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Elevated endothelin-1 levels
as risk factor for an impaired ocular

blood flow measured by OCT-A
in glaucoma

Claudia Lommatzsch¥%¢™, Kai Rothaus'®, Lasse Schopmeyer?, Maria Feldmann*,
Dirk Bauer!, Swaantje Grisanti?, Carsten Heinzl>* & Maren Kasper!

The purpose of this study was to ascertain whether a correlation exists between glaucoma-associated
alteration of ocular vascular haemodynamics and endothelin-1 (ET-1) levels exist. Eyes of patients
with cataract (n=30) or glaucoma (n =68) were examined with optical coherence tomography

(OCT) and OCT-angiography (OCT-A; AngioVue™-RTVue-XR; Optovue, Fremont, California, USA).
The peripapillary and the macular vessel density (VD) values were measured. Inferior and superior
retinal nerve fibre layer (RNFL) thickness loss was used for further OCT staging. Aqueous humour of
the examined eye and plasma were sampled during cataract or glaucoma surgery and analysed by
means of ELISA to determine their ET-1 level. Glaucoma eyes are characterised by reductions in RNFL
thickness and VD that correlate significantly with the OCT GSS score. Peripheral and ocular ET-1 level
were significantly elevated in patients with glaucoma and correlate positively with the OCT-GSS score
of the entire study population. Peripapillary and macula VD of glaucoma patients correlates negatively
with plasma ET-1 levels. Multivariable analysis showed a subordinate role of intraocular pressure
predictive factor for impaired retinal blood flow compared with plasma ET-1 level in glaucoma.
Peripheral ET-1 level serves as risk factor for detection of ocular blood flow changes in the optic nerve
head region of glaucomatous eyes.

Abbreviations
ACG Angle-closure glaucoma
Al Acircularity index

Alpha  Alpha-adrenergic agonist
AgqH Aqueous humour

Bet Beta-blockers

BCVA  Best corrected visual acuity
CDR Cup-to-disc ratio

CAI Carbonic anhydrase inhibitors
CDI Colour Doppler imaging

DVP Deep vascular plexus

ELISA  Enzyme-linked immunosorbent assay
ET-1 Endothelin-1

FAZ Foveal avascular zone

FLV Focal loss volume

GCC Ganglion cell complex

GLV Global loss volume

GSS Glaucoma staging system
ILM Internal limiting membrane
IPL Inner plexiform layer
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10P Intraocular pressure

MAP Mean arterial pressure
NTG Normal-tension glaucoma
OBF Ocular blood flow

OD Oculus dexter

ONH Optic nerve head

OPL Outer plexiform layer

OPP Ocular perfusion pressure

(N Oculus sinister

OCT Optical coherence tomography

OCT-A  Optical coherence tomography angiography

PG Pigmentary glaucoma
PGA Prostaglandin analogues
Pilo Pilocarpine

POAG  Primary open-angle glaucoma
XFG Exfoliation glaucoma
RNFL  Retinal nerve fibre layer
SQ Scan quality

SSI Signal strength index

SVP Superficial vascular plexus
VCDR  Vertical cup-to-disc ratio
VD Vessel density

Glaucoma occurs in all age groups, and its prevalence increases with age'. In view of the current demographic
trends, the disease will increasingly occupy us socio-economically in the future and cause an increasing economic
burden on society. The course of the disease is gradual over years and may remain asymptomatic for a very
long time. Often undetected, it leads to irreversible visual field loss with blindness in the final stage®. The early
diagnosis, and the associated therapeutic possibility of slowing down the progression of the disease is therefore
of substantial importance®.

Glaucoma is commonly characterized by elevated intraocular pressure (IOP) associated with retinal ganglion
cell (RGC) loss, eventually leading to blindness®. However, due to IOP lowering therapeutic treatment, IOP is not
a suitable marker for monitoring glaucoma progression. In normal tension glaucoma (NTG), IOP is neither a
reliable marker for diagnosis nor for glaucoma progression. Thus, open-angle glaucoma is increasingly not viewed
as an isolated ocular disease that leads to progressive optic neuropathy only due to elevated IOP. Rather, there
is increasing evidence that many cases of glaucoma are related to systemic diseases leading to disturbed ocular
blood flow, not necessarily related to elevated IOP*. With regard to the possible causes of glaucoma, in addition
to altered intracranial pressure® and altered scleral rigidity®, altered systemic or ocular blood flow (OBF)” must
also be considered a pathogenic factor. In this vascular theory, glaucoma is seen as a consequence of insufficient
ocular blood supply. This can result from either increased IOP or reduced OBE. Patients with glaucoma showed
reduced OBF in the ophthalmic artery, central retinal artery and posterior ciliary arteries®. The perfusion of
the optic disc is determined by the ocular perfusion pressure (OPP). This is the calculated difference between
mean arterial blood pressure (MAP) and IOP and has been linked to glaucoma in many studies®*!. In addition
to elevated IOP, low systemic blood pressure stands in direct relation to low OBF and low OPP, as mean ocular
perfusion pressure (MOPP) is 2/3 the mean arterial pressure (MAP) subtracted by the IOP, which may result in
impaired perfusion with subsequent ischaemia of the optic nerve head (ONH)!>%3,

As the ophthalmic artery is modulated by the retinal L-arginine/nitric oxide pathway and by endothelium-
derived vasoactive substances, alterations in OBF may be related to an endothelial dysfunction'*.

In 1985 it was shown that the endothelium of blood vessels secretes a previously unknown vasoconstricting
substance which was given the name of endothelium-derived constricting factor'. This substance was later
isolated and sequenced from cultured endothelial cells and was named endothelin. Endothelin-1 (ET-1) is the
most potent vasoconstrictor known. In the eye, ET-1 is synthesized by the vascular endothelium’S, the retinal
epithelium!” and the ciliary epithelium!'s. Various studies showed an association of elevated plasma ET-1 level
with progressive glaucoma'>?, but another study could not verify these findings®!. To date, very few studies have
addressed the possible correlation between elevated ET-1 levels and impaired OBF by means of colour doppler
imaging (CDI)??%%. CDI is inherently limited in its resolution of retinal blood flow velocity® and is thus increas-
ingly being replaced by the optical coherence tomography angiography (OCT-A), the most recently developed
imaging technique for quantification of ocular blood flow?®. OCT-A is a non-invasive technique that can visualise
blood flow (vessel density, VD) in the different retinal layers*”?%. We and others have shown via OCT-A analysis
that the papillary and macular VD is significantly decreased in glaucomatous eyes®>!.

To our knowledge, no study has yet investigated the relationship of ET-1 to retinal VD by means of OCT-A
imaging in glaucoma patients. Therefore, we set out to determine the concentration of ET-1 in plasma and aque-
ous humour (AqH) in relation to papillary and macular VD in glaucoma eyes and controls.

Materials and methods

Study design. This prospective monocentric study was conducted at the Department of Ophthalmology
and Ophtha-Lab at St. Franziskus Hospital Muenster (Germany) and approved by the ethics committee of the
Medical Association of Westfalen-Lippe, Germany (reference number 2018-331-£-S). The study adhered to the
tenets of the Declaration of Helsinki. All patients provided written informed consent before study entry.
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Subjects. A group of patients with glaucoma was compared with a control group without glaucoma. In both
groups there was a medical indication for cataract surgery or, in the glaucoma group, for glaucoma surgery.

The diagnosis of glaucoma was in all cases based on the findings of funduscopy and OCT. At least two of the
following optic nerve criteria had to be fulfilled for inclusion: increased vertical cup-to-disc ratio (VCDR;20.5);
VCDR asymmetry > 0.2; glaucomatous reduction in peripapillary retinal nerve fibre layer (RNFL) thickness and/
or ganglion cell complex (GCC) thickness at posterior pole.

