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Abstract: Background: Retinal vascular abnormalities may be associated with glaucomatous damage.
Adaptive optics (AO) is a new technology that enables the analysis of retinal vasculature at the
cellular level in vivo. The purpose of this study was to evaluate retinal arteriolar parameters using
the rtx1 adaptive optics fundus camera (AO-FC) in patients with primary open-angle glaucoma
(POAQ) at different stages and to investigate the relationship between these parameters and changes
in spectral-domain optical coherence tomography (SD-OCT) and perimetry. Methods: Parameters of
the retinal supratemporal and infratemporal arterioles (wall thickness (WT), lumen diameter (LD),
total diameter (TD), wall-to-lumen ratio (WLR), and cross-sectional area of the vascular wall (WCSA))
were analysed with the rtx1 in 111 POAG eyes, which were divided into three groups according
to the severity of the disease, and 70 healthy eyes. The associations between RTX1 values and the
cup-to-disk ratio, SD-OCT parameters, and visual field parameters were assessed. Results: Compared
with the control group, the POAG groups showed significantly smaller TD and LD values (p < 0.05)
and significantly higher WLR and WT values (p < 0.05) for the supratemporal and infratemporal
arterioles. TD was significantly positively correlated with the retinal nerve fibre layer (RNFL) and
ganglion cell complex (GCC) (p < 0.05). LD was significantly positively correlated with the RNFL,
GCC, and rim area (p < 0.05). The WLR was significantly negatively correlated with the RNFL, GCC,
rim area, and MD (p < 0.05), while it was significantly positively correlated with the cup-to-disc ratio
and PSD (p < 0.05). Conclusions: The results suggest that vascular dysfunction is present in POAG,
even at a very early stage of glaucoma, and increases with the severity of the disease.

Keywords: ocular vascular disease; glaucoma; adaptive optics

1. Introduction

Glaucoma is the leading cause of irreversible blindness worldwide, but its aetiol-
ogy is still not entirely determined [1]. Elevated intraocular pressure (IOP) remains the
primary risk factor for glaucoma and the only modifiable risk factor that slows disease
progression [1]. However, some patients experience disease progression despite significant
IOP reductions [2,3]. Since the pathogenesis of glaucoma is multifactorial, other factors,
such as reduced axoplasmic flow in retinal ganglion cell (RGC) axons, oxidative stress,
and genetic background, may also play important roles [4,5]. Vascular abnormalities may
also contribute to glaucomatous optic nerve damage [4,6]. The vascular theory postulates
that reduced ocular perfusion flow (OPF) and impaired vascular autoregulation contribute
to the progressive degeneration of RGCs through ischemic injury to the optic nerve [6].
Furthermore, other factors that affect OPFE, including hypertension, diabetes, and migraines,
are associated with the development of glaucoma, supporting the vascular theory [1,7,8].
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The development of vascular hypotheses has accelerated over the past decade with new
imaging techniques in ophthalmology. Changes leading to a reduced density and calibre
of retinal blood vessels occur during glaucoma [1,6-8]. Numerous studies using optical
coherence tomography angiography (OCTA) have shown significant reductions in the flow
density, flow index, and vessel density in the optic nerve head and macula in patients with
glaucoma compared to controls, as well as the association between these parameters and
changes in the visual field [6,9-12]. Colour Doppler Imaging has demonstrated reduced
velocities and an increased resistivity index in intraocular vessels in glaucoma patients [13].
Until recently, different techniques were used to analyse the calibre of retinal vessels [14].
Semi-automated software such as VAMPIRE (Vessel Assessment and Measurement Plat-
form for Images of the Retina) [15] and Singapore I Vessel Assessment (SIVA) [16] have
been developed to quantify retinal vascular parameters from digital retinal photographs.
Also, studies have described the application of a retinal vessel analyser [17], spectral-
domain optical coherence tomography (SD-OCT) [18], and scanning laser ophthalmoscopy
(SLO) [19] for assessing the calibre of retinal vessels. However, only adaptive optics (AO)
makes it possible to determine the thickness of the wall and the lumen diameter, as it can
distinguish the vessel wall from the blood column [20]. AO has enabled noninvasive retinal
examination at the cellular level with a resolution of about 2 um by measuring wavefront
distortions and compensating for them in real time with deformable mirrors [21,22]. AO
alone does not produce an image and must be integrated with retinal imaging devices
such as fundus cameras (FCs), SLO, and OCT. AO evaluates individual retinal structures,
such as photoreceptors, blood vessels, nerve fibres, ganglion cells, the lamina cribrosa,
and trabeculae in healthy eyes and various eye diseases [21]. The present study aimed
to evaluate the parameters of retinal arteries in patients with POAG at different stages of
progression using an rtx1 AO-FC, the first commercially available device integrated with
AO. Secondly, we wanted to investigate the associations between these vascular parameters
and glaucoma severity, defined by structural changes in OCT and functional changes in the
perimetry. In addition, we wanted to compare the retinal vasculature of POAG patients
and healthy subjects who were closely matched in terms of age and other parameters. This
study is the first trial to analyse retinal vascular morphology using AO in correlation with
other structural and functional tests in POAG.

2. Materials and Methods

The present study is a cross-sectional study with a single study visit, conducted
between August 2021 and November 2022 at the Department of Ophthalmology, Faculty of
Medicine, the Medical University of Warsaw, in the Ophthalmic Public Hospital in Warsaw.
The Bioethical Commission of the Medical University of Warsaw approved the study
protocol (approval number: KB/87/2015). All investigations were carried out according to
the principles of the Helsinki Declaration. Written informed consent was obtained from all
participants.

2.1. Subjects

We included 111 eyes of 58 POAG patients recruited from the Glaucoma Department
at our hospital and 70 eyes of 38 healthy volunteers. Only one eye was included in the study
for nine POAG subjects and six control subjects, as the other eye did not meet the inclusion
criteria. All subjects were white Europeans over 18 years old. The patients included in
this study had been diagnosed with bilateral POAG according to the requirements of the
European Glaucoma Society Guidelines [23] with assessments of the RNFL, GCC defects,
and ONH parameters via OCT and assessments of MD and PSD via perimetry. Glaucoma
had been diagnosed and treated for at least two years. The glaucoma group was divided
into three subgroups:

Group A—pre-perimetric glaucoma: no visual field scotoma in perimetry (37 eyes).

Groups B and C—perimetric glaucoma according to the criteria of a simplified Ho-
dapp’s classification [23] divided as follows:
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Group B—early glaucoma (48 eyes).

Group C—moderate glaucoma (26 eyes).

In 24 patients, the glaucoma severity was at the same stage in both eyes; in the others,
it was at different levels.

The control group was selected according to the following eligibility criteria:
IOP < 21 mm Hg, normal appearance of the ONH, and normal OCT RNFL and GCC
parameters. The inclusion parameters for all groups were as follows: absence of angle
closure in gonioscopy, spherical lens less than six dioptres or cylindrical lens less than
2.5 dioptres, axial eye length less than 26 mm, best corrected visual acuity (BCVA) > 0.4
on Snellen charts, explicit ocular media, high image quality, no history of intraocular
surgery (excluding uncomplicated cataract surgery or uncomplicated glaucoma surgery for
the glaucoma cohort), absence of diabetes mellitus, no history of trauma or other ocular
diseases, and a lack of signs indicating secondary glaucoma for the POAG group.

