0.05). Ocular parameters are summarized in Table 2.
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Table 1. Demographic and clinical parameters of normal-tension glaucoma patients with BRVO and controls.

Variable Control Group (n = 37) BRVO Group (n = 68) p-Value

Age (years), mean ± SD 66.14 ± 10.89 67.81 ± 10.63 0.285 a

Sex (male/female), n 16/21 22/46 0.118 b

Diabetes mellitus, n (%) 5 (14) 15 (22) 0.133 b

Hypertension, n (%) 4 (11) 31 (46) <0.001 b *
CVD (0: no/1: yes) 4 (11) 3 (4) 0.076 b

BRVO: branch retinal vein occlusion; SD: standard deviation; CVD: cardio- or cerebrovascular disease. a Independent t-test between groups.
b Chi-square test between groups. * p-value is significant.

Table 2. Ocular parameters of the groups.

Control Eyes
(n = 74)

BRVO Eyes
(n = 68)

Fellow Eyes
(n = 68)

p-Value a p-Value b p-Value c

BCVA (logMAR), mean ± SD 0.08 ± 0.11 0.21 ± 0.26 0.11 ± 0.18 <0.001 * 0.114 <0.001 *
Refractive error (diopter), mean ± SD −0.3 ± 2.66 −1.03 ± 2.34 −0.95 ± 2.45 0.071 0.144 0.598

Axial length (mm), mean ± SD 24.3 ± 1.28 24.02 ± 1.43 23.84 ± 1.27 0.0.64 0.052 0.761
IOP (mmHg), mean ± SD 14.34 ± 3.04 14.76 ± 3.4 14.84 ± 3.59 0.448 0.271 0.961

RNFL thickness (μm), mean ± SD 83.01 ± 17.27 80.07 ± 21.51 83.09 ± 20.38 0.863 0.902 0.853
VF mean deviation (dB), mean ± SD −4.07 ± 5.79 −6.73 ± 7.56 −5.07 ± 6.92 0.006 * 0.075 0.665

Disc hemorrhage, n (%) 7 (9) 2 (3) 5 (7) 0.232 0.653 0.564

NTG: normal tension glaucoma; BRVO: branch retinal vein occlusion; BCVA: best-corrected visual acuity; SD: standard deviation; IOP:
intraocular pressure; RNFL: retinal nerve fiber layer; VF: visual field. a Mann–Whitney U test comparing control eyes and BRVO eyes.
b Mann–Whitney U test comparing control eyes and fellow eyes. c Wilcoxon signed rank test comparing BRVO eyes and fellow eyes.
* p-value is significant.

3.2. Comparison of VDs Among Groups

Although the total VD of the optic disc area did not differ between the BRVO group and
the control group (0.485 ± 0.033 vs. 0.484 ± 0.082; P = 0.835), the small and medium vessel
and large vessel VDs in the disc area significantly differed between the groups (0.232 ± 0.056
vs. 0.274 ± 0.045 and 0.260 ± 0.068 vs. 0.210 ± 0.053; both P < 0.05). Peripapillary VD
also significantly differed between the groups (0.282 ± 0.046 vs. 0.296 ± 0.038; P = 0.021)
(Figure 2). Treatment modality did not affect the VDs of the disc or peripapillary area (both
P = 0.999).

When eyes were divided into control eyes, BRVO eyes, and fellow eyes, the large
vessel VD was highest in BRVO eyes, followed by the fellow eyes and control eyes; the
small and medium vessel VD exhibited the opposite order (all P < 0.05). The BRVO eyes
exhibited lower small and medium vessel and peripapillary VDs, and higher large vessel
VDs, compared to both the control eyes and fellow eyes (all P < 0.05). The fellow eyes
exhibited a higher large vessel VD and a lower small and medium vessel VD than did the
control eyes (P < 0.001 and = 0.020, respectively) (Table 3).

Table 3. Vessel densities of the groups.

Vascular Density
Control Eyes

(n = 74)
BRVO Eyes

(n = 68)
Fellow Eyes

(n = 68)
p-Value a p-Value b p-Value c

Disc total VD 0.485 ± 0.033 0.469 ± 0.101 0.499 ± 0.051 0.835 0.031 * 0.007 *
Disc small and medium vessel VD 0.274 ± 0.045 0.212 ± 0.051 0.252 ± 0.054 <0.001 * 0.020 * <0.001 *

Disc large vessel VD 0.210 ± 0.053 0.272 ± 0.075 0.248 ± 0.059 <0.001 * <0.001 * 0.003 *
Peripapillary VD 0.296 ± 0.038 0.269 ± 0.045 0.296 ± 0.042 <0.001 * 0.861 0.017 *

Peripapillary VD ST 0.318 ± 0.057 0.277 ± 0.056 0.308 ± 0.051 <0.001 * 0.297 0.019 *
Peripapillary VD SN 0.273 ± 0.053 0.255 ± 0.055 0.286 ± 0.048 0.032 * 0.396 0.023 *
Peripapillary VD IN 0.288 ± 0.034 0.261 ± 0.053 0.278 ± 0.05 0.001 * 0.285 0.387
Peripapillary VD IT 0.316 ± 0.041 0.282 ± 0.054 0.308 ± 0.058 <0.001 * 0.452 0.017 *

BRVO: branch retinal vessel occlusion; VD: vascular density; ST: superotemporal; SN: superonasal; IN: inferonasal; IT: inferotemporal.
a Mann–Whitney U test comparing control eyes and BRVO eyes. b Mann–Whitney U test comparing control eyes and fellow eyes.
c Wilcoxon signed rank test comparing BRVO eyes and fellow eyes. * p-value is significant.
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Figure 2. VDs of the disc and peripapillary areas of patients with NTG, according to BRVO status. Small and medium
and large vessel VDs in the disc area differed significantly between patients with NTG, according to BRVO status (both
P < 0.001). Peripapillary VD was lower in BRVO group than in control group (P = 0.021).* Statistically significant P-value
with Mann–Whitney U test.

3.3. Correlation Analysis of VDs

Total, small and medium vessel, and peripapillary VDs were negatively correlated
with BCVA values (r = −0.147, −0.237, and −0.311; P = 0.034, 0.001, and <0.001, respec-
tively). Large vessel VD was positively correlated with BCVA (r = 0.159, P = 0.023). Disc
VDs were correlated with refractive error and axial length (all P < 0.05) (Table 4). Large ves-
sel VD was negatively correlated with small and medium vessel VD (r = −0.697, P < 0.001)
(Figure 3A). This correlation persisted when eyes were divided into groups (r = −0.775,
−0.559, and −0.603; all P < 0.05) (Figure 3B–D). Peripapillary small and medium vessel
VDs were positively correlated with the total and small and medium vessel VDs of the
optic disc (r = 0.307 and 0.545; both P < 0.05) and negatively correlated with the large vessel
VD of the optic disc (r = −0.226; P = 0.001) (Figure 4).
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Figure 3. Correlations between large and small and medium vessel VDs in the optic disc area: (A) Large vessel VD correlated
negatively with small and medium vessel VD; (B–D) This correlation remained consistent when patients were divided into
groups.

Figure 4. Correlation between disc and peripapillary VDs: (A,B) Total and small and medium vessel VDs of the optic disc
area were correlated positively with peripapillary VD; (C) Larger vessel VD of the optic disc area was correlated negatively
with peripapillary VD.
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Table 4. Correlation between vascular density and clinical parameters.

Vascular Desity Age a Sex b DM b HBP b CVD b BCVA a

Disc total VD
Coefficient −0.076 −0.076 −0.038 0.090 0.043 −0.147 *

p-value 0.274 0.274 0.582 0.196 0.533 0.034
Disc small and

medium VD
Coefficient −0.305 * −0.058 −0.204 * −0.111 −0.019 −0.237 *

p-value 0.000 0.409 0.003 0.111 0.790 0.001

Disc Large VD Coefficient 0.163 * 0.023 0.096 0.135 0.041 0.159 *
p-value 0.019 0.738 0.171 0.054 0.558 0.023

Peripapillary
VD

Coefficient −0.206 * 0.125 −0.112 −0.018 0.022 −0.311 *
p-value 0.003 0.073 0.110 0.799 0.757 0.000

Peripapillary
VD ST

Coefficient −0.198 * 0.102 −0.161 * −0.070 −0.042 −0.270 *
p-value 0.004 0.146 0.021 0.320 0.552 0.000

Peripapillary
VD SN

Coefficient −0.166 * 0.038 −0.010 0.134 0.001 −0.319 *
p-value 0.017 0.585 0.884 0.055 0.989 0.000

Peripapillary
VD IN

Coefficient −0.146 * 0.081 −0.087 −0.053 0.069 −0.244 *
p-value 0.037 0.247 0.212 0.453 0.326 0.000

Peripapillary
VD IT

Coefficient −0.145 * 0.139 * −0.128 −0.128 0.043 −0.204 *
p-value 0.038 0.047 0.066 0.068 0.540 0.003

Vascular Desity
Refractive

Error a
Axial

Length a IOP a RNFL
Thickness a

VF Mean
Deviation a

Disc
Hemorrhage b

Disc total VD
Coefficient 0.176 * −0.211 * −0.088 0.105 0.183 * 0.016

p-value 0.011 0.002 0.207 0.132 0.008 0.821
Disc small and

medium VD
Coefficient −0.218 * 0.169 * −0.047 −0.005 0.109 0.069

p-value 0.002 0.015 0.505 0.940 0.118 0.326

Disc Large VD Coefficient 0.236 * −0.242 * 0.031 0.025 −0.028 −0.060
p-value 0.001 0.000 0.654 0.716 0.695 0.393

Peripapillary
VD

Coefficient 0.034 −0.065 −0.039 0.247 * 0.277 * 0.027
p-value 0.630 0.356 0.581 0.000 0.000 0.697

Peripapillary
VD ST

Coefficient −0.015 −0.030 −0.044 0.114 0.234 * 0.116
p-value 0.832 0.668 0.531 0.104 0.001 0.096

Peripapillary
VD SN

Coefficient 0.032 −0.037 −0.007 0.254 * 0.162 * 0.057
p-value 0.646 0.596 0.922 0.000 0.020 0.414

Peripapillary
VD IN

Coefficient 0.054 −0.049 −0.029 0.176 * 0.233 * −0.016
p-value 0.437 0.486 0.682 0.011 0.001 0.825

Peripapillary
VD IT

Coefficient 0.086 −0.092 −0.047 0.208 * 0.256 * −0.076
p-value 0.221 0.189 0.505 0.003 0.000 0.275

DM: diabetes mellitus; HTN: hypertension; CVD: cardio- or cerebrovascular disease; BCVA: best-corrected visual acuity; IOP: intraocular
pressure; RNFL: retinal nerve fiber layer; VF: visual field; VD: vascular density; ST: superotemporal; SN: superonasal; IN: inferonasal; IT:
inferotemporal. a Spearman rank correlation. b Logistic regression. * P < 0.01 (two-tailed).

4. Discussion

An understanding of hemodynamic changes in the optic disc area may yield valu-
able insights into the pathogenesis of NTG and BRVO. OCTA enables the noninvasive
visualization of vessels in the retina and optic disc as well as the quantification of vessel
parameters, thus imparting detailed information regarding hemodynamic changes associ-
ated with disease. Here, we quantitatively analyzed the VDs of optic disc vessels evident
in OCTA images of eyes with NTG, according to their BRVO status; we compared these
findings between and among groups. We found differences in the VDs of the optic disc
and peripapillary area between eyes with NTG, according to their BRVO status; we also
found correlations between the VDs of the large and small and medium vessels in the
disc and peripapillary area. Our principal findings were that BRVO was associated with
enhanced large vessel VD and reduced small and medium vessel VD in the optic disc. This
was evident in both eyes with BRVO and fellow eyes. Furthermore, the large vessel and
small and medium vessel VDs differed significantly between fellow eyes with NTG alone
and control eyes, suggesting that such changes may contribute to NTG development in
patients with BRVO. Peripapillary VD was significantly reduced only in eyes with NTG +
BRVO, suggesting that the change may be attributable to BRVO.
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The contributions of large and small and medium vessels to the disc VD differed
between eyes with NTG, according to their BRVO status. In NTG patients with BRVO,
the mean VD of large vessels was higher, whereas the mean VD of small and medium
vessels was lower. As factors that might affect disc vasculature (e.g., age, comorbid
diabetes, refractive error, and axial length; Table 4) were comparable among the groups,
our interpretation may be valid. Considering the negative correlation between large and
small and medium vessel densities observed in the current study, the engorgement of
large vessels (especially veins) may be followed by the attenuation of small and medium
vessels in eyes with BRVO. The peripapillary VDs were also lower in eyes with BRVO. The
optic disc head occupies a limited space; thus, the enhanced large vessel volume caused
by congestion may trigger the mechanical compression of small and medium vessels.
However, the details of this underlying mechanism requires further investigation.

The fellow eyes in patients with BRVO exhibited a greater large vessel VD and a lower
small and medium vessel VD compared to the control eyes, suggesting that underlying
systemic factors affect both eyes in patients with BRVO. Hypertension is a possible con-
tributing factor: this demographic differed between patients with BRVO and the control
group. In a previous study, we showed that patients with BRVO exhibited more rapid
glaucoma progression in their fellow eyes compared to patients with glaucoma who did
not develop BRVO [22]. The difference in fellow eye hemodynamics between patients
with BRVO and the control group, observed in the present study, might be relevant in this
context.

Here, we also found that the fellow eyes of patients with BRVO exhibited a significantly
lower small and medium vessel VD in the optic disc, compared with the control eyes. The
peripapillary VD parameters did not differ between the fellow eyes in the patients with
BRVO and the control eyes, suggesting that a small and medium vessel VD change in the
optic disc may accelerate glaucoma progression in the glaucomatous fellow eyes of patients
with BRVO [19]. Systemic factors may trigger changes in the disc VDs of both eyes, thereby
increasing the proportion of large vessels in patients who develop BRVO, followed by more
prominent changes. As this was a cross-sectional study, we could not determine whether
the phenomenon was a cause or a result of BRVO.

Blood flows from two principal sources to the optic disc. The superficial layers of
the optic nerve head (i.e., the RNFL) are supplied by the central retinal artery; the deeper
layers (i.e., the prelaminar, lamina cribrosa, and retrolaminar regions) are supplied by
the posterior ciliary artery [23]. Analysis of these respective layers would yield detailed
information regarding whether the observed changes reflect alterations in the branches
of the central retinal or posterior ciliary arteries. However, the resolution of the current
OCTA systems is inadequate for such analysis; it may be achieved in the future by using
more powerful angiographic imaging systems.

The peripapillary VDs of the entire region and all four quadrants were lower in eyes
with BRVO than in fellow eyes and controls, consistent with the results of a previous study
by Shin et al. [24]. Notably, Shin et al. reported that various peripapillary microvascular
parameters were lower in the fellow eyes of patients with RVO. Most of the vessels visible
on OCTA scans of the peripapillary area are retinal radial peripapillary capillaries [25].
These radial peripapillary capillaries branch from the central retinal artery; thus, a lower
peripapillary VD can be largely explained by a reduction of perfusion from the central
retinal artery, perhaps attributable to the venous engorgement of eyes with BRVO and the
negative correlation between the large vessel VD of the optic disc and the peripapillary
VD, despite the weak correlation. However, this may be less important than in the optic
disc area, as the peripapillary area is not a limited space. Other possible causes of reduced
central retinal artery perfusion include capillary attenuation attributable to vasospasm,
atherosclerosis, or shunting.

Our study had the limitations inherent to all cross-sectional retrospective analyses.
Systemic factors which are suspected to alter VD, such as blood pressure, were not available
due to the retrospective nature of the study. As mentioned above, we could not investigate
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causal relationships between vessel changes and disease development; we showed only
that hemodynamic changes are evident. However, to the best of our knowledge, this study
was the first to quantitatively analyze disc vessel density in eyes with NTG, according
to their BRVO status. As hemodynamic factors play important pathophysiological roles
in both NTG and BRVO, we believe that these results deepen our understanding of the
pathogenesis of both diseases. Additionally, although there may be a small chance of
inaccurate vessel separation due to the inherent errors of the OCTA system, each step in
the VD measurement method used in this study was automatized, therefore yielding high
repeatability and reproducibility.

In conclusion, we measured the VDs of the optic disc area of eyes with NTG, according
to their BRVO status; in eyes with BRVO, we revealed the enhancement of large vessel VD
and reduction of small and medium vessel VD as well as the reduction of peripapillary
VD. The large vessel VD was significantly enhanced and the small and medium vessel
VD was significantly reduced in fellow eyes (with NTG alone) in patients with BRVO,
suggesting that hemodynamic changes may be involved in the progression of NTG or
BRVO in these patients. Our results suggest that the hemodynamics around the disc area
differ in eyes with NTG, according to their BRVO status, and may be associated with
disease development or progression. Prospective follow-up studies with larger samples
are required to confirm our findings.
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Abstract: Purpose: To investigate the association of decreased vessel density (VD) in the deep
peripapillary region and structural features of the lamina cribrosa (LC). Materials and Methods:
70 eyes of glaucoma suspects with enlarged cup-to-disc ratio were scanned and 51 eyes with adequate
image quality were included in this study. All subjects had localized VD defects in the deep layer but
intact VD in the superficial layer around the peripapillary region using optical coherence tomography
angiography (OCTA). Only single-hemizone OCTA results from one eye of each subject had to fulfill
the distinctive feature mentioned above to perform inter-eye and inter-hemizone comparisons. The
thickness and depth of the LC, and prelaminar thickness were measured using enhanced depth
imaging OCT (EDI-OCT). Paired t-tests were performed to evaluate differences in measurements of
the LC and prelaminar thickness within each individual. p-values lower than 0.05 was considered to
be statistically significant. Results: Eyes with deep VD defects in the peripapillary region in OCTA
had thinner LC than the fellow eyes. The hemizone with the deep VD defects in the peripapillary
region had a thinner LC and a deeper depth of LC than the other hemizone in the same eye. According
to logistic regression analysis, a thin LC was a significant factor associated with deep VD defect in the
peripapillary region. Conclusions: Glaucoma suspect eyes with deep VD defects in the peripapillary
area exhibited structural differences in the LC. The structural changes of the LC was associated with
the vessel density in the deep peripapillary layer at the stage of suspected glaucoma.

Keywords: glaucoma suspect; lamina cribrosa; optical coherence tomography angiography;
peripapillary vessel density

1. Introduction

The pathogenesis of glaucoma has been studied continuously, and a number of hy-
potheses have been proposed to explain glaucomatous damage of retinal ganglion cells
(RGCs). The hypotheses have largely been based on two main theories—structural the-
ory and vascular theory [1,2]. According to structural theory, deformation of the lamina
cribrosa (LC) is the presumed site of glaucoma-related neural damage. LC compression
and the resultative focal LC defects have been reported to be the important structural
changes of glaucoma, and associated visual field (VF) and retinal nerve fiber layer (RNFL)
loss were noticeable [3,4]. However, the interest of vascular dysregulation has also been
investigated consistently as a factor preceding or coinciding with the onset of glaucoma
and its progression [5–9].

Owing to recent advances in optical coherence tomography angiography (OCTA),
reproducible and non-invasive methods of vascular status measurement are now widely
used [10]. The automated layer segmentation allows for en-face imaging of deep vascular
details of the macula and peripapillary area, layer by layer, to choroid [11–13].

When analyzing OCTA results by layer, the microvasculature of the superficial reti-
nal layer mainly includes the RNFL, ganglion cell and inner plexiform layer (GCIPL).

J. Clin. Med. 2021, 10, 2373. https://doi.org/10.3390/jcm10112373 https://www.mdpi.com/journal/jcm
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Glaucomatous damage occurs in the RNFL and ganglion cell layer (GCL); therefore, it
is difficult to suggest that decreased vessel density (VD) in the superficial layer could
have a causative or resultant relationship with RGC loss. On the other hand, the deep
retinal layer including the inner nuclear layer (INL) is relatively less affected by glaucoma,
and focusing on changes in vessel density of the deep retinal layer could be useful for
monitoring microvasculature changes without the interference of retinal structural thinning
in glaucoma patients. The previous studies of our research team have already reported the
implications of vessel changes in the deep retinal layer of the macular region [14,15].

In the case of the peripapillary area, we hypothesized that these changes in the deep
layer could be meaningful to observe alterations of vessel density without the interference
from structural thinning, as occurs in the macula. Sung et al. reported that the peripapillary
microvasculature of the deep layer was related to the structural characteristics of optic
nerve head (ONH) such as tilt and rotation in myopia [16]. In addition, we detected that
there were some patients with localized vessel density defects in the deep layer but intact
VD in the superficial layer of peripapillary area among glaucoma suspect subjects in our
clinic. These cases raised questions about how deep peripapillary vessel was altered in
glaucoma suspect with intact superficial flow.

Therefore, the purpose of this study was to investigate the clinical features to having
deep peripapillary VD defects in glaucoma suspect. To minimize the effects of systemic
factors on both eyes, we performed inter-eye and intra-eye comparisons.

2. Materials and Methods

2.1. Study Design and Population

This cross-sectional study was performed according to the tenets of the Declara-
tion of Helsinki and was approved by the Institutional Review and Ethics Boards of
Seoul St. Mary’s Hospital, South Korea. The need for written informed consent was waived
by our Review Board. We included 70 subjects with a diagnosis of glaucoma suspect from
Seoul St. Mary’s Hospital between January 2018 and February 2020.

All subjects underwent comprehensive ophthalmic examinations as in previous OCTA
related studies [15]. Examinations included best-corrected visual acuity (BCVA), slit-
lamp examination, Goldmann applanation tonometry, gonioscopy, and dilated fundus
biomicroscopy. Color fundus and red-free RNFL photographs were obtained with a
nonmydriatic retinal camera (Canon, Tokyo, Japan), and standard automated perimetry
(SAP) using the Swedish interactive threshold standard algorithm (SITA) 24-2 program
(Humphrey Visual Field Analyzer; Carl Zeiss Meditec, Dublin, CA, USA), circumpapillary
retinal nerve fiber layer (cpRNFL) and macular GCIPL (mGCIPL) thicknesses were obtained
by DRI OCT (Topcon, Tokyo, Japan) for diagnosis of glaucoma suspect. A history of
diabetes, hypertension or cerebrovascular disease was documented, and symptoms of
hemodynamic instability such as migraine or cold extremities were also recorded. All
subjects had open angles on gonioscopy, BCVA of 20/40 or better and intraocular pressure
(IOP) of 21 mmHg or lower.

Glaucoma suspect in this study was defined as having normal RNFL thickness in
OCT results with only a vertical C/D ratio ≥ 0.5 or asymmetric optic discs in both eyes
(asymmetry of C/D ratio between two eyes ≥ 0.2 that was not caused by the difference in
optic disc size or shape). Each photograph was reviewed by two independent glaucoma
specialists (SJJ and HYP). In case of disagreement of judgement, a senior reviewer (CKP)
adjudicated. RNFL thickness was considered to be normal if it was within 95% of the values
within the internally embedded database of healthy, age-matched normal population and
it was marked in the green color sector of the temporal-superior-nasal-inferior-temporal
(TSNIT) graph. Glaucoma hemifield test results of glaucoma suspect were within normal
limits based on a minimum of two reliable visual field measures.

Patients were excluded if they met any of the following criteria: (1) a history of
non-glaucomatous optic neuropathy; (2) a history of eye trauma or surgery except for
uncomplicated cataract extraction; (3) pathologic myopia (chorioretinal atrophy, intra-
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choroidal cavitation, choroidal neovascularization, lacquer crack) (4) other retinal diseases
including diabetic retinopathy and retinal vascular diseases such as vascular occlusion
or uveitis.

2.2. Identification of Study Subjects with VD Defects in the Deep Peripapillary Area Using OCTA

OCTA images were acquired through DRI OCT Triton system (Topcon, Tokyo, Japan)
using a swept source laser with a wavelength of 1050 nm and a raster scan protocol.
OCTA is based on Topcon OCT angiography ratio analysis (OCTARA) algorithm that
could improve the detection of low blood flow by combining ratio analysis from different
scanning intervals [17]. An active eye tracker was used to reduce motion artifact during
imaging. In the peripapillary region, automated layer segmentation was performed. For
the imaging of superficial peripapillary microvasculature, the radial peripapillary capillary
segment extending from the internal limiting membrane (ILM) to the RNFL was analyzed.
For the imaging of deep peripapillary microvasculature, the embedded segmentation
program demarcated the boundary line from 130 μm below the ILM to 390 μm below
the basement membrane including the INL, outer plexiform layer (OPL), outer nuclear
layer (ONL), and choroid. Highly myopic eyes with a spherical equivalent < −12.0 D or
staphyloma were excluded for clear image acquisition around the ONH. The images with
image quality scores over 70 were selected.