Control subjects had to have IOP <21 mmHg without a history of elevated IOP or a positive family history of
glaucoma. Clinically, the optic disc had to be normal in appearance with an intact neuroretinal rim, unremarkable
RNFL and GCC analysis, and no lateral asymmetry in VCDR exceeding 0.1 as measured by OCT.

As lens opacities might have a significant influence on the image quality of retinal blood flow measured via
OCT-A, we excluded patients with severe cataract from the control, but also from the glaucoma group. Further-
more, the exclusion criteria for both groups were any ocular disease apart from mild to moderate cataract in
the glaucoma group or refractive error > + 6dpt sphere and + 2dpt cylinder. Low imaging quality with OCT-A
signal strength index (SSI) index <45 and/or scan quality (SQ) < 6 resulted in exclusion. All subjects had to be at
least 18 years old and have undergone no previous surgical treatment apart from uncomplicated cataract surgery
with posterior chamber lens implantation or selective laser trabeculoplasty/argon laser trabeculoplasty or laser
iridotomy (more than 6 months before inclusion). The presence or history of systemic vascular disease (e.g.
diabetes mellitus, arterial hypertension, status post apoplexy/myocardial infarction/thrombosis) or a history of
systemic vasoactive medication also led to exclusion in both groups.

Examinations. Prior to OCT and OCT-A measurement, all patients underwent a detailed ophthalmic
examination including best corrected visual acuity (BCVA), slit-lamp biomicroscopy with indirect ophthalmos-
copy and measurement of mean arterial pressure (MAP). After OCT and OCT-A imaging, Goldmann applana-
tion tonometry was performed. The relevant medical history and the current glaucoma medication were docu-
mented.

RNFL and GCC thickness, focal and global loss volume (FLV/GLV), CDR and rim volume were measured
with OCT (SD-OCT, RT Vue-XR; Optovue, Inc., Fremont, California, USA—software version 2016.2.035). The
pupils were not dilated with medication for the measurements.

Optical coherence tomography angiography. OCT-A (AngioVue™—RTVue-XR; Optovue, Fremont,
California, USA, software version 2016.2.035) was then performed in both groups.

The OCT-A system in this study uses a split-spectrum amplitude decorrelation angiography algorithm and
operates at 70,000 A-scans per second to acquire OCT-A volumes consisting of 400 x 400 A-scans. All scans taken
had a 6 x 6 mm scan area centred on the fovea, and an additional 4.5 x 4.5 mm grating centred on the optic disc
was used. The reduction of projection artefacts in the deep layers was automated using 3D Projection Artifacts
Removal (3D PAR). In addition, all OCT-A images were reviewed by the same person (CL) to ensure correct
centring and segmentation and to identify poor-quality scans with motion artefacts or blurring. Poor-quality
images were excluded based on the presence of one or more of the following criteria: SSI <45; SQ < 6; poor fixation
resulting in duplication of artefacts; media opacity obscuring the view of the vasculature (e.g. vitreous opacities).

The optic disc scan was performed in the segmentation area of the superficial nerve fibre layer, referred to by
the manufacturer as "radial peripapillary capillaries" (RPC), which corresponds to an extension from the internal
limiting membrane (ILM) to the posterior border of the RNFL. With regard to ONH area, the software calculates
the value first as whole VD (ONH Whole in %) and then divides it into an intrapapillary VD (ONH Inside in %)
value and an average peripapillary VD value (PeriONH Average in %) with further subdivision into eight different
peripapillary sectors (PeriONH NasSup, NasInf, InfNas, InfTemp, TempInf, TempSup, SupTemp, SupNas in %).

In the macular region segmentation was performed into superficial (SVP) and deep vascular plexus (DVP),
predefined by the manufacturer as follows: SVP: ILM to inner plexiform layer (IPL) — 10 um; DVP: IPL — 10 pm
to outer plexiform layer (OPL) + 10 pm. AngioVue™ first evaluates the whole VD (Macula SVP/DVP Whole in
%) and then distinguishes a foveal region (Fovea SVP/DVP in %; diameter of 1 mm) from a parafoveal region
(ParaFovea SVP/DVP Average in %; diameter of 3 mm), and a perifoveal region (PeriFovea SVP/DVP Average
in %; diameter of 6 mm). Finally, the system subdivides the parafoveal and perifoveal zones each into four equal
quadrants (ParaFovea SVP/DVP Temp, Sup, Nas and Inf and PeriFovea SVP/DVP Temp, Sup, Nas, and Inf, in %).

The foveal avascular zone (FAZ; in mm?) was calculated as a combination of the two plexuses and is referred
to by the manufacturer as the "retinal" segmentation layer (ILM to OPL + 10 um). Another way of looking at
the avascular zone in more detail is to describe its acircularity. AngioVue™ automatically calculates a so-called
acircularity index (AI), which describes the relationship between the measured circumference of the FAZ and
the circumference of the same size of a round surface. A value of 1.0 means a perfect circle. The less round the
shape, the larger the calculated index.

Glaucoma staging. The glaucoma group was classified according to disease severity using a staging tool
kindly provided by Brusini et al.*2. This tool utilizes the average peripapillary RNFL thickness in the superior and
inferior region and applies age correction. Using a non-linear classification scheme, these OCT GSS (glaucoma
staging system) scores were interval scaled and stratified into seven OCT GSS stages: healthy, borderline, stage 1,
stage 2, stage 3, stage 4 and stage 5. Additionally, the defect type was characterised as inferior, superior or diffuse,
depending on the area(s) presenting damage.
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Peripheral blood and AqH samples. Peripheral blood and AqH samples were collected from patients
undergoing either cataract or glaucoma surgery (e.g. trabeculectomy, canaloplasty) who were scheduled for
surgery independent of the study.

AqH was collected during the planned glaucoma or cataract surgery (100 to 150 ul), transferred to 1.5-ml
reaction tubes and stored at — 80 °C until use. Venous blood was collected during the anaesthetic period (heparin
blood 7 ml). The blood was centrifuged at 4 °C for 10 min at 2000xg, and the plasma phase was transferred to
1.5-ml reaction tubes and stored at — 80 °C until further analysis.

Protein analysis. AqH and plasma samples were analysed for their protein content using a commercially
available Bradford protein assay (Bio-Rad, Munich, Germany).

Quantification of endothelin-1. AqH and plasma samples were analysed using the Endothelin-1 Quan-
tikine ELISA Kit (R&D Systems, Minneapolis, USA). Standards and samples were measured in duplicate accord-
ing to the manufacturer’s instructions.

Statistical analysis. MedCalc Version 12.4 (Ostend, Belgium) and R Version 4.0.2 (2020-06-22; Dorma-
gen, Germany) were used for all statistical analyses. Normal distribution of the data was checked by means
of the Shapiro test and data were expressed as mean +standard deviation for N>30 or gaussian distributed
(parametric) observations. Otherwise, the median and the interquartile interval (25% and 75%) are given (non-
parametric). We set the significance level at a="5%. The means of two groups were compared using an adequate
T-test if the preconditions were met. As non-parametric alternative we used a Wilcoxon test (rank test, or Rank
sum test). If the preconditions were fulfilled, more than two groups were compared by means of an ANOVA fol-
lowed by a Tukey post-hoc analysis. Alternatively, a Kruskal—Wallis test (Dunn as post hoc) was performed. For
the post-hoc analyses we carried out Bonferroni corrections of the p-values. The chi-square test was chosen for
the comparison of nominal scaled observations if any matrix element was at most 5, otherwise the exact Fisher
test was used.

Linear correlation analysis was performed using the Pearson test (parametric) or the Spearman rank test
(non-parametric). The resulting correlation coefficient r is a measure of the effect strength. In order to deter-
mine the extent of the connection, we followed the scheme of Cohen*: relationships under rho (r)=0.10 are
considered insignificant, those from r=0.30 correspond to an average effect, and those from r=0.50 correspond
to a strong effect.

