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Abstract
Purpose To investigate choroidal vascular changes using an image binarization tool in patients with clinically unilateral
pseudoexfoliation syndrome (XFS).
Methods This cross-sectional study included 150 eyes of 100 patients. The eyes were divided into three groups: (1) 50
affected eyes of patients with clinically unilateral XFS; (2) 50 unaffected fellow eyes; and (3) 50 healthy control eyes.
Enhanced depth imaging optical coherence tomography scans of the macula and peripapillary regions were acquired. Images
were binarized using ImageJ software (National Institutes of Health, Bethesda, MD, USA). The choroidal vascularity index
(CVI) was defined as proportion of the luminal area to the total circumscribed choroidal area.
Results Horizontal and vertical scans revealed that the macular CVI values of the affected eyes (60.08 ± 2.06 and 62.21 ±
2.10, respectively) were lower compared with control eyes (67.31 ± 2.24; p= 0.001 and 68.11 ± 2.36; p < 0.001, respec-
tively). Conversely, no significant difference in the macular CVI was found between unaffected fellow and control eyes (p=
0.094 and p= 0.120, respectively). The mean peripapillary CVI values of the temporal (58.73 ± 3.15), superior (59.84 ±
3.09), and inferior (56.94 ± 2.47) sectors were significantly lower in affected eyes compared to control eyes (63.21 ± 3.00,
62.07 ± 3.05, and 60.78 ± 2.88, respectively; p < 0.05 for all). In addition, the unaffected fellow eyes had significantly lower
CVI values in the temporal (61.42 ± 3.07) and inferior (57.61 ± 2.56) peripapillary sectors compared with the control eyes
(p= 0.007 and p= 0.005, respectively).
Conclusions These findings suggest that XFS is associated with decreased macular and peripapillary choroidal vascularity.
Furthermore, the unaffected eyes of patients with unilateral XFS may show vascularity changes in the peripapillary choroid.

Introduction

Pseudoexfoliation syndrome (XFS) is characterized by the
production and progressive accumulation of whitish extra-
cellular fibrillary material (XFM) originating from an

abnormal basement membrane in ocular tissues, including
the corneal endothelium, trabecular meshwork, ciliary epi-
thelium, iris stroma, anterior lens capsule, zonules, and
anterior hyaloid [1, 2]. XFM has also been demonstrated to
accumulate in several extraocular tissues, including the
heart, connective tissue of the lungs, skin, gallbladder,
kidneys, liver, urinary bladder, meninges, and vascular
endothelium [3, 4]. XFS is actually a systemic disorder
associated with vascular dysfunction [5–7]. Increased
homocysteine levels, a predisposition to fibrin clot forma-
tion, and impairment in vascular endothelial function all
play a role in the pathogenesis of vascular dysfunction [8].

The effects of XFM on the ocular vascular structure
have been investigated. It has been shown that pseu-
doexfoliative fibrils accumulate in the iris vessels by
electron microscopy [9]. Iris fluorescein angiography
revealed hypoperfusion, microneovascularization, and
anastomotic vessels in the irises of these cases [10]. XFM
was also identified within the walls of the posterior ciliary
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arteries and the central retinal artery, as well as in the
vortex veins [11]. Reduced hemodynamic parameters of
the ophthalmic artery and retrobulbar vessels have also
been demonstrated by colour Doppler imaging in patients
with XFS [12, 13]. In another study by Cinar et al., optical
coherence tomography (OCT)-angiography demonstrated
decreased choriocapillaris flow area in eyes with XFM
compared to control eyes [14]. OCT-angiography provides
the noninvasive assessment of the retina and the chor-
iocapillaris blood flow. However, this approach is insuf-
ficient to evaluate the remaining choroidal vasculature.
With the emergence of the latest developments in imaging
methods, such as swept-source technology and enhanced
depth imaging mode, more detailed information about the
choroid can be obtained non-invasively.