From OCTA images, we identified the study subjects with VD defects in the deep
layer of peripapillary area but with intact superficial VD. Figure 1 represents the subjects
meeting these criteria. Systemic vascular factors could function as a confounding factor in
assessing the relationship between peripapillary vessel density and the structural change of
LC. Therefore, in order to minimize the influence of the systemic factors, we included only
subjects with decreased deep peripapillary VD in one eye and normal VD in the opposite
eye to perform inter-eye comparison in one subject and inter-hemizone comparison in
one eye.

2.3. Lamina Cribrosa Measurements Using Enhanced Depth Imaging OCT

Lamina cribrosa imaging was performed using enhanced depth imaging OCT (EDI-
OCT) device (Heidelberg Engineering, Heidelberg, Germany). Radial 2D b-scans centered
on the optic disc were obtained with the Heidelberg Spectralis OCT (Spectralis software
version 5.1.1.0, Eye Explorer Software 1.6.1.0) using a wavelength of 870 nm providing
up to 40,000 A scans/sec, with a depth resolution of 7 μm and a transversal resolution of
14 μm.

The detailed measurement of the lamina cribrosa and prelaminar thickness using
EDI-OCT was performed as described previously [18,19]. The thickness and depth of the
LC were measured at three different locations; mid-superior, central, and mid-inferior. The
LC thickness was defined as the distance between the anterior and posterior borders of the
highly reflective region at the vertical center of the ONH in the horizontal cross-sectional
B-scans. For LC depth and prelaminar thickness measurements, we drew a reference line
connecting both ends of Bruch’s membrane opening. A perpendicular line was drawn from
the center of the reference line to the anterior border of LC in each B-scan, which we defined
as LC depth. Similarly, the prelaminar thickness was measured along the perpendicular
line from the anterior border of the reflective region to the anterior border of the highly
reflective region, which is the anterior laminar border.

For inter-eye comparisons, the mean of the three measurements (mid-superior, central,
and mid-inferior) was defined as the LC thickness, LC depth, and prelaminar thickness.
For inter-hemizone comparisons within each eye, three locations of the same interval from
each hemizone were measured and the mean of these three measurements was also used
as the representative value.
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Figure 1. (A) Superficial peripapillary OCT angiography in the superficial layer (from the retinal
nerve fiber layer (RNFL) to 130 μm below the internal limiting membrane (ILM) including the
ganglion cell-inner plexiform (GCIPL) layer). (B) Deep peripapillary OCT angiography in the deep
layer (from 130 μm below the ILM to the basement membrane including the inner nuclear layer
(INL)). (C) RNFL OCT and visual field test with increased cup-disc ratio (CDR) which indicate
glaucoma suspect. There are subjects among glaucoma suspect patients with wedge-shaped VD
defect in the deep layer of peripapillary area (indicated as arrows in B), even though the vessel
density in the superficial layer is unaffected (intact vascular status in A).

Two independent observers (SJJ and HYP) each repeated LC measurements, three
times as mentioned above. The values of six results were averaged, and the mean value was
used in the analyses. To assess interobserver and intraobserver reproducibility, intraclass
correlation coefficient (ICC) was calculated from 15 randomly selected measurements. The
interobserver ICC for LC thickness was 0.915, ICC for LC depth was 0.927, and ICC for
prelaminar thickness was 0.894. In addition, intraobserver ICC showed excellent agreement
of the LC and prelaminar thickness—ICC was 0.975, 0.988 and 0.971 for LC thickness, LC
depth and prelaminar thickness, respectively.

Only images with quality scores > 20 were used, and when necessary, the images were
re-examined. Each EDI scan included an average of 20 OCT frames; if more than three of
the radial scans were unrecognizable, the eye was excluded. We excluded patients with
lens opacity that could interfere image quality and localization of lower LC border.

2.4. VF Sensitivity and Macular Vessel Density

VF sensitivity was calculated as the mean value of the threshold in the pattern devia-
tion map of SITA 24-2. Measurement of macular vessel density in OCTA using binary slab
images were performed as described in previous studies [14,15,20]. In short, the binarized
images created using ImageJ software (National Institutes of Health, Bethesda, MD, USA)
were segmented into an area of interest and background after using the “adjust threshold”
tool, which automatically sets the lower and upper threshold values. After the white pixels
were designated as vessels and the black pixels as background, the vessel density was
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calculated as a percentage of the total area of the white pixels divided by the total pixel
area of the image.

3. Statistical Analysis

All data are presented as means ± standard deviation. The interobserver and in-
traobserver agreements for LC measurements and prelaminar thickness were assessed by
calculation of intraclass correlation coefficients (ICC). Paired t-tests were used for inter-eye
and inter-hemizone comparisons of continuous variables. Chi-square tests were used to
compare categorical variables between eyes. For logistic regression analyses, variables with
p values < 0.3 in univariate analyses were included in the multivariate analysis. p value
threshold of 0.1 could include only one variable in the multivariate analysis, we desig-
nated p value threshold of 0.3 to include multiple variables. All statistical analyses were
performed with SPSS version 24.0 (IBM Corp., Armonk, NY, USA). p < 0.05 was considered
to be statistically significant.

4. Results

This study initially included 70 subjects with a diagnosis of glaucoma suspect. Among
them, there were 19 subjects with poor OCTA or EDI-OCT images that were subsequently
excluded from our analyses. Table 1 described the baseline characteristics of study subjects.
The number of eyes with a superior location of deep VD defects with our interest in OCTA
was greater than those with an inferior location.

Table 1. Comparisons of baseline characteristics of study subjects (n = 51).

Age (years) 49.92 (±13.85)
Axial length (mm) 25.13 (±1.60)

Male:Female 21:30
Hypertension (%) 9 (17.64)

Diabetes (%) 4 (7.84)
Systemic vascular dysregulation (%) * 9 (17.64)
Right eye with deep VD defects (%) 14 (27.45)

Superior location of deep VD defects (%) 32 (62.74)
* Systemic vascular dysregulation included history of migraine, cold extremities, cerebrovascular problems,
angina or arrhythmia.

Table 2 showed the inter-eye comparisons of study subjects. The eyes with VD defects
in the deep peripapillary area had a thinner LC thickness than the fellow eyes with intact
VD (p < 0.001). However, the cpRNFL thickness, mean deviation (MD) and mean sensitivity
of VF were not statistically different.

Table 2. Comparisons between eyes with deep VD defects and fellow eyes without deep VD defects.

Eyes with
Deep VD Defects

(n = 51)

Fellow Eyes without
Deep VD Defects

(n = 51)
p Value

Disc hemorrhage (%) 3 (5.88) 2 (3.92) 0.647
BCVA (decimal) 0.96 (±0.08) 0.93 (±0.13) 0.245

Intraocular pressure (mmHg) 16.69 (±4.48) 16.43 (±3.89) 0.760
Axial length (mm) 25.10 (±1.55) 25.17 (±1.66) 0.485

RNFL OCT variables
cpRNFL thickness 89.25 (±8.73) 89.73 (±9.06) 0.790

Rim area 1.12 (±0.27) 1.07 (±0.22) 0.268
Disc area 2.17 (±0.51) 2.07 (±0.45) 0.309

Average C/D ratio 0.66 (±0.12) 0.67 (±0.11) 0.859
Vertical C/D ratio 0.63 (±0.12) 0.63 (±0.11) 0.986

Cup vlume 0.42 (±0.27) 0.41 (±0.25) 0.804
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Table 2. Cont.

Eyes with
Deep VD Defects

(n = 51)

Fellow Eyes without
Deep VD Defects

(n = 51)
p Value

SITA 24-2 MD (dB) −0.68 (±1.46) −0.51 (±1.52) 0.569
SITA 24-2 mean sensitivity (dB) 29.72 (±1.72) 30.29 (±1.82) 0.299

LC thickness (μm) 208.92 (±33.56) 228.57 (±31.93) <0.001
LC depth (μm) 607.71 (±175.26) 631.51 (±202.67) 0.297

Prelaminar thickness (μm) 109.44 (±41.96) 113.82 (±54.45) 0.521
Macular VD

Superficial layer (%) 36.05 (±2.24) 35.82 (±2.40) 0.660
Deep layer (%) * 43.47 (±3.25) 43.47 (±2.84) 0.608

Paired t-test was used. VD: vessel density; LC: lamina cribrosa * Macular vessel density of deep layer mainly
included the area of inner nuclear layer.

Based on Table 3, we performed inter-hemizone comparisons between each subject’s
hemizone with deep VD defect and the unaffected other. The hemizone with deep VD
defect had worse VF sensitivity (p < 0.001). In addition, the LC thickness was thinner and
the LC depth was deeper in the hemizone with deep VD defect (p < 0.001 and p = 0.014,
respectively). In other words, the LC of the hemizone with deep VD defect was thinner
and more deeply located than the hemizone without deep VD defect.

Table 3. Inter-hemizone comparisons in eyes with deep VD defects.

Hemizone with
Deep VD Defects

Hemizone without
Deep VD Defects

p
Value

cpRNFL thickness
ISNT map * 112.82 (±13.73) 111.64 (±18.65) 0.771

Clock-hour map † 93.22 (±13.77) 88.71 (±17.78) 0.176
SITA 24-2 mean sensitivity (dB) 29.40 (±1.99) 30.17 (±1.83) <0.001

LC thickness (μm) 189.82 (±33.50) 219.16 (±34.46) <0.001
LC depth (μm) 657.37 (±158.86) 622.63 (±162.02) 0.014

Prelaminar thickness (μm) 146.31 (±83.86) 162.33 (±81.51) 0.296
Macular vessel density of deep layer (%) ‡ 42.71 (±4.96) 45.29 (±7.06) 0.147

Paired t-test was used. VD: vessel density; LC: lamina cribrosa. * Superior and inferior RNFL thickness were
compared. † Superotemporal (12, 1, 2 o-clock) and inferotemporal (4, 5, 6 o-clock) RNFL thickness were compared.
‡ Macular vessel density of deep layer mainly included the area of inner nuclear layer.

The inter-eye or inter-hemizone correlations between LC thickness and depth are
described in Figure 2 using scatterplots. Most eyes with deep peripapillary VD defects had
thinner lamina. Most hemizones with deep peripapillary VD defects also had thinner and
even deeper LC.

The factors associated with presence of deep peripapillary VD defect were evaluated
using logistic regression analyses (Table 4). In univariate and multivariate analyses, the LC
thickness was a significant factor associated with deep VD defect in the peripapillary area.
The eyes with thinner LC had higher probability of showing deep peripapillary VD defect.
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Figure 2. Scatter plots showing comparisons of the thickness and depth of lamina cribrosa (A) between eyes with deep
vessel density (VD) defects and the contralateral eyes with intact VD, and (B) between hemizones with deep VD defects and
the other hemizones with intact VD in OCT angiography.

Table 4. Factors associated with deep VD defects from OCTA.

Univariate Multivariate

Exp(ß) 95% CI p Value Exp(ß) 95% CI p Value

Disc hemorrhage 1.531 0.245 to 9.574 0.649
Axial length 1.020 0.774 to 1.344 0.887

SITA 24-2 MD (dB) 0.924 0.706 to 1.209 0.565
SITA 24-2 sensitivity (dB) 0.825 0.573 to 1.188 0.288 0.864 0.600 to 1.244 0.432

RNFL OCT variables
cpRNFL thickness 0.994 0.951 to 1.039 0.788

Rim area 2.540 0.481 to 13.429 0.272 2.094 0.124 to 34.798 0.606
Disc area 1.528 0.677 to 3.451 0.297 1.110 0.199 to 6.208 0.905

Average C/D ratio 0.733 0.025 to 21.331 0.857
Vertical C/D ratio 0.970 0.032 to 29.428 0.986

Cup volume 1.214 0.268 to 5.513 0.801
LC thickness (μm) 0.980 0.967 to 0.993 0.003 0.980 0.962 to 0.999 0.041

LC depth (μm) 0.999 0.997 to 1.001 0.524
Prelaminar thickness (μm) 0.998 0.990 to 1.006 0.651

Macular VD (%)
Superficial layer 1.043 0.866 to 1.257 0.656

Deep layer 1.000 0.868 to 1.153 0.997

Variables with p values < 0.3 on univariate analysis were included in the multivariate analysis. p value threshold of 0.3 was designated to
include multiple variables in the multivariate analysis. VD: vessel density; OCTA: optical coherence tomography angiography; MD: mean
deviation; LC: lamina cribrosa.
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Representative cases are presented in Figures 3 and 4. The eyes of a 60-year-old
woman with deep peripapillary VD defect in her left eye showed thinner LC compared
with her unaffected right eye (Figure 3). In Figure 4, the left eye of a 47-year-old man
showed deep peripapillary VD defect in the superotemporal region. The left EDI-OCT
image was from the inferior half with an intact OCTA and the right image was from the
superior half with deep VD defect. The LC thickness was thinner and LC depth was deeper
in his superior hemizone than the inferior.

Figure 3. A representative case. (A) A 60-year old woman with decreased deep OCTA vessel density of peripapillary area
in her left eye. (B) The thickness of lamina cribrosa in her left eye with abnormal vessel density was thinner than that in her
right eye with normal vessel density.

Figure 4. A representative case. (A) A 47-year old man with deep VD defect in his superotemporal peripapillary area of left
eye. (B) The lamina cribrosa of his superior half was thinner and more deeply located than that of his inferior half.
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5. Discussion

The present study started with the identification of altered vessel density from the
deep peripapillary area including INL, OPL, ONL and choroid among glaucoma suspects.
In these cases, the superficial peripapillary vessel density in the RNFL and GCL was
intact with normal range of structural thickness of the layer. We tried to search for the
distinctive clinical characteristics of those eyes compared to glaucoma suspect eyes without
deep peripapillary vessel density alteration. Both structural and functional traits were
investigated by comparing bilateral eyes of one subject. The reason we conducted the inter-
eye and inter-hemizone comparisons was to minimize the effect of systemic conditions on
the vessel density of the ONH.

Tepelus et al. previously suggested the decreased choroidal vascular parameters
within the macula and ONH area in glaucoma patients compared with normal controls [21].
The OCTA changes of choriocapillaries located in the deep peripepillary area was called as
microvascular dropout and have been focused in glaucoma [22–24]. Likewise, several stud-
ies have consistently asserted there should be a focus on the changes occurring in vessels
in the deep layer of microvasculature in glaucoma [25–27]. Sung et al. reported that the
deep peripapillary microvascular reduction was associated with structural characteristics
of the optic disc, such as tilt in myopic eyes [16]. The differential mechanical strain near
the ONH could affect the structure of the optic disc and peripapillary microvasculature,
and consequently, might affect the eye’s susceptibility to glaucoma development.

In the present study, the eyes with deep peripapillary VD defects had thinner LC than
the fellow eye. In addition, the hemizone with abnormal deep peripapillary OCTA images
showed not only thinner but had a more deeply located LC than the other hemizone. LC
thickness was the factor associated with peripapillary VD defects in the deep layer. This
finding was consistent with previous reports that structural characteristics of the optic disc
were related with microvascular changes in the peripapillary area. To our knowledge, this
is the first study investigating microvasculature alterations in glaucoma suspect to consider
the changes occurring in the deep peripapillary layer as from the INL to the choroid.

While the mechanism explaining the association between changes in the LC and
microvasculature change might not be definite, we have several hypotheses. First, eyes
with thin LC may intrinsically have weak structure against mechanical strain on the
optic disc. Structural weakness may be consistent in the extracellular matrix (ECM) of
microvasculature. The weak ECM would interfere with capillary integrity [28] and, in
accordance, could result in increased microvascular vulnerability to vascular dysregulation.
Second, it is also possible that the retinal artery within the deep retina (INL, OPL and
ONL) could be physically obliterated when the LC itself becomes compressed as a result of
increased strain around the ONH. According to Prada et al. [29] the characteristics of the
microvasculature around the ONH in the laminar and prelaminar region could affect the
blood flow of the deep retina. In other words, strain over the ONH could subsequently
effect the small microvasculature of the deep retina piercing the LC and flowing to the
deep layer of peripapillary area. Since the vessels of the superficial retina are larger than
those of the deep retina [30], it might be possible that only the microvascular change in the
deep retina appeared before changes to the superficial retina could occur under the normal
range of IOP with gentle strain. From our results, though not statistically significant, the
deep macular vessel density of the hemizone with VD defect trended toward decrease
compared with the other hemizone (42.71% vs. 45.29%, p = 0.147).

Our results also showed that the hemizone with deep VD defect had worse VF mean
sensitivity than the unaffected other. Shin et al. previously reported that vessel density
was associated with corresponding VF sensitivity [31]. From the study of Arend et al.,
altitudinal VF asymmetric defects were associated with the different circulation of retina in
glaucoma patients [32]. According to Chen et al., reduced microcirculation was found even
in the normal hemisphere of glaucoma patients [5]. These studies may partially support
our finding of decreased VF sensitivity accompanying microvasculature changes. In the
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future, after several associated further studies, the deep VD changes could be used as a
surrogate implying visual function alterations in glaucoma patients.

This study had several limitations. First, as a cross-sectional study, it was not possible
to determine whether a causal relationship existed between structural changes of the LC
and alterations in peripapillary vessel density. In the future, a longitudinal study including
large populations with various cause and effect possibilities should be performed. Second,
since we selected the well performed OCTA images of the deep peripapillary layer, it
was mainly the eyes of the subjects who cooperated best with the data acquisition that
were included in the analyses; these were mainly young and myopic eyes without lens
opacity. It is necessary to study eyes with various age groups and axial lengths to ensure
the generalized application of study results. Third, disc tilt could affect the measurements
of lamina cribrosa. To minimize the possibility of image distortion, we used b-scan images
of 1:1 μm for real measurements. Fourth, subjects with systemic disease such as diabetes or
hypertension could have preclinical vascular alteration despite excluding patients with
apparent retinopathy to minimize effect of systemic disease. In the future, studies with
large populations, and the association between systemic disease and deep peripapillary
vascular circulation should be studied. Finally, in this study, we restricted the subjects to
those with glaucoma suspect for minimizing the effect of structural thinning of the retina
on vascular obliteration. Nevertheless, the VF sensitivity of hemizone showed difference
based on the presence of decreased vessel density in the deep peripapillary area. Though
the results of this observational study might be a long way from clinical application, if
the possibility of glaucoma development from glaucoma suspect is investigated through
longitudinal study based on the results of this study, it might be possible to find a novel
way of clinical application of OCTA on glaucoma development.

In conclusion, there were eyes with the diagnosis of glaucoma suspect exhibiting VD
defect only in the deep layer of peripapillary area and not in the superficial layer. The
regions with altered vessel density had different LC structure compared with the other
regions. In other words, altered LC structure was associated with decreased vessel density
in the deep peripapillary area in glaucoma suspect. Even at the stage of glaucoma suspect
with intact RNFL, pre-clinical changes of vessel density accompanied with LC change were
detected. Though the causal context between LC structure and vessel density change in the
peripapillary area could not be demonstrated in this cross-sectional study, we speculated
that the different pattern of lamina structure could affect the vascular status near the optic
nerve head. The cause and effect relationship between LC structure and deep vessel density
changes around the ONH should be investigated in future study. Further, the progression
toward glaucoma from glaucoma suspect with VD defects, or, continuous VD defects
change in glaucoma suspect should be studied using longitudinal study to identify the
possibility of clinical application of deep VD defects.
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Abstract: Glaucoma has no cure and is a sight-threatening neurodegenerative disease affecting more
than 100 million people worldwide, with primary open angle glaucoma (POAG) being the most
globally prevalent glaucoma clinical type. Regulation of gene expression and gene networks, and
its multifactorial pathways involved in glaucoma disease are landmarks for ophthalmic research.
MicroRNAs (miRNAs/miRs) are small endogenous non-coding, single-stranded RNA molecules
(18–22 nucleotides) that regulate gene expression. An analytical, observational, case-control study
was performed in 42 patients of both sexes, aged 50 to 80 years, which were classified according to:
(1) suffering from ocular hypertension (OHT) but no glaucomatous neurodegeneration (ND) such as
the OHT group, or (2) have been diagnosed of POAG such as the POAG group. Participants were
interviewed for obtaining sociodemographic and personal/familial records, clinically examined,
and their tear samples were collected and frozen at 80 ◦C until processing for molecular-genetic
assays. Tear RNA extraction, libraries construction, and next generation sequencing were performed.
Here, we demonstrated, for the first time, the differential expression profiling of eight miRNAs when
comparing tears from the OHT versus the POAG groups: the miR-26b-5p, miR-152-3p, miR-30e-5p,
miR-125b-2-5p, miR-224-5p, miR-151a-3p, miR-1307-3p, and the miR-27a-3p. Gene information was
set up from the DIANA-TarBase v7, DIANA-microT-CDS, and TargetScan v7.1 databases. To build
a network of metabolic pathways, only genes appearing in at least four of the following databases:
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DisGeNet, GeneDistiller, MalaCards, OMIM PCAN, UniProt, and GO were considered. We propose
miRNAs and their target genes/signaling pathways as candidates for a better understanding of the
molecular-genetic bases of glaucoma and, in this way, to gain knowledge to achieve optimal diagnosis
strategies for properly identifying HTO at higher risk of glaucoma ND. Further research is needed
to validate these miRNAs to discern the potential role as biomarkers involved in oxidative stress,
immune response, and apoptosis for the diagnosis and/or prognosis of OHT and the prevention of
glaucoma ND.

Keywords: ocular hypertension; glaucoma; tears; miRNAs; next generation sequencing; biomarkers;
genes; signaling pathways; oxidative stress; inflammation; apoptosis; neurodegeneration

1. Introduction

Glaucoma is a neurodegenerative disease and a leading cause of irreversible blindness,
affecting over 60 million people worldwide [1]. The number of people with glaucoma will
increase to 111.8 million by 2040 [2]. These estimates are important in guiding the designs
of glaucoma screening, diagnosis and treatment, research milestones, and related public
health strategies.

Primary open-angle glaucoma (POAG) is the most prevalent type of glaucoma, typ-
ically characterized by adult onset, chronic intraocular pressure (IOP) elevation, IOP-
dependent progressive apoptotic retinal ganglion cell (RGC) death, and visual field loss [1,2].
Main clinical features of glaucomatous optic nerve degeneration include the following:
optic disc deepening, papillary hemorrhages, and specific defects of the retinal nerve fiber
layer (RNFL) [3].

Diagnosis of POAG underlies a variety of clinical hallmarks such as the IOP eleva-
tion (the major risk factor) and the optic nerve head changes, as reflected by the struc-
tural/functional imaging techniques to appropriately establish the glaucoma stage [4–6].
Some decades ago, the term ocular hypertension (OHT) arose to catalogue the eyes with
elevated IOP but not displaying optic disc damage or altered visual field. In 1977, Shaffer
warned professionals about the false sense of security that may involve the managing
of these patients that only have OHT, but no signs of neurodegeneration (ND) [7], sug-
gesting that the term glaucoma suspects is preferred to ocular hypertensives. Glaucoma
suspects define the group of patients with increased IOP and borderline optic discs (mild-
to-moderate alterations), RNFL anomalies and/or visual field changes as well as glaucoma
family history and the occurrence of other POAG risk factors. These patients have a
higher risk of undergoing optic nerve degeneration (OND) than the normal population [8].
Therefore, classic and emerging technologies are essential for the early detection of POAG
damage, but the identification of glaucomatous pre-perimetric changes continues to be a
challenging issue for ophthalmologists and researchers. As the elevated IOP is the main
risk factor, current knowledge on the etiopathogenic mechanisms for HTO and POAG re-
mains incomplete. Among the cellular and molecular processes underlying these diseases,
the following have largely been considered: oxidative/nitrosative stress, mitochondrial
failure, inflammation and immune response, autophagy/mitophagy, apoptosis, neuro-
toxicity, ND, etc. [3–9]. It is imperative that the above processes are individually and
integrally addressed.