2.2. Examination

All patients underwent an ophthalmic examination, including BCVA, refractometry,
slit-lamp biomicroscopy, Goldmann applanation tonometry, gonioscopy, and direct fun-
doscopy. Axial eye length was acquired using an IOL Master 700 (Carl Zeiss Meditec
AG, Hennigsdorf, Germany). The RNFL, GCC, thickness, and rim area were obtained
using a spectral-domain OCT (SD-OCT) RTVue XR 100 Avanti Edition (Optovue, Fremont,
CA, USA). A Humphrey 24.2 Sita standard visual field test with the reliability indices of
the European Glaucoma Society was performed on a Humphrey Field Analyzer 3 (Zeiss,
Oberkochen, Germany). All participants were asked to fill in a questionnaire about their
characteristics, including age, sex, weight, height, and history of diseases, including hyper-
tension, diabetes, hypercholesterolemia, arrhythmia, cardiovascular diseases (stroke and
infarction), and smoking status. In addition, systolic blood pressure (SBP) and diastolic
blood pressure (DBP) were measured in the sitting position on the brachial artery.

AO fundus images were obtained using an AO-FC (Rtx1™; Imagine Eyes, Orsay, France;
version 3.4, also known as AO Image 3.4). Rtx1™ uses infrared light (850 nm wavelength) and
is characterised by a resolution of 1.6 um. The image dimensions are 4° x 4°, representing
1.2 mm X 1.2 mm of the retina. Image acquisition in a single position lasts approximately
4 s, during which 40 individual images are acquired [22,24]. The Rtx1™ software provides
the program AO Detect Artery to analyse retinal vessel parameters and correct distortions
within frames [22,25]. Most examinations were performed without pupil dilation; if high-
quality image acquisition was not possible, pupil dilation was obtained with topical 1%
tropicamide (Polfa, Warszawa). Images of the superior and inferior temporal retinal arte-
rioles were obtained at 0.5-1 disc diameters from the edge of the optic nerve disc, that is
to say, about 0.9-1.8 mm from the edge of the disc (an Rtx1 image is 1.2 mm x 1.2 mm),
avoiding arteriovenous junctions and the adjacency of retinal veins. Furthermore, the oc-
currence of arteriovenous crossing and the pulsation of the retinal arteriole were infrequent
in this region and consequently exerted minimal impacts on the measurements [26]. The
following parameters were assessed to evaluate vessel morphology: lumen diameter (LD),
wall thickness (WT), and total diameter (TD) calculated as single WT plus LD plus single
WT (TD = WT + (WT + LD)). The wall-to-lumen ratio (WLR) and the cross-sectional area
of the vascular wall (WCSA) were obtained automatically from the AO artery detection
software version 3.4 (AO Image 3.4). The WLR is the ratio of the vessel’s WT to the LD,
calculated as 2 x WT/LD, while the WCSA describes the relationship between the LD and
TD. All the above-mentioned retinal parameters were measured three times on the scan with
the best quality; the arithmetic mean of these three values was used in the statistical analysis.

2.3. Statistical Analyses

The data analysis was conducted using Statistica’™ v. 13.2, TIBCO Software Inc.,
Palo Alto, CA, USA, 2017. Continuous variables, presented as means with their standard
deviations (SDs), were compared between the POAG and control groups using either
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Student’s t-test or the Mann—Whitney U-test, depending on the data distribution. The
Shapiro-Wilk test was used to determine the normality of each continuous variable. The
Kruskal-Wallis and chi-square tests were used to compare at least three groups in terms
of the quantitative variable. Relationships between numerical variables were assessed
using a Pearson correlation analysis when the data met parametric test conditions and
using a Spearman correlation analysis when they did not. A two-sided test was applied for
p-values, and statistical significance was defined as p < 0.05.

3. Results
Comparison of General Data

The results for age, sex, BMI, SBP, and DBP showed no significant differences between
all groups (p > 0.05). The mean intraocular pressure in all eyes was within normal limits,
and the intraocular pressure was higher in the control group than in the glaucoma groups
(p < 0.001 in the Kruskal-Wallis test). In terms of AL, there was a significant difference
between group B and the control group (p < 0.001), but otherwise, there were no significant
differences between the groups (p > 0.05). All groups were comparable to each other for the
percentage of smokers, patients diagnosed with hypertension and hypercholesterolemia,
and patients with a history of stroke or heart attack (p > 0.05). The clinical characteristics of
the groups are presented in Table 1.

Table 1. Clinical characteristics of the groups.

Control +

Parameters Group A Group B Group C Group p-Value
total number of eyes 37 48 26 70 0.370
age (m £ SD) (years) 511+£738 527 £ 8.2 535+ 8.8 50.5£5.9 0.232
sex (male/female) 12/25 24/24 11/15 26/44 0.489 §

0.559
BMI (m =+ SD) (kg/m?) 23.6+24 243+ 1.8 243420 238 £2.2 0.358
SBP (m £ 5D) 1244+ 114 126.7 £11.8 1269 £ 9.9 1215+ 119 0.404 1
(cm Hg)
DBP (m =+ SD) 779 £ 84 784 £7.6 783+£73 78.7 £8.7 0.876
(cm Hg)
BCVA (m + SD) 0.905 £ 0.118 0.908 £0.133  0.865 +0.147  0.989 + 0.040 <0.001 *

’ ’ ’ ’ ’ ’ ’ ’ A ¥ B* C**vys. Control ***

IOP (m + SD) <0.001%
(cm Hg) 132 +26 13.2+25 13.0+£28 152+ 25 A** B* C* ys. Control **
AL (m + SD) (mm) 240+0.9 244412 239+1.3 235+09 0.905 %

B *** vs. Control ***
lens status (pseudophakic) (%) 2 (5.4%) 4 (8.3%) 5 (23.1%) 3 (4.3%)

*p < 0.05;** p < 0.01; *** p < 0.001; * Kruskal-Wallis test; ¥ chi-square test; S Mann-Whitney test for proportion of
females and males. m—mean; SD—standard deviation; BMI—Body Mass Index; SBP—systolic blood pressure;
DBP—diastolic blood pressure; BCVA—best corrected visual acuity; IOP—intraocular pressure; AL—axial length;
n—number.

The glaucoma groups were compared regarding the cup-to-disc ratio, estimated during
direct fundoscopy; OCT parameters (mean RNFL, mean GCC, and rim area); and visual
field parameters (mean deviation (MD) and pattern standard deviation (PSD)). The results
are presented in Table 2.
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Table 2. Characteristics of the disease severity in the glaucoma groups.
Parameters Group A Group B Group C p-Value *
Duration of glaucoma
(m = SD) (years) 71+43 82+52 9.0+ 6.0 0.489
. . <0.001
Cup-to-disc ratio (m + SD)  0.554 £ 0.051 0.590 + 0.031 0.815 + 0.067 A wwr Bk yg O we
<0.001
RNFL (m =+ SD) (um) 87.3 +£10.0 83.3 £ 10.7 72.6 £13.9 A R B Ak g, C A
<0.001
GCC (m =% SD) (um) 90.0 £11.2 844497 74.0 £13.7 A 5 B ys, C
. <0.001
Rim area (m + SD) (mm) 0.873 £ 0.262 0.857 £ 0.367 0.656 + 0.381 o To % .
A B*vs. C
<0.001
MD (m =+ SD) (dB) 0.02 £ 1.02 —-1.99 +1.74 —9.45 +2.95 A ¥ ys, B A ¥ s,
C ’H(-*/ B ’(-*’(-VS. C A%
<0.001
PSD (m =+ SD) (dB) 1.58 +£0.3 3.6+19 10.54 + 3.58 A ¥ ys, B A B s,

C %% B %% Vs C %%
’ .

** p <0.01; ** p < 0.001; t Kruskal-Wallis test. m—mean; SD—standard deviation; RNFL—retinal nerve fibre
layer; GCC—ganglion cell complex; MD—mean deviation; PSD—pattern standard deviation.