For univariable regression analysis we applied Pearson’s correlation test for bivariate gaussian distributions,
otherwise Spearman’s method was chosen. For multivariable regression we assumed a gaussian linear model.
The resulting p-values of the independent variable allowed us to identify variables with significant influence in
the multivariable regression model.

Results

Patients. A total of 98 eyes were included in the study (Table 1, Supplemental Table S1), 68 of which were
glaucomatous eyes and 30 non-glaucomatous control eyes. The groups did not differ significantly regarding age,
sex or MAP. The glaucoma group was characterized by significantly more pseudophakic lenses (p=0.0291),
higher IOP (p<0.001), and a better visual acuity (p<0.001) than the control group (Table 1). As a reduced
visual acuity in the control group as well as the glaucoma group might be caused by the cataract associated
lens opacity®*, higher LogMar was not an exclusion criterion for these subjects. Furthermore, LogMar did not
show any meaningful correlation to the OCT/OCT-A parameter (data not shown). The IOP did not differ
between phakic and pseudophakic eyes (p=0.98). Furthermore, OCT and OCT-A-analysis showed a signifi-
cantly reduced GCC, RNFL, rim area, and ONH VD as well as macular VD in the superficial region of glaucoma
patients compared with the controls (p <0.001; Table 1), with no significant difference in the FAZ or Fovea SVP/
DVP. In addition, FLV, GLV, vertical CDR and cup volume were significantly enhanced compared with the con-
trols (p <0.001; Table 1). Further clinical and OCT/OCT-A parameters are presented in Supplementary Table 1.

OCT staging tool. It was our intention to analyse the suitability of an OCT staging system for diagnostic
application. Age and the superior/inferior region RNFL thickness values were applied to the OCT staging tool
of Brusini et al.*>. An OCT GSS score was computed for all eyes, and patients were classified according to the
presence of RNFL defects (OCT GSS stage: healthy, borderline, stages 1 to 5), as well as defect localization (none,
inferior, superior, diffuse; Supplemental Table 2).

Of the 30 control patients, seven were classified as borderline (n=5), stage 1 (n=1), or stage 2 (n=1). Eleven
patients of the glaucoma group were classified as healthy (Supplemental Table S2). The defect location type
differed significantly among OCT GSS stages (p <0.001). In particular, the diffuse type predominated with
increasing OCT GSS stage.

However, in the glaucoma group, all different OCT stages (p =0.43), and their defect locations (p=0.61) were
commonly distributed within all glaucoma entities. The correlation of the OCT and OCT-A parameters with
the OCT GSS score showed in particular that the GCC (r=-0.723; p<0.001), the RNFL (r=-0.912; p<0.001),
the rim area (r=-0.764; p<0.001), ONH Whole (r=—- 0.771; p<0.001) and the VD of the whole-macula SVP
(r=-0.545; p<0.001) decreased significantly with increasing OCT GSS score (Fig. 1). In contrast, vertical
CDR (Fig. 1; r=0.775, p<0.001), cup volume (r=0.486, p <0.001) and IOP (Fig. 1; r=0.379, p<0.001) corre-
lated significantly positively with OCT GSS score (Fig. 1). Furthermore, the visual acuity (LogMar) correlated
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‘ Control ‘ Glaucoma P-Value
Clinical data
Eye (n) OD:19|0S:11 0D:30|0S:38 0.13!
Glaucoma entity (n) POAG:0|XFG:0|NTG:0|PG:0|ACG:0 | POAG:49|XFG:9|NTG:5|PG:2|ACG:3 na
1st diagnos. of glaucoma (Mo) 72.00 [29.75-120.00] n.a
Age at OP 66.77£9.01 64.51+12.18 0.37%
Sex (n) Female:20|Male:10 Female:41|Male:27 0.71"
IOP (mmHg) 14.00 [12.00-14.00] 18.00 [15.00-21.25] <0.0013
Refractive error (dpt) 0.07+2.88 0.00 [-1.38-0.50] 0.29°
Visual acuity (LogMAR) 0.40 [0.30-0.60] 0.12 [0.00-0.30] <0.001
Previous surgeries (n) Eataract:lo . - § n.a

aser trabeculoplasty:4 Laser iridotomy:3

MAP (mmHg) 95.00 [92.50-99.50] 93.33 [91.67-101.67] 0.76
Topical antiglaucomatosa 3.00 [2.00-4.00] n.a
Betan (%) 43 (74.1%) na
CAIn (%) 47 (81.0%) n.a
PGA n (%) 51 (87.9%) n.a
Alpha n (%) 23(39.7%) na
Pilo n (%) 2 (3.4%) n.a
Systemic CAI n (%) 5(8.6%) n.a
OCT and OCT-A parameter
Ganglion cell complex (um) 96.55+8.41 76.00 [67.00-84.00] <0.0013
Focal loss volume (%) 0.41 [0.21-0.80] 5.67 [2.42-9.59] <0.001°
Global loss volume (%) 2.10 [0.50-4.25] 19.24+10.91 <0.0013
RNFL thickness (um) 96.79+8.72 72.72+13.10 <0.0012
Cup/disc ratio total 0.31+0.15 0.68 [0.58-0.77] <0.001°
Rim area (mm?) 1.37+0.35 0.68 [0.49-0.91] <0.0013
Disc area (mm?) 2.03+0.32 2.05+0.34 0.782
VD ONH whole 47.00£2.52 35.40 [30.17-38.90] <0.001°
VD macula SVP whole 41.90+4.15 37.02+4.28 <0.0012
VD fovea SVP 19.99+6.69 17.30 [11.12-21.65] 0.06°
VD macula DVP whole 39.96+4.37 41.90+4.83 0.062
VD fovea DVP 34.28+8.49 32.23+£7.99 0.26
FAZ 0.26+£0.10 0.26 [0.22-0.38] 0.29°

Table 1. Clinical data and OCT/OCT-A parameters. n.a. not applicable, POAG primary open-angle
glaucoma, XFG exfoliative glaucoma, NTG normal-tension glaucoma, PG pigmentary glaucoma, ACG angle-
closure glaucoma, MAP mean arterial pressure, Beta beta-blocker, CAI carbonic anhydrase inhibitor, PGA
prostaglandin analogue, Alpha alpha-adrenergic agonist, Pilo pilocarpine, RNFL retinal nerve fiber layer, ONH
optic nerve head, VD vessel density, FAZ foveal avascular zone, SVP superficial vascular plexus, DVP deep
vascular plexus. *p <0.05. ! Chi-square-test. *t-test. *Wilcoxon rank sum test.

significantly negatively (r=- 0.370; p <0.001) with the OCT GSS score. RNFL thickness was significantly lower
in the borderline stage than in the healthy stage (adj. p-value <0.01; Supplemental Table 2).

Increased level of endothelin-1 in glaucoma. Quantification of ET-1 levels in AqH and plasma sam-
ples showed significant elevation of ET-1 level in glaucoma patients compared with the control group in both
tissues (AqH p <0.001; plasma p <0.001 (Fig. 2A,B; Supplementary Table 1).

The ET-1 level in the AqH of glaucomatous eyes was significantly higher than in the respective plasma sam-
ples (p<0.001), but did not correlate with the plasma ET-1 level (p =0.84; r=— 0.029; Fig. 2C). Similar to the
glaucoma group, ET-1 level in AqH did not correlate with the ET-1 plasma level in the control group. However,
univariable regression analysis including samples from both control and glaucoma groups showed no significant
correlation between AqH and plasma ET-1 level (p=0.4335; rho=0.092).