The regulation of gene expression and gene networks as well as the multifactorial
pathways involved in glaucoma disease are high-priority landmarks for ophthalmic re-
search. Recent data have pinpointed potentially interesting routes to mediate glaucomatous
RGC dysfunction [9]. Meanwhile, hypotensive therapy (medical, laser, surgical) is the only
way to fight against the elevated IOP [10,11]. Despite experimental advances in neuro-
protection [12–14], there is no definitive cure for glaucoma ND. Despite great advances
in glaucoma, there is still no reliable biomarker that can pre-clinically identify subjects
at risk of POAG initiation and progression. Molecular-genetic diagnostic challenges for
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POAG are needed to complete the current knowledge in disease pathogenesis as well as to
design new diagnostic and therapeutic strategies gathered under the recently proposed
term glaucoma theranostics [15] for better eye care.

MicroRNAs (miRNAs) are a family of small endogenous non-coding, single-stranded
RNA molecules (18–22 nucleotides) that regulate gene expression by either inhibiting
mRNA translation or by degrading mRNA [16,17]. miRNAs are involved in the patholog-
ical processes of numerous diseases including eye pathologies [18,19]. Specific miRNAs
have also been proposed to regulate IOP [20,21] as well as for use as noninvasive biomark-
ers for the diagnosis of glaucoma [22–24]. Our group has been widely utilizing tear samples
for ophthalmic research with satisfactory results [25,26]. Because of this, we focused on
analyzing tear samples that are relatively easy to collect, store, and process, to identify spe-
cific miRNAs (and its genetic targets) that differentially express themselves in the clinically
silent interface between OHT and glaucoma, and to support their presumable interest as
diagnostic biomarkers for individuals at risk of glaucoma ND.

2. Materials and Methods

We performed an analytical, observational, case-control study including 42 patients
recruited from the ophthalmological department of the University Hospital Dr. Peset
(Valencia, Spain), who agreed to participate in the study and signed the informed consent.
Sample size calculation was performed using the ssize.fdr R package (R Core Team, Vienna,
Austria) to detect a 1.5-fold change and achieve an 80% statistical power with a false
discovery rate of 15% and an estimated proportion of non-differentially expressed miRNAs
of 0.85. The study adhered the Declaration of Helsinki (Edinburgh, 2000) and the Ethics
Committee standards of the study center (no. 81/16). All requirements for clinical research
to maintain the privacy of the data obtained were met. Two ophthalmologists from the
glaucoma section performed a systematized examination of the suitable study participants
to ensure their appropriated status (Table 1), which were distributed into two groups:
(1) patients diagnosed of POAG (n = 20), and (2) patients with OHT (n = 22).

Table 1. Inclusion and exclusion criteria for the study participants.

INCLUSION CRITERIA

POAG Group OHT Group

Diagnosis of POAG OHT without signs of neurodegeneration
Ranging 50–80 years

Both genders
Capacity to understand and participate in the study

EXCLUSION CRITERIA

POAG Group OHT Group

Other GLs different from POAG With signs of glaucoma neurodegeneration
<40 or >80 years old

Other ocular diseases or systemic pathologies that may interfere with the study
Other treatments that may interfere with the study results

Ocular surgery or laser treatment during the last year
Contact lenses wearing

Unable to participate in the study
POAG: primary open angle glaucoma; OHT: ocular hypertension GL: glaucoma.

Ocular examination included the IOP measurement by Goldman applanation tonom-
etry, morphological [ocular fundus by slit-lamp (IMAGEnet, Topcon Barcelona, Spain),
and optical coherence tomography (OCT), and Cirrus Spectral domain OCT (Carl Zeiss
Meditec, Inc., Madrid, Spain)], and functional [visual field performance, using the 24-2
Swedish interactive threshold algorithm (Humphrey field analyzer, Carl Zeiss Meditec,
Inc., Madrid, Spain)] tests. Classification of the glaucoma staging was done according to
the descriptions of Mills et al. [27].

Sampling was done by collecting reflex tears from the inferior meniscus of the eye
without instilling anesthetics, as described in our previous work [25,26], using microhe-
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matocrite capillary tube, that were appropriately labeled, and immediately transferred
into microcentrifuge tubes and stored in an ultra-freezer at −80 ◦C. On the day of pro-
cessing, samples were defrosted and prepared for RNA extraction using the miRCURY
RNA Isolation Kit-Biofluids (EXIQON Inc., Woburn, MA, USA). This kit is designed to
isolate all RNAs sized less than 1000 nucleotides, from mRNA and tRNA to microRNA and
small interfering RNA. We carried out the RNA extraction according to the manufacturer’s
instructions. Briefly, the purification is based on spin column chromatography using a
proprietary resin as the separation matrix. Small RNAs are separated from other cellular
components such as proteins without the use of phenol or chloroform.

The quality and quantity of total RNA obtained from tears was assessed using a Bioan-
alyzer 2100 (Agilent® Technologies, Inc., Santa Clara, CA, USA), and the RNA 6000 Nano
Kit (Agilent® Technologies, Inc.). RNA libraries were prepared using NEBNext® Multiplex
Small RNA Library Prep Set for Illumina® (#E7300 y #7580; New England BioLabs®, Inc., Ip-
swich, MA, USA), according to the manufacturer’s protocol https://international.neb.com/
protocols/2018/03/27/protocol-for-use-with-nebnext-small-rna-library-prep-set-for-illu
mina-e7300-e7580-e7560-e7330 (accessed on 17 May 2021). According to the guidelines
for low RNA concentration samples, the adapters and RT primers were diluted 1:2 with
nuclease-free water and 15 cycles were used for the amplification by PCR. The indexed
libraries were purified using the QIAquick® PCR Purification Kit (#28104, QIAGEN®,
Hilden, Germany). Library quality control was assessed using a 4200 TapeStation (Agilent®

Technologies, Inc.) and High Sensitivity D1000 Kit (Agilent® Technologies, Inc.). The
miRNA fraction of each library (120–200 bp) was collected using the Pippin Prep Sys-
tem (Sage Science, Inc., Beverly, MA, USA) following the manufacturer’s guidelines and
using 3% agarose dye free gel cassettes with internal standards (Marker P) (Sage Sci-
ence # CDP3010). miRNAs were quantified using a 4200 TapeStation (Agilent® Tech-
nologies, Inc.) and High Sensitivity D1000 Kit (Agilent® Technologies, Inc.) prior to
normalization and pooling. Sequencing was performed on a NextSeq 500 System (Illumina,
Inc., San Diego, CA, USA) with a Mid-Output flow cell for 150-cycle reads obtaining
about 3.5 million reads per sample. FASTQ file quality was assessed using FASTQC
tool (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/, accessed on 21 May
2021). Adapters and low liability reads were removed. Non-coding RNAs previously
described in the ENSEMBL database were selected and characterized. Statistical analyses
(normalization, differential expression, and significance) were performed using Limma
and edgeR packages deposited in Bioconductor (www.bioconductor.org). A predictive
analysis based on receiver operating characteristic (ROC) curves was performed to select
those miRNAs showing an area under the curve (AUC) greater than 0.75. Subsequently,
an analysis of the main components (PCA) was performed. Later, the target genes of the
selected miRNAs were determined using the R miRFA pipeline [28], which is supported
by data from the DIANA-TarBase v7, DIANA-microT-CDS and TargetScan v7.1 databases.
Additionally, UniProt and Gene Ontology databases have been used to search for terms
associated with the trabecular meshwork functions and the glaucoma pathology [29]. To
select all genes needed to build a network of metabolic pathways, we considered only those
genes that appeared in at least four of the following databases: DisGeNet, GeneDistiller,
MalaCards, OMIM PCAN, UniProt, and GO [30]. These genes also need to have at least
seven terms in any of the UniProt categories above-mentioned. Two approaches have been
used to build the networks: (1) enrichment of metabolic pathways using the g: Profiler,
GSEA, Cytoscape, and EnrichmentMap tools [31], and (2) gene function prediction using
the GeneMANIA gene integration tool [32], which can function both as an independent
server and as an application in Cytoscape.

For statistical analysis, comparison of two categorical variables was performed using
the Pearson Chi square test. We used the Shapiro–Wilk test to check the distribution
quantitative variables. The comparison of two means was analyzed by means of the
Student t-test for independent samples (normal variables) or the Mann–Whitney U test
(non-normal variables). The comparison of more than two means was carried out by the
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analysis of variance (ANOVA, normal variables) or the Kruskal–Wallis test (non-normal
variables). Statistical proceedings were performed using the statistical package ((BM SPSS
Statistics for Windows, Version 24.0. Armonk, NY, USA: IBM Corp).

3. Results

3.1. Sociodemographic and Ophthalmologic Data

Mean age of participants was 64.5 ± 1.4 years for the POAG group and 61.1 ± 2.4 years
for the OHT group. Comparison between groups did not show statistically significant
differences (p > 0.05).

Regarding the distribution by gender, both groups showed a greater proportion of
women. No statistically significant differences were observed between groups (p > 0.05).

Sociodemographic characteristics of the study participants are listed in Table 2. No
significant differences were found in any of the study variables.

Table 2. Sociodemographic characteristics of the study participants.

Variables POAG OHT p *

Age (years) 64.5 (1.4) 61.1 (2.4) 0.218
Gender (%, men/women) 47.6/52.4 33.3/66.7 0.366

Height (cm) 165.2 (2.2) 164.0 (2.2) 0.694
Weight (kg) 76.7 (3.7) 70.6 (3.2) 0.217
BMI (kg/m2) 28.1 (1.2) 26.2 (0.9) 0.238
Smoking (%) 28.6 22.2 0.651

Alcohol consumption (%) 9.5 16.7 0.506
Mild 42.9 61.1

0.225Moderate 57.1 33.3Physical activity (%)
High 0.0 5.6

POAG: primary open-angle glaucoma; OHT: ocular hypertension; BMI: body mass index. Data shows the mean
(standard deviation) or percentage. * Significance level was set at 0.05.

The OHT subjects showed elevated IOP but no damage at OCT examination, normal
visual fields, and normal ocular fundus. However, POAG patients showed IOP elevation,
an increase of optic disc excavation, optic nerve damage, and/or altered visual fields.
Ophthalmologic parameters of the study participants are shown in Table 3.

Table 3. Ophthalmological parameters of the study participants.

Variables POAG OHT * p Value

BCVA (decimal) 0.86 ± 0.03 0.90 ± 0.03 0.382
IOP (mmHg) 16.00 ± 0.58 18.17 ± 0.81 0.033

C-D ratio 0.46 ± 0.02 0.046 ± 0.05 0.949
CCT 536.86 ± 6.56 554.42 ± 8.12 0.141

VF-PSD 2.27 ± 0.29 1.33 ± 0.13 0.008
VFI 90.57 ± 2.30 92.22 ± 1.09 0.543

VF-MD −0.56 ± 0.91 0.98 ± 0.410 0.154
OCT-papillary excavation 0.61 ± 0.04 0.057 ± 0.04 0.439

OCT-fibrillar thickness 84.71 ± 3.13 88.61 ± 2.29 0.334
OCT-rim area 4.58 ± 2.29 1.11 ± 0.05 0.169
RGCs density 68.95 ± 2.23 77.89 ± 2.15 0.008

POAG: primary open-angle glaucoma; OHT: ocular hypertension; BCVA: best corrected visual acuity; IOP:
intraocular pressure; C-D: cup-to-disc; CCT: central corneal thickness; VF: visual field; PSD: pattern standard
deviation; VFI: visual field index; MD: mean deviation; OCT: optical coherence tomography; RGCs: retinal
ganglion cells. * Statistical significance (p < 0.05).

3.2. miRNA Identification

After performing all experimental procedures, we were able to identify 95 miRNAs
present in tears of OHT and/or POAG patients. Figure 1 shows the PCA plot after the
normalization of data. As this figure shows, there was not a good separation between the
two groups (POAG in red and OHT in blue) based on the identified miRNAs.
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Figure 1. Principal component analysis (PCA) plot after normalization of the data according to
the eight differentially expressed miRNAs. Image shows ocular hypertension/ocular hypertension
patients (blue marks) and primary open-angle glaucoma (red marks) patients.

The next step was to compare the expression levels of those 95 miRNAs in both
study groups (POAG patients vs. OHT subjects). From these 95 miRNAs, 87 showed no
significant differences between groups (p > 0.05). However, we found six upregulated
and two downregulated miRNAs in tears from the POAG patients (Table 4). At this point,
we build again the PCA plot, taking into consideration only those eight miRNAs that
differentially expressed between groups. The PCA showed a better separation of the
miRNAs present in tears from the OHT vs. POAG patients (Figure 2).

Table 4. Differences in miRNA expression between groups.

miRNA ID Fold Change (POAG vs. OHT) § p *

hsa-miR-26b-5p 0.855 0.012
hsa-miR-27a-3p 0.774 0.004
hsa-miR-152-3p 0.753 0.004
hsa-miR-30e-5p 0.901 0.005

hsa-miR-125b-2-5p 0.529 0.027
hsa-miR-224-5p 0.745 0.033

hsa-miR-151a-3p −0.417 0.009
hsa-miR-1307-3p −1 0.004

POAG: primary open-angle glaucoma; OHT: ocular hypertension. § OHT was the reference group. * Significance
was set at 0.05.
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Figure 2. Principal component analysis (PCA) plot comparing the POAG and OHT groups using only miRNAs with
statistically significant expression. Red: patients with OHT. Blue: patients with POAG. OHT: ocular hypertension/ocular
hypertensives; POAG: primary open angle glaucoma.

In addition, a ROC curve was performed to analyze whether these eight miRNAs
could predict POAG in the HTO individuals. Table 5 shows the AUC for each miRNA. The
AUC of four of these miRNAs was greater than 0.75, so they could be considered as good
predictors of POAG.

Table 5. Area under the curve for the eight miRNAs with significant differential expression be-
tween groups.

miRNA AUC

hsa-miR-26b-5p 0.81693
hsa-miR-152-3p 0.75743
hsa-miR-30e-5p 0.76201

hsa-miR-125b-2-5p 0.67276
hsa-miR-224-5p 0.72082

hsa-miR-151a-3p 0.75972
hsa-miR-1307-3p 0.69565
hsa-miR-27a-3p 0.68192

POAG: primary open-angle glaucoma; OHT: ocular hypertension/hypertensives; AUC: area under the curve.

3.3. Bioinformatic Processing

Using the databases mentioned in the methodology section and combining their
predictions, we identified a total of 14,379 potential target genes of the eight miRNAs.
Then, these 14,379 genes were searched in four databases (DisGeNet, GeneDistiller, MalaC-
ards, and OMIM PCAN) that collected information on the association between genes and
pathologies, finding the presence of 390, 183, 145, and 7 genes in each of them, respectively.
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Eleven categories related to trabecular meshwork functions and the glaucoma pathology
were selected and the number of genes that had terms in each of them are shown in Ta-
ble 6. The biological functions marked in bold represent those with the highest number
of genes (extracellular matrix and apoptosis processes). In addition, genes related to
neurodegeneration, inflammation, and oxidative stress, among others, were also identified.

Table 6. Target genes of the eight miRNAs showing significantly different expression profile be-
tween groups.

Biological Function Number of Genes

IOP, aqueous humor outflow 420
Extracellular matrix 1143

Ciliary body functions 593
Focal adhesion 558

Oxidative stress response 272
Apoptosis 1516

Neurodegeneration 31
Retinal ganglion cells 27

RHO signaling 213
TGF-β signaling 5
Eye development 420

TM: trabecular meshwork; IOP: intraocular pressure; RHO: Ras homologous protein family; TGFβ: transforming
growth factor beta.

We performed the Gene Ontology (GO) Biological Process analysis and found 201 items
to which the eight identified miRNAs were significantly associated. Table 7 shows the
top 40 biological processes of the above miRNAs. In addition to this GO analysis, we
identified 36 reactomes (REACT) significantly associated with the eight miRNAs (Table 8),
among them, genes related to apoptosis and extracellular matrix conditions. Additionally,
those genes involved in aqueous humor homeostasis, oxidative stress, immune response
regulation (TGF-β) and neurodegeneration were identified.

Following the screening criteria detailed in the methodology section, a total of 114 genes
were selected to build a network of metabolic pathways (Figure 3). This network shows
the clusters involved in apoptosis (blue box), extracellular matrix and collagen concerns
(red box), endopeptidase activity (green box) as well as in development pathways (upper
left side) among other clusters. Network data are included as Supplementary Materials, as
both CYS (Cytoscape session file) and SIF (simple interaction file) formats.

By using the GeneMania program, different maps were created. In these maps, each
circle is a node representing a gene. Black nodes belong to the original set of 114 genes
studied, while grey circles represent those not present as genes in the original set, but very
closely related to them according to the selected network criteria. These diagrams also
give information about the number of interactions of each gene (the size of the circle is
proportional to this number), and the edges indicate a relationship between genes, meaning
that the thicker the line, the more intense the relationship.

With these proceedings, we finally built three maps: the first is a map of genetic
interactions between these genes (Figure 4); the second is a map showing the physical
interactions (Figure 5); and the third is a map of the metabolic pathways (Figure 6). In these
figures, grey circles represent genes not present in the original 114 set, but closely related to
them. Circle size is proportional to the number of interactions of each gene. Edges indicate
a relationship between genes(a thicker line the more intense relationship). Network data
from Figures 4–6 are also included in the Supplementary Materials as both CYS (Cytoscape
session file) and SIF (simple interaction file) formats.
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Table 8. Reactomes associated with the 8 tear differentially expressed miRNAs.

ID Name N p-Value

REAC:R-HSA-1474244 Extracellular matrix organization 29 5.16E-21
REAC:R-HSA-1474228 Extracellular matrix degradation 18 2.59E-14
REAC:R-HSA-1442490 Collagen degradation 13 1.48E-12
REAC:R-HSA-3000178 ECM proteoglycans 13 1.33E-11
REAC:R-HSA-3000171 Non-integrin membrane-ECM interactions 12 1.43E-11
REAC:R-HSA-2022090 Assembly of collagen fibrils (and other multimeric structures) 12 2,21E-11
REAC:R-HSA-8948216 Collagen chain trimerization 10 7.82E-10
REAC:R-HSA-1474290 Collagen formation 12 3.08E-09
REAC:R-HSA-2243919 Crosslinking of collagen fibrils 7 2.62E-08
REAC:R-HSA-216083 Integrin cell surface interactions 11 3.35E-08

REAC:R-HSA-8874081 MET activates PTK2 signaling 8 3.46E-08
REAC:R-HSA-1650814 Collagen biosynthesis and modifying enzymes 10 6.68E-08
REAC:R-HSA-8875878 MET promotes cell motility 8 4.25E-07
REAC:R-HSA-1566948 Elastic fiber formation 8 9.52E-07
REAC:R-HSA-5620924 Intraflagellar transport 8 5.22087E-06
REAC:R-HSA-2129379 Molecules associated with elastic fibers 7 7.44538E-06
REAC:R-HSA-109581 Apoptosis 12 8.49652E-06

REAC:R-HSA-5357801 Apoptosis regulation 12 1.0277E-05
REAC:R-HSA-3000170 Syndecan interactions 6 2.27603E-05
REAC:R-HSA-2214320 Anchoring fibril formation 5 4.00759E-05
REAC:R-HSA-6806834 Signaling by MET 8 8.14274E-05
REAC:R-HSA-109606 Intrinsic Pathway for Apoptosis 7 9.9991E-05
REAC:R-HSA-375165 NCAM signaling for neurite out-growth 7 2.12464E-04

REAC:R-HSA-9006934 Signaling by Receptor Tyrosine Kinases 16 3.8436E-04
REAC:R-HSA-419037 NCAM1 interactions 6 4.6565E-04

REAC:R-HSA-6785807 Interleukin-4 and Interleukin-13 signaling 8 1.40305E-03
REAC:R-HSA-186797 Signaling by PDGF 6 2.114864E-03

REAC:R-HSA-5617833 Cilium Assembly 10 2.548397E-03
REAC:R-HSA-381426 IGF transport & uptake by IGF Binding Proteins (IGFBPs) 8 3.42679E-03
REAC:R-HSA-76009 Platelet Aggregation (Plug Formation) 5 5.752906E-03

REAC:R-HSA-5633008 TP53 Regulates Transcription of Cell Death Genes 5 1.1963399E-02
REAC:R-HSA-76002 Platelet activation, signaling and aggregation 10 2.1334022E-02

REAC:R-HSA-3000157 Laminin interactions 4 4.1196772E-02
REAC:R-HSA-114452 Activation of BH3-only proteins 4 4.1196772E-02

REAC:R-HSA-6803207 TP53 regulation of Caspase activator/Caspases Transcription 3 4.5562937E-02
N: number of genes; REAC: reactome.
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Figure 4. Genetic interaction map created with GeneMania. Black nodes are genes present in the original gene list, grey
nodes are genes that are initially not present, but closely related to them. Among the genes, MYOC, OPTN, FOXC1, TGFβ,
FAS/TNFR, TP53, CASPs, BCL2, MMPs, and DIABLO were identified. Lines (edges) connecting two genes indicate that
they are functionally associated (the effects of perturbing one gene are found to be modified by perturbations to the second
gene) using data primary collected from BioGRID. Thicker edges indicate a stronger association.
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Figure 5. Physical interaction map created with GeneMania. Black nodes are genes present in the original gene list, grey
nodes are additional genes that are found interacting with the original ones in a protein–protein interaction study. The
genes FOXC1, CASPs, MAP2, TP53, BCL2, DIABLO, IL6, TGFβ, OPTN, MMPs, among others, were identified. Size of grey
nodes indicate the likelihood of physical interaction (score), and thicker lines (edges) indicate a stronger interaction. Data
are collected from primary studies from protein interaction databases including BioGRID and PathwayCommons.
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Figure 6. Metabolic pathway map created with GeneMania. Two gene products are linked if they participate in the same
reaction within a pathway. Size of gray nodes indicate the likelihood of the gene belonging to the pathway (score), and
thicker lines (edges) indicate a stronger relation. Data are collected from various sources such as Reactome and BioCyc, via
PathwayCommons.
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4. Discussion

In this work, we successfully profiled the tear miRNAs signature from patients with
POAG compared to the OHT, as follows: the miR-26b-5p, miR-152-3p, miR-30e-5p, miR-
125b-2-5p, miR-224-5p, miR-151a-3p, miR-1307-3p, and the miR-27a-3p. As far as we know,
this is the first study in identifying miRNAs in tears from individuals with HTO and glau-
coma patients, revealing its potential as molecular-genetic biomarkers of glaucoma suspect.

People more predisposed to glaucoma must be early identified to undertake measures
for avoiding optic nerve irreversible damage and vision-threatening consequences [1–6].
Over the years, this concern has continued to shape the thinking of ophthalmologists and
researchers worldwide because hypotensive treatment has to be promptly initiated to
appropriately control the elevated IOP. In this context, biomarkers might be key diagnostic
tools to identify individuals at higher risk for glaucoma such as HTO individuals, just
like we did in this report. Our differential expression analysis carried out by NGS led
us to identify the tear fingerprint of eight miRNAs that significantly expressed between
the POAG patients and HTO individuals. Then, we comprehensively explain the above
miRNAs as well as the underlying miRNA-related pathways involved in HTO and POAG,
as reflected in Figures 3–6 as well as in the Supplementary Materials.

Specific miRNAs involved in IOP homeostasis and glaucomatous OND were reported
by different authors [21–24]. Others have also conducted similar studies to ours in different
ophthalmic disorders [33] using different biological samples [34–36]. Liu et al. [37] ana-
lyzed the miRNA signature in the aqueous humor of POAG patients and its role in the
etiopathogenic mechanisms of glaucomatous OND, reporting 88 miRNAs that differentially
expressed between POAG and cataracts. Among them, the miR-151-a-3p was identified in
the aqueous humor by these authors, in a similar manner to us in the course of the present
work, in which the same miRNA was downregulated in tears of our study participants.
Ertekin et al. [38] found miR-26b-5p in plasma from patients with wet macular degener-
ation. The authors associated this miRNA with oxidative stress occurring in the retinal
pigment epithelial cells of the eyes with this disease. We also found the miR-26b-5p in tears
of our GPAA patients and OHT individuals. Oxidative/nitrosative stress plays a pivotal
role in POAG pathogenesis [12,15,39]; we may hypothesize that in the course of glaucoma,
the pro-oxidants may induce the expression of miR-26b-5p, as reflected in this work [39–41].
Interestingly, hsa-miR-26b-5p has recently been involved in pseudoexfoliative glaucoma
through interaction with the TGFR1 and TGR2 part of SMAD2 [42].