The choroid is a layer made up of both connective and
vascular tissue [15]. It plays a role in the blood supply of the
prelaminar, laminar, and retrolaminar regions of the optic
nerve head and the outer layers of the retina. Any choroidal
vascular change can play a major role in the pathophy-
siology of several ocular disorders. The effects of XFS on
the choroidal thickness (CT) and choroidal vessel diameter
(CVD), which are parameters used to assess the choroidal
vascular status, have been investigated. Choroidal thinning
and decreased CVD were demonstrated in eyes with XFS
[16–18]. In contrast, several other studies have reported that
XFS has no effect on the CT [19–21].

The choroidal vascularity index (CVI) is a novel marker
first described by Agrawal et al. [22]. The choroid can be
divided into a stromal area (SA) and a luminal area (LA)
using an image binarization method, which allows the
vascular status to be evaluated in detail. While SA fraction
(interstitial area) contains melanocytes, fibroblasts, resident
immunocompetent cells, smooth muscle cells, and sup-
porting collagenous and elastic connective tissue, LA
fraction indicates all of the blood vessels [23]. The CVI is
currently being extensively investigated, especially for its
role in various retinal and choroid diseases [24–26].
However, the effect of pseudoexfoliation on the sub-
macular and peripapillary CVI has not yet been investi-
gated. Thus, the present study explored the sizes of the LA
and the SA of the choroid in the affected and unaffected
fellow eyes of patients with clinically unilateral XFS and
compared these measurements with those of healthy con-
trol participants.

Materials and methods

Ethical approval

All participants were selected from a single tertiary eye care
centre. All study procedures were carried out in accordance

with the Declaration of Helsinki, and informed consent was
obtained from all patients after approval from the Ethics
Committee of the Ankara Training and Research Hospital
(Report Number: 2019-113). All patients were Caucasian-
Turkish.

Study participants and examinations

This cross-sectional and comparative study enrolled 100
eyes of 50 patients with clinically unilateral XFS who were
diagnosed at the outpatient clinic of our hospital. Fifty eyes
of 50 healthy sex- and age-matched participants were
selected to serve as the control group. The study participants
were divided into three groups: (1) an affected eye group
that included the involved eyes of patients with clinically
unilateral XFS, (2) an unaffected fellow eye group that
included the unaffected, contralateral eyes of these patients,
and (3) a healthy eye group of controls that included par-
ticipants with no other ocular diseases.

The diagnoses and follow-up examinations of the patients
with clinically unilateral XFS were conducted at the out-
patient clinic by the same experienced physician (UE).
Pseudoexfoliative material was detected clinically at the
pupillary border or on the surface of the anterior lens capsule
following pupillary dilation or on the trabecular meshwork
with gonioscopy using slit-lamp biomicroscopy. Further-
more, pupillary ruff defects and transillumination defects
reinforced the diagnosis of XFM. The control group con-
sisted of age and sex-matched cases who had undergone a
routine ocular examination at the outpatient clinic and had no
other diseases or conditions. Only data from the right eyes of
healthy individuals were used in the statistical analysis.

Patients that had any of the following situations were
excluded from the present study: bilateral involvement of
XFS, a history of ocular or orbital trauma, any previous
medical or surgical ocular treatment, a history of any type of
uveitis, optic disc anomalies such as coloboma, drusen, and
tilted disc, a history of any type of optic neuropathies
(ischemic or non-ischemic), any type of maculopathy, ret-
inal vascular diseases such as diabetic retinopathy, hyper-
tensive retinopathy, and vascular occlusion, autoimmune
diseases, systemic vasculitis, uncontrolled hypertension
with current systemic medical treatment, a spherical and/or
cylindrical refractive error > 6 dioptres (D), an axial length
(AL) > 24 mm and <22 mm, and smoking or alcohol use
that might have caused vascular dysfunction. In addition,
patients that had glaucomatous visual fields, repeated
intraocular pressure (IOP) measurements of >21 mmHg, or
nerve fibre layer defects by OCT analysis were excluded
since these conditions may affect the vascular network.