Correlation analysis for AqH and plasma levels of ET-1 in the glaucoma group (Table 2; more detail in
Supplemental Table 3) showed that elevated AqH ET-1 level did not correlate with the IOP or lens status, but
correlated significantly positively with the number of topically applied antiglaucoma medications (p<0.01,
r=0.374; Supplemental Table 3). To ensure that the positive correlation between the concentration of ET-1 in
the AqH and topical antiglaucomatosa was not due to the fact that the study participants with a higher IOP
used more pressure-lowering eye drops, we performed a subgroup analysis by IOP. When the glaucoma groups
were subdivided by IOP (Group 1 IOP < 18 mmHg Group 2 IOP 19-24 mmHg Group 3 IOP >25), there was no
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Figure 1. OCT and OCT-A parameter vs. OCT staging. Values from GCC, RNFL in [pum], IOP in [mmHg],
ONH Whole in [%], Macula SVP Whole in [%], vertical CDR and rim area in [mm?] for the healthy stage were
set to 100%. Values for the other stages (borderline, stage 1-5) were normalized to the healthy stage and are

displayed in [%].
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Figure 2. (A,B) ET-1 level of (A) AqH and (B) plasma samples from cataract and glaucoma patients. (C)
Spearman rank correlation of plasma ET-1 level to AqH ET-1 level in the glaucoma patients.

significant difference in the number of topical antiglaucomatosa between the three IOP groups (Kruskal Wallis
p=0.4938; data not shown). Furthermore, elevated plasma ET-1 level of glaucoma patients correlated significantly
positively with age (p=0.035; Table 2), refraction (p=0.031; Table 2), vertical CDR (p =0.044; Table 2) and disc
area (p <0.01; Table 2) and significantly negatively with IOP (p=0.030; Table 2). Additionally, the plasma ET-1
level of patients with glaucoma correlated significantly with reduced superior RNFL thickness (p =0.049 Table 2),
while no correlation was found with reduced inferior RNFL thickness (Table 2), nor between AqH ET-1 level
and superior/inferior RNFL thickness loss (Table 2, Supplemental Table 3).

Furthermore, several negative correlations between plasma ET-1 level and VD were identified (Table 2, Sup-
plemental Table 3): In the peripapillary region, there was a negative correlation with the plasma ET-1 level in
the temporal superior sector (PeriONH TempSup). In the macular region, the measurement areas Fovea SVP,
Fovea DVP and the FAZ correlated negatively with the plasma ET-1 level (Table 2; Supplemental Table 3). There
was no significant correlation between AqH and ET-1 levels in the glaucoma group.

ET-1 levels in both plasma (r=0.296, p<0.01) and AqH (r=0.269, p=0.024) correlated significantly positively
with the OCT GSS score of the entire study population. To determine whether the elevated ET-1 level might be
related to an enhanced protein concentration in the respective samples from glaucoma patients, we analysed the
protein concentration of AqH and plasma samples. Protein concentration was found to be significantly elevated
compared with the control group (Supplementary Table 1) and correlated positively with the elevated ET-1 level
measured in the respective plasma samples (AqH r=0.22, p=0.13; plasma r=0.33, p<0.01). Furthermore, the
plasma protein concentration correlated positively with increasing OCT GSS score (r=0.23; p=0.031), but no
further correlations with age, IOP, lens status or OCT parameters were detected.

Multivariable analysis: plasma ET-1 level as predictor of retinal VD. In order to identify correla-
tion and dependency structures among the variables, we conducted a multivariable analysis. We used plasma
ET-1 level, MAD, IOP and age as independent variables and analysed whether they were suitable markers for the
modulated parameters of glaucomatous eye measured via OCT-A.
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ET1-Plasma [pg/

ml] ET1-AqH [pg/ml]
Parameter rho (p) rho (p)
Age at surgery 0.256 | (0.035) | -0.178 | (0.20)
Refractive error 0.264 | (0.031) —0.088 | (0.53)
Visual acuity (LogMAR) 0.131 | (0.29) —0.060 | (0.67)
10P —-0.263 | (0.030) —-0.020 | (0.89)
Cup/disc ratio vertical 0.261 | (0.044) 0.029 (0.85)
Disc area 0.370 | (0.004) 0.024 (0.87)
ONH Whole - 0.080 | (0.52) 0.066 (0.64)
PeriONH TemplInf —-0.246 | (0.05) 0.201 (0.17)
PeriONH TempSup ~0.348 | (0.007) |-0.001 |(1.00)
Fovea SVP -0.323 | (0.007) 0.177 (0.20)
Fovea DVP —-0.331 | (0.006) 0.204 (0.14)
FAZ 0.256 | (0.035) |-0.110 | (0.43)
Topical antiglaucoma medications -0.126 | (0.31) 0.374 (0.006)
RNFL Thickness Sup —-0.242 | (0.050)* |0.101 (0.48)
RNFL Thickness Inf —-0.089 | (0.48) 0.086 (0.55)
OCT GSS score 0.112 | (0.38) —0.042 |(0.78)

Table 2. Correlation of ET-1 level in plasma or AqH to OCT/OCT-A parameters in glaucoma. The p-value
p=0.050* in the table indicates the significance of the corresponding test, that means p <0.05. *Correlation
coefficient: Pearson’s rho for bivariate gaussian distributions, otherwise Spearman’s rho. "Correlation test:
Pearson’s method for bivariate gaussian distributions, otherwise Spearman’s method.

At first, we assessed the predictive value of those markers in healthy and glaucoma patients (Supplemental
Tables 4, 5). The greatest number of significant differences (hereinafter: most significances) was found between
IOP and OCT-A parameters (e.g. ONH Whole, Macula SVP Whole), pointing to IOP being an important predic-
tor for the presence of glaucoma, while AqH and plasma ET-1 level were of less importance.

In particular, plasma ET-1 level showed the most significances (e.g. ONH Whole, PeriONH TemplInf and
TemSup in Fovea SVP and Fovea DVP), while the changes in the FAZ were not predicted by plasma ET-1 level
(Supplemental Table 4). AQH ET-1 level (Supplemental Table 5), age and MAD (Supplemental Tables 4, 5) showed
fewer significances for prediction of OCT-A parameters.

When focussing the multivariable analysis on the glaucoma group only, IOP, age, plasma, and AqH ET-1
levels were used as independent variables (Supplemental Tables 6, 7). Analysis showed no significances for IOP
to predict OCT-A parameters. Plasma ET-1 level was most significant for predicting the PeriONH TempSup,
Fovea SVP, and Fovea DVP. The FAZ remained unsignificant (Supplemental Table 6). No predicting factors for
AqH ET-1 level were found (Supplemental Table 7).

Differentiation between normal (normal) and elevated (high) plasma ET-1 level in glau-
coma. Inaccordance with previous studies by Emre et al. and Cellini et al., we defined ranges to subclassify
all patients according to their plasma ET-1 level into normal and high ET-1 groups'®?. The normal range was
defined according to the mean + SD and min/max ET-1 level of the control group (1.785+0.33; min 1.75 pg/ml/
max 2.5 pg/ml; Supplementary Table 8).

Within glaucoma group, we identified 37 patients with normal plasma ET-1 level (1.92+0.33 pg/ml) and 31
patients with significantly elevated (high) plasma ET-1 level (3.13 [2.87-3.44] pg/ml; p<0.001). The ET-1 level
in AqH did not differ significantly between the two groups (normal 4.74+1.21 pg/ml; high 4.18 [3.25-5.43]).

The patients of the high ET-1 group were not significantly older than those of the normal group (p=0.06),
had a higher protein concentration in plasma samples (p=0.021; AqH p=1.000), and showed a significantly
reduced IOP (p=0.045) (Supplemental Table 8).

The normal and high groups did not differ with regard to defect type, OCT staging or the main OCT-A
parameters such as GCC, RNFL and VD (Supplementary Table 8).

Discussion
The factors causing the development and progression of glaucoma are not yet fully understood. In Caucasians,
hypertensive glaucoma is the most common entity and is easily detected by measurement of IOP. Elevated IOP
(=221 mmHg) is considered to be a risk factor and marker for diagnosis of hypertensive glaucoma®, but not for
NTG (IOP <21 mmHg)**. Furthermore, many people with an IOP of > 21 mmHg have no glaucoma?. As thera-
peutic treatment of hypertensive glaucoma is also focused on IOP lowering drugs, early diagnosis and clinical
long-term monitoring of glaucoma based on IOP measurement is inappropriate.