In addition, the course of glaucoma treatment is shown in Table 3.

Table 3. Treatment history of glaucoma patients.

Parameters l;iltering Canaloplasty SLT Monotherapy Bitherapy  Tritherapy  Quadric Therapy
— cuwety (1 (%)) (1 (%)) (1 (%)) (1 (%)) (1 (%)) (1 (%))

Groups (n (%))

Group A 1(2.7%) 4 (10.8%) 1(2.7%) 21 (56.8%) 9 (24.3%) 1(2.7%) 1(2.7%)

Group B 6 (12.5%) 14 (29.2%) 2 (4.2%) 10 (20.8%) 13 (27.9%) 5 (10.4%) 0 (0.0%)

Group C 7 (18.2%) 6 (26.9%) 1(3.8%) 5 (19.2%) 7 (26.9%) 5 (19.2%) 5 (7.7%)

n—number, SLT—selective laser trabeculoplasty. Anti-glaucoma medications included alpha two adrenergic
agonists, beta-blockers, carbonic anhydrase inhibitors, and prostaglandins.

In the POAG groups (from A to C), there were significant decreases in the mean RNFL
thickness (with a significant difference for groups A and B vs. C (p < 0.001)) and the mean
GCC thickness (with a significant difference for groups A and B vs. C (p < 0.001)). We also
observed rim area narrowing in the POAG groups from A to C, with a significant difference
for groups A and B vs. C (p < 0.001 and p = 0.005, respectively), as well as a ¢/d ratio
increase, with a significant difference for groups A and B vs. C (p < 0.001). The perimetry in
the POAG groups showed an increase in PSD values, with significant differences between
all groups (p < 0.001), and a decrease in MD values, with significant differences between all
groups (p < 0.001).

Comparison of supratemporal retinal arterioles between POAG groups and the
control group.

The results are presented in Table 4.
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Table 4. Characteristics of rtx1 supratemporal and infratemporal retinal artery parameters.
Parameters
Group A Group B Group C Control Group p-Value t
Supratemporal Arteriole
1WT <0.001
13.0 £2.0 131+14 13.6 £2.0 120£12 A, B**, C***ys,
(m + SD) (um) .
Control
2WT <0.001
125+1.3 129 £12 13.6 £1.7 114 +1.1 A B C ¥ ys,
(m + SD) (um) -
Control
WLR <0.001
0.294 £ 0.035 0.298 £ 0.044 0.329 £ 0.045 0.241 4 0.023 A B C ¥ s,
(m + SD) -
Control
LD <0.001
87.8 +10.2 88.6 +11.1 799 £17.7 95.6 +15.2 A, B* C***ys,
(m =& SD) (um) o
Control
TD 0.001
112.3 £13.0 1132 +£12.3 110.5£9.8 1209 +£11.9 A*, B* C**vs.
(m =& SD) (um) -
Control
WCSA
2 40419 +£732.3 4161.3 £ 596.0 4148.1 & 663.8 4033.5 £697.0  0.604
(m + SD) (um®)
Infratemporal arteriole
1WT <0.001
13.6 £1.7 133 £2.1 141 £2.0 119+£13 A Bt C ¥t ys,
(m =& SD) (um) -
Control
2WT <0.001
(m + SD) (m) 137+ 1.6 133 £1.7 13.81 £ 1.7 11.8£1.2 A B C ¥ s,
K Control ***
<0.001
WLR A wE ot C *** yg.
(m + SD) 0.307 £ 0.034 0.298 + 0.048 0.336 + 0.047 0.239 £ 0.018 Control ***, B ** vs.
Control ***
LD <0.001
(m + SD) (1um) 90.3 +£11.1 90.3+£9.7 842+ 12.0 99.4 +10.3 Aw B C ¥y,
H Control ***
TD 0.003
(m + SD) (um) 116.6 & 9.9 1154 £ 132 111.2 £ 138 123.0 £ 11.6 C v vs. Control
WCSA

(m =+ SD) (um?)

4420.0 &£ 712.7 4338.7 £ 801.9 4349.8 £913.6 4136.5 £ 688.6  0.248

*p <0.05; * p < 0.01; ** p <0.001; t Kruskal-Wallis test. m—mean; SD—standard deviation; WT—wall thickness;
WLR—wall-to-lumen ratio; LD—lumen diameter; TD—total diameter; WCSA—cross-sectional area of the vascular
walls.

The mean 1WT values were significantly higher in all glaucoma groups than in
the control group (for A vs. control, p = 0.017; for B and C vs. control, p < 0.001). The
mean 2WT values were significantly higher in all glaucoma groups than in the control
group (for A, B, and C vs. control, p < 0.001). The mean WLR values were significantly
higher in all glaucoma groups than in the control group (p < 0.001). The mean LD values
were significantly smaller in all glaucoma groups than in the control group (p = 0.004,
p = 0.011, and p < 0.001, respectively, for groups A, B, and C). The mean TD values were
significantly smaller in all glaucoma groups than in the control group (p = 0.019, p = 0.044,
and p = 0.003, respectively, for groups A, B, and C). No statistically significant differences
were observed between the glaucoma and control groups for the mean WCSA (p = 0.604 in
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the Kruskal-Wallis test). Figures 1 and 2 show the supratemporal arteriole parameters in a
patient with POAG and a healthy subject, respectively.

ROI1 ROI 2 ROI 3
Lumen diam 65,6 63,4 61,5
Total diam 88,3 85,8 84,0
Wall#1 10,6 11,9 11,6
Wall#2 121 10,4 11,0
WCSA 2745,15 2615,45 2576,46
WLR 0,35 0,35 0,37
X 12,76N° 13,04N° 13,52N°
Y 9,29° 8,95° 8,39°
WCSA
e eaaaass
2500
2000
11500
1000
100 microns | 500
0

100 microns |

Figure 1. Image of the supratemporal arteriole in a patient with primary open-angle glaucoma
(POAG). Evaluation of retinal arteriolar morphology in a POAG patient with adaptive optics camera
using 4° x 4° square (Rtx-1, Imagine Eyes, Orsay, France) and measurement of morphological
parameters using AOdetect software (AO Image 3.4). The parameters were calculated from the three
selected regions of interest (yellow squares) for each time landmark (each with 100 pm width and
height) (blue and yellow boxes indicate the walls of the arteriole) (bottom). The chart presents the
following parameters: Lumen diam—Iumen diameter; Total diam—total diameter; walll and wall2;
WCSA—cross-sectional area; WLR—wall-to-lumen ratio. The image is from the author’s collection.
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ROI1 ROI 2 ROI3
Lumen diam 111,0 109,0 104,1
Total diam 137,7 1325 128,1
Wall#1 143 12,0 13,0
Wall#2 12,4 11,5 10,9

WCSA 5213,85 4463,28 4359,60
WLR 0,24 0,22 0,23

X 12,16N° 11,94N° 11,76N°

Y 10,02° 10,45° 10,85°

WCSA
5000 7¥
4000
3000
2000
100 microns L 1000
0 ROH ROR ROB

T

100 microns

Figure 2. Image of the supratemporal arteriole in a healthy subject. Evaluation of retinal arteriolar
morphology in a POAG patient with adaptive optics camera using 4° x 4° square (Rtx-1, Imagine
Eyes, Orsay, France) and measurement of morphological parameters using AOdetect software (AO
Image 3.4). The parameters were calculated from the three selected regions of interest (yellow
squares) for each time landmark (each with 100 pm width and height) (blue and yellow boxes
indicate the walls of the arteriole) (bottom). The chart presents the following parameters: Lumen
diam—Ilumen diameter; Total diam—total diameter; walll and wall2; WCSA—cross-sectional area;
WLR—wall-to-lumen ratio. The image is from the author’s collection.

