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Background: Endothelin-1 (ET-1) is the most potent vasoconstrictor in the body. There are 

reports in the literature correlating plasma levels of ET-1 and its impact on retrobulbar hemo-

dynamics. This study evaluates aqueous humor levels of ET-1 and retrobulbar hemodynamics 

in patients with exfoliation syndrome (XFS) and exfoliation glaucoma (XFG).

Patients and methods: Patients scheduled for cataract surgery were included. Patients were 

allocated to non-exfoliation non-glaucoma group (controls), XFG and XFS groups. Peak systolic 

velocity (PSV), end diastolic velocity, and resistivity index of the ophthalmic artery (OA), short 

posterior ciliary arteries, and central retinal artery (CRA) were determined preoperatively using 

color Doppler imaging. Aqueous humor samples obtained at the beginning of cataract surgery 

were analyzed with enzyme-linked immunosorbent assay.

Results: Sixty-nine participants of similar age were included (controls: n=24, XFG: n=22, XFS: 

n=23). Multiple regression analysis showed that ET-1, OA-PSV, OA-resistivity index, CRA-

PSV, and CRA-end diastolic velocity were influenced by group but not by sex or age. ET-1 for 

the XFG group (15.93±2.8 pg/mL) was significantly higher than for the XFS (8.92±2.7 pg/mL) 

and control (8.44±2.6 pg/mL) groups. The difference in ET-1 titers between the control and XFS 

groups was not statistically significant. All four hemodynamic parameters affected by group 

status significantly correlated with ET-1 levels in eyes with XFS. In eyes with XFG, two of the 

four hemodynamic parameters significantly correlated with ET-1 levels. In control eyes, no cor-

relation between ET-1 and hemodynamic parameters affected by group status was detected.

Conclusion: ET-1 aqueous levels in eyes with XFG were significantly higher than those of 

age-matched controls. Reduced blood flow and increased vascular resistivity were detected 

in the OA and the CRA in eyes with XFG/XFS. ET-1 levels in eyes with XFG/XFS exhibit a 

significant correlation with hemodynamic parameters that indicate reduced perfusion.
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Introduction
Glaucoma is a group of optic neuropathies caused by the apoptosis of retinal ganglion 

cells in a characteristic pattern that might lead to blindness. Worldwide, glaucoma is a 

leading cause of irreversible blindness.1 Although the exact interplay of mechanisms 

leading to glaucoma remains a subject of investigation, it is believed that elevated 

intraocular pressure (IOP), vascular dysregulation, and alterations in numerous sub-

stances of the intraocular milieu are involved.1 Exfoliation (or pseudoexfoliation) 

syndrome (XFS) is a systemic elastosis characterized by the production and deposition 

of extracellular fibrillar material on several organs including the eye.2,3 Exfoliation has 

been linked to several systemic vascular abnormalities4 in some but not all studies.5–9 
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To date, exfoliation has been unequivocally associated with 