All patients underwent a comprehensive ophthalmologic
examination, including an anterior segment and a dilated
posterior segment examination with a slit-lamp
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biomicroscope. The demographic data of patients, their
best-corrected visual acuity (BCVA) as measured by a
Snellen chart (as converted LogMAR equivalent), gonio-
scopy using a Goldmann three-mirror lens, and IOP values
measured using a noncontact pneumotonometer were per-
formed. The spherical equivalent (SE) was determined
using the following formula: spherical power +1/2 cylind-
rical power. The mean arterial pressure (MAP) was obtained
using the following formula: diastolic blood pressure +1/3
(systolic blood pressure–diastolic blood pressure). The
mean ocular perfusion pressure (MOPP) was calculated as
2/3 MAP–IOP. The central corneal thickness (CCT) and AL
were measured using a Lenstar LS 900 (Hagg-Streit AG,
Koeniz, Switzerland).

After a complete biomicroscopic examination was car-
ried out, the enhanced depth imaging mode of spectral
domain optical coherence tomography (EDI-SD-OCT;
Spectralis, Heidelberg Engineering GmbH, Heidelberg,
Germany) was used by the same experienced medical
technician to conduct an exam. All OCT measurements
were performed at the same time interval (between 09:00
and 11:00 a.m.) to prevent diurnal fluctuations. Further-
more, all scans were obtained after pupil dilation. Macular
OCT images were acquired using horizontal and vertical
scans centred on the central foveal region (Fig. 1a, b).
Peripapillary OCT images were obtained using horizontal
and vertical scans centred on the optic nerve head (Fig. 2a,
b). Only high-quality scans (>25 Q) were evaluated. The
images were viewed and measured with the Heidelberg Eye
Explorer software (Heidelberg Eye Explorer version
1.8.6.0; Heidelberg Engineering). The obtained raw OCT

data (submacular and peripapillary) were evaluated with an
image processing program for further analysis.

Image acquisition and processing

Image processing was performed using an open-source soft-
ware (http://fiji.sc/). It was binarized using the protocol
described by Agrawal et al. [22]. Accordingly, the OCT scan
was opened using the ImageJ 1.51 s (National Institutes of
Health, Bethesda, MD, USA) platform. First, the image was
binarized to view the choroid–scleral junction using the
autolocal threshold tool (Niblack method, 8-bit type). A
reference line was drawn parallel to the retinal pigment epi-
thelium using the line tool. The circumscribed submacular
choroidal area (TCA; 1500 µm width on four sides from the
fovea) was selected as the region between the retinal pigment
epithelium and choroid–scleral junction using the polygon
tool. This region was added to the region of interest (ROI)
manager. Next, the colour threshold tool and Red-Green-Blue
color type were used to select the dark pixels expressing the
LA and was saved in the ROI manager. The both areas in the
ROI manager were selected and merged via an “AND”
command (Fig. 1c, d). The optic nerve head images were
analysed using the method described by Cetin et al. [27]. and
Wang et al. [28]. In these scans, the superior, temporal, nasal,
and inferior quadrants (1000 µm width on four sides from the
optic disc border) of the peripapillary area were binarized
separately (Fig. 2c, d). The optic disc boundary was marked at
the inner margin of the scleral ring.

The CVI was calculated as the ratio of LA to TCA.
The SA was indicated by light-coloured pixels and was

Fig. 1 Enhanced depth imaging mode of spectral domain optical
coherence tomography (Spectralis, Heidelberg Engineering
GmbH, Heidelberg, Germany) scans. Horizontal (a) and vertical (b)
macular scans centered on the central foveal region. Illustration of
submacular choroidal vascularity index measurement using ImageJ
software. The scan was binarized to view the choroid-scleral junction

using the autolocal threshold tool (Niblack method, 8-bit type). A
3000 µm width reference line (gray color) was drawn using the line
tool and circumscribed submacular choroidal area was selected using
the polygon tool. The yellow lines represented the luminal area (dark
pixels) using the color threshold tool (c, d).
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calculated by subtracting the LA from the TCA. The ratio
of the LA to the SA (LSR) was calculated. The LSR and
CVI are proportional indicators of the vascular space in the
choroid. All these measurements were performed sepa-
rately by two blinded researchers (MS, OI). The means of
both values were included in the statistical analysis. The
interobserver and intraobserver reliability of the sub-
macular CVI (mCVI) and the peripapillary CVI (pCVI)
calculations were evaluated using intraclass correlation
coefficients (ICC) with a 95% confidence interval (CI) in
the participants. The ICC value is considered to be
acceptable when it falls between 0.75 and 0.90 and is
excellent when >0.90 [29].