The results for the comparison of the infratemporal retinal arterioles between the
POAG groups and the control group are presented in Table 4.

The mean 1WT values were significantly higher in all glaucoma groups than in the
control group (for A vs. control, p < 0.001; for B vs. control, p = 0.003; for C vs. control,
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p <0.001). The mean 2WT values were significantly higher in all glaucoma groups vs.
the control group (for A, B, and C vs. control, p < 0.001). The mean WLR values were
significantly higher in all glaucoma groups than in the control group (for A vs. control,
p <0.001; for B vs. control, p < 0.001; for C vs. control, p < 0.001). The mean LD values
were significantly smaller in all glaucoma groups than in the control group (for A, B, and
C vs. control, p < 0.001). The mean TD values were smaller in all glaucoma groups than
in the control group, but for group C, the difference was significant (for A vs. control,
p = 0.087; for B vs. control, p = 0.054; for C vs. control, p = 0.008). No statistically significant
differences were observed between the glaucoma groups and the control group for the
mean WCSA (p = 0.248 in the Kruskal-Wallis test). Figures 3 and 4 show the supratemporal
arteriole parameters in a patient with POAG and a healthy subject, respectively.

‘S : ROI1 ROI 2 ROI 3
Lumen diam 72,0 71,8 66,4
Total diam 98,5 95,9 93,0
Wall#1 13,6 11,5 12,9
Wall#2 12,9 12,5 13,8
WCSA 3545,40 3162,70 3337,16
WLR 0,37 0,33 0,40
X 16,07N° 15,94N° 15,80N°
Y 6,83° 6,59° 6,35°
: g
= WCSA
3500 =_——
3000
2500
e 2000
1500
2 1000
100 microns L 500

RON ROZ ROB

100 microns

Figure 3. Image of the infratemporal arteriole in a patient with primary open-angle glaucoma
(POAG). Evaluation of retinal arteriolar morphology in a POAG patient with adaptive optics camera
using 4° x 4° square (Rtx-1, Imagine Eyes, Orsay, France) and measurement of morphological
parameters using AOdetect software (AO Image 3.4). The parameters were calculated from the three
selected regions of interest (yellow squares) for each time landmark (each with 100 um width and
height) (blue and yellow boxes indicate the walls of the arteriole) (bottom). The chart presents the
following parameters: Lumen diam—Ilumen diameter; Total diam—total diameter; walll and wall2;
WCSA—cross-sectional area; WLR—wall-to-lumen ratio. The image is from the author’s collection.
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ROI1 ROI 2 ROI 3
Lumen diam 12,9 110,0 11,9
Total diam 139,8 138,9 141,1
Wall#1 127 1338 147
Wall#2 14,2 15,1 14,5
WCSA 5343,26 5645,66 5816,88
WLR 0,24 0,26 0,26
X 12,92N° 12,79N° 12,67N°
Y 5,02° 4,66° 4,23°
WCSA
6000 e

100 microns ___) 1000

ROH ROR ROB

100 microns |

Figure 4. Image of the infratemporal arteriole in a healthy subject. Evaluation of retinal arteriolar
morphology in a POAG patient with adaptive optics camera using 4° x 4° square (Rtx-1, Imagine
Eyes, Orsay, France) and measurement of morphological parameters using AOdetect software (AO
Image 3.4). The parameters were calculated from the three selected regions of interest (yellow
squares) for each time landmark (each with 100 pm width and height) (blue and yellow boxes
indicate the walls of the arteriole) (bottom). The chart presents the following parameters: Lumen
diam—Ilumen diameter; Total diam—total diameter; walll and wall2; WCSA—cross-sectional area;
WLR—wall-to-lumen ratio. The image is from the author’s collection.

Comparison of RTX 1 arteriolar parameters between glaucoma groups. There were
no significant differences in the rtx1 parameters between the glaucoma groups for the
supratemporal (p > 0.05) and infratemporal (p > 0.05) retinal arterioles.

Correlation analysis of supratemporal retinal arteriole parameters in POAG group.
TD was significantly positively correlated with the RNFL (r = 0.238) and rim area (r = 0.225,
p < 0.05). LD was significantly positively correlated with the RNFL (r = 0.313), GCC
(r=0.199), and rim area (r = 0.265, p < 0.05). The WLR was significantly negatively cor-
related with the RNFL (r = —0.329), GCC (r = —0.265), rim area (r = —0.285), and MD
(r=-0.290, p < 0.05), and it was significantly positively correlated with the c/d ratio
(r=0.191) and PSD (r = 0.353, p < 0.05).
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Correlation analysis of infratemporal retinal arteriole parameters in POAG group.
A weak positive correlation was found between the RNFL and LD (r = 0.193, p < 0.05). A sig-
nificant negative correlation was noted between the mean RNFL and the WLR (r = —0.266,
p <0.05).

4. Discussion

Glaucoma is a multifactorial disease whose pathogenesis is not fully understood. Al-
though the role of IOP is indisputable, other factors may also be involved, such as abnormal
OBF and genetic factors [8]. It is suggested that altered OBF causes an unstable oxygen
supply and thus may cause glaucoma damage [27,28]. Oxidative DNA damage can affect
trabeculae, which induces resistance to aqueous humour outflow and RGCs, driving neu-
rodegenerative changes [29,30]. Disruption of vascular autoregulation in ONH [27,31,32],
higher retinal vascular resistance [33], and an imbalance between the vasoconstrictor ET-1
and the vasodilator nitric oxide have been observed in glaucoma [7]. Therefore, the eval-
uation of blood vessels in eyes with POAG is essential for a better understanding of the
multifactorial pathogenesis of glaucoma. The high resolution of AO images makes them
an ideal reference target for retinal vessel morphology measurements [34], with excellent
intra-observer and inter-observer repeatability [35] and a good correlation with SD-OCT
measurements [36].

The present AO study shows that retinal arterioles in glaucomatous patients differ from
those in normal eyes. Each eye of the patients with glaucoma diagnoses was categorised
into one of three groups according to the severity of the disease. Subgroup A included
eyes without visual field defects with characteristic glaucomatous structural changes in
ONH and SD-OCT. Subgroups B and C represented different stages of perimetric glaucoma.
To enhance the statistical strength of the comparisons, we carefully matched all groups
for age, BMI, and systemic blood pressure—well-known factors affecting retinal vascular
calibres [20]. The average IOP in the adult population is estimated to be 15-16 mm Hg
according to the EGS guidelines [23], and the results of our study are consistent with this
statement. The lower IOP in glaucoma patients than in the control group may be explained
by the therapy used to achieve the target IOP to slow the progression of the disease.

The total diameters (TDs) of the retinal arterioles were smaller in all glaucoma groups
in both analysed locations: the supra- and infratemporal arterioles. Previously, the nar-
rowing of retinal arterioles in POAG has been shown in numerous studies, mainly using
colour fundus photographs [37-41]. In some studies, measurements have been taken
using manual strategies [37-39], and in others, measurements have been taken with the
help of semi-automatic software and standardised measurements [40,41]. In addition,
the narrowing of retinal vessel diameters has been observed in glaucoma via SD-OCT
using near-infrared images [42]. However, these methods did not provide information
about the arteriolar lumen (LD). Our study showed significantly smaller LD values in all
POAG groups compared to the control group. Our study confirms the result of Hugo et al.,
who were the first to use AO to evaluate the retinal vasculature in glaucoma and found a
significant reduction in TD and LD in POAG patients compared to healthy individuals [14].
Our study also found that the WT and WLR values in the POAG group were significantly
higher than in the control group. Hugo et al.’s previous study [14] does not support our
results regarding the WT and WLR. Still, they analysed smaller groups (n = 31) than our
study (n = 111), and there were no descriptions of structural changes in the OCT images or
functional changes in the visual field.