Furthermore, most patients with progressive glaucoma show few or no symptoms*. Patients usually only
notice visual impairment by peripheral and eventually central vision loss in late stages of the disease. Visual field
measurement by perimetry is still considered the diagnostic gold standard today, despite the drawbacks of the
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test-retest variability®®, which relies on the nature of the psychophysical examination method itself. One of the
disadvantages of the resulting functional parameters is that they are based on a psychophysical examination and
are therefore strongly influenced by the attention, motivation and reaction time of patients. Pathophysiologi-
cally it is assumed that about 40% of the retinal ganglion cells have already been irreversibly lost before changes
in perimetry can be detected*. Besides IOP measurement and perimetry, glaucomatous changes of the retinal
structures are diagnosed early by RNFL thickness loss as measured by OCT.

Based on changes of the superior/inferior RNFL thickness, a severity classification of ocular changes can
be calculated using the OCT GSS*. Our study confirmed the ability of the OCT GSS of Brusini et al. to assign
patients accurately to seven categories: healthy, borderline and five different stages of glaucoma severity. Even
though, we did not include perimetry measurements, our results showed a significant correlation of reduced
visual acuity with increased OCT GSS score. Therefore, we could confirm the suitability of the OCT staging
tool for a standardized and objective classification of glaucomatous RNFL damage. However, RNFL-thinning
can reach a stage where any further decrease is not detectable by OCT, called the “floor effect”!. There are new
insights that OCT-A can monitor the disease by means of VD for later progression stages than OCT by RNFL.
Additionally, it appears that OCT-A might be able to detect structural glaucomatous damage in the form of
reduced VD in earlier stages than OCT is able to detect RNFL changes**-4.

Since it was shown that the RNFL based OCT GSS scores correlated significantly with the impaired haemo-
dynamic parameters measured via OCT-A, inclusion of OCT-A parameters for glaucoma staging might be of
added value in the future if these results can be confirmed with larger patient populations.

In order to strengthen the early diagnosis of glaucoma before symptom onset, it would be of great interest to
identify IOP-independent glaucoma biomarkers (e.g. in blood or AqH), and correlate them with simpler non-
invasive tests such as OCT/OCT-A.

One possible biomarker for altered retinal blood flow is endothelin, which has been implicated in glauco-
matous pathogenesis***’. Various experimental studies have shown a direct effect of ET-1 to increase IOP for
example by modulation of the AqH outflow**->*. While Chortiz et al. showed a positive correlation of elevated
ET-1 in AqH with elevated IOP for the entire study population, no significant correlation has been shown in the
subgroup analysis of patients with cataract, POAG or exfoliation glaucoma (XFG), or with regard to the ET-1
plasma level and IOP**.

In contrast, when analysing the entire study population in the current study, no correlation between ET-1 AqH
or ET-1 plasma with IOP was found, neither after subdivision into three IOP-ranges IOP (Low =IOP <18 mmHg,
middle = 19-24 mmHg and High = > 25 mmHg; data not shown). In line with the study of Chortiz et al., our
study did not show a correlation between ocular or plasma ET-1 levels and elevated IOP in subgroup analysis.

In healthy humans, Polak et al. showed that exogenous ET-1 administration resulted in significant reduction of
blood flow at the ONH and in the choroid as measured with laser Doppler flowmetry>. Schmetterer et al., using
colour Doppler ultrasound, also showed that ET-1 dose-dependently reduced fundus pulsations in the macula
and the optic disc, but did not affect blood flow velocity in the ophthalmic artery or systemic haemodynamics®,
indicating that these areas appear to be especially sensitive to ET-1.

Previous studies have detected ET-1 levels in AqH in glaucoma patients that were both significantly higher
than in controls and significantly higher than in corresponding plasma samples®*-¢!. We confirmed these
findings in our current study.

With regard to the plasma ET-1 levels in healthy persons and glaucoma patients, studies have inconsistently
reported unaltered®>*"*#6263 or elevated ET-1 levels in the plasma of glaucoma patients'>*.

Our study showed significant elevation of ET-1 in both AqH and plasma samples from patients with glaucoma
compared with the controls. We confirmed the positive correlation of plasma ET-1 level with patient age shown
previously by Maeda et al.%®. In line with previous studies®**’, no correlation could be found between intraocular
and plasma ET-1 levels, implying that the ET-1 in the AqH is formed and released in the eye.

Moreover, we detected elevated protein concentrations in plasma samples, as also shown by others (Koliakos
et al. 2004)°%¢7, Unlike Koliakos et al. (Koliakos et al. 2004), we found a positive correlation between the elevated
protein and ET-1 level in plasma samples of glaucoma patients but no further correlation with age, IOP or OCT
parameters.

In the current study, plasma ET-1 level correlated positively with the OCT GSS score®? and with the verti-
cal CDR, which may indicate that the plasma ET-1 level is related to more advanced stages of glaucoma and
accompanied RNFL thinning.

Previous studies distinguished between normal and elevated ET-1 level in glaucoma patients'** and related
the high ET-1 level to a progression in visual field defects. In contrast, another study found no significant cor-
relation between levels of plasma ET-1 and severity of glaucoma, as classified by visual field testing and RNFL
thickness?'. However, we could not find any significant differences in visual acuity, OCT or OCT-A parameters
when comparing glaucoma patients with normal and high plasma ET-1 level.

Functional studies on the effect of ET-1 on the retinal blood flow are contradictory. Polak et al. showed that
exogenous ET-1 administration in healthy humans resulted in significant reduction of blood flow at the ONH and
in the choroid as measured with laser Doppler flowmetry®®. Schmetterer et al., using colour Doppler ultrasound,
also showed that ET-1 dose-dependently reduced fundus pulsations in the macula and the optic disc, but did not
affect blood flow velocity in the ophthalmic artery or systemic haemodynamics®.

The results of the current study showed a significant correlation between elevated ET-1 plasma level in
glaucoma patients and an impaired retinal blood flow at the ONH, supporting the findings of Polak et. al.>®
and indicating that impaired blood flow in these areas might be in causal relation to the peripheral ET-1 level.

Previous studies distinguished between normal and elevated ET-1 level in glaucoma patients'** and related
the high ET-1 level to a progression in visual field defects. However, we could not detect any significant differences
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in visual acuity, OCT or OCT-A parameter when comparing glaucoma patients subdivided in normal and high
plasma ET-1 level.

Several studies assumed a correlation of elevated ocular or peripheral ET-1 level with impaired retinal
blood flow, as measured by CD], in various ocular diseases, e.g. NTG or XFG diabetic retinopathy and retinitis
pigmentosa?> 2468,

The results of the current study are in line with those studies, showing a significant correlation between
elevated ET-1 plasma level in glaucoma patients and an impaired retinal blood flow at the ONH. The OCT-A
analysis in our study showed, in the glaucoma group, a significant correlation between impaired VD, in par-
ticular of the PeriONH TempSup and Fovea (SVP/DVP) and FAZ, and elevated ET-1 level in plasma samples.
However, no correlation could be shown for the elevated AqH ET-1 level in glaucoma patients. This might reflect
the relevance of systemic factors leading to alterations in the retinal blood flow and subsequently to glaucoma. A
recent retrospective longitudinal study by Kiyota et al.*” showed a significant correlation between impaired ONH
perfusion of the superior and temporal quadrant measured by laser speckle flowgraphy (LSFG) in the form of
the tissue area mean blur rate (MT) in POAG, and their respective circumpapillary RNFL thinning. Therein it
was demonstrated that the lower MT of the superior and temporal quadrant in POAG was associated with faster
RNFL thinning in the respective quadrants during follow-up period of at least 2 years compared to the inferior
quadrant. These ocular changes were significantly corelated with an increased age.