We also described herein that the miRN-27-a-3p showed a significant differential
expression in tears from the POAG patients and the OHT participants. This miRNA has
been implicated in cell proliferation and apoptosis in different types of cancer [43,44].
Overexpression of this miRNA promotes proliferation and inhibits apoptosis of cancer
cells. Likewise, it has been shown that miR27a-3p induces ischemia-reperfusion injury by
triggering oxidative stress [45]. In previous reports, it has been shown that the expression
of this miRNA was increased in stretched versus control TM cells [46,47]. Consistent with
these findings, we suggest that the miR-27a-3p overexpression in tears from POAG patients
may be related to both the apoptotic and oxidative stress processes occurring in the POAG
eyes [39–41].

Most target genes corresponding to the eight miRNAs showing significant differential
expression profile in tears of the OHT individuals and POAG patients were related to
extracellular matrix concerns and apoptosis processes (see the Tables 6–8).

Desjarlais et al. [48] reported the upregulation of miR-152-3p in the choroid during
the vasodegenerative phase of an oxygen-induced retinopathy model compared to the
control animals. However, these authors did not delve into the role of this miRNA, but just
described the differential expression profile between groups. However, Wang et al. [49]
pointed out that miR-152-3p may be an interesting molecular target for keloid treatment
as a relevant regulator of cell proliferation, invasion, and extracellular matrix expression
through targeting FOXF1 in keloid fibroblasts [49]. In this regard, we found the miR-152-
3p upregulation in tears from the POAG group, supporting data previously reported by
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other researchers, emphasizing the importance of this miRNA in the trabecular meshwork
changes and elevated IOP occurring in OHT and POAG [47].

The miR-30e-5p was differentially expressed in tears from OHT and POAG partici-
pants during the present work. However, only one article dealt with its role at the ocular
level, highlighting its possible function as a predictor of the myasthenia gravis through the
main ocular manifestation of the disease, the blepharoptosis [50]. No publications on the
relationship between miR-30e-50 and glaucoma and/or other degenerative eye diseases
have been found. Meng et al. [51] reported significant differential expression of the miR-
30e-5p in patients with Alzheimer’s disease compared to healthy controls. Additionally,
Hardeland et al. [52] reported a negative connection between melatonin availability and
neurodegenerative disorders, and in this regard, Scuderi et al. [53] reported that melatonin
could protect the eye tissues from free radicals and pro-inflammatory mediators. Taking all
these reports into consideration, we may hypothesize that miR-30e-5p may play a role in
the ethiopathogenic mechanisms of glaucoma by its negative connection with melatonin.

Toro et al. [54] carried out a recent study in the vitreous humor of patients with
different degrees of diabetic proliferative vitreoretinopathy (PVR) in which six miRNAs
whose expression significantly increased with disease progression were reported, among
them miR-224-5p. Dysregulation of its expression in PVR patients suggests a possible
association with certain retinal degenerative processes. In the present study, we also found
the upregulation of this miRNA in the POAG patients, pointing to a potential involvement
of miR-224-5p in the onset and/or progression of the glaucoma ND.

The miR-151a-3p seems to be associated with a high risk of uveal melanoma [55].
Bianciotto et al. [56] reported that OHT is a risk factor for the development of uveal
melanoma. In our OHT participants, a significantly higher expression of this miRNA was
seen, suggesting that its downregulation in the POAG patients may be related to the onset
of glaucoma ND. Nevertheless, the function of this miRNA in glaucoma needs further
investigation.

Oxidative stress, inflammation, and apoptosis are relevant mechanisms involved
in POAG [3–8,12,15,39]. In this regard, oxidative stress can trigger a wide spectrum
of transcription factors such as p53, Nrf2, NF-κB, AP-1, PPAR-γ, and β-catenin/Wnt,
among others [57–60]. When the above molecules undergo activation, they can induce
the expression of hundreds of genes such as those related to pro-inflammatory cytokines
and chemokines, cell adhesion molecules, metalloproteinases, cell cycle regulators, pro-
apoptotic molecules, etc. [60–64]. In the case that the oxidative/inflammatory environment
will be prolonged, this can chronically affect the ocular cells and tissues leading to apoptotic
cell death and glaucoma ND. Given the target genes of the eight miRNAs with different
expression between POAG and OHT, and following the methods explained above, we
conducted a bioinformatic work to build several maps that showed the interactions between
these genes as well as a connection network between the different metabolic pathways
associated with these genes and miRNAs, as reflected in Figures 3–6. Target genes of the
eight miRNAs that were identified in tears such as those showing a significant differential
expression profile between the OHT and the POAG groups were mainly related to apoptosis
and extracellular matrix functions as well as aqueous humor homeostasis, focal adhesion,
oxidative stress, inflammation signaling and ND, as reflected in Figures 3–6.

Up to today, genetic testing can help identify people at risk for early-onset glaucoma
types in almost 30% of cases [65]. A useful gene-based screening test for adult-onset POAG
forms is not yet available [66], but a new test in blood or saliva by multi-trait analyses
have found the risk of a person developing glaucoma [67]. Nevertheless, no way exists to
predict the risk of a person with OHT to develop glaucoma.

We propose that the miRNAs identified in the present work and their target genes/
signaling pathways will allow for a better understanding of the molecular and genetic
bases of glaucoma and, in this way, gain knowledge that leads us to develop a better
diagnosis strategy for properly identifying HTO at a higher risk of glaucoma ND.
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Individuals predisposed to glaucoma such as those suffering OHT should be closely
followed to identify early changes to promptly start hypotensive therapy. Top advances in
glaucoma genetics have provided an open window for stratifying the risk of glaucoma in
HTO cases based on molecular-genetic predictions. Here, we show for the first time a new
approach and future avenues dealing with miRNA expression in tears to better diagnose
HTO individuals and identify those at highest risk of POAG as well as to better eye/vision
care and blindness prevention.

5. Conclusions

In summary, eight miRNAs: the miR-26b-5p, miR-152-3p, miR-30e-5p, miR-125b-

2-5p, miR-224-5p, miR-151a-3p, miR-1307-3p and the miR-27a-3p were found to be dif-
ferentially expressed in the tears of patients in the interface between OHT and POAG.
We demonstrated that some of these miRNAs, their target genes, and signaling pathways
have already been related to apoptosis, extracellular matrix functions, inflammation, and

oxidative stress as well as aqueous humor homeostasis and neurodegeneration. Further
studies are needed to validate our results and deepen the knowledge of these miRNAs to
discern its potential as biomarkers for the diagnosis and/or prognosis and future biothera-
pies for OHT and glaucomatous NDG.
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Abstract: (1) Purpose: To assess the main corneal response differences between normal and subclinical
keratoconus (SCKC) with a Corvis® ST device. (2) Material and Methods: We selected 183 eyes of
normal patients, of a mean age of 33 ± 9 years and 16 eyes of patients with SCKC of a similar mean
age. We measured best corrected visual acuity (BCVA) and corneal topography with a Pentacam HD
device to select the SCKC group. Biomechanical measurements were performed using the Corvis®

ST device. We carried out a non-parametric analysis of the data with SPSS software (Wilcoxon signed
rank-test). (3) Results: We found statistically significant differences between the control and SCKC
groups in some corneal biomechanical parameters: first and second applanation time (p = 0.05 and
p = 0.02), maximum deformation amplitude (p = 0.016), highest concavity radius (p = 0.007), and
second applanation length and corneal velocity ((p = 0.039 and p = 0.016). (4) Conclusions: Our
results show that the use of normalised biomechanical parameters provided by noncontact tonometry,
combined with a discriminant function theory, is a useful tool for detecting subclinical keratoconus.

Keywords: intraocular pressure; ocular inflammation; cornea biomechanics; Corvis® ST; subclinical
keratoconus

1. Introduction

Knowledge of corneal biomechanics is essential to understand corneal behaviour in
certain diseases, surgical procedures, intraocular pressure (IOP) measurements, and in the
early detection and treatment of subclinical keratoconus (SCKC).

Keratoconus is a bilateral, inflammatory, asymmetric and progressive corneal ectasia
disorder. Bowman’s layer in keratoconus patients is impaired, associated changes in the
stromal extracellular matrix are brought about [1], and a cycle of thinning and increased
strain occurs [2,3]. The collagen network is mostly unorganised, with decreased fibrillar
interweaving [3–5]. These changes reduce corneal stiffness [2,5].

The most commonly used device for analysing corneal biomechanical parameters is
the Ocular Response Analyzer (ORA®, Reichert Ophthalmic Instruments, Inc., Buffalo, NY,
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USA) [4–8]. Some studies found a good correlation between keratoconus and low corneal
hysteresis (CH) and corneal resistance factor (CRF) in high grade keratoconus [7–11].

The Corvis® ST device (Oculus Optikgeräte GmbH; Wetzlar, Germany) is a non-
contact tonometer system with an ultra-high-speed Scheimpflug camera that provides
corneal biomechanical parameters and IOP information [12–26]. It also affords a high
degree of repeatability [13,25–27] and gives a correlation between age, corneal thickness,
IOP, and some Corvis® ST biomechanical parameters [17,24,28].

Some studies show differences in biomechanical Corvis® ST parameters between
keratoconic and healthy corneas [12–23]. More recently, other studies have evaluated
SCKC with this device [12,18,19,29,30].

Early SCKC detection is important since treatment with collagen cross-linking can
slow the progression of keratoconus effectively. If subtle biomechanical changes in early
keratoconus go undetected, advanced keratoconus treatment could be delayed. In addition,
proper patient selection (without SCKC) is essential for the success of refractive surgery.
Clearly, it is difficult to distinguish between SCKC and eyes with healthy corneas when only
using slit-lamp criteria. Topographic values only provide information of static changes
and it must be taken into account that air pressure–corneal deformation is affected in
keratoconus patients [7,12,15,31].

The main purpose of the present study was to identify the most useful parameters
provided by non-contact tonometry for the biomechanical characterization of the cornea
and to determine whether it is possible to define an optimized function for SCKC detection.

2. Materials and Methods

This study adheres to the tenets of the Declaration of Helsinki for Research Involv-
ing Human Subjects and was approved by our Institutional Review Board. This retro-
spective, consecutive, non-randomised study analyses 199 eyes of 196 patients using the
Corvis® ST tonometer. The eyes were divided into two groups: (a) healthy eyes (183 eyes
of 183 patients); and (b) eyes with subclinical keratoconus (16 eyes of 13 patients). The eyes
with subclinical keratoconus fulfilled the most widely accepted definition in the literature
for this condition [30,32,33]. These eyes had no clinical signs of keratoconus (Vogt’s striae,
Fleischer rings or corneal scarring), their topography was normal with no asymmetric
bowtie, and no focal or inferior steepening pattern. However, they were contralateral eyes
of clinically evident keratoconus in the fellow eye [32]. Three of them were considered as
bilateral SCKC.

The inclusion criteria for both groups were the non-use of contact lenses during the
previous four weeks if such contact lenses were rigid, or two weeks if they were soft, and
ages between 18 and 50.

Exclusion criteria were previous ophthalmic surgery, any ocular or systemic disease,
corneal scars and/or opacities, chronic use of topical medication, pregnancy or refusal to
sign the informed consent form.

We measured the corneal topography of all the patients with a Pentacam HD device
(Oculus, Wetzlar, Germany). The corneal status was established by slit-lamp microscopy
and analysed and classified by an experienced ophthalmologist. The control patients had
no clinical keratoconus symptoms and their corneal topography was within normal limits.
Diagnosis of SCKC was made when eyes had no clinical signs of keratoconus (Vogt’s striae,
Fleischer rings or corneal scarring), their topography was normal with no asymmetric
bowtie (with a paracentral inferior–superior dioptric difference less than 1 D), and no focal
or inferior steepening pattern. We included patients with the steepest meridian under
47.2 D who did not present clinical signs [30,32,33].

Best corrected visual acuity (BCVA) was measured with an ETDRS chart. The
Corvis® ST evaluated corneal biomechanics. This device can identify the applanation time
and length and corneal applanation velocity when the air pulse is on (A1time, A1length
and A1V, respectively) and off (A2time, A2length and A2V, respectively). It can also
identify the highest concavity time (HCtime), the deformation amplitude (DAmax), the
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peak distance (PD) and the curvature radius (RHC) at the highest concavity (HC). All
these data are obtained from the dynamic corneal deformation during a defined air pulse.
Central corneal thickness (CCT) is also calculated using the horizontal Scheimpflug image
at the apex. Intraocular pressure is calculated based on the timing of the first applanation
event. The Corvis biomechanical index (CBI) was not evaluated because the updated
version was not available on our Corvis® ST device when the measurements were made.

Statistical analysis was performed using the SPSS 26.0 software for Windows (SPSS,
Chicago, IL, USA) and principal component analysis (PCA) was carried out with Matlab
2020a (The Mathworks, Inc., Natick, MA, USA). For each variable, values came from the
mean of three measurements. The Kolmogorov–Smirnov test was used to check for sample
normality. Distributions for the SCKC group failed the normality test, and therefore a
non-parametric Wilcoxon signed rank-test was used to compare parameters between the
groups. The level of significance used was p < 0.05.

3. Results

Table 1 summarizes the demographic data of the patients. There was no significant
difference in age between the groups.

Table 1. Demographic data of our sample. Age differences between control and SCKC groups were
not significant (p = 0.55).

Data Sex Control Group SCKC Group

Age (years) Men 31 ± 7 26 ± 13
Women 33 ± 8 31 ± 19

p-value 0.67 0.50

Number of eyes Men 83 8
Women 100 5

The control and SCKC group had a BCVA of 0.12 ± 0.20 logMAR and 0.04 ± 0.20
logMAR, respectively (p = 0.002). Mean corneal keratometry were 43.0 ± 1.7 D and
44.2 ± 1.9 D for the flattest meridian, in the control and SCKC group, respectively
(p = 0.328). The steepest meridian was 43.9 ± 1.8 D and 45.0 ± 3.0 D in the control and
SCKC group, respectively (p = 0.006).

Figures 1a, 2a, 3a and 4a show the values obtained for the first and second applanation,
and for the HC. CCT and IOP values were significantly different in the two population
samples (p < 0.05 for both parameters, with 9.6 ± 2.7 mm Hg and 510 ± 49 μm for the
SCKC group and 12.3 ± 2.9 mm Hg and 541 ± 38 μm for the control group). To discount a
possible effect of this difference, in Figures 1b, 2b, 3b and 4b, a new control group (n = 53)
was defined, matching the CCT and IOP values of the SCKC subjects (517 ± 18 μm and
10.4 ± 1.5 mm Hg). Differences in IOP and CCT between the SCKC and the IOP-CCT
matched normals were not significant (p = 0.57 and p = 0.32 for CCT and IOP, respectively).

The whole control group reached the first applanation significantly later than the
SCKC group (p = 0.001, see Figure 1a), A1length was greater than the SCKC group (p = 0.66,
see Figure 2a), and A1V was slower in the control group than in the SCKC group (p = 0.24,
see Figure 3a), but these changes were not significant.

At HC, DAmax (Figure 2a) and the PD (Figure 4a) were smaller in the whole control
group than in the SCKC group (p = 0.0005 and 0.15, respectively) and RHC (Figure 4) was
smaller in the SCKC group than in the whole control group (p < 0.001). The HC time was
similar in both groups (p = 0.85, Figure 1a).

In the second applanation, A2time (Figure 1a) and A2V (Figure 3a) were significantly
higher in the SCKC group than in the total control group (p = 0.02 and 0.001, respectively),
but A2length (Figure 2a) was significantly smaller in the SCKC group than in the control
group (p = 0.01).
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When comparing SCKC with the IOP-CCT matched normals, similar trends are
found, but with changes in the significance of the differences. DAmax (p = 0.006, Figure 2b),
A2length (p = 0.03, Figure 2b), A2V (p = 0.006, Figure 3b), and RHC (p = 0.05, Figure 4b) main-
tained their statistical differences, and differences were also found in A1length (p = 0.02,
Figure 2b). However, statistical differences were not found in A1time (p = 0.34) or A2time
(p = 0.57) (Figure 1b).

(a) (b) 

Figure 1. Time to reach first applanation, highest concavity and second applanation for the SCKC
(grey) and control groups (white). The middle line of each box is the median of the distribution,
the extremes are the first and third quartiles and the whiskers represent 1.5 times the interquartile
distance; outliers are plotted with the symbol “x”. The notch represents de 95% confidence interval
of the mean. “*” indicates statistically significant differences between groups (p < 0.05) (a) whole
control group, (b) IOP and CCT matched control group.

(a) (b) 

Figure 2. Maximum deformation amplitude (DAmax) at highest concavity and length applanation
at first and second measurement for the SCKC (grey) and control groups (white). Symbols, as in
Figure 1. (a) whole control group, (b) IOP and CCT matched control group.
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(a) (b) 

Figure 3. Velocity of deformation at first and second applanation for the SCKC (grey) and con-
trol groups (white). Symbols as in Figure 1. (a) whole control group, (b) IOP and CCT matched
control group.

(a) (b) 

Figure 4. Peak Distance (PD) and radius at highest concavity (RHC) for the SCKC (grey) and
control groups (white). Symbols as in Figure 1. (a) whole control group, (b) IOP and CCT matched
control group.

Receiver operating characteristic (ROC) curves were derived, using both the whole
normal sample and the IOP and CCT matched normal subjects with the four parameters
that yielded significant differences between matched normal and the SCKC group (RHC,
A2length, A2V, and DAmax). Figure 5 shows the results obtained.

The best result, according to the area under the curve (AUC), is yielded by A2V, but
the best sensitivity to specificity ratio is only 25–75%, approximately. To determine whether
a combination of these four parameters would improve these results, we performed a
principal component analysis (PCA). None of the four principal components achieved a
total separation of the normal and SCKC samples, but the first component, explaining 65%
of the variance when the total normal sample is used and 59% with the reduced normal
sample, yielded a ROC curve that slightly improves the result of the individual variables
(see Table 2). The improvement is noticeable only in the specificity at high sensitivity (80%
or higher).
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(a) (b) 

Figure 5. Receiver Operating Characteristic (ROC) curves for High Concavity Radius (red), second
applanation length (purple), velocity (green) and maximum amplitude (blue). In black, the curve
obtained with the first principal component score of the principal component analysis carried out
with these four variables. The dashed line represents the x = y reference line. (a) curves obtained
with the whole normal sample. (b) curves obtained with the IOP and CCP matched normal sample.

Table 2. Area under de ROC curve (AUC) and upper and lower limits of the AUC 95% confidence
interval for the different diagnosis parameters computed both with the entire normal sample and
the IOP and CCP matched normal sample. DAmax, maximum displacement amplitude, second
applanation length (A2length) and corneal velocity (A2V), radius at high concavity (Radius) and
the first principal component scores of the principal component analysis (1st PCS). ‘*’ marks AUCs
significantly different from 0.5 (no discrimination).

Total Normal Sample IOP and CCP Matched Normal Sample

Variable AUC Lower ICL Upper ICL AUC Lower ICL Upper ICL
1st PCS 0.8695 * 0.7452 0.9269 0.7800 * 0.6073 0.8906

A2V 0.8343 * 0.6948 0.9176 0.7524 * 0.5815 0.8814
Radius 0.8203 * 0.6572 0.9142 0.7230 * 0.5662 0.8506
DAmax 0.8047 * 0.7052 0.8869 0.6629 0.4710 0.7929

A2length 0.6987 * 0.5244 0.8496 0.6767 0.4970 0.8266

4. Discussion

Detection of corneal ectatic disorders as early on as possible is necessary to prevent, or
delay, the progression of keratoconus. Some studies claim to distinguish SCKC from normal
eyes using topographic parameters [34–36] and others state that there is an overlap between
topographic data obtained from a SCKC group and a normal group [37,38]. As a result,
biomechanical data could improve the detection and severity prediction of keratoconus.

There are studies on corneal biomechanics using the ORA device that conclude that
the four parameters measured with this device are not enough to detect keratoconus [21,39].
Alternative ORA parameters related to the area under the curve are better for distinguish-
ing SCKC from normal corneas, and when all the parameters are combined, accuracy
increases [34,39]. The ORA device has limitations, because it can confuse corneal tissue re-
sponse with surface response since a specular reflection is required to measure applanation
pressure. Central corneal surface irregularities could interfere with the infrared specular
reflection beam of the ORA. The Corvis® ST device avoids some of these drawbacks, be-
cause a frontal view camera is mounted with a keratometric-type projection system for
focusing and aligning the corneal apex to be measured. Moreover, the recording of corneal
deformation prevents the specular reflection beam from obtaining reliable corneal response
parameters.
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If one simply addresses statistical data, our data are consistent with biomechanical
corneal properties. The A1time is shorter in the SCKC group than in the control group, and
DAmax is greater in the SCKC group than in the control group. This agrees with previous
studies, in which very similar values of DAmax were obtained in the SCKC and control
groups [15,16,30,40]. During corneal recovery, A2time and A2V were higher in the SCKC
group, and RHC and A2length were higher in controls, in agreement with several studies
in the literature [30,40]. Except for A2length, these parameters could be correlated with
a decrease in the viscoelastic structure, and abnormal elastic distensibility increased in
keratoconic corneas, which is consistent with reduced corneal stiffness [4,41].

Due to the decrease in corneal stiffness, a shorter A1time, a higher DAmax, and
a lower RHC could be expected in the SCKC group, as well as a longer A2time and
A2V, as keratokonic corneas recover more slowly than normal ones, due to higher initial
deformation. Although the differences are not significant, the higher PD, A2time, and A1V
values in the SCKC group also confirm this hypothesis.

In principle, we could expect greater A2length values in the SCKC group than in the
control group as a result of reduced corneal stiffness. It is possible that increased kerato-
conus cornea distensibility may produce a non-perfect applanation surface, and Corvis® ST
only detects a small portion of plane surface. Therefore, it must be taken into account that
our study yielded similar results to those obtained in previous studies [16,30,40].

Although we selected patients without clinical signs, BCVA was statistically worse in
the SCKC group. This loss of visual acuity may have been due to the wavefront aberrations
that can distort visual quality, even at the beginning of the pathology [42].

When the effect of the IOP and CCT parameters are eliminated, Corvis® ST results
change. There are parameters that demonstrate their independence of IOP and CCT mea-
surements, such as DAmax, A2V, and RHC, so they can be considered as robust parameters.
These three parameters can identify SCKC correctly, but parameters determining time to
deformation and recovery are greatly dependent on IOP and CCT. This is no surprise,
since it is known that higher CCT corneas have more resistance to deformation, and the
same result could be expected with higher IOP eyes. In addition, we obtained significant
differences in length applanation values by eliminating CCT and IOP effects. This confirms
that these parameters also have a great dependence on IOP and CCT values, since higher
values in these parameters could lead to smaller applanation length due to the resistance
to deformation that the cornea can present.

When we analyse ROC curves with the four parameters that yielded significant dif-
ferences with the SCKC group, that is, RHC, A2length, A2V and DAmax, we can conclude
that A2V was the best parameter to diagnose SCKC patients. In this small sample, how-
ever, a combination of these four parameters, found by principal component analysis,
though improving the AUC under the ROC curve would only improve specificity at high
sensitivity.

This study has some limitations. Our SCKC sample was small, and we are aware that
a greater number of patients with SCKC would be necessary to obtain more reliable values.
To calculate ROC curves with a small SCKC sample could lead to inexact conclusions about
the best parameters to detect it. However, a similar number of SCKC eyes (between 12 and
23) were evaluated in previously published studies [12,18,21,22,30], because it is difficult
to obtain this sample.