On the other hand, the WLR and WT have been widely studied in other diseases, such
as hypertension and diabetes. They showed significantly higher WT and WLR values in
hypertensive [23,43] and diabetic [44] patients than in healthy subjects. By assessing both
the WCSA and WLR, it is possible to distinguish between eutrophic and hypertrophic
vascular remodelling [45]. Eutrophic remodelling is characterised by an increased WLR
and an unchanged WCSA, as we obtained for the glaucoma patients in the present study.
In eutrophic remodelling, the reduction in LD is caused by vasoconstriction by smooth



J. Clin. Med. 2024, 13, 478

12 of 15

muscle cells without a growth response [45]. On the contrary, hypertrophic remodelling is
characterised by simultaneous increases in the WLR and WCSA caused by the growth of
smooth muscle cells [45]. Therefore, the vascular morphological parameters in glaucoma
(such as the WT, WLR, and WCSA) should be further investigated in larger groups and
with consideration of other confounding factors.

Our study also showed significant positive correlations between TD and OCT pa-
rameters (RNFL and rim area) and between LD and OCT parameters (RNFL, GCC, and
rim area) (p < 0.05). The WLR was significantly negatively correlated with the RNFL,
GCC, rim area, and MD (p < 0.05) and was significantly positively correlated with the
cup-to-disc ratio and PSD (p < 0.05). The WLR's correlation with multiple determinants of
glaucoma severity may make the WLR a good candidate biomarker for glaucoma progres-
sion. Our results support the concept that retinal vasoconstriction is associated with the
progression of glaucoma measured via OCT and perimetry, as demonstrated in previous
studies [41,46—49], and they are consistent with previous findings from cohort population-
based studies, including the Blue Mountains Eye Study [50], the Beijing Eye Study [37], and
the Singapore Malays Eye Study [51]. Furthermore, some prospective studies also support
the concept of vascular alteration in glaucoma. Kawasaki et al. observed a prospective
association between baseline arteriolar calibre narrowing and increased long-term risk of
POAG in a cohort study over ten years [52]. Lin et al.’s study found that each standard
deviation decrease in the baseline retinal vessel calibres was associated with a more than
30% increase in the risk of RNFL thinning and a more than 90% increase in the risk of VF
deterioration during a 24-month follow-up period [53]. Yoo et al. investigated the retinal
vessel diameter in patients classified as bilateral glaucoma suspects who showed unilateral
glaucomatous conversion during a follow-up period of more than two years. There was a
significant inter-eye difference in retinal arteriolar diameter at baseline between the eyes
that converted to glaucoma and those that did not [54].

Further investigations of vascular changes in glaucoma would be helpful for better
understanding its multifactorial pathogenesis, analysing the causes and effects of vascular
and neurodegenerative changes in glaucoma, and the future invention of therapeutic targets,
such as endothelin or Caveolin receptors, which can dilate retinal vessels and increase
blood flow [2,55]. AO technology, due to its high resolution and image quality, allows the
assessment of glaucomatous changes at the cellular level not only in the vessels but also in
other structures such as nerve fibres [56-58], the lamina cribrosa [59], photoreceptors [60],
trabeculae [61], and retinal ganglion cells [62,63]. In the future, AO may enable early
glaucoma detection and more effective monitoring of the disease and treatment results.

5. Limitations

This study has several limitations. First, the size of our study group could have been
more significant. This study was conducted during the pandemic, which affected the
size of the group. Second, patients with glaucoma under treatment were included, so
the possibility that glaucoma medications may have affected the structure of the blood
vessels cannot be ruled out. Third, we used both eyes of the subjects due to the different
characteristics in each eye, but the same methodology was used for all groups (including
those with healthy eyes). However, this might have affected the results of this study. This
study was not prospective and cannot reflect long-term changes in blood vessels in patients
with POAG.

6. Conclusions

The present study is the first assessment of microvascular morphology using AO in
POAG in correlation with structural and functional parameters. Vascular changes in the
early stages of the disease and their associations with disease progression are shown. This
study may provide better insight into the pathogenesis and progression of POAG, which
may contribute to better diagnosis and treatment of the disease.



J. Clin. Med. 2024, 13,478 13 of 15

Author Contributions: Conceptualisation, A.S. and AZ-7.; methodology, A.S., ZM.W. and AZ-Z.;
validation, Z.M.W.; formal analysis, A.S., AZ-7. and ZMW.; investigation, A.S. and AZ-7.;
writing—original draft preparation, A.S.; writing—review and editing, A.S., A.Z.-7., ZMW. and
J.PS. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was conducted according to the Declaration
of Helsinki and was approved by the Ethics Committee of the Medical University of Warsaw
(KB/87/2015; 07.04.2015).

Informed Consent Statement: Informed consent was obtained from all subjects involved in this
study. Written informed consent to publish this paper was obtained from the patients.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Martucci, A.; Nucci, C.; Pinazo-Duran, M.D. Editorial: New perspectives in glaucoma pathophysiology, diagnosis, and treatment.
Front. Med. 2023, 10, 1200427. [CrossRef] [PubMed]

2. Almeida, I.N.E; Taniguchi, E.; Tito, C.V.A.; Dias, D.T.; Ushida, M.; Dorairaj, S.; Ritch, R.; Teixeira, S.H.; Paranhos, A.; Gracitelli,
C.PB; et al. Vascular parameters and endothelin-1 measurements in glaucoma patients with low- and high-tension optic disc
hemorrhages. Sci. Rep. 2023, 13, 5023. [CrossRef]

3.  Shalaby, W.S.; Ahmed, O.M.; Waisbourd, M.; Katz, L.]. A review of potential novel glaucoma therapeutic options independent of
intraocular pressure. Surv. Ophthalmol. 2022, 67, 1062-1080. [CrossRef] [PubMed]

4. Harris, A.; Guidoboni, G.; Siesky, B.; Mathew, S.; Vercellin, A.C.V.; Rowe, L.; Arciero, J. Ocular blood flow as a clinical observation:
Value, limitations and data analysis. Prog. Retin. Eye Res. 2020, 78, 100841. [CrossRef] [PubMed]

5. Weinreb, R.N.; Aung, T.; Medeiros, F.A. The pathophysiology and treatment of glaucoma: A review. JAMA 2014, 311, 1901-1911.
[CrossRef]

6. Fan, X, Ying, Y;; Zhai, R.; Sheng, Q.; Sun, Y.; Xu, H.; Kong, X. The characteristics of fundus microvascular alterations in the course
of glaucoma: A narrative review. Ann. Transl. Med. 2022, 10, 527. [CrossRef] [PubMed]

7. Wang, X.; Wang, M.; Liu, H.; Mercieca, K.; Prinz, J.; Feng, Y.; Prokosch, V. The Association between Vascular Abnormalities and
Glaucoma—What Comes First? Int. J. Mol. Sci. 2023, 24, 13211. [CrossRef] [PubMed]

8. Kang, ].M.,; Tanna, A.P. Glaucoma. Med. Clin. N. Am. 2021, 105, 493-510. [CrossRef]

9. Garcia-Medina, ].J.; Pinazo-Duran, M.D. Updates in Clinical and Translational Glaucoma Research. J. Clin. Med. 2021, 11, 221.
[CrossRef]

10. Ko, C.-K,; Huang, K.-I.; Su, E-Y.; Ko, M.-L. Vessel Density in the Macular and Peripapillary Areas in Preperimetric Glaucoma to
Various Stages of Primary Open-Angle Glaucoma in Taiwan. J. Clin. Med. 2021, 10, 5490. [CrossRef]