only ocular conditions such as exfoliation glaucoma (XFG), 

ischemic ocular disorders such as retinal vein occlusions, 

keratopathy, Zinn zonule fragility, and crystalline lens or 

pseudophakic dislocation.6 The obstruction of the trabecular 

meshwork by accumulated exfoliation material and pigment 

is thought to be the underlying cause of conversion from XFS 

to XFG. Of note, XFG is the commonest type of secondary 

open angle glaucoma and is characterized by unfavorable 

IOP characteristics and poor prognosis.3,5

Endothelin-1 (ET-1), a 21-amino acid peptide, is a 

member of a family of three mammalian vasoactive peptides 

that also includes endothelin-2 and endothelin-3.7 ET-1 is 

produced in lung, kidney, brain, and peripheral endocrine 

tissue as well as vascular endothelial cells. Being the most 

potent vasoconstrictor known, ET-1 induces a prolonged 

increase in blood pressure. In the human eye, ET-1 is actively 

secreted by nonpigmented ciliary epithelial cells8 and affects 

ocular blood flow (OBF) and IOP by several mechanisms.9,10 

Experimental work has suggested that ET-1 is involved in the 

glaucomatous process.11 Color Doppler imaging (CDI) is a 

noninvasive and reproducible method that has been used for 

the evaluation of OBF.12–14 Previous studies with CDI have 

identified OBF abnormalities in patients with glaucoma and 

XFS.15,16 For instance, peak systolic velocity (PSV) and end 

diastolic velocity (EDV) in the ophthalmic artery (OA) and 

central retinal artery (CRA) were significantly decreased in 

patients with XFS and XFG.21 A significant body of evidence 

suggests that OBF abnormalities may be an important inde-

pendent risk factor for glaucoma progression.17 However, the 

association between OBF characteristics and the role of ET-1 

in different types of glaucoma remains unclear.

The aim of the present study was to investigate CDI-

derived ocular hemodynamic parameters and aqueous humor 

levels of ET-1 in patients with XFS or XFG and healthy 

controls.

Patients and methods
This was a cross-sectional interventional study conducted at 

the Ophthalmology Clinic of the Democritus University of 

Thrace, Alexandroupolis, Greece. The study adhered to the 

tenets of the Declaration of Helsinki, and written informed 

consent was obtained from all participants. The bioethics 

committee of the aforementioned institution approved the 

investigation protocol.

The study groups consisted of cataract patients with XFS 

or XFG scheduled for phacoemulsification. The control group 

consisted of participants with no other ocular pathology except 

senile cataract scheduled for phacoemulsification. Patients 

with a family history of glaucoma were excluded from the 

control group. All controls had daytime IOP 21 mmHg in 

at least two measurements in different days.

The protocol for preoperative mydriasis was identi-

cal for all participants and included tropicamide 0.5% 

(Tropixal, Demo, Greece), phenylephrine hydrochloride 10% 

(Phenylephrine/COOPER, Cooper, Greece), cyclopentolate 

1% (Cyclogyl, Bausch & Lomb U.K. Limited) and diclofenac 

0.1% (Denaclof, Laboratoires Thea, France) drops, each 

instilled once within an hour before surgery.

Exclusion criteria for systemic conditions were history 

of diabetes mellitus, systemic vasculopathies, and clinically 

significant carotid or peripheral artery stenosis. Patients with 

well-controlled systemic hypertension were allowed in the 

study after their medication was recorded. Exclusion criteria 

for ophthalmic conditions were history or signs of previous 

ophthalmic surgery, trauma, or ocular inflammation. The use 

of topical antiglaucoma medications was not an exclusion 

criterion. However, patients in need of systemic carbonic 

anhydrase inhibitors were not allowed in the study.

A complete ophthalmic evaluation was performed in 

all patients. This included Snellen visual acuity testing, 

IOP measurement with a calibrated Goldmann applana-

tion tonometer, slit lamp biomicroscopy, gonioscopy, and 

dilated fundoscopy. Humphrey 30-2 visual field testing was 

performed in all glaucoma patients (model 750; Humphrey 

Systems, Dublin, CA, USA). The diagnosis of XFS and XFG 

was made by an expert (VPK or GL) based on the European 

Glaucoma Society Terminology.18

hemodynamic measurements
All CDI measurements were performed on the day before 

surgery by one experienced examiner (SCK) masked to 

the participant’s diagnosis using a 7.5 or 12 MHz linear 

array transducer (Philips ATL-HDI 1500; Philips Medical 

Systems, Eindhoven, the Netherlands). The 7.5 MHz probe 

was used for the assessment of the OA, whereas the 12 MHz 

probe was used for the assessment of the CRA and the short 

posterior ciliary artery (PCA). CDI was performed after 

the participant was allowed to rest for 10 minutes in the 

supine position. PSV, EDV, and resistivity index (RI) were 

measured in each artery (OA, CRA, and short PCA). PSV 

is the highest blood velocity achieved during cardiac systole 

and is automatically calculated from the frequency of the 

peak in the Doppler shifted waveform (cm/s). EDV is the 

lowest velocity occurring during diastole and is calculated 

from the frequency of the trough in the waveform (cm/s). 
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The RI was determined according to the Pourcelot formula: 