5. Conclusions

We were able to detect biomechanical impairment in SCKC eyes in clinical exam-
inations by using Corvis® ST parameters. Some of them have demonstrated a great
dependence on IOP and CCT, so to make a correct diagnosis of these patients, only param-
eters without IOP and CCT dependence should probably be compared. However, further
measurements in SCKC patients are necessary, and the effect of IOP and CCT must be
studied in more detail, to confirm the findings of our study and to improve current SCKC
screening.
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Abstract: Oxidative stress and neuroinflammation are involved in the pathogenesis and progres-
sion of glaucoma. Our aim was to evaluate the impact of selected single-nucleotide polymor-
phisms in inflammation and oxidative stress genes on the risk of glaucoma, the patients’ clinical
characteristics and the glaucoma phenotype. In total, 307 patients with primary open-angle glau-
coma or ocular hypertension were enrolled. The control group included 339 healthy Slovenian
blood donors. DNA was isolated from peripheral blood. Genotyping was performed for SOD2
rs4880, CAT rs1001179, GPX1 rs1050450, GSTP1 rs1695, GSTM1 gene deletion, GSTT1 gene deletion,
IL1B rs1143623, IL1B rs16944, IL6 rs1800795 and TNF rs1800629. We found a nominally significant
association of GSTM1 gene deletion with decreased risk of ocular hypertension and a protective
role of IL1B rs16944 and IL6 rs1800629 in the risk of glaucoma. The CT and TT genotypes of GPX1
rs1050450 were significantly associated with advanced disease, lower intraocular pressure and a
larger vertical cup–disc ratio. In conclusion, genetic variability in IL1B and IL6 may be associated
with glaucoma risk, while GPX and TNF may be associated with the glaucoma phenotype. In the
future, improved knowledge of these pathways has the potential for new strategies and personalised
treatment of glaucoma.

Keywords: glaucoma; inflammation; oxidative stress; phenotype; polymorphism; susceptibility

1. Introduction

There is growing interest in the correlation between oxidative stress, inflammation,
apoptosis and primary open-angle glaucoma (POAG) initiation and progression [1–5].
Reactive oxygen species (ROS) are formed in the eyes, following a wide variety of stressors
and are largely implicated in glaucoma pathogenesis. Similarly, immune-inflammatory
response mediators have recently become a target of interest in glaucoma [6–10].

POAG progression has been linked to an increase in oxidative stress (OS) mark-
ers [11,12], and although it has been hypothesised that OS plays an early role in the
development of glaucomatous optic neuropathy [13], the link between OS and clinical
glaucoma parameters remains to be elucidated [1]. In glaucoma, increased intraocular
pressure (IOP), vascular dysregulation and immune system activation can trigger several
changes in the retina and optic nerve, including disrupted axonal transport and neurofil-
ament accumulation, microvascular abnormalities, extracellular matrix remodelling and
glial cell activation. These alterations can lead to secondary damage such as excitotoxicity,
neurotrophin deprivation, oxidative damage, mitochondrial dysfunction and, eventually,
retinal ganglion cell death [5,14]. In addition, neurodegeneration extends beyond the retina
and optic nerve into the central nervous system [3,15].
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Oxidative stress arises due to disturbed equilibrium between the pro-oxidant/antio
xidant status that further takes part in the generation of ROS and free radicals, both po-
tentially toxic for neuronal cells. The human body produces oxygen free radicals and
other ROS as by-products through numerous physiological and biochemical processes [16].
At the same time, antioxidants, further supported with antioxidant enzymes superox-
ide dismutase (SOD), catalase (CAT), glutathione reductase and glutathione peroxidase
(GPX), help to regulate the level of ROS [17,18]. Decreased antioxidant defence, together
with increasing pro-oxidants in the aqueous humour [12,19], ocular tissues [20,21] and
blood [22], has been reported in glaucoma. Several antioxidant enzymes such as SOD,
CAT and GPX have been found in the aqueous humour [23,24]. The enzyme CAT is the
primary scavenger of ROS, and its deficiency and/or genetic variants are associated with a
higher risk of diabetes complications and vitiligo [25,26]. GPX has antioxidant effects and
catalyses the reduction of hydrogen peroxide by two molecules of glutathione as part of a
ROS defence system.

Glaucoma is a neurodegenerative optic neuropathy and, similarly to other neurodegen-
erative diseases, is also associated with neuroinflammation where astrocytes and microglia
play a major role [27]. The presence of reactive astrocytes, microglial activation and the
release of inflammatory mediators such as cytokines, ROS, nitric oxide (NO) and tumour
necrosis factor-α (TNF-α) cause a state of chronic inflammation that may exert neurotoxic
effects [28]. Immune inflammatory response mediators like proteolytic enzymes and pro-
inflammatory cytokines (TNF-α, IL-1β, IL-6, IL-12, and NO) have recently become a target
of glaucoma research [15,29–40]. TNF-α, a major immunomodulator and inflammatory
cytokine, has been suggested to mediate the apoptotic death of retinal ganglion cells in
glaucoma patients [34]. Interleukin-1, an inflammatory cytokine, is implicated in ischaemic
and excitotoxic damage in the retina [41]. Interleukin-6, a proinflammatory cytokine, mod-
ulates neuronal survival and protects retinal ganglion cells from ischaemic and excitotoxic
damage [42].

Moreover, further research concerning the functions, effectors and signalling pathways
of the above molecules and their interactions may lead to new strategies for the treatment
of glaucoma [10,43].

Genetic factors, such as single-nucleotide polymorphisms (SNPs), have been shown
to modify these pathways, but their impact on the risk of glaucoma and disease course
has not been confirmed yet. Studies evaluating the effect of genetic polymorphisms or
alterations in proteins’ functions in the oxidative-stress- and inflammation-related genes
on the risk of glaucoma have found conflicting results [44,45]. Although the association of
genetic variability of inflammation and oxidative stress genes with the risk of glaucoma has
already been explored to some extent, the association with patients’ clinical characteristics
and glaucoma phenotype has not been studied yet.

Therefore, the aim of our study was to investigate the associations of selected SNPs
in inflammation and oxidative stress pathways with the risk of glaucoma, as well as the
associations between selected SNPs, patients’ clinical characteristics and the glaucoma
phenotype.

2. Materials and Methods

2.1. Study Participants

The study included patients older than 40 years with POAG or ocular hypertension
(OHT) attending the Glaucoma Clinic at the Department of Ophthalmology of the Uni-
versity Medical Centre Ljubljana, Slovenia, from October 2018 until May 2020. The study
was approved by the Slovenian Medical Ethics Committee (KME 30/05/11). All subjects
signed informed consent in accordance with the Declaration of Helsinki.

Ocular hypertension was defined according to the Guidelines and Terminology of the
European Glaucoma Society as IOP higher than 21 mmHg without changes at the optic
nerve head and visual field defects [46]. POAG was defined as untreated IOP higher than
21 mmHg, characteristic glaucoma changes at the optic nerve head and/or corresponding
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visual field defects. Patients with primary juvenile open-angle glaucoma, secondary causes
of OHT/glaucoma and non-glaucomatous optic neuropathy and patients after prior in-
traocular surgery (except non-complicated cataract surgery with more than 6 months after
surgery) were excluded. Patients were treated according to the recommendations of the
European Glaucoma Society guidelines [47]. Lowering of the IOP was achieved by topical
medications, laser trabeculoplasty or surgery, depending on the severity of glaucoma,
life expectancy, status of the fellow eye and the rate of progression.

Data on the course of disease and treatment were obtained from medical records. In all
patients, the following data were recorded: sex, age, smoking status, a family history of
glaucoma, IOP, central corneal thickness (CCT), visual field parameters (with best-corrected
visual acuity), vertical cup–disc (C/D) ratio, current ocular diagnosis and systemic diseases.
The presence of diabetes, arterial hypertension (AH), hyperlipidaemia and heart disease
was also recorded.

The glaucoma phenotype was assessed with the severity of disease, C/D ratio, IOP and
CCT. The severity of glaucoma was based on the visual field index mean defect (MD) of
the Octopus standard automated perimetry (G program, dynamic strategy) and classified
into early (MD < 6 dB), moderate (MD 6–12 dB) and advanced (MD > 12 dB) disease.
The IOP was measured by Goldman applanation tonometry. The mean IOP based on all
measurements during follow-up was calculated for each eye. CCT values were measured
with a manual ultrasound pachymeter (Pachmate-DGH, Tehnology Inc., Exton, PA, USA).

The control group included 339 healthy, unrelated Slovenian blood donors without
any systemic disease. For the control group, data about age and sex were available.

2.2. DNA Isolation and Genotyping

Nine candidate genes were selected based on their direct involvement in oxidative
stress pathways and signalling cascades of inflammation. Only functional polymorphisms
with a minor allele frequency above 5% were included in the study: non-synonymous
SNPs in the coding region previously associated with enzyme activity or SNPs in the
5’ untranslated region previously associated with altered gene or protein expression lev-
els were SOD2 rs4880, CAT rs1001179, GPX1 rs1050450, GSTP1 rs1695, IL1B rs1143623,
IL1B rs16944, IL6 rs1800795 and TNF rs1800629 (Supplementary Materials Table S1) [48].
We also determined the presence of homozygous GSTM1 and GSTT1 gene deletion.

Genomic DNA was isolated from peripheral blood samples using the E.Z.N.A.® SQ II
Blood DNA Kit (Omega Bio-tek, Inc., Norcross, GA, USA) following the manufacturer’s
instructions. GSTM1 and GSTT1 were genotyped using multiplex PCR that enabled the
detection of homozygous gene deletion. In brief, both genes were simultaneously amplified
in a single-step PCR together with the β-globin gene (HBB) as the internal positive control,
as previously described [49] (Table S2, Figure S1). Genotyping of 8 SNPs was performed
with competitive allele-specific PCR (KASP), using the KASP Master mix and custom
KASP genotyping assays (all from LGC, Middlesex, UK) according to the manufacturer’s
instructions (KBiosciences, Herts, UK and LGC Genomics, UK) (Table S2, Figure S2).
Ten percent of the samples were genotyped in duplicate as quality control, and all the
results were concordant.

2.3. Statistical Analysis

Continuous and categorical variables were described with the median and interquar-
tile range (25–75%) or frequencies, respectively. Fisher’s exact test was used to compare
the distribution of categorical variables, while nonparametric Mann–Whitney or Kruskal-
Wallis tests were used to compare the distribution of continuous variables. Deviation from
the Hardy–Weinberg equilibrium (HWE) was evaluated using the standard chi-square test.
Both dominant and additive genetic models were used in the analysis. The association of
polymorphisms with glaucoma risk was evaluated using logistic regression to calculate
non-adjusted and adjusted odds ratios (ORs) and 95% confidence intervals (CIs). For the
IOP, CCT and C/D ratio, data from the most affected eye were used in the analysis. If a
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measurement was available for only one eye, the measurement of that eye was used in
the analysis.

All statistical tests were two sided. As 11 SNPs were investigated, the Bonferroni
correction was used to account for multiple comparisons: p-values below 0.005 were con-
sidered statistically significant, while p-values between 0.005 and 0.050 were considered
nominally significant. All statistical tests were two sided. In risk analysis, for a polymor-
phism with a minor allele frequency of 0.10, 0.30 and 0.50, this study had 80% power to
detect ORs of 1.9, 1.6 and 1.54 or more, respectively. Power calculation was conducted
using PS Power and Sample Size Calculation version 3.0 [50]. The statistical analyses were
carried out using IBM SPSS Statistics version 21.0 (IBM Corporation, Armonk, NY, USA).

3. Results

A total of 307 patients, 235 with POAG and 72 with OHT, participated in this study.
The median age of patients was 70 (interquartile range 64–78) years. Among the patients,
139 (45.3%) were male and 168 (54.7%) were female. The control group consisted of 339
healthy blood donors with the median age of 49 (interquartile range 45–55) years. Among
the controls, 251 (74.0%) were male and 88 (26.0%) were female. Patients with POAG or
OHT were significantly older than controls (p < 0.001). There were more females among
patients with POAG or OHT compared to controls (p < 0.001). In total, 31.9% of patients
reported a family history of glaucoma. Clinical characteristics of all patients, their smoking
history and accompanying systemic diseases are presented separately for the OHT and
POAG groups in Table 1.

Table 1. Clinical characteristics of patients.

Characteristic
Cases

(n = 307)
OHT

(n = 72)
POAG

(n = 235)
p-Value

Sex Male, n (%) 139 (45.3) 34 (47.2) 105 (44.7) 0.787
Female, n (%) 168 (54.7) 38 (52.8) 130 (55.3)

Age (years) Median (25–75%) 70 (64–78) 64 (54–69) 72 (66–79) <0.001
IOP (mmHg) Right eye, (median (25–75%) 19.71 (16.8–23) 22.6 (20.1–24.2) 18.59 (16.3–22.0) <0.001

Left eye, (median (25–75%) 19.78 (16.7–23) 22.5 (19.7–24.2) 18.48 (16.3–22.0) <0.001
CCT (μm) Right eye, (median (25–75%) 547 (521–574) 565.5 (533–595) 541 (518–570) <0.001

Left eye, (median (25–75%) 548.5 (522.5–577.0) {1} 570.5 (532.3–602.5) 543 (519.5–571.0) <0.001
C/D ratio Right eye, (median (25–75%) 0.8 (0.5–0.9) 0.35 (0.3–0.5) 0.9 (0.7–1.0) <0.001

Left eye, (median (25–75%) 0.8 (0.5–1) 0.3 (0.3–0.5) 0.9 (0.7–1.0) <0.001
Family history
of glaucoma No, n (%) 209 (68.1) 51 (70.8) 158 (67.2) 0.665

Yes, n (%) 98 (31.9) 21 (29.2) 77 (32.8)
Arterial

hypertension {1} No, n (%) 140 (45.8) 38 (52.8%) 102 (43.6) 0.179

Yes, n (%) 166 (54.2) 34 (47.2%) 132 (56.4)
Diabetes No, n (%) 280 (91.2) 64 (88.9%) 216 (91.9) 0.476

Yes, n (%) 27 (8.8) 8 (11.1%) 19 (8.1)
Hyperlipidaemia No, n (%) 209 (68.1) 53 (73.6%) 156 (66.4) 0.312

Yes, n (%) 98 (31.9) 19 (26.4%) 79 (3.6)
Heart disease {1} No, n (%) 240 (78.4) 63 (87.5%) 177 (75.6) 0.034

Yes, n (%) 66 (21.6) 9 (12.5%) 57 (24.4)
Smoking No, n (%) 204 (66.4) 40 (55.6%) 164 (69.8) 0.045

Currently, n (%) 26 (8.5) 6 (8.3) 20 (8.5)
Former, n (%) 77 (25.1) 26 (36.1) 51 (21.7)

{ }—missing data; OHT—ocular hypertension; POAG—primary open-angle glaucoma; IOP—intraocular pressure; CCT—central corneal
thickness; C/D ratio—vertical cup–disc ratio.

Genotypes’ distributions for the investigated SNPs in both patient and control groups
are presented in Table 2. When susceptibility analysis was performed, GSTM1 gene
deletion was nominally significantly associated with the risk for POAG or OHT. The car-
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riers of GSTM1 gene deletion had lower odds for developing POAG or OHT (OR = 0.50;
95% CI = 0.30–0.83; p = 0.007).

Table 2. Genotype frequencies of the control (n = 339) and patient (n = 307) groups with the risk of glaucoma or OHT.

SNP Genotype Controls
n (%)

Cases
n (%) OR (95% CI) adj. padj-Value

SOD2 rs4880 CC 92 (27.1) 78 (25.4) Reference
CT 160 (47.2) 136 (44.3) 1.11 (0.60–2.06) 0.745
TT 87 (25.7) 93 (30.3) 1.15 (0.58–2.26) 0.690

CT + TT 247 (72.9) 229 (74.6) 1.12 (0.63–2.00) 0.691
CAT rs1001179 CC 193 (57.1) {1} 184 (59.9) Reference

CT 122 (36.1) 105 (34.2) 0.95 (0.56–1.60) 0.840
TT 23 (6.8) 18 (5.9) 1.31 (0.42–4.08) 0.642

CT + TT 145 (42.9) 123 (40.1) 0.99 (0.59–1.63) 0.954
GPX1 rs1050450 CC 170 (50.1) 157 (51.1) Reference

CT 130 (38.3) 125 (40.7) 0.86 (0.51–1.47) 0.592
TT 39 (11.5) 25 (8.1) 0.49 (0.19–1.28) 0.146

CT + TT 169 (49.9) 150 (48.9) 0.78 (0.47–1.30) 0.345
GSTP1 rs1695 AA 150 (44.2) 141 (45.9) Reference

AG 152 (44.8) 128 (41.7) 0.98 (0.58–1.67) 0.940
GG 37 (10.9) 38 (12.4) 1.84 (0.79–4.28) 0.157

AG + GG 189 (55.8) 166 (54.1) 1.11 (0.67–1.83) 0.686
GSTP1 rs1138272 CC 274 (80.8) 254 (82.7) Reference

CT + TT 65 (19.2) 53 (17.3) 1.25 (0.65–2.41) 0.513
GSTM1 gene

deletion No deletion 136 (40.1) 150 (48.9) Reference

Deletion 203 (59.9) 157 (51.1) 0.50 (0.30–0.83) 0.007

GSTT1 gene
deletion No deletion 288 (85) 254 (82.7) Reference

Deletion 51 (15) 53 (17.3) 0.58 (0.30–1.12) 0.103
IL1B rs1143623 GG 174 (51.3) 145 (47.2) Reference

GC 136 (40.1) 135 (44) 1.25 (0.74–2.11) 0.408
CC 29 (8.6) 27 (8.8) 1.50 (0.61–3.69) 0.378

GC + CC 165 (48.7) 162 (52.8) 1.29 (0.78–2.12) 0.323
IL1B rs16944 TT 44 (13) 44 (14.3) Reference

TC 145 (42.8) 143 (46.6) 0.69 (0.32–1.47) 0.332
CC 150 (44.2) 120 (39.1) 0.62 (0.28–1.35) 0.227

TC + CC 295 (87.0) 263 (85.7) 0.65 (0.32–1.34) 0.248
IL6 rs1800795 GG 120 (35.4) 111 (36.2) Reference

GC 151 (44.5) 154 (50.2) 0.71 (0.41–1.24) 0.226
CC 68 (20.1) 42 (13.7) 0.67 (0.32–1.39) 0.277

GC + CC 219 (64.6) 196 (63.8) 0.70 (0.41–1.17) 0.174
TNF rs1800629 GG 228 (67.3) 234 (76.2) Reference

GA + AA 111 (32.7) 73 (23.8) 0.66 (0.38–1.17) 0.156
{ }—missing data; adj–adjusted for age and sex; SNP–single nucleotide polymorphism. Nominally significant values have been marked in bold.
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Next, susceptibility analysis was performed separately for patients with POAG
(n = 235) and OHT (n = 72), as shown in Table 3. The carriers of GSTM1 gene deletion
had lower odds for developing OHT (OR = 0.43; 95% CI = 0.22–0.81; p = 0.009) but not for
developing POAG (OR = 0.61; 95% CI = 0.31–1.18; p = 0.141).

Table 3. Genotype frequencies of selected polymorphisms and their association with the risk of OHT (n = 72) and POAG
(n = 235).

OHT POAG

SNP Genotype n (%) OR (95% CI) adj. padj-Value n (%) OR (95% CI) adj. padj-Value

SOD2 rs4880 CC 15 (20.8) Reference 63 (26.8) Reference

CT 39 (54.2) 1.37 (0.63–3.00) 0.426 97 (41.3) 0.90 (0.41–2.02) 0.806

TT 18 (25) 1.12 (0.46–2.71) 0.798 75 (31.9) 1.23 (0.51–2.93) 0.643

CT + TT 57 (79.2) 1.28 (0.61–2.66) 0.515 172 (73.2) 1.02 (0.49–2.14) 0.953

CAT rs1001179 CC 49 (68.1) Reference 135 (57.4) Reference

CT 20 (27.8) 0.66 (0.33–1.30) 0.230 85 (36.2) 1.36 (0.68–2.69) 0.381

TT 3 (4.2) 0.40 (0.07–2.19) 0.290 15 (6.4) 3.79 (0.92–15.55) 0.064

CT + TT 23 (31.9) 0.62 (0.32–1.20) 0.157 100 (42.6) 1.54 (0.80–2.96) 0.201

GPX1 rs1050450 CC 45 (62.5) Reference 112 (47.7) Reference

CT 22 (30.6) 0.66 (0.33–1.30) 0.228 103 (43.8) 0.93 (0.47–1.85) 0.834

TT 5 (6.9) 0.36 (0.10–1.26) 0.111 20 (8.5) 0.70 (0.20–2.44) 0.581

CT + TT 27 (37.5) 0.59 (0.31–1.12) 0.104 123 (52.3) 0.89 (0.46–1.72) 0.725

GSTP1 rs1695 AA 38 (52.8) Reference 103 (43.8) Reference

AG 26 (36.1) 0.92 (0.47–1.79) 0.800 102 (43.4) 0.92 (0.46–1.84) 0.819

GG 8 (11.1) 1.37 (0.49–3.83) 0.554 30 (12.8) 2.70 (0.85–8.60) 0.092

AG + GG 34 (47.2) 0.99 (0.53–1.86) 0.987 132 (56.2) 1.11 (0.58–2.13) 0.747

GSTP1
rs1138272 CC 62 (86.1) Reference 192 (81.7) Reference

CT + TT 10 (13.9) 1.09 (0.47–2.55) 0.837 43 (18.3) 1.44 (0.60–3.47) 0.410

GSTM1 gene
deletion No deletion 36 (50) Reference 114 (48.5) Reference

Deletion 36 (50) 0.43 (0.22–0.81) 0.009 121 (51.5) 0.61 (0.31–1.18) 0.141

GSTT1 gene
deletion No deletion 60 (83.3) Reference 194 (82.6) Reference

Deletion 12 (16.7) 0.61 (0.26–1.44) 0.258 41 (17.4) 0.50 (0.22–1.16) 0.107

IL1B rs1143623 GG 38 (52.8) Reference 107 (45.5) Reference

GC 32 (44.4) 1.16 (0.61–2.19) 0.657 103 (43.8) 1.12 (0.56–2.24) 0.745

CC 2 (2.8) 0.47 (0.10–2.24) 0.341 25 (10.6) 2.87 (0.95–8.65) 0.061

GC + CC 34 (47.2) 1.04 (0.56–1.95) 0.893 128 (54.5) 1.34 (0.70–2.57) 0.384

IL1B rs16944 TT 5 (6.9) Reference 39 (16.6) Reference

TC 34 (47.2) 1.38 (0.45–4.28) 0.574 109 (46.4) 0.34 (0.13–0.90) 0.030

CC 33 (45.8) 1.44 (0.46–4.47) 0.533 87 (37) 0.32 (0.12–0.86) 0.024

TC + CC 67 (93.1) 1.41 (0.48–4.16) 0.536 196 (83.4) 0.33 (0.13–0.82) 0.017

IL6 rs1800795 GG 25 (34.7) Reference 86 (36.6) Reference

GC 36 (50) 0.89 (0.45–1.80) 0.755 118 (50.2) 0.44 (0.21–0.93) 0.031

CC 11 (15.3) 0.77 (0.30–1.96) 0.577 31 (13.2) 0.49 (0.19–1.29) 0.149

GC + CC 47 (65.3) 0.86 (0.44–1.66) 0.654 149 (63.4) 0.46 (0.23–0.91) 0.025

TNF rs1800629 GG 56 (77.8) Reference 178 (75.7) Reference

GA + AA 16 (22.2) 0.62 (0.30–1.28) 0.196 57 (24.3) 0.67 (0.31–1.41) 0.289

adj—adjusted for age and sex; OHT—ocular hypertension; POAG—primary open-angle glaucoma; SNP—single nucleotide polymorphism.
Nominally significant values have been marked in bold.
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IL6 and IL1B polymorphisms showed nominally significant association with POAG
but not with OHT. The carriers of the IL1B rs16944 polymorphism had lower odds for devel-
oping POAG in the dominant and additive genetic model (OR = 0.33; 95% CI = 0.13–0.82;
p = 0.017). IL6 rs1800795 was associated with lower odds for developing POAG in the
dominant genetic model (OR = 0.46; 95% CI = 0.23–0.91; p = 0.025) (Table 3).

The distribution of genotype frequencies for the investigated polymorphisms was
compared between groups of patients with OHT without visual field defects and patients
with glaucoma of different severity (Table 4). The results showed statistically significant
differences among groups only for the distribution of GPX1 rs1050450 genotypes in the
dominant model. The carriers of at least one polymorphic GPX1 allele had less OHT and
more POAG (p = 0.025; Table 4).