11. Nishida, T.; Moghimi, S.; Wu, J.-H.; Chang, A.C.; Diniz-Filho, A.; Kamalipour, A.; Zangwill, L.M.; Weinreb, R.N. Association
of Initial Optical Coherence Tomography Angiography Vessel Density Loss With Faster Visual Field Loss in Glaucoma. JAMA
Ophthalmol. 2022, 140, 319-326. [CrossRef] [PubMed]

12.  Shin, ].D.; Wolf, A.T,; Harris, A.; Vercellin, A.V.; Siesky, B.; Rowe, L.W.; Packles, M.; Oddone, F. Vascular biomarkers from optical
coherence tomography angiography and glaucoma: Where do we stand in 2021? Acta Ophthalmol. 2022, 100, E377-E385. [CrossRef]

13. Banou, L.; Dastiridou, A.; Giannoukas, A.; Kouvelos, G.; Baros, C.; Androudi, S. The Role of Color Doppler Imaging in the
Diagnosis of Glaucoma: A Review of the Literature. Diagnostics 2023, 13, 588. [CrossRef] [PubMed]

14. Hugo, J.; Chavane, E; Beylerian, M.; Callet, M.; Denis, D.; Matonti, F. Morphologic Analysis of Peripapillary Retinal Arteriole
Using Adaptive Optics in Primary Open-angle Glaucoma. Eur. |. Gastroenterol. Hepatol. 2020, 29, 271-275. [CrossRef]

15.  Perez-Rovira, A.; MacGillivray, T.; Trucco, E.; Chin, K.S.; Zutis, K.; Lupascu, C.; Tegolo, D.; Giachetti, A.; Wilson, PJ.; Doney, A.; et al.
VAMPIRE: Vessel Assessment and Measurement Platform for Images of the REtina. In Proceedings of the 2011 Annual International
Conference of the IEEE Engineering in Medicine and Biology Society, Boston, MA, USA, 30 August-3 September 2011; pp. 3391-3394.

16. Cheung, C.Y,; Tay, W.T.; Mitchell, P; Wang, J.J.; Hsu, W.; Lee, M.L.; Lau, Q.P; Zhu, A.L.; Klein, R.; Saw, S.M.; et al. Quantitative
and qualitative retinal microvascular characteristics and blood pressure. |. Hypertens. 2011, 29, 1380-1391. [CrossRef]

17.  Garhofer, G.; Bek, T.; Boehm, A.G.; Gherghel, D.; Grunwald, J.; Jeppesen, P.; Kergoat, H.; Kotliar, K.; Lanzl, I.; Lovasik, ].V.; et al.
Use of the retinal vessel analyzer in ocular blood flow research. Acta Ophthalmol. 2010, 88, 717-722. [CrossRef]

18. Ouyang, Y.; Shao, Q.; Scharf, D.; Joussen, A.M.; Heussen, EM. Retinal vessel diameter measurements by spectral domain optical
coherence tomography. Graefe’s Arch. Clin. Exp. Ophthalmol. 2015, 253, 499-509. [CrossRef] [PubMed]

19. Pellegrini, E.; Robertson, G.; Trucco, E.; MacGillivray, T.J.; Lupascu, C.; van Hemert, J.; Williams, M.C.; Newby, D.E.; van Beek,

E.J.; Houston, G. Blood vessel segmentation and width estimation in ultra-wide field scanning laser ophthalmoscopy. Biomed.
Opt. Express 2014, 5, 4329-4337. [CrossRef]


https://doi.org/10.3389/fmed.2023.1200427
https://www.ncbi.nlm.nih.gov/pubmed/37206469
https://doi.org/10.1038/s41598-023-31682-w
https://doi.org/10.1016/j.survophthal.2021.12.003
https://www.ncbi.nlm.nih.gov/pubmed/34890600
https://doi.org/10.1016/j.preteyeres.2020.100841
https://www.ncbi.nlm.nih.gov/pubmed/31987983
https://doi.org/10.1001/jama.2014.3192
https://doi.org/10.21037/atm-21-5695
https://www.ncbi.nlm.nih.gov/pubmed/35928752
https://doi.org/10.3390/ijms241713211
https://www.ncbi.nlm.nih.gov/pubmed/37686017
https://doi.org/10.1016/j.mcna.2021.01.004
https://doi.org/10.3390/jcm11010221
https://doi.org/10.3390/jcm10235490
https://doi.org/10.1001/jamaophthalmol.2021.6433
https://www.ncbi.nlm.nih.gov/pubmed/35201270
https://doi.org/10.1111/aos.14982
https://doi.org/10.3390/diagnostics13040588
https://www.ncbi.nlm.nih.gov/pubmed/36832076
https://doi.org/10.1097/IJG.0000000000001452
https://doi.org/10.1097/HJH.0b013e328347266c
https://doi.org/10.1111/j.1755-3768.2009.01587.x
https://doi.org/10.1007/s00417-014-2715-2
https://www.ncbi.nlm.nih.gov/pubmed/25128960
https://doi.org/10.1364/BOE.5.004329

J. Clin. Med. 2024, 13,478 14 of 15

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Bakker, E.; Dikland, EA.; van Bakel, R.; De Jesus, D.A.; Brea, L.S.; Klein, S.; van Walsum, T.; Rossant, F.; Farias, D.C.; Grieve, K,; et al.
Adaptive optics ophthalmoscopy: A systematic review of vascular biomarkers. Surv. Ophthalmol. 2022, 67, 369-387. [CrossRef]
Akyol, E.; Hagag, A.M,; Sivaprasad, S.; Lotery, A.]. Adaptive optics: Principles and applications in ophthalmology. Eye 2021, 35,
244-264. [CrossRef]

Kupis, M.; Wawrzyniak, Z.M.; Szaflik, J.P,; Zaleska—Zmijewska, A. Retinal Photoreceptors and Microvascular Changes in the
Assessment of Diabetic Retinopathy Progression: A Two-Year Follow-Up Study. Diagnostics 2023, 13, 2513. [CrossRef]
European Glaucoma Society Terminology and Guidelines for Glaucoma, 5th Edition. Br. |. Ophthalmol. 2021, 105, 1-169. [CrossRef]
[PubMed]

Samelska, K.; Szaflik, ].P; gmigielska, B.; Zaleska—Zmijewska, A. Progression of Rare Inherited Retinal Dystrophies May Be
Monitored by Adaptive Optics Imaging. Life 2023, 13, 1871. [CrossRef]

Lombardo, M.; Parravano, M.; Serrao, S.; Ducoli, P; Stirpe, M.; Lombardo, G. Analysis of retinal capillaries in patients with type 1
diabetes and nonproliferative diabetic retinopathy using adaptive optics imaging. Retina 2013, 33, 1630-1639. [CrossRef] [PubMed]
Berrett, G.B.; Hogg, J.; Innes, W. Retinal arterial pulsation as an indicator of raised intraocular pressure. SAGE Open Med Case Rep.
2021, 9, 2050313X211054633. [CrossRef]

Ahmad, S.S. Controversies in the vascular theory of glaucomatous optic nerve degeneration. Taiwan ]. Ophthalmol. 2016, 6,
182-186. [CrossRef] [PubMed]

Flammer, J.; Konieczka, K.; Flammer, A.]. The role of ocular blood flow in the pathogenesis of glaucomatous damage. US
Ophthalmic Rev. 2011, 4, 84. [CrossRef]

Takayanagi, Y.; Takai, Y.; Kaidzu, S.; Tanito, M. Association between Systemic Antioxidant Capacity and Retinal Vessel Diameters
in Patients with Primary-Open Angle Glaucoma. Life 2020, 10, 364. [CrossRef]