RI=(PSV−EDV)/PSV. Gain and threshold were adjusted as 

appropriate for each participant and were kept constant during 

the entire examination.

eT-1 collection and measurements
At the beginning of surgery and before any tissue manipula-

tion, a volume of aqueous humor sample ~15–30 μL was 

collected through a clear corneal paracentesis of the anterior 

chamber with a 27-G needle attached to a tuberculin syringe. 

Care was taken to avoid contamination of the samples with 

blood from limbal vessels. The sample was immediately stored 

in a freezer at −70°C and was analyzed within a couple of 

weeks in all cases. The aqueous humor concentration of ET-1 

was determined with a commercially available immunoas-

say kit (R&D Systems Inc., Minneapolis, MN, USA). The 

parameter human ET-1 immunoassay is a 4.5 hours (total 

incubation time) solid-phase enzyme-linked immunosorbent 

assay designed to measure ET-1. It contains synthetic ET-1 

and antibodies raised against synthetic ET-1. This immu-

noassay has been shown to accurately quantitate synthetic 

and naturally occurring human ET-1. The assay employs the 

quantitative enzyme immunoassay technique. An antibody 

specific for ET-1 has been precoated onto a microplate. 

Standards, samples, control, and conjugate are pipetted into the 

wells and any ET-1 present is sandwiched by the immobilized 

antibody and the enzyme-linked antibody specific for ET-1. 

Following a wash to remove any unbound substances and/or 

antibody–enzyme reagent, substrate is added to the wells and 

color develops in proportion to the amount of ET-1 bound. The 

color development is stopped, and the intensity of the color 

is automatically determined. All personnel involved in the 

biochemical analysis were masked to the patient’s group.

Data analysis
We used a multiple regression analysis model to examine 

whether ET-1 levels and CDI-derived hemodynamic indices 

differ in controls and participants with XFS or XFG. Age 

and sex were used as covariates. Additionally, we used 

Pearson product-moment correlation to assess the relation-

ship between aqueous levels of ET-1 and hemodynamic 

indices in the groups. All analyses were performed using the 

SPSS version 21.0 software package. P-values 0.05 were 

considered statistically significant.

Results
Sixty-nine participants were included in the study: 24 in the 

control group (9 men), 22 in the XFG group (9 men), and 

23 in the XFS group (12 men). The mean±SD age for the 

control, XFG, and XFS groups were 74.5±5.3, 76.2±4.9, 

and 78.3±5.6 years, respectively. There was no statistically 

significant difference in the participants’ age (P=0.07) and 

sex ratio (χ2=1.65, P=0.65) among the groups.

The multiple regression analysis model indicated that 

ET-1 levels and four different CDI-derived parameters 

(OA-PSV, OA-RI, CRA-PSV, and CRA-EDV) were influ-

enced by group but not by sex or age (Table 1). No influence 

of group, age, or sex could be detected for other four 

parameters (OA-EDV, CRA-RI, PCA-EDV, and PCA-RI), 

whereas one parameter was influenced by sex (PCA-PSV: 

mean±standard error for men vs women: 10.6±0.2 vs 

9.9±1.7 cm/s, P=0.011).

A statistically significant difference in ET-1 values for 

the groups was detected (P0.001). Bonferroni-adjusted 

pairwise comparisons indicated that the mean value of ET-1 

for the XFG group (15.93±2.8 pg/mL) was significantly 

higher than for the XFS (8.92±2.7 pg/mL) and control 

(8.44±2.6 pg/mL) groups (Table 1). However, there was no 

statistically significant difference between the control and 

the XFS groups.