Table 4. Association of selected polymorphisms with OHT and POAG severity.

SNP Genotype
OHT

(n = 72)
Early POAG

(n = 62)
Moderate POAG

(n = 54)
Severe

POAG (n = 119) p-Value *

n (%) n (%) n (%) n (%)

SOD2 rs4880 CC 15 (19.2) 15 (19.2) 15 (19.2) 33 (42.3) Padd = 0.681

CT 39 (28.7) 27 (19.9) 22 (16.2) 48 (35.3)

TT 18 (19.4) 20 (21.5) 17 (18.3) 38 (40.9)

CT + TT 57 (24.9) 47 (20.5) 39 (17) 86 (37.6) Pdom = 0.722

CAT rs1001179 CC 49 (26.6) 31 (16.8) 35 (19) 69 (37.5) Padd = 0.149

CT 20 (19) 23 (21.9) 18 (17.1) 44 (41.9)

TT 3 (16.7) 8 (44.4) 1 (5.6) 6 (33.3)

CT + TT 23 (18.7) 31 (25.2) 19 (15.4) 50 (40.7) Pdom = 0.158

GPX1 rs1050450 CC 45 (28.7) 33 (21) 19 (12.1) 60 (38.2) Padd = 0.134

CT 22 (17.6) 24 (19.2) 29 (23.2) 50 (40)

TT 5 (20) 5 (20) 6 (24) 9 (36)

CT + TT 27 (18) 29 (19.3) 35 (23.3) 59 (39.3) Pdom = 0.025

GSTP1 rs1695 AA 38 (27) 26 (18.4) 23 (16.3) 54 (38.3) Padd = 0.628

AG 26 (20.3) 30 (23.4) 21 (16.4) 51 (39.8)

GG 8 (21.1) 6 (15.8) 10 (26.3) 14 (36.8)

AG + GG 34 (20.5) 36 (21.7) 31 (18.7) 65 (39.2) Pdom = 0.570

GSTP1
rs1138272 CC 62 (24.4) 49 (19.3) 41 (16.1) 102 (40.2) 0.299

CT + TT 10 (18.9) 13 (24.5) 13 (24.5) 17 (32.1)

GSTM1 gene
deletion No deletion 36 (24) 23 (15.3) 30 (20) 61 (40.7) 0.195

Deletion 36 (22.9) 39 (24.8) 24 (15.3) 58 (36.9)

GSTT1 gene
deletion No deletion 60 (23.6) 50 (19.7) 46 (18.1) 98 (38.6) 0.940

Deletion 12 (22.6) 12 (22.6) 8 (15.1) 21 (39.6)

IL1B rs1143623 GG 38 (26.2) 27 (18.6) 22 (15.2) 58 (40) Padd = 0.358

GC 32 (23.7) 27 (20) 26 (19.3) 50 (37)

CC 2 (7.4) 8 (29.6) 6 (22.2) 11 (40.7)

GC + CC 34 (21) 35 (21.6) 32 (19.8) 61 (37.7) Pdom = 0.526

IL1B rs16944 TT 5 (11.4) 14 (31.8) 7 (15.9) 18 (40.9) Padd = 0.074

TC 34 (23.8) 30 (21) 30 (21) 49 (34.3)

CC 33 (27.5) 18 (15) 17 (14.2) 52 (43.3)

TC + CC 67 (25.5) 48 (18.3) 47 (17.9) 101 (38.4) Pdom = 0.079
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Table 4. Cont.

SNP Genotype
OHT

(n = 72)
Early POAG

(n = 62)
Moderate POAG

(n = 54)
Severe

POAG (n = 119)
p-Value *

IL6 rs1800795 GG 25 (22.5) 24 (21.6) 23 (20.7) 39 (35.1) Padd = 0.862

GC 36 (23.4) 31 (20.1) 23 (14.9) 64 (41.6)

CC 11 (26.2) 7 (16.7) 8 (19) 16 (38.1)

GC + CC 47 (24) 38 (19.4) 31 (15.8) 80 (40.8) Pdom = 0.617

TNF rs1800629 GG 56 (23.9) 46 (19.7) 43 (18.4) 89 (38) 0.873

GA + AA 16 (21.9) 16 (21.9) 11 (15.1) 30 (41.1)

* Comparison of all 4 groups using Fisher’s exact test; add—additive model; dom—dominant model; OHT—ocular hypertension;
POAG—primary open-angle glaucoma; SNP—single nucleotide polymorphism. Statistically significant values have been marked in bold.

We also analysed the association of the investigated polymorphisms with the glaucoma
phenotype, such as the IOP, CCT and C/D ratio (Table 5). The results showed a statistically
significant association of GPX1 rs1050450 with the IOP and C/D ratio in the dominant
model. The carriers of at least one polymorphic GPX1 allele had a lower IOP (p = 0.019) and
a slightly increased C/D ratio (p = 0.035). In addition, a statistically significant association
of TNF rs1800629 with the CCT was found in the dominant model. The carriers of at least
one polymorphic TNF rs1800629 allele had a larger CCT (p = 0.001).

Table 5. Association of investigated polymorphisms with the IOP, CCT and C/D ratio.

SNP Genotype
IOP Max
Median

(25–75%)
p-Value

CCT Min.
Median

(25–75%)
p-Value

C/D Max.
Median

(25–75%)
p-Value

SOD2 rs4880 CC 21 (17.5–26) Padd = 0.301 539
(520.75–571) Padd = 0.422 0.85 (0.6–1) Padd = 0.246

CT 20.8 (17.5–23.3) 548 (520–577) 0.8 (0.5–1)

TT 20.2 (17.3–23) 541 (514.5–573) 0.9 (0.7–1)

CT + TT 20.6 (17.5–23) Pdom = 0.139 544 (518.5–573) Pdom = 0.590 0.9 (0.6–1) Pdom = 0.985

CAT rs1001179 CC 20.8 (17.5–23.7) Padd = 0.574 543
(518.25–573.75) Padd = 0.331 0.85 (0.6–1) Padd = 0.517

CT 20.6 (17.4–23.7) 541
(519.5–571.5) 0.9 (0.6–1)

TT 22.5 (17.5–26) 557
(532.5–584.5) 0.8 (0.6–0.9)

CT + TT 20.8 (17.5–24) Pdom = 0.759 544 (520–573) Pdom = 0.994 0.9 (0.6–1) Pdom = 0.690

GPX1
rs1050450 CC 21.2 (17.9–24) Padd = 0.061 551 (520.5–575) Padd = 0.245 0.8 (0.5–1) Padd = 0.105

CT 19.4 (17.2–23) 538 (519–571) 0.9 (0.7–1)

TT 19 (17.2–24) 540 (501.5–572) 0.9 (0.6–1)

CT + TT 19.3 (17.2–23.2) Pdom = 0.019 538.5 (518–571) Pdom = 0.094 0.9 (0.675–1) Pdom = 0.035

GSTP1 rs1695 AA 20.5 (17.6–23.5) Padd = 0.991 546 (519.5–575) Padd = 0.154 0.8 (0.55–1) Padd = 0.572

AG 21 (17.2–24) 537.5
(515.5–570) 0.9 (0.6–1)

GG 20.1 (17.7–24.1) 547.5
(531–574.75) 0.9 (0.7–1)

AG + GG 20.9 (17.4–24) Pdom = 0.899 540.5
(520–572.25) Pdom = 0.598 0.9 (0.6–1) Pdom = 0.357

GSTP1
rs1138272 CC 20.6 (17.5–24) 0.924 544 (520–573) 0.965 0.9 (0.6–1) 0.846

CT + TT 21 (17.4–23.7) 540
(519.5–575.5) 0.9 (0.6–1)

GSTM1 gene
deletion No deletion 21 (17.2–24) 0.967 544 (515–576) 0.894 0.9 (0.6–1) 0.823

Deletion 20.6 (17.6–23.5) 541 (520–572.5) 0.8 (0.6–1)
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Table 5. Cont.

SNP Genotype
IOP Max
Median

(25–75%)
p-Value

CCT Min.
Median

(25–75%)
p-Value

C/D Max.
Median

(25–75%)
p-Value

GSTT1 gene
deletion No deletion 20.7 (17.4–23.9) 0.354 541.5 (518–573) 0.199 0.9 (0.6–1) 0.994

Deletion 21 (18–24) 544 (529.5–577) 0.9 (0.6–1)

IL1B rs1143623 GG 21 (17.6–24) Padd = 0.268 539 (518–575) Padd = 0.382 0.9 (0.6–1) Padd = 0.843

GC 20.2 (17.2–23) 544 (520–571) 0.8 (0.6–1)

CC 21 (17.6–24) 557 (530–573) 0.9 (0.6–1)

GC + CC 20.3 (17.3–23) Pdom = 0.128 547 (521–571.5) Pdom = 0.383 0.85 (0.6–1) Pdom = 0.970

IL1B rs16944 TT 20.4 (17.7–23.1) Padd = 0.411 551
(529.25–570) Padd = 0.617 0.9 (0.7–1) Padd = 0.541

TC 20.4 (17.5–23) 544 (520–574) 0.8 (0.6–1)

CC 21 (17.2–25) 538.5
(518–573.75) 0.9 (0.5–1)

TC + CC 20.8 (17.4–24) Pdom = 0.989 541 (519–574) Pdom = 0.508 0.9 (0.6–1) Pdom = 0.319

IL6 rs1800795 GG 20 (17.6–23.3) Padd = 0.184 546 (520–578) Padd = 0.354 0.8 (0.5–1) Padd = 0.342

GC 20.6 (17.2–23.4) 541.5
(520.75–573) 0.9 (0.6–1)

CC 21.8 (18.4–26) 534
(502.75–569.25) 0.8 (0.4–1)

GC + CC 21 (17.3–24) Pdom = 0.491 540.5 (518–571) Pdom = 0.390 0.9 (0.6–1) Pdom = 0.451

TNF rs1800629 GG 20.5 (17.2–23.2) 0.166 540
(517.75–570) 0.001 0.9 (0.6–1) 0.539

GA + AA 21.7 (17.7–24.1) 564
(529.5–589.5) 0.9 (0.6–1)

add—additive model; dom—dominant model; IOP—intraocular pressure; CCT—central corneal thickness; C/D ratio—vertical cup–disc
ratio; SNP—single nucleotide polymorphism. Statistically significant values have been marked in bold.

We also analysed the association between patients’ clinical characteristics and the
glaucoma phenotype. Cases with AH had a significantly lower maximal median IOP
compared to those without AH (p < 0.001) and a greater C/D ratio (p = 0.008) (Table 6).
Similarly, ischaemic heart disease was significantly associated with lower IOP (p = 0.002).
However, patients with glaucoma were older compared to OHT subjects (p < 0.001) with a
higher prevalence of heart disease (p = 0.034). Diabetes was significantly associated with a
larger CCT (p = 0.030).

Table 6. Association of patients’ clinical characteristics with the glaucoma phenotype.

Characteristic
IOP Max.
Median

(25–75%)
p-Value

CCT Min.
Median

(25–75%)
p-Value

C/D Ratio Max.
Median

(25–75%)
p-Value

Smoking No, n (%) 20.1 (17.5–23.7) 0.356 541 (520–573) 0.589 0.9 (0.6–1) 0.019

Yes, n (%) 21 (17.4–24) 544 (520–573) 0.8 (0.5–1)

Family
history No, n (%) 21 (17.7–24) 0.073 544 (520–574) 0.632 0.9 (0.6–1) 0.695

Yes, n (%) 20 (17.1–23.2) 540.5
(518.8–570.5) 0.9 (0.6–1)

AH No, n (%) 22 (18.6–24.2) <0.001
548.5

(526.8–575.5) 0.050 0.8 (0.5–1) 0.008

Yes, n (%) 19.4 (16.9–22.8) 538 (512–570.3) 0.9 (0.6–1)

Diabetes No, n (%) 20.6 (17.2–23.7) 0.071 541 (518.3–573) 0.030 0.9 (0.6–1) 0.543

Yes, n (%) 22 (19.3–24) 558 (540–580) 0.9 (0.4–1)

Hyperlipidaemia No, n (%) 21 (17.6–24) 0.078 543 (518.5–574) 0.959 0.8 (0.6–1) 0.541

Yes, n (%) 19.7 (17.2–23.1) 543.5 (520–570) 0.9 (0.6–1)
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Table 6. Cont.

Characteristic
IOP Max.
Median

(25–75%)
p-Value

CCT Min.
Median

(25–75%)
p-Value

C/D Ratio Max.
Median

(25–75%)
p-Value

Heart disease No, n (%) 21 (17.7–24) 0.002 544.5 (520–575.5) 0.173 0.8 (0.6–1) 0.485

Yes, n (%) 19 (16.7–21.5) 536.5 (515.8–562.3) 0.9 (0.6–1)

AH—arterial hypertension; IOP—intraocular pressure; CCT—central corneal thickness; C/D ratio—vertical cup–disc ratio. Statistically
significant values have been marked in bold.

In the multivariable analysis including GPX1 rs1050450, AH and diabetes, both GPX1
rs1050450 (p = 0.014) and patients’ clinical characteristics remained significantly associated
with the IOP (p < 0.001 and p = 0.019, respectively). In the multivariable analysis including
GPX1 rs1050450, AH and smoking, only GPX1 rs1050450 remained significantly associated
with the C/D ratio (p = 0.027). In the multivariable model including TNF rs1800629 and
diabetes, both variables were significantly associated with the CCT (p < 0.001 and p = 0.015).

4. Discussion

In this study, we evaluated the associations of selected SNPs in antioxidative and
inflammation pathways with the risk of glaucoma and the glaucoma phenotype. Our main
finding was that in the antioxidative pathways, GSTM1 gene deletion may play a protective
role in the development of OHT, while inflammatory pathway polymorphisms such as
IL1B rs16944 and IL6 rs1800795 may play a protective role in the development of POAG.
Interestingly, GPX1 rs1050450 polymorphism was mainly associated with the severity of
POAG and with the phenotype such as the IOP and C/D ratio.

In our study, we observed that the carriers of GSTM1 gene deletion had lower odds for
developing OHT, but we found no association between GSTT1 gene deletion and the risk of
OHT or POAG. GSTs play an important role in cellular protection against oxidative stress.
Homozygous GSTM1 and GSTT1 deletion results in the absence of the encoded enzymes
and may thus impair detoxification and inactivation of reactive metabolites generated
during oxidative stress. GSTM1 and GSTT1 gene deletion was extensively investigated with
regard to glaucoma risk. Whereas some studies have found a significantly higher frequency
of the GSTM1 null genotype in patients with POAG, especially in smokers compared to
controls [51–53], others have reported increased risk with a GSTM1 positive phenotype,
or in combination with a GSTT1 null genotype, [54,55] or did not find any association
with the risk of glaucoma [56–58]. Many factors might account for the differences in
results between similar studies, such as differences in sample size, types of glaucoma and
ethnic and geographical GSTM1 null and GSTT1 null distribution in populations. A recent
meta-analysis suggested that there might be a significant association between GSTM1
polymorphisms and increased susceptibility to glaucoma [57].

In our study, GPX1 rs1050450 was not associated with the risk of glaucoma. We also
found no association between the CAT rs1001179 promoter variant and the risk of glaucoma.
CAT and GPX1 directly participate in the inactivation of hydrogen peroxide, while GPX1
also participates in the detoxification of reactive secondary metabolites of oxidative stress,
such as various lipid hydroperoxides. The most common GPX1 rs1050450 polymorphism
codes for Pro198Leu substitution and leads to decreased enzyme activity; therefore, the ca-
pacity for antioxidant defence may also be decreased [59]. Defence capacity against ROS
may also be decreased in carriers of a common functional CAT rs1001179 polymorphism
that influences transcription factor binding in the promoter region and is associated with
decreased catalase levels [60]. Associations of GPX1 polymorphisms have only been stud-
ied in other neurodegenerative diseases such as Alzheimer’s disease [61] and Parkinson’s
disease [48] but not in glaucoma. Likewise, CAT rs1001179 genotype frequencies did
not differ significantly between cases and controls in previous studies [24,62]. Only the
synonymous SNP CAT rs769217 was significantly associated with POAG in the Chinese
population [62]. We also found no association between SOD rs4880 and glaucoma. Simi-

196



J. Clin. Med. 2021, 10, 1148

larly, no difference in the allele and genotype frequency in SNPs rs4880 between POAG
cases and controls was reported by Zhou et al. [63].

With regard to inflammatory pathway polymorphisms, we found a protective effect
of IL1B rs16944 and IL6 rs1800795 on the development of POAG. Both polymorphisms
are located in the promoter region and may lead to altered gene expression. In patients
with POAG, significantly increased mRNA expression of the IL1B gene has been found
in blood and significantly increased IL-1B protein expression in the aqueous humour
compared to controls [64]. In an animal model of acute glaucoma, upregulation of IL-
1B caused an increase in retinal ganglion cell death [65]. Polymorphisms in the IL1B
promoter region (rs16944 and rs1143634—not analysed in our study) have already been
investigated for an association with POAG. Whereas positive associations were reported
in Caucasian populations [66,67], associations with POAG were not observed in Asian
populations [68–71]. Meta-analysis evaluating the role of these two SNPs of IL1B in the
susceptibility to glaucoma did not find any association, but the conclusions should be
interpreted with caution as only a small number of studies was included [72].

With regard to IL6, Zimmermann et al. suggested that the promoter IL6 rs1800795
polymorphism is unlikely to be a major risk factor for POAG [73]. In addition, a recent
systematic review and meta-analysis found a statistically significant glaucoma risk associ-
ated only with rs1524107, but not with rs1800795, which was investigated in our study [42].
However, when patients with early to moderate glaucoma were compared to patients with
advanced glaucoma, the IL6 rs1800795 C allele as well as the GC genotype were protective
against less severe forms of normal-tension glaucoma [69].

We are not aware of any studies investigating the association of SNPs involved in
the inflammatory and oxidative stress pathways with the glaucoma phenotype, including
the severity of glaucoma, IOP, C/D ratio and CCT. We found a statistically significant
association of GPX1 rs1050450 with the severity of glaucoma. In the dominant model,
the frequency of at least one polymorphic GPX allele increased with the severity of glau-
coma (19.3% in early, 23.3% in moderate and 39.3% in advanced glaucoma). The GPX1
rs1050450 CT and TT genotypes were reported to be associated with increased risk of
damage caused by oxidative stress, such as in coronary heart disease and cancer [74,75].
The GPX1 rs1050450 CT and TT genotypes were associated with increased risk of POAG
in the Polish population, but the link with glaucoma phenotypes has not been investi-
gated [76]. Antioxidant enzymes, such as GPX, are an important defence system against
oxidative stress, which may play a major pathophysiological role in glaucoma. An increase
in oxidative stress markers in serum and aqueous humour with a decrease in serum an-
tioxidant stress markers was present in glaucoma patients compared to controls. However,
despite a decrease in serum GPX, there was an important increase in GPX in the aqueous
humour [11]. This may indicate a protective response of the eye against oxidative stress
and may wear off in the long term [19].

Glaucoma is a heritable disease, and siblings of POAG cases have a tenfold-increased
risk of developing the disease [77]. The C/D ratio, IOP and CCT used clinically to predict
POAG risk are heritable traits related to the disease and may be associated with genetic
variability in inflammation and oxidative stress pathways. In our study, carriers of at least
one polymorphic GPX1 rs1050450 allele had statistically lower IOP and a lower C/D ratio.
Patients with advanced glaucoma require lower target IOP to prevent progression of disease
than those with early glaucoma or ocular hypertension [78]. In our study, approximately
30% of all cases had advanced disease. Therefore, those with lower IOP had presumably
advanced glaucoma, which might partly explain the link between GPX1 polymorphisms
and lower IOP and severity of glaucoma. However, the association between this SNP and
the C/D ratio is not clear. We found no previous studies analysing the association of the
GPX1 SNP with the glaucoma phenotype.

In the last decade, genome-wide association studies (GWAS) have identified over 50
C/D-ratio-associated loci, but only 9 of these have been associated with POAG [79,80].
Up till now, multiple IOP-associated loci were identified using large and multi-ethnic
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biobank-based cohorts. Among the significant results were also loci at genes previously
associated with POAG but not previously known to influence IOP. This indicates that
genetic variation at these genes mediates the increased POAG risk via raised IOP rather
than via direct effect on retinal ganglion cells [79,80]. The identified loci explained 17% of
the variance of IOP in the EPIC–Norfolk Eye Study [81].

The central corneal thickness has been associated with increased POAG development
and progression [82,83], but it is uncertain whether this relationship is caused by IOP
measurement artefacts or whether the relationship is biologically causal [84]. In our study,
the GG genotype of TNF rs1800629 was associated with a low CCT. The link between TNF
polymorphisms and the CCT has not been investigated. However, recently, the results of
GWAS for the CCT have suggested that the CCT may not be a heritable trait for POAG
and that the CCT–glaucoma association observed in studies is due to IOP measurement
artefacts rather than biological causality [80].

Multiple epidemiological studies have reported the role of hypertension as a risk factor
for POAG [85,86]. Treatment of hypertensive patients with beta-blockers results in noctur-
nal hypotension, which is a potential risk factor for glaucomatous optic neuropathy [87,88].
The mechanisms by which hypertension induces optic nerve damage are still unclear.
Whether or not an association exists between diabetes mellitus and glaucoma has been
an issue of debate, but findings from several studies in recent years suggest that the risk
of glaucoma among diabetic patients may be greater than once believed [89–93]. Patients
with POAG may suffer from ischaemic heart disease more often than those without glau-
coma [93]. We also analysed the association between clinical characteristics (AH, diabetes,
ischaemic heart disease, family history of glaucoma) with the glaucoma phenotype (IOP,
C/D ratio, CCT). In our study, patients with AH had significantly lower maximal median
IOP and a greater C/D ratio compared to those without AH. A possible explanation is that
among cases with AH, there were older patients with advanced glaucoma, requiring lower
target IOP compared to cases with OHT. Similarly, in our study, patients with ischaemic
heart disease had significantly lower IOP. As patients with glaucoma were older compared
to OHT subjects and with a higher prevalence of heart disease, they required lower target
IOP to prevent progression, which could explain our results. Diabetes was significantly
associated with a larger CCT in our study. Our observation is in line with the findings of
a meta-analysis that suggested that diabetes and hyperglycaemia are associated with a
thicker cornea [94]. We found no other associations between the glaucoma phenotype or
clinical characteristics with the investigated SNPs.

One of the limitations of our study was that the number of control subjects and cases
was small compared to larger studies investigating genetic factors. Furthermore, we inves-
tigated only a limited number of polymorphisms in the oxidative stress and inflammation
pathways. The strength of our study was that we used a pathway-based approach and
selected SNPs with a known functional effect that are common in the Caucasian population.
Perhaps other polymorphisms of the genes involved in these pathways, not investigated
in our study, may have had a potential impact. Another limitation was that only data
on age and sex were available for the control group. However, all controls were healthy
blood donors without any self-reported systemic disease. Furthermore, the chance of
controls having undiagnosed glaucoma was small due to the low prevalence of the disease
in this age group, estimated to be between 0.2% and 1.1% in a Caucasian population of
the same age [95–97]. Another strength of our study was that all patients attended the
same glaucoma unit with the same treatment approach and follow-up, unambiguous
diagnostic criteria and classification of phenotype. Furthermore, all patients and controls
originated from a genetically homogenous population, thus limiting possible bias due to
the population structure [98,99].

Although our findings should be interpreted with caution, there is further perspective
to this research. Ganglion cell death in glaucoma is a complex process triggered by different
molecular mechanisms, among which oxidative stress and activation of inflammation by
retinal glial cells play an important role. Improving antioxidant defence and addressing
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inflammation pathways might stimulate cell survival and boost the cells’ ability to with-
stand pathological insult. Several studies have shown the potential protective effect of
antioxidants on retinal ganglion cells [100–103], while there is experimental evidence that
modulation of inflammation reduces retinal ganglion cell death [102]. Therefore, improved
knowledge of these pathways might help to establish predictive biomarkers to improve
treatment strategies for glaucoma. Patients could be stratified into groups with detectable
deficits in oxidative stress and/or inflammation pathways, so supplementary therapy
could be more specific and treatment personalised. Our study investigated genes and SNPs
with broad implications in glaucoma and other neurodegenerative diseases that share
similar biomarkers [104,105]. This type of study on glaucoma and similar diseases may
help to design inflammation and oxidative stress pathway gene panels that could be used
in testing patients with different but related diseases in order to personalise treatment and
potentially improve treatment outcomes.