Garhofer, G.; Bata, A.M.; Popa-Cherecheanu, A.; Hommer, A.; Vass, C.; Resch, H.; Schmidl, D.; Werkmeister, R.M.; Schmetterer, L.
Retinal Oxygen Extraction in Patients with Primary Open-Angle Glaucoma. Int. J. Mol. Sci. 2022, 23, 10152. [CrossRef]

Gugleta, K.; Kochkorov, A.; Waldmann, N.; Polunina, A.; Katamay, R.; Flammer, J.; Orgul, S. Dynamics of retinal vessel response
to flicker light in glaucoma patients and ocular hypertensives. Graefe’s Arch. Clin. Exp. Ophthalmol. 2012, 250, 589-594. [CrossRef]
Feke, G.T.; Pasquale, L.R. Retinal blood flow response to posture change in glaucoma patients compared with healthy subjects.
Ophthalmology 2008, 115, 246-252. [CrossRef]

Gardiner, S.K.; Cull, G.; Fortune, B. Retinal Vessel Pulsatile Characteristics Associated with Vascular Stiffness Can Predict the
Rate of Functional Progression in Glaucoma Suspects. Investig. Opthalmol. Vis. Sci. 2023, 64, 30. [CrossRef] [PubMed]

Mautuit, T.; Semecas, R.; Hogg, S.; Daien, V.; Gavard, O.; Chateau, N.; MacGillivray, T.; Trucco, E.; Chiquet, C. Comparing
Measurements of Vascular Diameter Using Adaptative Optics Imaging and Conventional Fundus Imaging. Diagnostics 2022,
12,705. [CrossRef] [PubMed]

De Ciuceis, C.; Rosei, C.A.; Caletti, S.; Trapletti, V.; Coschignano, M.A.; Tiberio, G.A.; Duse, S.; Docchio, F.; Pasinetti, S.;
Zambonardi, F; et al. Comparison between invasive and noninvasive techniques of evaluation of microvascular structural
alterations. |. Hypertens. 2018, 36, 1154-1163. [CrossRef]

Arichika, S.; Uji, A.; Ooto, S.; Muraoka, Y.; Yoshimura, N. Comparison of retinal vessel measurements using adaptive optics
scanning laser ophthalmoscopy and optical coherence tomography. Jpn. J. Ophthalmol. 2016, 60, 166-171. [CrossRef]

Wang, S.; Xu, L.; Wang, Y.; Wang, Y.; Jonas, ].B. Retinal vessel diameter in normal and glaucomatous eyes: The Beijing eye study.
Clin. Exp. Ophthalmol. 2007, 35, 800-807. [CrossRef] [PubMed]

Jonas, J.B.; Nguyen, X.N.; Naumann, G.O. Parapapillary retinal vessel diameter in normal and glaucoma eyes. I. Morphometric
data. Investig. Ophthalmol. Vis. Sci. 1989, 30, 1599-1603.

Rader, J.; Feuer, W.J.; Anderson, D.R. Peripapillary vasoconstriction in the glaucomas and the anterior ischemic optic neuropathies.
Arch. Ophthalmol. 1994, 117, 72-80. [CrossRef]

Zhang, Q.; Jan, C.; Guo, C.Y.,; Wang, FH.; Liang, Y.B.; Cao, K.; Zhang, Z.; Yang, D.Y.; Thomas, R.; Wang, N.L.; et al. Association of
intraocular pressure-related factors and retinal vessel diameter with optic disc rim area in subjects with and without primary
open angle glaucoma. Clin. Exp. Ophthalmol. 2018, 46, 389-399. [CrossRef]

Chiquet, C.; Gavard, O.; Arnould, L.; Mautuit, T.; Macgillivray, T.J.; Bron, A.M.; Semecas, R.; Trucco, E.; Florent, A. Retinal vessel
phenotype in patients with primary open-angle glaucoma. Acta Ophthalmol. 2020, 98, e88—€93. [CrossRef]

Cheng, J.; Zhao, H.; Jiang, C.; Kong, X.; Sun, X. Change of Retinal Vessels in Different Sectors of the Parapapillary Area in Primary
Open-Angle Glaucoma. Front. Med. 2021, 8, 705829. [CrossRef] [PubMed]

Koch, E.; Rosenbaum, D.; Brolly, A.; Sahel, J.-A.; Chaumet-Riffaud, P.; Girerd, X; Rossant, F.; Paques, M. Morphometric analysis
of small arteries in the human retina using adaptive optics imaging: Relationship with blood pressure and focal vascular changes.
J. Hypertens. 2014, 32, 890-898. [CrossRef] [PubMed]

Zaleska—Zmijewska, A.; Wawrzyniak, Z.M.; Dabrowska, A.; Szaflik, ].P. Adaptive Optics (rtx1) High-Resolution Imaging of Photore-
ceptors and Retinal Arteries in Patients with Diabetic Retinopathy. J. Diabetes Res. 2019, 2019, 9548324. [CrossRef] [PubMed]
Meixner, E.; Michelson, G. Measurement of retinal wall-to-lumen ratio by adaptive optics retinal camera: A clinical research.
Graefe’s Arch. Clin. Exp. Ophthalmol. 2015, 253, 1985-1995. [CrossRef]

Lim, L.S.; Saw, S.M.; Cheung, N.; Mitchell, P.; Wong, T.Y. Relationship of retinal vascular caliber with optic disc and macular
structure. Arch. Ophthalmol. 2009, 148, 368-375. [CrossRef] [PubMed]


https://doi.org/10.1016/j.survophthal.2021.05.012
https://doi.org/10.1038/s41433-020-01286-z
https://doi.org/10.3390/diagnostics13152513
https://doi.org/10.1136/bjophthalmol-2021-egsguidelines
https://www.ncbi.nlm.nih.gov/pubmed/34675001
https://doi.org/10.3390/life13091871
https://doi.org/10.1097/IAE.0b013e3182899326
https://www.ncbi.nlm.nih.gov/pubmed/23492950
https://doi.org/10.1177/2050313X211054633
https://doi.org/10.1016/j.tjo.2016.05.009
https://www.ncbi.nlm.nih.gov/pubmed/29018738
https://doi.org/10.17925/USOR.2011.04.02.84
https://doi.org/10.3390/life10120364
https://doi.org/10.3390/ijms231710152
https://doi.org/10.1007/s00417-011-1842-2
https://doi.org/10.1016/j.ophtha.2007.04.055
https://doi.org/10.1167/iovs.64.7.30
https://www.ncbi.nlm.nih.gov/pubmed/37335567
https://doi.org/10.3390/diagnostics12030705
https://www.ncbi.nlm.nih.gov/pubmed/35328258
https://doi.org/10.1097/HJH.0000000000001677
https://doi.org/10.1007/s10384-016-0435-3
https://doi.org/10.1111/j.1442-9071.2007.01627.x
https://www.ncbi.nlm.nih.gov/pubmed/18173406
https://doi.org/10.1016/S0002-9394(14)73017-X
https://doi.org/10.1111/ceo.13042
https://doi.org/10.1111/aos.14192
https://doi.org/10.3389/fmed.2021.705829
https://www.ncbi.nlm.nih.gov/pubmed/34307429
https://doi.org/10.1097/HJH.0000000000000095
https://www.ncbi.nlm.nih.gov/pubmed/24406779
https://doi.org/10.1155/2019/9548324
https://www.ncbi.nlm.nih.gov/pubmed/31008115
https://doi.org/10.1007/s00417-015-3115-y
https://doi.org/10.1016/j.ajo.2009.04.006
https://www.ncbi.nlm.nih.gov/pubmed/19481730