Kiyota et al. suggested that age is a contributing factor in particular because of the relation to cardiac dys-
functions and proposed that age related systemic circulatory failures may lead to ONH hypoperfusion observed
in glaucoma.

In the current study the elevated ET-1 plasma level correlates strongly with age, as well as impaired VD of the
PeriONH TempSup. The peripheral plasma ET-1 level is shown to be of superior predictive significance compared
with age or IOP within the glaucoma cohort.

However, as compared with Kiyota et al., in this study patients with cardiac dysfunction and hypertension
were excluded, and yet we found a strong correlation between ET-1 and impaired blood flow, which points to
an early biomarker potential of plasma ET-1 levels.

It remains to be investigated whether the elevated ET-1 in glaucoma originates from the intraocular nervous
damage itself or is secondary to other systemic processes that lead to elevated ET-1. The fact that this study found
significant correlations with plasma ET-1 but no correlation with AqH ET-1, points to the secondary, systemic
origin. As ET-1 is, next to its potent vasoconstrictive effects, known to be associated with inflammatory response,
it might be of interest to examine whether the seen correlations of plasma ET-1 with RFNL thickness and VD
are also associated with an altered cytokine pattern’®.

Further investigations, in particular with longitudinal perspectives and a broader glaucoma cohort with and
without further systemic diseases, are needed to support the biomarker quality of plasma ET-1 for prediction
of ONH blood flow.

Multivariable regression analysis confirmed these findings, showing that factors such as age and MAP are of
less importance as predictive factors for both glaucoma and impaired retinal blood flow. While the multivari-
able analysis confirmed that IOP is a predictive factor for glaucoma, plasma ET-1 level turned out to be a more
significant predictor than IOP for impaired retinal blood flow at the ONH and in the foveal area within the
glaucoma group.

Interestingly, plasma ET-1 level in the multivariable analysis serves as a predictor for impaired VD of the
foveal area, while the FAZ is unaffected. Our previous studies showed that the FAZ is affected in glaucoma at
later stages”' congruent with the fact that the patients included in the current study had less severe glaucomatous
damage (only 6 of 68 eyes were in group 5 of the Brusini classification). Thus, plasma ET-1 level may be an early
predictive factor of impaired VD within PeriONH TempSup and the Fovea SVP/DVP area, independent of IOP.

A previous study in healthy eyes showed a IOP independent autoregulatory mechanism for ONH blood flow’?,
pointing to a dysregulation in glaucoma patients. As ONH lacks a normal blood brain barrier’*”*, peripheral
circulating vasoconstrictive molecules as endothelin might have direct access to vascular smooth muscle cells”>"°.
Thus, a causal relation between the elevated ET-1 plasma level of glaucoma patients and the impaired blood flow
in particular of the ONH region might exist.

Limitations of the study. In this study glaucoma patients with predominantly early or mild stages of
glaucoma were included. We expected perimetry to not have shown many visual field defects, whereas RNFL
changes could be observed by performing OCT, and promising results regarding sensitivity and specificity of the
OCT GSS have been demonstrated®’. As perimetry remains the current gold standard in glaucoma monitoring,
this technique should nevertheless be included in future studies, as well as expansion of the patient population to
patients with more advanced stages of glaucoma and more individuals with NTG and XFG. The expansion and
re-evaluation of the initial patient population at a later point of time would also allow to determine the sensitivity
and specificity of plasma ET-1 as a diagnostic index.

The blood samples were taken while the patients were under general anaesthesia. An increase in plasma ET-1
level during surgical operations has been demonstrated””. However, the ET-1 level increases gradually after 2 h
of surgery’® and declines slowly thereafter. In the current study all samples were obtained within the first 10 min
after onset of anaesthesia. Thus, an influence of anaesthesia on the ET-1 level is unlikely.

In the glaucoma group, the glaucoma medication was not interrupted preoperatively. It is conceivable that
individual drugs had an influence on the ET-1 concentration.

For analysing the correlation between the proteins and the clinical parameter we did no adjustment of the
p-values for multiple testing. Therefore, our observations of this pilot study have to be confirmed, by tested with
alarger number of cases for the sub group analysis. Furthermore, individuals with glaucomatous symptoms (e.g.
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elevated IOP), ocular complications, and systemic diseases should be included. In particular, the presence of an
associated systemic disorder might influence the plasma ET-1 level.

Conclusion

This study detected a notable correlation of ET-1 level with the OCT GSS score as determined using the classifica-
tion of Brusini et al. and with impaired peripapillary and foveal VD on SVP and DVP as measured by OCT-A.
Furthermore, multivariable regression analysis indicated that plasma ET-1 level is a significant predictive marker
for impaired retinal blood flow in the ONH region in particular in glaucoma.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.

Received: 10 February 2022; Accepted: 23 June 2022
Published online: 12 July 2022

References

1. Tham, Y.-C. et al. Global prevalence of glaucoma and projections of glaucoma burden through 2040: A systematic review and
meta-analysis. Ophthalmology 121, 2081-2090 (2014).

2. Allison, K., Patel, D. & Alabi, O. Epidemiology of glaucoma: The past, present, and predictions for the future. Cureus 12, e11686
(2020).

3. Weinreb, R. N, Aung, T. & Medeiros, E A. The pathophysiology and treatment of glaucoma: A review. JAMA 311, 1901-1911
(2014).

4. Wey, S. et al. Is primary open-angle glaucoma an ocular manifestation of systemic disease?. Graefes Arch. Clin. Exp. Ophthalmol.
Albrecht Von Graefes Arch Klin. Exp. Ophthalmol. 257, 665-673 (2019).

5. Jonas, J. B. Role of cerebrospinal fluid pressure in the pathogenesis of glaucoma. Acta Ophthalmol. 89, 505-514 (2011).

6. Ebneter, A., Wagels, B. & Zinkernagel, M. S. Non-invasive biometric assessment of ocular rigidity in glaucoma patients and controls.
Eye Lond. Engl. 23, 606-611 (2009).

7. Flammer, J. et al. The impact of ocular blood flow in glaucoma. Prog. Retina Eye Res. 21, 359-393 (2002).

8. Kaiser, H. J., Schoetzau, A., Stiimpfig, D. & Flammer, ]. Blood-flow velocities of the extraocular vessels in patients with high-tension
and normal-tension primary open-angle glaucoma. Am. J. Ophthalmol. 123, 320-327 (1997).

9. Bonomi, L. et al. Vascular risk factors for primary open angle glaucoma: The Egna-Neumarkt Study. Ophthalmology 107, 1287-1293
(2000).

10. Hofman, A. et al. The Rotterdam Study: 2016 objectives and design update. Eur. J. Epidemiol. 30, 661-708 (2015).

11. Leske, M. C. et al. Risk factors for incident open-angle glaucoma: The Barbados eye studies. Ophthalmology 115, 85-93 (2008).

12. Leske, M. C. Ocular perfusion pressure and glaucoma: Clinical trial and epidemiologic findings. Curr. Opin. Ophthalmol. 20, 73-78
(2009).

13. Gherghel, D, Orgiil, S., Gugleta, K., Gekkieva, M. & Flammer, J. Relationship between ocular perfusion pressure and retrobulbar
blood flow in patients with glaucoma with progressive damage. Am. J. Ophthalmol. 130, 597-605 (2000).

14. Haefliger, I. O., Flammer, J. & Liischer, T. E. Nitric oxide and endothelin-1 are important regulators of human ophthalmic artery.
Invest. Ophthalmol. Vis. Sci. 33, 2340-2343 (1992).

15. Hickey, K. A., Rubanyi, G., Paul, R. ]. & Highsmith, R. F. Characterization of a coronary vasoconstrictor produced by cultured
endothelial cells. Am. J. Physiol. 248, C550-556 (1985).

16. Furchgott, R. F. & Vanhoutte, P. M. Endothelium-derived relaxing and contracting factors. FASEB J. 3, 2007-2018 (1989).