In conclusion, we used a pathway-based approach to address the relationship between
oxidative stress and inflammation polymorphisms, and POAG risk. We found some indica-
tions for a possible association of genetic variability in GSTM1 with OHT. While IL1B and
IL6 may be associated with the risk of glaucoma, GPX and TNF may affect the glaucoma
phenotype. However, the evidence presented here is limited and further association and
functional studies are required.
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Abstract: We evaluated the effects of ripasudil on the distal aqueous outflow tract in patients with
open-angle glaucoma (OAG) who underwent a 360◦ suture trabeculotomy ab interno followed
by ripasudil treatment beginning 1 month postoperatively. We compared 27 of these patients, by
using propensity score analysis, with 27 patients in a matched control group who had no ripasudil
treatment. We assessed the changes in the mean intraocular pressure (IOP) and the relationship
between the IOP changes and background factors. All eyes had a complete 360◦ Schlemm’s canal
incision and phacoemulsification. The mean IOP at 1 and 3 months after ripasudil administration
were significantly reduced by −1.7 ± 1.9 mmHg (p < 0.0001) and −1.3 ± 2.3 mmHg (p = 0.0081) in
the ripasudil group, respectively, but IOP in the control group was not significantly reduced. The
IOP reduction was significantly associated with the IOP before ripasudil treatment (p < 0.001). In
conclusion, the use of ripasudil for patients with OAG after circumferential incision of the Schlemm’s
canal produced significant IOP reductions. Ripasudil may affect the distal outflow tract, thereby
leading to the IOP reduction.

Keywords: ripasudil; suture trabeculotomy ab interno; Schlemm’s canal incision; aqueous outflow;
open-angle glaucoma

1. Introduction

Glaucoma is an ocular condition that manifests functional and structural abnormalities
of the optic nerve related to retinal ganglion cell death [1,2]. Elevated intraocular pressure
(IOP) is known to be a main risk factor for the onset and progression of glaucoma, so
lowering the IOP has been believed to be the main treatment strategy to prevent vision loss
in patients with glaucomatous eyes [3,4]. Aqueous humor drains through the conventional
outflow pathway via the trabecular meshwork and the uveoscleral pathway through the
ciliary body to the suprachoroidal space. This trabecular meshwork structure is thought to
be responsible for the highest resistance to aqueous outflow [5–7]. However, several experi-
ments and surgical outcomes have suggested that one-third to one-half of the total outflow
resistance is located distal to Schlemm’s canal [8–10]. A number of medications, such as
prostaglandin analogs, beta-blockers, carbonic anhydrase inhibitors, and α2-agonists, are
used to lower IOP levels in glaucomatous eyes; however, these drugs affect the uveoscleral
pathway or aqueous humor production as opposed to the conventional outflow pathway.

In addition to these IOP-lowering drugs, inhibitors of Rho-associated protein kinase
(ROCK) have been developed to reduce IOP levels in animal and human eyes [11,12]. The
IOP-lowering effects of ROCK inhibitors have induced alterations in cell shape, contrac-
tion, motility, attachment, and extracellular matrix production in the trabecular meshwork
and Schlemm’s canal endothelial cells, which have resulted in improvements in the con-
ventional aqueous outflow [12]. Certain ROCK inhibitors, including ripasudil (Glanatec
ophthalmic solution 0.4%; Kowa Company, Ltd., Nagoya, Aichi, Japan) and netarsudil
(Rhopressa ophthalmic solution 0.02%; Aerie Pharmaceuticals, Bedminster, NJ, USA), are
now available in the market and are used in clinical practice in a number of countries [13,14].
In animal models, enucleated human eyes and living human eyes, netarsudil increased
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outflow facility by expanding the juxtacanalicular trabecular meshwork and by dilating
episcleral veins [15–20]. However, the effects of ripasudil, one of the ROCK inhibitors, on
the distal outflow pathway in living human subjects have not yet been studied.

We have seen several reports concerning the clinical outcomes of 360◦ suture trabecu-
lotomy ab interno used for open-angle glaucoma (OAG) [21,22]. This procedure can relieve
the resistance to aqueous humor outflow by using an incision of the trabecular meshwork
and the inner layer of Schlemm’s canal. Therefore, the function of the distal outflow tract
can be evaluated after the circumferential incision of Schlemm’s canal via this procedure. In
our previous studies, we showed that the IOP was reduced and fluctuated within 1 month
after the surgery, and then, from 1 month postoperatively, the IOP stabilized in most
cases [21,22]. Therefore, in the present study, we evaluated the effects of ripasudil on the
distal aqueous outflow tract in patients with OAG who underwent the circumferential
incision of Schlemm’s canal, followed by ripasudil treatment beginning 1 month postoper-
atively. We then compared those patients with a matched control group, i.e., patients who
had no ripasudil treatment postoperatively. We utilized a quasi-randomized propensity
score analysis to minimize the influence of the confounding factors.

2. Materials and Methods

2.1. Study Design and Patients

This analysis was a retrospective, single-center, observational, comparative clinical
study performed at Sato Eye and Internal Medicine Clinic (Arao City, Kumamoto, Japan)
between 2014 and 2019. The study protocol adhered to the principles of the Declaration of
Helsinki and was approved by the Institutional Review Board and the Ethics Committee at
Sato Eye and Internal Medicine Clinic. Informed consent was obtained from all patients.

Patients were considered for admission into the study if they had OAG together with
a visually significant cataract. We reviewed the medical charts of 42 consecutive patients
who underwent a 360◦ suture trabeculotomy ab interno with phacoemulsification, and
1 month later these patients started to receive ripasudil between 2018 and 2019 (ripasudil
group); alternatively, we reviewed 52 patients who underwent a 360◦ suture trabeculotomy
ab interno with phacoemulsification without additional treatment after surgery between
2014 and 2017 (control group). Patients were followed up for at least 3 months after the
start of ripasudil treatment. We did not include patients who had suture trabeculotomy ab
interno alone because of the small number of these patients.

Study patients had primary open-angle glaucoma (POAG), normal-tension glau-
coma, or exfoliation glaucoma. Glaucoma surgeries were performed both in medically
uncontrolled eyes and in medically well-controlled eyes to reduce the medication burden.
A cataract was said to be visually significant if a patient reported a glare or halos and had a
best-corrected visual acuity of 20/20 or worse. If subjects had any of the following, they
were excluded from this study: other types of glaucoma; a history of incisional glaucoma
surgery; use of additional anti-glaucoma agents except ripasudil or surgery during a post-
operative 3-month period; and being under 20 years of age at the time of the surgery. One
surgeon (T.S.) performed all operations; he used the surgical procedure described here [21].

The primary outcome measure was the mean IOP change at each visit. We also
assessed the relationship between the change in IOP and the background factors in the
ripasudil group.

2.2. Surgical Technique

The suture trabeculotomy ab interno procedure used here was previously described in
full [21]; in the present study, a modified technique for Schlemm’s canal incision was used.
In brief, a 1.7 mm temporal corneal incision was made, and the Schlemm’s canal on the
nasal side was incised at 15◦ by utilizing a microhook needle (HS-2167; Handaya, Tokyo,
Japan) instead of the trabectome (NeoMedix, Tustin, CA, USA), as used in the original
paper [21]. A standard phacoemulsification with intraocular lens implantation in the
capsular bag was performed through the same or a new upper corneal incision (depending
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on the easier procedure in each case), with the phacoemulsification with lens implantation
being performed after the suture trabeculotomy ab interno. At the end of operation, we
used iCare (M.E. Technica, Tokyo, Japan) to determine that no wound leakage existed
and that the IOP value in the supine position was 18 mmHg or more. Postoperative drug
therapy consisted of a 2-week regimen of moxifloxacin hydrochloride, 0.1% betamethasone,
and 2% pilocarpine.

2.3. Data Collection and Statistical Analysis

All potential subjects were screened for eligibility by using the following methods: slit-
lamp biomicroscopy, indirect ophthalmoscopy, manifest refraction, measurement of IOP,
and best-corrected visual acuity assessment (via the conventional Landolt ring chart). The
surgeons or other ophthalmologists used a Goldmann tonometer to measure all IOP values.
The mean of the 3 most recent measurements, acquired on separate days within 1 month
before surgery, was utilized to determine the baseline IOP. An Auto Ref/Keratometer
(ARK-530A; Nidek, Tokyo, Japan) was used to measure the manifest refraction; decimal
visual acuity values were changed to the logarithm of the minimum angle of resolution.

All patients were evaluated on days 1, 2, and 3 after surgery, and then every 1–2 weeks
for 1 month, after which ripasudil was administered. After the start of ripasudil treatment,
patients were examined at 1, 2, and 3 months. The IOP was measured at every visit.

The JMP statistical package (version 14; SAS Institute Inc., Cary, NC, USA) was used
to analyze all data. Cases were matched via propensity score analysis by using a genetic
algorithm based on age, sex, type of glaucoma, preoperative IOP and medications, 1-month
postoperative IOP, axial length, and visual field. Continuous data were expressed as means
± standard deviation, and changes in continuous variables were assessed by using the
paired t-test. Multiple regression models were utilized to analyze associations between
IOP changes at 3 months after ripasudil treatment and background factors. The statistical
significance value was set at p < 0.05.

3. Results

3.1. Disposition and Characteristics of Patients

From among 40 patients in the ripasudil group and 54 patients in the control group,
54 patients were included in this study—27 patients in a ripasudil group and 27 patients
in a control group. The propensity score analysis revealed no significant difference in
baseline characteristics between the two groups (Table 1). Suture trabeculotomy ab interno
combined with phacoemulsification was performed in all eyes, and all eyes had a complete
360◦ Schlemm’s canal incision.

Table 1. Baseline characteristics of patients.

Characteristic Ripasudil Control p-Value

No. of patients 27 27
Age, years, mean ± SD (range) 79.7 ± 6.8 (63–88) 78.5 ± 7.6 (64–89) 0.548

Male/female, n 15/12 11/16 0.414
Right/left, n 11/16 13/14 0.352

IOP, mmHg, mean ± SD (range)
Pre-SLOT surgery 16.4 ± 3.6 (11–26) 16.4 ± 3.4 (11–25) 0.785

Pre-ripasudil treatment 12.5 ± 3.0 (6–21) 12.1 ± 2.2 (7–16) 0.775
No. of preoperative medications, mean ± SD (range) 1.9 ± 1.3 (0–4) 1.4 ± 1.5 (0–4) 0.525

BCVA, logMAR, mean ± SD (range) 0.26 ± 0.21 (0–0.82) 0.35 ± 0.22 (0–1.10) 0.295
Visual field, MD (dB), mean ± SD (range) −8.6 ± 5.4 (−18.4–−0.2) −9.7 ± 8.1 (−27.9–−1.6) 0.106

Axial length, mm, mean ± SD (range) 23.7 ± 0.8 (22.5–25.8) 24.2 ± 1.5 (21.3–27.4) 0.569
Type of glaucoma, n (%) 0.211

POAG 10 13
NTG 10 11
XFG 7 3

IOP, intraocular pressure; SLOT, suture trabeculotomy ab interno; BCVA, best-corrected visual acuity; logMAR, logarithm of minimum
angle of resolution; MD, mean deviation; POAG, primary open-angle glaucoma; NTG, normal-tension glaucoma; SD, standard deviation;
XFG, exfoliation glaucoma.
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3.2. Efficacy

As Figure 1a shows, the mean IOP value was significantly reduced from 16.4 ± 3.6 mmHg
to 12.5 ± 3.0 mmHg (p < 0.0001) at 1 month post-operation in the ripasudil group and from
16.4 ± 3.4 mmHg to 12.1 ± 2.2 mmHg (p < 0.0001) at 1 month post-operation in the control
group; ripasudil treatment was then started in the ripasudil group. The mean IOP values
at 1 and 3 months after the start of ripasudil treatment were significantly reduced by
−1.7 ± 1.9 mmHg (p < 0.0001) and −1.3 ± 2.3 mmHg (p = 0.0081) in the ripasudil group,
respectively, and there was no significant difference between at 1 and 3 months IOP
(p = 0.3013). At these same time points, however, the IOP reductions were not significant
in the control group: 0.4 ± 2.2 mmHg (p = 0.8494) and 0.1 ± 2.0 mmHg (p = 0.9251),
respectively. The IOP values at 1 month (p = 0.0003) and 3 months (p = 0.0317) after
ripasudil treatment were significantly different between the ripasudil group and the control
group. At both 1 and 3 months after ripasudil treatment, no IOP reduction was seen in 33%
of the ripasudil group; at that same time point, 60% of the control group showed no IOP
reduction (Figure 1b).

Figure 1. IOP–lowering effects of ripasudil. (a) Time–dependent changes in IOP at different time points: pre–SLOT surgery,
pre–ripasudil treatment (i.e., 1 month post-operation), and 1 month and 3 months after the start of ripasudil treatment.
(b) Stacked bar chart of IOP changes at 3 months after the start of ripasudil treatment. SLOT suture trabeculotomy ab
interno.

Multiple regression analysis of data for the ripasudil group demonstrated that the
IOP reduction at 3 months was significantly associated with the IOP value before ripasudil
treatment, but not with age, visual field, preoperative medications, or IOP value before
surgery (Table 2).

Table 2. Relationship between IOP changes at 3 months after the start of ripasudil treatment and
background factors, as determined by multiple regression analysis.

Background Factor T-Value p-Value

IOP (mmHg) before surgery 1.67 0.097
IOP (mmHg) before ripasudil treatment −7.28 <0.001

Medication before surgery 1.99 0.050
Age (years) 0.38 0.702

Visual field (mean deviation, dB) −0.39 0.699
IOP intraocular pressure.

4. Discussion

In this retrospective study, we used propensity score analysis to investigate the effects
of ripasudil treatment on patients with OAG after 360◦ suture trabeculotomy ab interno,
in whom the aqueous outflow resistance caused by the trabecular meshwork should be
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eliminated, and we found a significant IOP reduction. This finding suggested that ripasudil
may affect the distal outflow tract, with the consequence being IOP reduction.

Although IOP elevation was long thought to be caused by outflow resistance at the
trabecular meshwork, which blocks the eye’s drainage system, data from clinical studies
of trabecular meshwork-targeted minimally invasive glaucoma surgery (MIGS) showed
that the MIGS failed to lower the IOP to the pressure level in the recipient episcleral
veins [23,24]. Previous studies in enucleated human eyes suggested that 25–50% of total
outflow resistance is located at the conventional outflow pathway distal to Schlemm’s
canal [8,9]. Research utilizing multimodal two-photon-deep tissue imaging and three-
dimensional analysis demonstrated that the distal aqueous drainage tract wall can contract
and aid the dynamic alteration of the drainage tract, similarly to the function of blood vessel
tone in blood flow regulation [25]. Another study showed that the regulation of distal
vessels via the physiological vasoregulators endothelin-1 and nitric oxide dramatically
affected outflow resistance in both humans and pigs [26]. Thus, distal vessels probably
play an important role in regulating outflow resistance, especially after MIGS and perhaps
in the pathophysiology of glaucomatous eyes.

Several reports showed the effects of netarsudil on the structure and function of the
distal outflow tract; the dilation of outflow tract vessels together with a corresponding
pressure reduction was observed in mouse [17], rabbit [16], porcine [19] and ennucleated
human eye models [18], and living human eye [20]. However, the effects of ROCK in-
hibitors on the distal outflow tract in living human subjects has not been fully studied.
We demonstrated here that glaucomatous eyes that had a circumferential incision of the
trabecular meshwork via 360◦ suture trabeculotomy demonstrated a significant IOP reduc-
tion after ripasudil treatment. We started ripasudil administration 1 month post-operation,
because we had found that the IOP fluctuated for 1 month after suture trabeculotomy and
then, from 1 month postoperatively, the IOP stabilized in most cases [21,22]. In this study,
we included a control group and used propensity score analysis to evaluate whether the
IOP actually stabilized from 1 month postoperatively. Our result clearly showed that the
IOP stabilized from 1 month postoperatively in the control group; therefore, a significant
IOP reduction after the administration of ripasudil may be caused by the effect of ripasudil,
and may not be the natural postoperative course. In addition, we excluded a patient who
also required anti-glaucoma medication other than ripasudil, because such a patient may
already have a non-functional distal outflow tract. Thus, our study protocol made the eval-
uation of the function of an almost intact distal outflow tract possible. Multiple regression
analysis showed that the IOP reduction was significantly associated with only the IOP
value before ripasudil treatment. As Figure 1b shows, no IOP reduction at 3 months after
the start of ripasudil treatment was observed in about one-third of the eyes. The absence of
IOP reduction in these eyes may be explained by a lack of efficacy of ripasudil at lower
IOP values, but the reason for this finding is unknown.

Trabecular meshwork-targeted MIGS have gained popularity for lowering the IOP, so
the imaging and understanding of the distal outflow tract have increased in importance.
Recent publications reported intraoperative observations of fluid waves in episcleral veins,
which were correlated with good postoperative IOP reduction and/or the number of
medications [27,28]. Goda et al. reported that success probabilities for trabeculotomy ab
externo were 100% for patients with POAG who achieved an IOP value < 21 mmHg via
preoperative ripasudil administration [29]. This result suggested that whether ripasudil
is effective or not before trabeculotomy may help predict to what degree the trabecular
meshwork, as well as possibly the distal outflow tract, is functional, and may be used as a
trabeculotomy outcome marker in patients with POAG. In this study, this hypothesis could
not be evaluated because of the small number of patients who received ripasudil before
surgery.

Recent MIGS procedures have been routinely performed in medically well-controlled
eyes to reduce the medication burden, and as an early intervention in eyes requiring IOP
reduction without medications or laser treatments at the time of cataract surgery [30,31].
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Thus, such cases were included in the present study and had relatively low baseline IOP
and 1-month postoperative IOP. Our data showed that the mean 1-month postoperative
IOP was about 12 mmHg; no medication is usually used for eyes having such a low IOP in
clinical settings. We had thought to investigate whether ripasudil could affect the distal
outflow tract in living humans; on the basis of this study, however, we cannot determine
whether ripasudil is clinically useful from the point of view of glaucoma management.
Additional investigations of eyes with higher IOP values and/or more severe stages of
glaucoma are needed to ascertain whether ripasudil should be used after circumferential
incision of the Schlemm’s canal, given the expected effect of ripasudil on the distal outflow
tract.

The present study has certain limitations. This study is retrospective. Additionally,
although we used propensity score matching to overcome the study limitations, propensity
score analysis, unlike prospective randomized clinical trials, cannot randomize unknown
confounding factors and loses certain samples through 1:1 matching analysis. This study
also includes the possibility of selection bias because of its single institution-based nature
with a small sample size. In addition, all eyes underwent suture trabeculotomy ab interno
plus phacoemulsification. The eyes that underwent only suture trabeculotomy ab interno
(i.e., without phacoemulsification) may have demonstrated a more dramatic result, but the
number of eyes was small. Phacoemulsification may have further limited the effect of ripa-
sudil and may have affected the IOP changes after surgery or after ripasudil administration.
Therefore, eyes that underwent suture trabeculotomy ab interno with phacoemulsification,
but without ripasudil treatments, were included as a control group.

In conclusion, the ripasudil treatment of patients with OAG after 360◦ suture trabecu-
lotomy ab interno led to a significant reduction in IOP. Ripasudil may affect the distal
outflow tract and result in an IOP reduction in living human subjects.
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Abstract: Some discrepancies have been observed in the diagnostic efficacy of multifocal visual
evoked potential (mfVEP) when evaluating visual field defects in glaucoma patients. Therefore, we
evaluated the diagnostic precision of the mfVEP in glaucoma to find its best diagnostic indicator.
A systematic review and meta-analysis of quantitative studies published up to 1 April 2021 was
performed. The methodological quality of the included articles was assessed. Publication bias
analysis and heterogeneity tests were performed. The sensitivity, specificity and diagnostic odds
ratio were calculated. The area under the curve (AUC) was calculated using the summary of receiver
operating characteristics curve. Six studies with a total of 241 patients were included according
to the inclusion and exclusion criteria. The AUC was 0.98. There was no evidence of publication
bias or threshold effect. The pooled sensitivity and pooled specificity of the mfVEP amplitude
for detection of visual field defects in all studies was 0.93 and 0.89, respectively. The positive and
negative likelihood ratios of mfVEP amplitude were 6.56 and 0.08, respectively. The amplitude of
mfVEP showed a good diagnostic precision in the prediction of visual field defects. Interocular
mfVEP amplitude analysis can be a good diagnostic indicator for visual field study.

Keywords: multifocal visual evoked potentials; mfVEP; glaucoma; perimetry

1. Introduction

Background and Rationale

Glaucoma is the leading cause of irreversible visual damage in the world and incidence
is expected to increase to approximately 111.8 million people by 2040 [1]. Therefore, early
diagnosis of glaucoma is important to detect and treat patients in the initial stages. Early-
stage treatment can prevent its progression to advanced stages and maintain healthy
vision.

Glaucoma is an ocular disease characterized by the excavation of the optic nerve and
defects in the visual field, constituting one of the main causes of blindness. Intraocular
pressure (IOP) can be elevated or normal [2]. Although the mechanism of the pathogenesis
of glaucoma is not yet clear, some researchers have proposed different theories about
its pathogenesis such as: the intraocular mechanical pressure factor [3,4], the vascular
factor [5], anatomical changes in the cribriform plate [6,7], autoimmune factors [8], increase
of trans lamina cribrosa pressure [9] and the decrease in intracranial pressure [10].

The standard Humphrey Perimeter 24-2 (SAP) has been used as a standard crite-
rion for measuring visual field defects and diagnosing glaucoma [11]. However, SAP
has great variability between test and retest, mainly in areas with decreased visual field
sensitivity [12,13]. In addition, SAP is a subjective test that detects visual field abnormalities
at a late stage, when up to 25% to 35% retinal ganglion cells (RGC) are lost and statistical
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abnormalities of 5 dB decrease may be observed in SAP mean deviation [14,15]. Therefore,
SAP is not a suitable technique for either the early diagnosis or the monitoring of the
evolution of glaucoma. Patient cooperation, physical and psychological factors and the
learning effect can also influence the objectivity of the SAP. Finally, the result depends
ultimately on the ophthalmologist’s interpretation.

Visual evoked potential (VEP) is a technique that reflects the functional integrity of
the visual pathway as a whole. The light response is recorded in the visual cortex, with a
flash light stimulus or pattern stimulation on the retina. Deficits in the VEP response do
not provide topographical information, so it does not allow local damage to be located [16].
In 1994, Baseler applied multifocal stimuli to record from visual evoked potentials, con-
sisting of 60 black and white checkerboard sectors and performance of VEP [17] with a
pseudorandomized m-binary sequence, which allowed the topographical analysis of the
response from the retina to the visual cortex. This technique is called multifocal visual
evoked potential (mfVEP). It is an objective and sensitive technique to measure the visual
field, which does not require manual cooperation when the patient sees the stimulus and
the patient only needs to look at the fixation point in the center of the stimulus. It is not
affected by physical or psychological factors and it is also observed that age and sex do not
affect the objectivity of the patient mfVEP [18].

Multifocal visual evoked potential has been more effective in monitoring unilateral
mild damage to ganglion cells than SAP [19,20], while other studies have shown that the
amplitude of mfVEP is proportional to the loss in the perimetry of the Humphrey visual
field (HVF) 24-2 [11]. The mfVEP has many more stimuli in the central and paracentral
region than the traditional HVF 24-2 perimetry, making it more sensitive for detecting
central and paracentral defects [21,22]. It has been also shown that mfVEP has higher
repeatability reliability than HVF [23]. The mfVEP has also been useful in the diagnosis of
diseases such as ischemic and compressive optic neuropathy, optic neuritis and multiple
sclerosis [24,25]. Finally, it has been shown that mfVEP amplitude is proportional to
glaucoma progression, but just moderately related to mfVEP latency [26–28].