J. Clin. Med. 2024, 13,478 15 of 15

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Hall, J.K.; Andrews, A.P,; Walker, R.; Piltz-Seymour, J.R. Association of retinal vessel caliber and visual field defects in glaucoma.
Arch. Ophthalmol. 2001, 132, 855-859. [CrossRef]

De Leon, ].M.S; Cheung, C.Y.; Wong, T.-Y.; Li, X.; Hamzah, H.; Aung, T.; Su, D.H.-W. Retinal vascular caliber between eyes with
asymmetric glaucoma. Graefe’s Arch. Clin. Exp. Ophthalmol. 2015, 253, 583-589. [CrossRef] [PubMed]

Lin, TP.H.; Wang, YM.; Ho, K.; Wong, C.Y.K,; Chan, PP; Wong, M.O.M.; Chan, N.C.Y,; Tang, F.; Lam, A.; Leung, D.Y.L.; et al.
Global assessment of arteriolar, venular and capillary changes in normal tension glaucoma. Sci. Rep. 2020, 10, 19222. [CrossRef]
Mitchell, P; Leung, H.; Wang, ].].; Rochtchina, E.; Lee, A.].; Wong, T.Y.; Klein, R. Retinal vessel diameter and open-angle glaucoma:
The Blue Mountains Eye Study. Ophthalmology 2005, 112, 245-250. [CrossRef]

Amerasinghe, N.; Aung, T.; Cheung, N.; Fong, C.W.; Wang, ] J.; Mitchell, P.; Saw, S.-M.; Wong, T.Y. Evidence of retinal vascular
narrowing in glaucomatous eyes in an Asian population. Investig. Opthalmol. Vis. Sci. 2008, 49, 5397-5402. [CrossRef]
Kawasaki, R.; Wang, ].].; Rochtchina, E.; Lee, A.J.; Wong, T.Y.; Mitchell, P. Retinal vessel caliber is associated with the 10-year
incidence of glaucoma: The Blue Mountains Eye Study. Ophthalmology 2013, 120, 84-90. [CrossRef] [PubMed]

Lin, T.P; Hui, H.Y,; Ling, A.; Chan, P.P;; Shen, R.; Wong, M.O.; Chan, N.C.; Leung, D.Y.; Xu, D.; Lee, M.L.; et al. Risk of Normal
Tension Glaucoma Progression From Automated Baseline Retinal-Vessel Caliber Analysis: A Prospective Cohort Study. Arch.
Ophthalmol. 2023, 247, 111-120. [CrossRef] [PubMed]

Yoo, E.; Yoo, C.; Lee, T.-E.; Kim, Y.Y. Retinal vessel diameter in bilateral glaucoma suspects: Comparison between the eye
converted to glaucoma and the contralateral non-converted eye. Graefe’s Arch. Clin. Exp. Ophthalmol. 2016, 254, 1599-1608.
[CrossRef] [PubMed]

Loo, J.H.; Wang, Z.; Chong, R.S. Caveolin-1 in vascular health and glaucoma: A critical vascular regulator and potential
therapeutic target. Front. Med. 2023, 10, 1087123. [CrossRef] [PubMed]

Hasegawa, T; Ooto, S.; Akagi, T.; Kameda, T.; Nakanishi, H.; Ikeda, H.O.; Suda, K.; Tsujikawa, A. Expansion of retinal nerve fiber
bundle narrowing in glaucoma: An adaptive optics scanning laser ophthalmoscopy study. Am. J. Ophthalmol. Case Rep. 2020, 19,
100732. [CrossRef] [PubMed]

Chen, M.E; Chui, T.Y.P.,; Alhadeff, P.; Rosen, R.B.; Ritch, R.; Dubra, A.; Hood, D.C. Adaptive optics imaging of healthy and
abnormal regions of retinal nerve fiber bundles of patients with glaucoma. Investig. Opthalmol. Vis. Sci. 2015, 56, 674—681.
[CrossRef] [PubMed]

Richhariya, A.; Choudhari, N.; Kumar, S.; Krishnamurthy, R.; Priya, R.; Garudadri, C. Adaptive optics scanning laser ophthal-
moscopy may support early diagnosis of glaucoma. Indian J. Ophthalmol. 2022, 70, 2877-2882. [CrossRef] [PubMed]

Zwillinger, S.; Paques, M.; Safran, B.; Baudouin, C. In vivo characterization of lamina cribrosa pore morphology in primary
open-angle glaucoma. J. Frangais D’ophtalmologie 2016, 39, 265-271. [CrossRef]

Choi, S.S.; Zawadzki, R].; Lim, M.C.; Brandt, ].D.; Keltner, J.L.; Doble, N.; Werner, ].S. Evidence of outer retinal changes in
glaucoma patients as revealed by ultrahigh-resolution in vivo retinal imaging. Br. |. Ophthalmol. 2011, 95, 131-141. [CrossRef]
King, B.J.; Burns, S.A.; Sapoznik, K.A.; Luo, T.; Gast, T.J. High-Resolution, Adaptive Optics Imaging of the Human Trabecular
Meshwork In Vivo. Transl. Vis. Sci. Technol. 2019, 8, 5. [CrossRef]

Liu, Z; Saeedi, O.; Zhang, F; Villanueva, R.; Asanad, S.; Agrawal, A.; Hammer, D.X. Quantification of Retinal Ganglion Cell
Morphology in Human Glaucomatous Eyes. Investig. Opthalmol. Vis. Sci. 2021, 62, 34. [CrossRef] [PubMed]

Soltanian-Zadeh, S.; Kurokawa, K; Liu, Z.; Zhang, F.; Saeedi, O.; Hammer, D.X.; Miller, D.T.; Farsiu, S. Weakly supervised
individual ganglion cell segmentation from adaptive optics OCT images for glaucomatous damage assessment. Optica 2021, 8,
642-651. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/S0002-9394(01)01200-4
https://doi.org/10.1007/s00417-014-2895-9
https://www.ncbi.nlm.nih.gov/pubmed/25795058
https://doi.org/10.1038/s41598-020-75784-1
https://doi.org/10.1016/j.ophtha.2004.08.015
https://doi.org/10.1167/iovs.08-2142
https://doi.org/10.1016/j.ophtha.2012.07.007
https://www.ncbi.nlm.nih.gov/pubmed/23062656
https://doi.org/10.1016/j.ajo.2022.09.015
https://www.ncbi.nlm.nih.gov/pubmed/36220350
https://doi.org/10.1007/s00417-016-3392-0
https://www.ncbi.nlm.nih.gov/pubmed/27255459
https://doi.org/10.3389/fmed.2023.1087123
https://www.ncbi.nlm.nih.gov/pubmed/36760400
https://doi.org/10.1016/j.ajoc.2020.100732
https://www.ncbi.nlm.nih.gov/pubmed/32426555
https://doi.org/10.1167/iovs.14-15936
https://www.ncbi.nlm.nih.gov/pubmed/25574048
https://doi.org/10.4103/ijo.IJO_1044_21
https://www.ncbi.nlm.nih.gov/pubmed/35918935
https://doi.org/10.1016/j.jfo.2015.11.006
https://doi.org/10.1136/bjo.2010.183756
https://doi.org/10.1167/tvst.8.5.5
https://doi.org/10.1167/iovs.62.3.34
https://www.ncbi.nlm.nih.gov/pubmed/33760041
https://doi.org/10.1364/OPTICA.418274
https://www.ncbi.nlm.nih.gov/pubmed/35174258

	Introduction 
	Materials and Methods 
	Subjects 
	Examination 
	Statistical Analyses 

	Results 
	Discussion 
	Limitations 
	Conclusions 
	References