The relationship between those parameters affected by 

group status and ET-1 levels was examined with Pearson 

correlation analysis (Table 2). No significant correlation 

between ET-1 levels and hemodynamic parameters was 

detected for the control group. On the other hand, all four 

hemodynamic parameters affected by group status exhibited 

a significant correlation with ET-1 levels in eyes with XFS. 

In eyes with XFG, two of the four hemodynamic parameters 

significantly correlated with ET-1 levels (OA-RI: r=0.430, 

P=0.046; CRA-EDV: r=−0.513, P=0.015).

Discussion
In the present study, the concentration of ET-1 in the aqueous 

humor of patients with XFG or XFS was compared to that 

of age-matched controls. Additionally, CDI-derived hemo-

dynamic parameters and the possible correlation between 

ET-1 levels and these parameters were investigated in the 

three groups. To the best of our knowledge, this is the first 

study to investigate the relationship between aqueous humor 

levels of ET-1 and retrobulbar hemodynamics. We found 

that eyes with XFG had significantly higher aqueous humor 

levels of ET-1 compared with control eyes or eyes with 

XFS. In addition, our data suggest a general pattern of ocular 

hemodynamic derangement in eyes with XFS or XFG.

In the first similar study to investigate aqueous humor 

titers of ET-1, Koliakos et al19 reported that compared with 
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age-matched controls, eyes with XFS had significantly higher 

levels of ET-1. These authors used an immunoassay kit to 

determine ET-1 levels in 25 participants with XFS and an 

equal number of age-matched controls scheduled for routine 

cataract surgery. In contrast to the study by Yuksel et al,24 in 

the present study, the difference in ET-1 levels between age-

matched eyes with XFS (n=23) and controls (n=24) did not 

reach statistical significance (8.92±2.7 vs 8.44±2.6 pg/mL, 

respectively, P=1.00). The reason for this discrepancy is 

unclear, but a possible explanation may lie with differences 

in laboratory methods and study sample.

Early Doppler studies using finger capillary blood 

flow have shown that baseline cutaneous perfusion and its 

response to cold and warmth are altered in patients with 

XFG.20 In addition, pathological carotid artery function as 

well as altered parasympathetic vascular control has been 

described in patients with XFS or XFG.21,22 In ocular or 

periocular arteries, investigators using CDI have reported 

high values of resistivity and decreased flow velocities in the 

OA, CRA, and short PCA of patients with XFS or XFG.23,24 

In a more recent study using CDI, Detorakis et al16 reported 

that the long PCAs of patients with XFS or XFG also exhibit 

lower flow velocities compared with controls or primary open 

angle glaucoma patients. The results of the current study sug-

gest the reduction of blood flow in at least the OA and CRA of 

patients with XFS or XFG. Thus, our data are in accordance 

with previous evidence linking XFS/XFG with hemodynamic 

abnormalities in extraocular or ocular vessels.

The current study detected a notable pattern of correlation 

between ET-1 levels in the aqueous humor and hemody-

namic parameters in patients with XFS/XFG. In eyes with 

Table 1 eT-1 levels (in pg/ml) and retrobulbar hemodynamics results (in cm/s) for the control, XFg, and XFs groups

Parameters Control (1) n=24 XFG (2) n=22 XFS (3) n=23 Multiple regression analysis 
outcomes

Mean±SD Mean±SD Mean±SD P-value Bonferroni-adjusted 
pairwise comparison

eT-1* 8.44±2.6 15.93±2.8 8.92±2.7 0.001 (1)–(2) 0.001
(1)–(3)=1.00
(2)–(3) 0.001

Oa-PsV* 36.31±2.1 28.14±2.4 29.0±3.9 0.001 (1)–(2) 0.001
(1)–(3) 0.001
(2)–(3)=0.967

Oa-eDV** 8.04±1.2 7.60±2.2 8.11±1.9 0.605
Oa-ri* 0.77±0.03 0.73±0.08 0.72±0.04 0.002 (1)–(2)=0.012

(1)–(3)=0.003
(2)–(3)=1.00

Cra-PsV* 11.46±1.0 9.4±0.8 8.32±0.9 0.001 (1)–(2) 0.001
(1)–(3) 0.001
(2)–(3)=0.001