To date, there is no standardized protocol for mfVEP that includes stimulation, equip-
ment, electrode placement and the method of analyzing the result. The two types of
equipment (Veris and Accumap) are the two main methods included in the literature of
mfVEP. In the Veris equipment, the stimulus is a dartboard pattern consisting of 60 sectors.
Each sector consists of 8 white checkerboards and 8 black checkerboards and the sizes of the
different sectors and checkerboards are scaled according to the cortical magnification of the
visual cortex. The patient sits in front of the screen at a viewing angle of 44.5◦ on the vertical
and horizontal axes. Gold cup electrodes are used for recording; one electrode is located
4 cm above the inion, the other two electrodes are placed 4 cm to the left and right side
from the point 1 cm above the inion, respectively. The reference electrode is placed on the
inion and the ground electrode is placed on the forehead [25]. In the Accumap equipment,
the stimulus consists of a cortically scaled dartboard pattern of 58 sectors, with temporal
step up to 24◦ and nasal step up to 32◦ eccentrically. Each sector consists of four white
checkerboards and four black checkerboards. Gold cup electrodes are used for recording;
two electrodes are located 4 cm to the left and right side of the inion, one electrode is in
the midline 2.5 cm above the inion, one electrode is in the midline for 4.5 cm below the
inion and the ground electrode is placed in an ear lobe [29,30]. To interpret the mfVEP
results, it has been proposed to calculate the amplitude root mean square (RMS) and the
signal-to-noise ratio (SNR) in each sector, then compare each sector with a normative basis
to determine its probability, and finally calculate its monocular and interocular cluster [25].
It has been also suggested to calculate the maximum response in each sector and compare
it with a normative basis to achieve a probability graph in each sector, then calculate the
monocular and interocular scotoma. Calculation of the size, depth and asymmetry of the
scotomas gives an index score that is the Accumap Severity Index (ASI) [29,30]. The mfVEP
response is similar to VEP, which examines the functional integrity of the visual pathway
from the retina to the visual cortex. However, it is not clear which pathway (magnocellular
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or parvocellular) is stimulated by mfVEP [18,28]. Due to the different ways in which the
mfVEP are applied and the results are interpreted, discrepancies have been observed in the
diagnostic efficacy of mfVEP latency and amplitude when evaluating visual field defects in
glaucoma.

A systematic review seems to be necessary to know whether or not there are significant
differences between the distinct ways of applying mfVEP and interpreting its result. It
seems also necessary to evaluate the diagnostic accuracy of mfVEP in glaucoma patients
and seek its best diagnostic indicator through a systematic diagnostic review of the relevant
literature in order to provide useful inspiration for clinical work. The main objective of
the present work is to investigate the diagnostic efficacy of mfVEP latency and amplitude
to assess visual field defects in glaucoma, and to seek a more precise diagnostic indicator
through a systematic diagnostic review of the relevant literature.

2. Methods

2.1. Search Strategy

The search for articles in this review was performed through the available literature on
mfVEP in glaucoma. We searched the online databases PubMed, Medline, Scopus, Embase,
Web of Science and the Cochrane Central Register of Controlled Trials, from inception to
1 April 2021.

The search terms were ((“mfVEP”) OR (“multifocal visual evoked potential”) OR (“multi-
focal VEP”) OR (“mfVEPs”)) AND (glaucoma) AND ((human) OR (individual) OR (patient)
OR (people)), later adapted for other databases, and which encompass different terms for
mfVEP and glaucoma status. In addition, we examined the reference lists of included
studies for potentially eligible works, as well as articles that cited the source to identify any
direct/reverse citation.

2.2. Inclusion Criteria

Eligibility criteria for this review depended on the PICO framework, which corre-
sponds to Population, Intervention, Comparison and Outcome [31]. Articles that met the
inclusion criteria were included. The population included adult patients of both sexes and
all ethnicities diagnosed with all types of glaucoma. With at least one eye characterized
by glaucomatous optic neuropathy, defined as a cup/disc ratio >0.6, asymmetry of the
cup/disc ratio between eyes >0.2, thinning of the rim, notches, excavation and defects of the
nerve fiber layer of the retina. A reliable and repeatable visual field defect in SAP, defined
as a standard deviation of the pattern <5% and the glaucoma hemifield test outside normal
limits. The best corrected visual acuity was at least 20/40, without significant opacities of
the ocular media, pupil diameter >3 mm, refractive error not greater than ±6 diopters or
two cylinder diopters. No history or presence of other eye and neurological diseases.

This review focused on articles with an observational, cross-sectional and prospective
study. Glaucoma patients were confirmed with reference standards such as SAP and optical
coherence tomography (OCT), stereo disk photography, Heidelberg retinal tomography
(HRT), fundus biomicroscopy or ophthalmoscopy, and then mfVEP with a short interval.
Data were compared with a control group including healthy people without eye diseases.
The reviewed results included diagnostic indicators such as mfVEP amplitude or mfVEP
latency and then assay methods such as cluster or ASI, sensitivity, specificity, true positive
(TP), false positive (FP), true negative (TN), false negative (FN) were estimated. TP, FN, FP,
TN are defined as: in the glaucoma patient group diagnosed with the reference standard,
the mfVEP analysis result is positive (TP) or negative (FN); in the control group with
healthy people confirmed by the reference standard, and the mfVEP analysis result is
positive (FP) or negative (TN).
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2.3. Exclusion Criteria

Studies with any of the following characteristics were excluded: (a) No control group
of healthy people; (b) not on human beings; (c) systematic reviews; (d) incomplete data on
evaluation index; (e) reports of cases with less than 10 people.

2.4. Selection of Studies

Data selection and extraction were performed by two independent investigators based
on eligibility characteristics such as population, intervention, comparison and study types.
We first reviewed the titles and abstracts. If the articles matched our inclusion criteria, we
read the full texts to make a final decision for the inclusion of each study. If there was
any discrepancy, we requested the opinion of a third investigator. Finally, we made a
selection flow diagram, the preferred items report for systematic reviews and meta-analysis
(PRISMA) for the study [32].

The management of the articles was carried out in the Endnote software (Endnote
X8, Clarivate Analytics, London, UK). First, we excluded duplicate items. By analyzing
titles, abstracts and keywords, we eliminated articles that were not relevant to the study of
mfVEP in glaucoma. We also checked the reference list of review articles so as not to miss a
primary research study. Finally, we read the full text. Articles that met the strict inclusion
criteria underwent data extraction.

2.5. Data Extraction

The data were extracted in a form that included the following variables:

I. Basic information on the study such as country of origin, year of publication and
sample size;

II. Information on the study design, such as an observational, cross-sectional, prospec-
tive study;

III. Participant information, such as age, gender, ethnicity and severity of glaucoma;
IV. Experimental information such as reference standard, equipment, diagnostic indi-

cator, amplitude or latency of the mfVEP and the assay method such as cluster or
ASI analysis;

V. Key results such as sensitivity and specificity, TP, FP, TN, FN.

We did not have the approval of any ethical research committee, since our study was a
secondary analysis of the publications, which did not directly involve any human subject.

2.6. Assessment of Risk of Bias

The assessment of the methodological quality of the included studies was carried
out using the tool for assessing the Quality of Diagnostic precision Studies, version 2
(QUADAS-2) [33]. A total of 14 assessment items were established and each study was
scored according to ‘yes’, ‘no’ and ‘unclear’. In QUADAS-2, there are four key domains to
evaluate the risk of bias: (1) the selection of patients, (2) the index test, (3) the reference
standard and (4) the time between the index test and the reference standard and the flow
of the patient in the study.

The first three domains above also evaluate applicability with respect to participants,
equipment, performance and interpretation. Furthermore, the diagnosis of disease accord-
ing to the reference standard coincides or does not coincide with our review [34]. The risk
of bias section assesses the design of the included studies and their potential for bias. The
applicability concerns section assesses the relationship between the included studies and
our review question and whether or not the included studies matched our review question.
Two investigators evaluated each article independently. If they did not reach a consensus,
it was resolved with the judgment of another researcher.
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2.7. Data Synthesis and Statistical Analysis
2.7.1. Heterogeneity Test

We used the chi-square (X2) and Cochran-Q statistical tests to assess heterogeneity
between the included studies; a result with a low p value indicated heterogeneity. The
inconsistency index (I2) was also calculated to quantify heterogeneity; an I2 value of
0% means there is no heterogeneity and an I2 value greater than 50% means there is
heterogeneity between the included studies [35].

2.7.2. Threshold Effect

In a study for the assessment of test precision, the threshold effect may be a major
cause of heterogeneity due to the lack of standardization of the definition of a positive
result. To find if there is a threshold effect, we can calculate the Spearman correlation
coefficient between the sensitivity logit and the 1-specificity logit; a positive correlation and
a p < 0.05 indicate the existence of a threshold effect. Furthermore, the presence of a typical
“shoulder-arm” pattern on the receiver operating characteristic (ROC) curve signifies a
possible threshold effect [36,37].

2.7.3. Publication Bias

Studies with favorable and optimistic results are more likely to be accepted and
published; this may be a factor that influences the conclusions [38]. We evaluated the
publication biases through the funnel plot. The graph with symmetrically distributed
data points means the absence of publication bias and an asymmetric graph indicates the
existence of publication bias [39].

2.8. Statistical Summary

The extracted data were used to construct forest plots of sensitivity and specificity
and to estimate the diagnostic accuracy of mfVEP in the diagnosis of visual field defects
in glaucoma patients. The statistical summary can be calculated using the fixed effects
model (FEM) or using the random effects model (REM) depending on the homogeneous
characteristics of the included studies. We used the bivariate regression method to calculate
sensitivity and specificity. We then summarized the corresponding positive likelihood
ratio (PLR), negative likelihood ratio (NLR) and diagnostic odds ratio (DOR). Summary
receiver operating characteristic curve (sROC) synthesis is based on pooled sensitivity,
pooled specificity and respective variations [40,41]. The area under the curve (AUC) of
sROC is used to evaluate the overall performance of the test [42]. DOR is calculated by
combining sensitivity and specificity [43].

2.9. Sensitivity Analysis

We performed a sensitivity analysis by sequential elimination of the studies, in order
to avoid those studies that would affect results in a statistically significant way. When
there was significant heterogeneity, the source of the heterogeneity was sought and, when
necessary, a subgroup analysis was performed between the included studies. Subgroup
analysis was appropriate among participants of varying glaucoma severity, ethnicity,
equipment, mfVEP assay method and number of populations.

The analyses of heterogeneity, sensitivity, threshold effect and calculation of the statis-
tical estimate were performed with Meta-Disc version 1.4 (Hospital Ramón y Cajal. Madrid,
Spain) [37]. The publication bias analysis was performed using Stata 15.0 (StataCorp LP,
College Station, TX, USA).

3. Results

3.1. Selection of Studies

Figure 1 shows the complete flow of the selection of the studies included in the
present work. Initially, 468 total articles were found by the search carried out through
the different databases. Of the total articles, 303 were duplicates and 159 articles were
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excluded because they were not considered relevant for the systematic review proposed.
The reasons for exclusion were: (i) the article did not include a control group with healthy
subjects; (ii) articles written in a language other than English; (iii) systematic reviews; (iv)
articles and reports of cases with a small number of participants; (v) the article provided
insufficient data on the evaluation index (true positives, false positives, true negatives and
false negatives). Finally, a total of six studies were included [20,44–48] which met all the
inclusion criteria.

 

Figure 1. Flowchart of studies included through the systematic review process.

3.2. Characteristics of the Included Studies

In the six included studies, a total of 241 patients (273 eyes) diagnosed with glaucoma
and 195 healthy people (202 eyes) could be counted. Of the 241 patients, 196 belonged to the
mixed-type glaucoma group (different types of glaucoma), while 10 patients had normal
tension glaucoma (NTG) and the other 35 patients had primary open-angle glaucoma
(POAG). Table 1 shows the main characteristics of the six studies included in the meta-
analysis.
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Table 1. Main characteristics of the studies included in the meta-analysis.

ID Study
Type of
Study

Types and
No. of

Glaucoma
Patients

Glaucoma
Severity

(MD of SAP)
dB

Reference
Standard

Equipment
for Index

Test
(mfVEP)

Diagnostic
Indicator-

Assay
Method

Age (Years)
Mean ±

SD

Balachandran,
2006 NA Mixed

41P 41E −7.1 ± 6.0
SAP, stereoscopic
optic nerve head

photography, HRT

AccuMap
version 2.0

Amplitude-
ASI 65 ± 11

Goldberg,
2002 Cross Mixed

100P 100E −6.5 ± 4.2 SAP, stereo disk
photography

AccuMap
version NA

Amplitude-
ASI 62.2 ± 9.8

Gutierrez-
Diaz,
2012

Cross NTG
10P 10E −5.95 ± 11.7 SAP, OCT,

ophthalmoscopy
VERIS

version NA
Amplitude-

Cluster 66.8 ± 6.1

Kanadani,
2014 Cross Mixed

39P 39E all levels SAP, fundus
biomicroscopy

VERIS
version NA

Amplitude-
Cluster 66.3 ± NA

Punjabi,
2008 Cross POAG

35P 67E −6.2 ± 0.8
SAP, indirect

ophthalmoscopy,
HRT

AccuMap
version 2.0

Amplitude-
ASI 68 ± 10

Thienprasiddhi,
2003 NA Mixed

16P 16E −6.8 ± 4.2
SAP, stereoscopic
optic nerve head

photography

VERIS
version 4.3

Amplitude-
Cluster 56 ± 7

NA = Not available. Cross = Cross-sectional study. P = People. E = Eyes. POAG = Primary open angle glaucoma. NTG = Normal
tension glaucoma. Mixed = Different types of mixed glaucoma. SAP = Standard automated perimetry. MD = Mean deviation.
OCT = Optical coherence tomography. HRT = Heidelberg Retinal Tomography. BMC = Biomicroscopy. ASI = Accumap Severity
Index. The study identification (ID) numbers correspond to the study numbers in the graphs of Figures 2 and 3.

 

Figure 2. Quality of the included studies according to the tool for assessing the quality of diagnostic
precision studies (QUADAS). The results revealed that the six studies included in this review met 9 or
more of the 14 criteria of the QUADAS tool, indicating relatively good methodological quality of the
included studies.
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Figure 3. Sensitivity and specificity forest plots in the meta-analysis. Forest plots of sensitivity (A) and
specificity (B) corresponding to the amplitude of mfVEP to diagnose visual field defects in glaucoma.
Pooled sensitivity was 0.93 (95% CI: 0.90–0.96) and pooled specificity was 0.89 (95% CI: 0.84–0.93).
The size of each point is proportional to the study sample size or the weight of the study in the
meta-analysis. The blue points represent studies with Accumap equipment and the red points are
with Veris equipment.

3.3. Methodological Quality of the Included Studies

The methodological quality of the six reviewed studies was initially assessed with the
QUADAS-2 tool. Four of the six trials were cross-sectional studies; three trials enrolled
patients consecutively and other enrollments were not specified. Gold standard tests
included SAP to detect visual field loss, OCT, stereo disc photography, HRT, fundus
biomicroscopy, or ophthalmoscopy to study the findings of the glaucomatous optic nerve.
Only one of the articles mentioned the time interval between the mfVEP index test and
the reference standard; the others did not mention the interval time, indicating a high risk
of bias in the flow and time domain. The result of the evaluation of the methodological
quality of the included studies is shown in Figure 2.

3.4. Synthesis of Diagnostic Data

The summary estimates of the mfVEP amplitude for the diagnosis of visual field defects in the
six studies corresponded to a sensitivity of 0.93 (95% confidence interval, CI: 0.90–0.96) and a speci-
ficity of 0.89 (95% CI: 0.84–0.93). The positive likelihood ratio was 6.56 (95% CI: 2.67–16.10),
the negative likelihood ratio was 0.08 (95% CI: 0.05–0.12) and the diagnostic odds ratio was
90.00 (95% CI: 31.51–257.11) (Table 2). Figure 3 shows the forest plots of sensitivity and
specificity.
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Table 2. Statistical summary of the diagnostic precision parameters in the meta-analysis.

Parameter Estimates

Total eyes (n) 475

True positive (n) 255

False negative (n) 18

False positive (n) 22

True negative (n) 180

Accuracy (n) 0.92 (95% CI: 0.89 to 0.94)

Sensitivity 0.93 (95% CI: 0.90 to 0.96)

Specificity 0.89 (95% CI: 0.84 to 0.93)

PLR 6.56 (95% CI: 2.67 to 16.10)

NLR 0.08 (95% CI: 0.05 to 0.12)

DOR 90.00 (95% CI: 31.51 to 257.11)
Statistical summary of diagnostic accuracy parameters for mfVEP amplitude in diagnosing visual field de-
fects in glaucoma patients included accuracy, pooled sensitivity, pooled specificity, positive likelihood ratio
(PLR), negative likelihood ratio (NLR), the diagnostic odds ratio (DOR) and their 95% confidence interval (CI),
respectively.

3.5. Heterogeneity and Threshold Effect

In our meta-analysis, no signs of heterogeneity were observed for sensitivity results
(I2 = 0%), but substantial heterogeneity was observed for specificity (I2 = 73.4%).

To find the source of heterogeneity, we performed a subgroup analysis based on the
mfVEP registry team (Veris and Accumap), assay methods (ASI and Cluster) and glaucoma
severity depending on SAP mean deviation (MD). However, heterogeneity for specificity
remained high, with an inconsistency rate (I2) greater than 50%, while heterogeneity for
sensitivity in all subgroups was I2 = 0%. Our review includes just 241 glaucoma patients and
six articles in the meta-analysis, and we are aware that when a meta-analysis includes fewer
than 500 patients and fewer than 15 trials, there may be fluctuations in I2 estimates [49].

After excluding articles one by one through sensitivity analysis, the inconsistency
rate for sensitivity heterogeneity was found to be 0%. However, the inconsistency rate
for specificity was greater than 50%. Sensitivity, specificity, area under the curve (AUC)
and 95% confidence interval (CI) were similar and overlapped with each other. The
heterogeneity remained the same. Sensitivity analysis showed that the pooled estimates
were stable and reliable.

A Spearman rank correlation was performed, which provided a value of −0.464 (p = 0.354);
in addition to the sROC, a “shoulder-arm” pattern was not appreciated, which means that
there was no threshold effect between the included studies.

We calculated the AUC of the sROC to evaluate the overall performance of the mfVEP
amplitude for the diagnosis of visual field defects in glaucoma (Figure 4) and the value was
0.97. Due to the heterogeneity that existed in specificity, we did the statistical summary
using the random effects model.

A funnel plot was also constructed to assess publication bias in the meta-analysis.
The data points had a symmetric funnel shape, meaning the absence of publication bias.
However, we must point out that in our study we only included six articles, which is a
relatively small study group to do a publication bias analysis, since it is recommended that
there be a minimum of 10 studies [50,51].

From the obtained results, we can confirm that the quality of the six included studies
was relatively good. Diagnostic data, including sensitivity, specificity, likelihood ratio and
area under the sROC curve, demonstrated that mfVEP amplitude had good diagnostic
accuracy in predicting visual field defects in glaucoma patients and in the analysis of the
interocular mfVEP amplitude. Therefore, it can be a good diagnostic indicator for the visual
field study.
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Figure 4. Summary receiver operating characteristic (sROC) curve for the six included studies. The
area under the ROC summary curve was observed to be approximately 1.0. The sROC synthesis
was based on pooled sensitivity, pooled specificity and respective variances. The size of each point
is proportional to the study sample size or the weight of the study in the meta-analysis. The blue
points represent studies with Accumap equipment and the red points are with Veris equipment.
AUC = Area Under the Curve. Q = Index Q. SE = Standard Error.

4. Discussion

In this systematic review, the diagnostic efficacy of mfVEP in evaluating visual field
defects in glaucoma patients was reviewed, using the amplitude and latency of its re-
sponses as diagnostic indicators. Regarding the amplitude, the results show a pooled
sensitivity of 0.93 (95% CI: 0.90–0.96) and a pooled specificity of 0.89 (95% CI: 0.84–0.93).
The positive likelihood ratio was 6.56 (95% CI: 2.67–16.10), the negative likelihood ratio was
0.08 (95% CI: 0.05–0.12) and the diagnostic odds ratio was 90.00 (95% CI: 31.51–257.11). The
area under the curve of the summary receiver operating characteristic was 0.97, indicating
a good performance of the amplitude recorded by the mfVEP in the prediction of visual
field defects in glaucoma. The results of the sensitivity analysis demonstrated that the
pooled estimates are stable and reliable.

In our meta-analysis, the heterogeneity for pooled specificity was somewhat high
(I2 = 73.4%) and no heterogeneity was observed for pooled sensitivity (I2 = 0%). However,
it is important to note that our study does not include a high number of patients, which may
have been the cause of fluctuations in the estimate of I2 [49]. The existence of heterogeneity
in the pooled specificity indicates that the low number of people in the control group may
be the cause of variation in specificity between the different studies. In our study, both
pooled specificity and heterogeneity are high, in contrast to those observed in some studies
when very low specificity was found [21,52]. We also found a wide variety of specificity
between different studies [52]. In fact, it was suggested that the low number of people
evaluated may be a possible cause of the variability observed in the specificity. Another
possible cause is the lack of operator training or the erroneous or too narrow normal limits
in the amplitudes recorded by the mfVEP [52].

The analysis of the subgroups evaluated with different equipment (Veris and Ac-
cumap) and test methods (ASI and Cluster) are the two main methods included in the
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literature on mfVEP, which show certain differences such as the number of stimulus sectors,
the placement of the electrodes or how to interpret the results [25,29,30]. However, no
significant differences were observed in their visual field diagnostic accuracy.

Regarding the latency of mfVEP in the diagnosis of visual field defects, some ar-
ticles found a low correlation with the result of SAP [26–28]. In our review, we did
not find enough articles with diagnostic data to perform a meta-analysis of the latency
recorded by mfVEP.

In all the studies included in our review, both mono and interocular amplitude analy-
sis are included. However, according to the data obtained in the study, diagnostic precision
could not be assessed with the monocular amplitude analysis alone. The results showed
significant variability among the patients, mainly due to the existing anatomical differences
in the visual cortex and the position of the calcarine cortex in relation to the location of the
external electrodes, as well as differences in the cortical folds [53]. The interocular analysis
of the same individual makes it possible to reduce the variability between participants. In
fact, this can be a disadvantage of mfVEP compared to SAP. On the other hand, mfVEP is
more sensitive in patients with glaucoma and asymmetric visual field loss [19,54]. Further-
more, the mfVEP has more stimulus sectors at a center of 10 degrees. Therefore, it is more
sensitive to the detection of central damage [55]. However, the detection of damage in the
superior and peripheral campimetries is more complex, since it corresponds to the deep
cortical area, located behind the calcarine fissure.

Our systematic review has confirmed that mfVEP amplitude may be a diagnostic
or prognostic biomarker of visual defects in glaucoma. Doubtful clinical cases due to
unconfirmed visual field defects based on dissociation between OCT-SAP, cases of un-
reliable SAP, concentration or motor problem of the patient to perform SAP, should use
mfVEP amplitude as a complementary, reliable and objective tool. In this sense, the mfVEP
technique is non-invasive, does not require subjective patient cooperation and each test is
inexpensive. Its main disadvantage is that its application requires a well-trained expert.

We cannot discard some limitations in our systematic review. The meta-analysis only
included 241 patients and six articles, which in our opinion is few cases if we want to
evaluate the diagnostic efficacy of mfVEP in predicting visual field defects in glaucoma.
Moreover, several studies used different techniques to study glaucomatous findings of
the optic nerve, such as OCT, optic disc photography, HRT, fundus biomicroscopy or
ophthalmoscopy. Just one article mentions the time interval between the index test and
the reference standard, while the others do not indicate the time of the interval, which
means a high risk of bias in the domain flow and timing. Furthermore, several articles
did not mention whether they interpreted the results of the index test and the reference
standard without knowing the results of the others, which is a factor that can cause inflamed
measures in the diagnostic test. Finally, there are also different mfVEP parameters, such as
being divided into four quadrants, six sectors, several rings, percentage of abnormal points,
hemifields, etc., but we could not analyze them because few publications met our criteria.

5. Conclusions

The amplitude of mfVEP has shown good diagnostic accuracy in predicting visual field
defects in glaucoma patients. Interocular mfVEP amplitude analysis can be a diagnostic
indicator for visual field study in doubtful or unreliable cases of automated standard
perimetry.
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