17. Narayan, S., Prasanna, G., Krishnamoorthy, R. R., Zhang, X. & Yorio, T. Endothelin-1 synthesis and secretion in human retinal pig-
ment epithelial cells (ARPE-19): Differential regulation by cholinergics and TNF-alpha. Invest. Ophthalmol. Vis. Sci. 44, 4885-4894
(2003).

18. Lepple-Wienhues, A. et al. Endothelin-like immunoreactivity in the aqueous humour and in conditioned medium from cultured
ciliary epithelial cells. Curr. Eye Res. 11, 1041-1046 (1992).

19. Emre, M., Orgiil, S., Haufschild, T., Shaw, S. G. & Flammer, J. Increased plasma endothelin-1 levels in patients with progressive
open angle glaucoma. Br. J. Ophthalmol. 89, 60-63 (2005).

20. Cellini, M. et al. Endothelin-1 plasma levels and vascular endothelial dysfunction in primary open angle glaucoma. Life Sci. 91,
699-702 (2012).

21. Chen, H.-Y,, Chang, Y.-C., Chen, W.-C. & Lane, H.-Y. Association between plasma endothelin-1 and severity of different types of
glaucoma. J. Glaucoma 22, 117-122 (2013).

22. Cellini, M., Strobbe, E., Gizzi, C. & Campos, E. C. ET-1 plasma levels and ocular blood flow in retinitis pigmentosa. Can. J. Physiol.
Pharmacol. 88, 630-635 (2010).

23. Khuu, L.-A. et al. Aqueous humor endothelin-1 and total retinal blood flow in patients with non-proliferative diabetic retinopathy.
Eye 31, 1443-1450 (2017).

24. Koukoula, S. C., Katsanos, A., Tentes, I. K., Labiris, G. & Kozobolis, V. P. Retrobulbar hemodynamics and aqueous humor levels
of endothelin-1 in exfoliation syndrome and exfoliation glaucoma. Clin. Ophthalmol. Auckl. NZ 12, 1199-1204 (2018).

25. Stalmans, . et al. Use of colour Doppler imaging in ocular blood flow research. Acta Ophthalmol. 89, €609-630 (2011).

26. Jia, Y. et al. Quantitative OCT angiography of optic nerve head blood flow. Biomed. Opt. Express 3, 3127-3137 (2012).

27. Pichi, F et al. Standardisation of optical coherence tomography angiography nomenclature in uveitis: First survey results. Br. J.
Ophthalmol. 105, 941-947 (2021).

28. Munk, M. R. et al. Standardization of OCT angiography nomenclature in retinal vascular diseases: First survey results. Ophthalmol.
Retina 5, 981-990 (2021).

29. Lommatzsch, C., Rothaus, K., Koch, J. M., Heinz, C. & Grisanti, S. OCTA vessel density changes in the macular zone in glauco-
matous eyes. Graefes Arch. Clin. Exp. Ophthalmol. Albrecht Von Graefes Arch Klin. Exp. Ophthalmol. 256, 1499-1508 (2018).

30. Lommatzsch, C., Rothaus, K., Koch, J. M., Heinz, C. & Grisanti, S. Vessel density in OCT angiography permits differentiation
between normal and glaucomatous optic nerve heads. Int. J. Ophthalmol. 11, 835-843 (2018).

31. Rao, H. L. et al. A comparison of the diagnostic ability of vessel density and structural measurements of optical coherence tomog-
raphy in primary open angle glaucoma. PLoS ONE 12, 0173930 (2017).

32. Brusini, P. OCT Glaucoma Staging System: A new method for retinal nerve fiber layer damage classification using spectral-domain
OCT. Eye Lond. Engl. 32, 113-119 (2018).

33. Cohen, J. A power primer. Psychol. Bull. 112, 155-159 (1992).

Scientific Reports |

(2022) 12:11801 | https://doi.org/10.1038/s41598-022-15401-5 nature portfolio



www.nature.com/scientificreports/

35.

36.

37.

38.

39.

41.

42,

43.

44,

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.

74.

75.

76.

. Yu, S. et al. Cataract significantly influences quantitative measurements on swept-source optical coherence tomography angiography
imaging. PLoS ONE 13, €0204501 (2018).

Sommer, A. et al. Relationship between intraocular pressure and primary open angle glaucoma among white and black Americans.
The Baltimore Eye Survey. Arch. Ophthalmol. 109, 1090-1095 (1991).

Quigley, H. A. & Broman, A. T. The number of people with glaucoma worldwide in 2010 and 2020. Br. J. Ophthalmol. 90, 262-267
(2006).

Pfeiffer, N., Krieglstein, G. K. & Wellek, S. Knowledge about glaucoma in the unselected population: A German survey. J. Glaucoma
11, 458-463 (2002).

Susanna, R., De Moraes, C. G., Cioffi, G. A. & Ritch, R. Why do people (still) go blind from glaucoma?. Transl. Vis. Sci. Technol.
4,1(2015).

Heijl, A., Lindgren, A. & Lindgren, G. Test-retest variability in glaucomatous visual fields. Am. J. Ophthalmol. 108, 130-135 (1989).
. Mills, R. P. et al. Categorizing the stage of glaucoma from pre-diagnosis to end-stage disease. Am. J. Ophthalmol. 141, 24-30 (2006).
Mwanza, J.-C. et al. Residual and dynamic range of retinal nerve fiber layer thickness in glaucoma: Comparison of three OCT
platforms. Invest. Ophthalmol. Vis. Sci. 56, 6344-6351 (2015).

Hohberger, B. et al. OCT-angiography: Regional reduced macula microcirculation in ocular hypertensive and pre-perimetric
glaucoma patients. PLoS ONE 16, €0246469 (2021).

Ghabhari, E. et al. Association of macular and circumpapillary microvasculature with visual field sensitivity in advanced glaucoma.
Am. J. Ophthalmol. 204, 51-61 (2019).

Phillips, M. J. et al. Steps to measurement floor of an optical microangiography device in glaucoma. Am. J. Ophthalmol. 231, 58-69
(2021).

Yorio, T., Krishnamoorthy, R. & Prasanna, G. Endothelin: Is it a contributor to glaucoma pathophysiology?. J. Glaucoma 11, 259-270
(2002).

McGrady, N. R. et al. Upregulation of the endothelin A (ETA) receptor and its association with neurodegeneration in a rodent
model of glaucoma. BMC Neurosci. 18, 1-16 (2017).

Chauhan, B. C. Endothelin and its potential role in glaucoma. Can. J. Ophthalmol. 43, 356-360 (2008).

Erickson-Lamy, K., Korbmacher, C., Schuman, J. S. & Nathanson, J. A. Effect of endothelin on outflow facility and accommodation
in the monkey eye in vivo. Invest. Ophthalmol. Vis. Sci. 32, 492-495 (1991).

Wiederholt, M., Thieme, H. & Stumpf, F. The regulation of trabecular meshwork and ciliary muscle contractility. Prog. Retin. Eye
Res. 19, 271-295 (2000).

Wiederholt, M., Bielka, S., Schweig, F, Liitjen-Drecoll, E. & Lepple-Wienhues, A. Regulation of outflow rate and resistance in the
perfused anterior segment of the bovine eye. Exp. Eye Res. 61, 223-234 (1995).

Taniguchi, T., Okada, K., Haque, M. S., Sugiyama, K. & Kitazawa, Y. Effects of endothelin-1 on intraocular pressure and aqueous
humor dynamics in the rabbit eye. Curr. Eye Res. 13, 461-464 (1994).

Okada, K., Sugiyama, K., Haque, M. S., Taniguchi, T. & Kitazawa, Y. The effects of endothelin-1 on intraocular pressure and pupil-
lary diameter in rabbits. Jpn. J. Ophthalmol. 39, 233-241 (1995).