Cra-eDV* 4.57±0.7 3.74±0.5 3.14±0.5 0.001 (1)–(2) 0.001
(1)–(3) 0.001
(2)–(3)=0.003

Cra-ri** 0.59±0.1 0.60±0.0 0.62±0.1 0.253
PCa-PsV*** 10.27±0.8 10.39±0.8 9.93±1.5 0.291
PCa-eDV** 3.85±0.6 4.03±0.9 3.68±1.0 0.452
PCa-ri** 0.62±0.1 0.62±0.1 0.63±0.1 0.804

Notes: *No statistically significant influence of age or sex. **No statistically significant influence of group, age, or sex. ***Statistically significant influence of sex (explained in text).
Abbreviations: Cra, central retinal artery; eDV, end diastolic velocity; eT-1, endothelin-1; Oa, ophthalmic artery; PCa, posterior ciliary artery; PsV, peak systolic velocity; 
ri, resistivity index; XFg, exfoliation glaucoma; XFs, exfoliation syndrome.

Table 2 Pearson correlation coefficients (r) between levels of 
ET-1 and the hemodynamic parameters that were influenced 
by group

Group OA-PSV OA-RI CRA-PSV CRA-EDV

Control (n=24)

r −0.030 0.350 −0.089 −0.049
P-value 0.888 0.093 0.680 0.822

XFg (n=22)
r −0.262 0.430 −0.067 −0.513
P-value 0.239 0.046 0.768 0.015

XFs (n=23)
r −0.502 0.635 −0.505 −0.511
P-value 0.015 0.001 0.014 0.013

Note: Bold values indicate statistically significant (p0.05) results.
Abbreviations: Cra-eDV, central retina artery-end diastolic velocity; Cra-PsV, 
central retina artery-peak systolic velocity; eT-1, endothelin-1; Oa-PsV, ophthalmic 
artery-peak systolic velocity; Oa-ri, ophthalmic artery-resistivity index; XFg, 
exfoliation glaucoma; XFs, exfoliation syndrome.
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XFG, two of the four correlations between aqueous ET-1 

levels and group-dependent CDI indices exhibited statisti-

cal significance and moderate strength (OA-RI: P=0.046, 

r=0.430; CRA-EDV: P=0.015, r=−0.513). In eyes with 

XFS, all four correlations between aqueous ET-1 levels and 

group-dependent CDI indices exhibited statistical signifi-

cance and moderate strength (Table 2). These results indicate 

that intraocular ET-1 may be implicated in the hemodynamic 

abnormalities observed with CDI in eyes with XFS/XFG.

Limitations
The current study has some limitations. First, as in all asso-

ciation studies, the described relationship between ET-1 

and hemodynamic dysfunction in eyes with XFS or XFG 

does not necessarily imply causation. In other words, both 

hemodynamic alterations and ET-1 levels might be related to 

the presence of exfoliation material, or to the effects of other 

factors, unaccounted for in the present study. Second, our 

participants with XFG had been treated with antiglaucoma 

medications. It remains unknown if, and to what extent, 

IOP-lowering agents may have influenced ET-1 levels. Third, 

the determination of short PCA flow using CDI is inherently 

problematic. This happens because several of these arteries 

and the flow parameters we used in this study were based on 

the values derived from the PCAs that were technically easier 

to assess. Perhaps, a larger sample size would have limited 

measurement variability in these particular vessels.

Conclusions
Our results indicate that ET-1 aqueous levels in eyes with 

XFG are significantly higher than those of age-matched 

controls. In addition, our data portray a general pattern of 

reduced blood flow and increased vascular resistivity at least 

in the OA and in the CRA for eyes with XFG or XFS. We 

have also shown that ET-1 levels in eyes with XFG or XFS 

exhibit a significant correlation with CDI-derived hemody-

namic parameters that indicate reduced perfusion.
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