Okada, K., Sugiyama, K., Haque, S. R., Taniguchi, T. & Kitazawa, Y. Biphasic intraocular pressure response to intravitreal injection
of endothelin-1. Nippon Ganka Gakkai Zasshi 98, 935-941 (1994).

Choritz, L., Machert, M. & Thieme, H. Correlation of endothelin-1 concentration in aqueous humor with intraocular pressure in
primary open angle and pseudoexfoliation glaucoma. Invest. Ophthalmol. Vis. Sci. 53, 7336-7342 (2012).

Polak, K. et al. Effect of endothelin and BQ123 on ocular blood flow parameters in healthy subjects. Invest. Ophthalmol. Vis. Sci.
42, 2949-2956 (2001).

Schmetterer, L. et al. Effects of endothelin-1 (ET-1) on ocular hemodynamics. Curr. Eye Res. 16, 687-692 (1997).

Tezel, G., Kass, M. A,, Kolker, A. E., Becker, B. & Wax, M. B. Plasma and aqueous humor endothelin levels in primary open-angle
glaucoma. J. Glaucoma 6, 83-89 (1997).

Noske, W., Hensen, J. & Wiederholt, M. Endothelin-like immunoreactivity in aqueous humor of patients with primary open-angle
glaucoma and cataract. Graefes Arch. Clin. Exp. Ophthalmol. Albrecht Von Graefes Arch Klin. Exp. Ophthalmol. 235, 551-552 (1997).
Koliakos, G. G. et al. Endothelin-1 concentration is increased in the aqueous humour of patients with exfoliation syndrome. Br.
J. Ophthalmol. 88, 523-527 (2004).

Sugiyama, T., Moriya, S., Oku, H. & Azuma, I. Association of endothelin-1 with normal tension glaucoma: Clinical and fundamental
studies. Surv. Ophthalmol. 39(Suppl 1), S49-56 (1995).

Kaiser, H. J., Flammer, J., Wenk, M. & Liischer, T. Endothelin-1 plasma levels in normal-tension glaucoma: Abnormal response to
postural changes. Graefes Arch. Clin. Exp. Ophthalmol. Albrecht Von Graefes Arch Klin. Exp. Ophthalmol. 233, 484-488 (1995).
Nicolela, M. T. et al. Effects of cold-induced vasospasm in glaucoma: The role of endothelin-1. Invest. Ophthalmol. Vis. Sci. 44,
2565-2572 (2003).

Kunimatsu, S., Mayama, C., Tomidokoro, A. & Araie, M. Plasma endothelin-1 level in Japanese normal tension glaucoma patients.
Curr. Eye Res. 31, 727-731 (2006).

Li, S., Zhang, A., Cao, W. & Sun, X. Elevated plasma endothelin-1 levels in normal tension glaucoma and primary open-angle
glaucoma: A meta-analysis. J. Ophthalmol. 2016, 1-6 (2016).

Maeda, S. et al. Aerobic exercise training reduces plasma endothelin-1 concentration in older women. J. Appl. Physiol. 1985(95),
336-341 (2003).

Tripathi, R. C,, Li, J., Chan, W. E. & Tripathi, B. ]. Aqueous humor in glaucomatous eyes contains an increased level of TGF-beta
2. Exp. Eye Res. 59, 723-727 (1994).

Prata, T. D. S. et al. Aqueous humor protein concentration in patients with primary open-angle glaucoma under clinical treatment.
Arq. Bras. Oftalmol. 70, 217-220 (2007).

Cellini, M. et al. Color Doppler imaging and plasma levels of endothelin-1 in low-tension glaucoma. Acta Ophthalmol. Scand.
Suppl. https://doi.org/10.1111/j.1600-0420.1997.tb00448.x (1997).

Kiyota, N., Shiga, Y., Omodaka, K., Pak, K. & Nakazawa, T. Time-course changes in optic nerve head blood flow and retinal nerve
fiber layer thickness in eyes with open-angle glaucoma. Ophthalmology 128, 663671 (2021).

Kowalczyk, A., Kleniewska, P., Kolodziejczyk, M., Skibska, B. & Goraca, A. The role of endothelin-1 and endothelin receptor
antagonists in inflammatory response and sepsis. Arch. Immunol. Ther. Exp. (Warsz.) 63, 41-52 (2015).

Lommatzsch, C. et al. Does the foveal avascular zone change in glaucoma?. Klin. Monatsbl. Augenheilkd. 237, 879-888 (2020).
Iwase, T., Akahori, T., Yamamoto, K., Ra, E. & Terasaki, H. Evaluation of optic nerve head blood flow in response to increase of
intraocular pressure. Sci. Rep. 8, 17235 (2018).

Hofman, P, Hoyng, P, van der Werf, E, Vrensen, G. F. & Schlingemann, R. O. Lack of blood-brain barrier properties in microves-
sels of the prelaminar optic nerve head. Invest. Ophthalmol. Vis. Sci. 42, 895-901 (2001).

Sossi, N. & Anderson, D. R. Blockage of axonal transport in optic nerve induced by elevation of intraocular pressure. Effect of
arterial hypertension induced by angiotensin 1. Arch. Ophthalmol. 101, 94-97 (1983).

Flammer, J., Konieczka, K. & Flammer, A. J. The primary vascular dysregulation syndrome: Implications for eye diseases. EPMA
J. 4,14 (2013).

Flammer, J. & Konieczka, K. The discovery of the Flammer syndrome: A historical and personal perspective. EPMA J. 8, 75-97
(2017).

Scientific Reports |

(2022) 12:11801 | https://doi.org/10.1038/s41598-022-15401-5 nature portfolio


https://doi.org/10.1111/j.1600-0420.1997.tb00448.x

www.nature.com/scientificreports/

77. Hirata, Y., Itoh, K., Ando, K., Endo, M. & Marumo, E. Plasma endothelin levels during surgery. N. Engl. J. Med. 321, 1686 (1989).
78. Shirakami, G. et al. Effects of anesthesia and surgery on plasma endothelin levels. Anesth. Analg. 80, 449-453 (1995).

Acknowledgements

C.L. and M.K.: The study was supported by Novartis Pharma GmbH. The funders had no role in study design,
data collection and analysis, or preparation of the manuscript. We thank Dr. Paolo Brusini for his kind invitation
to use the OCT staging tool in the current study (Brusini et al. 2018). We thank Dr. Jorg Koch, Dr. Suphi Taneri,
and Prof. Dr. Arnd Heiligenhaus for patient recruitment.

Author contributions

MK, D.B., M.E, C.L, L.S. performed experiments. M.K., K.R., C.L. performed computational analyses. C.L:
conceived and supervised the study. C.H. Co-supervised the study. M.K., K.R,, S.G., L.S. and C.L. wrote the
manuscript. All authors critically revised the manuscript and agreed with its contents.

Competing interests
CL: lecture Optovue, Novartis Pharma GmbH. The other authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-15401-5.

Correspondence and requests for materials should be addressed to C.L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:11801 | https://doi.org/10.1038/s41598-022-15401-5 nature portfolio


https://doi.org/10.1038/s41598-022-15401-5
https://doi.org/10.1038/s41598-022-15401-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Elevated endothelin-1 levels as risk factor for an impaired ocular blood flow measured by OCT-A in glaucoma
	Materials and methods
	Study design. 
	Subjects. 
	Examinations. 
	Optical coherence tomography angiography. 
	Glaucoma staging. 
	Peripheral blood and AqH samples. 
	Protein analysis. 
	Quantification of endothelin-1. 
	Statistical analysis. 

	Results
	Patients. 
	OCT staging tool. 
	Increased level of endothelin-1 in glaucoma. 
	Multivariable analysis: plasma ET-1 level as predictor of retinal VD. 
	Differentiation between normal (normal) and elevated (high) plasma ET-1 level in glaucoma. 

	Discussion
	Limitations of the study. 

	Conclusion
	References
	Acknowledgements