Statistical analysis

Statistical analyses were performed using the Statistical
Package for the Social Sciences (SPSS) software (SPSS
Inc., version 22; Chicago, IL, USA). The normality of data
was tested using both visual (histograms and probability
plots) and analytical (Kolmogorov–Smirnov/Shapiro–Wilk
test) methods. The descriptive analysis was expressed as a
mean value along with the standard deviation. While a
paired samples t-test was employed to test the significance
of pairwise differences between both eyes of patients with
clinically unilateral XFS, an independent samples t-test was
used to assess the significance between the right eye of
control participants and each eye of patients with XFS. A
Bonferroni correction was applied for multiple pairwise
comparisons. The Levene test was employed to check the
homogeneity of the variances. The Chi-square test was used

to analyse the categorical variables. A p value < 0.05 was
considered statistically significant.

Results

In this study, 100 eyes of 50 clinically unilateral XFS cases
(50 affected eyes and 50 unaffected fellow eyes) and 50
eyes of 50 healthy participants were included. There was no
significant difference between the patient and control
groups with respect to age (58.3 ± 3.5 vs. 57.6 ± 3.3,
respectively; p= 0.411) and distribution of gender (28
females vs. 30 females, respectively; p= 0.302). There
were no significant differences among the groups in terms
of the BCVA, SE, IOP, CCT, AL, MAP, and MOPP (p >
0.05 for all comparisons). We also found no significant
differences in the RNFL thickness analysis by OCT among
the groups (p > 0.05 for all comparisons, Table 1).

Table 2 shows the choroidal vascular measurements of
the submacular and peripapillary regions among the groups.
The mean mCVI values of the affected eyes were sig-
nificantly lower compared to the control eyes on both hor-
izontal and vertical macular scans (60.08 ± 2.06 vs. 67.31 ±
2.24; p= 0.001 and 62.21 ± 2.10 vs. 68.11 ± 2.36; p <
0.001, respectively). Furthermore, the mean LSR values of
the affected eyes were significantly lower compared with
the control eyes on both the horizontal and vertical macular
scans (1.556 ± 0.162 vs. 2.059 ± 0.195; p < 0.001 and
1.646 ± 0.165 vs. 2.136 ± 0.206; p < 0.001, respectively).
There were no significant differences between the unaf-
fected fellow and control eyes in terms of the mCVI and

Fig. 2 Enhanced depth imaging mode of spectral domain optical
coherence tomography (Spectralis, Heidelberg Engineering
GmbH, Heidelberg, Germany) scans. Horizontal (temporal and
nasal; a) and vertical (superior and inferior; b) peripapillary scans
centered on the optic nerve head. Illustration of peripapillary choroidal
vascularity index measurement using ImageJ software. The scan was

binarized to view the optic disc boundary using the autolocal threshold
tool (Niblack method, 8-bit type). A 1000 µm width reference line
(gray color) was drawn using the line tool and circumscribed peripa-
pillary choroidal sectors were selected using the polygon tool. The
yellow lines represented the luminal area (dark pixels) of peripapillary
choroidal sectors using the color threshold tool (c, d).
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LSR in horizontal and vertical scans of the submacular
region (p > 0.05 for all).

The mean pCVI values of the temporal, superior, and
inferior sectors were significantly lower in affected eyes
compared to control eyes (58.73 ± 3.15 vs. 63.21 ± 3.07;
p < 0.001, 59.84 ± 3.09 vs. 62.07 ± 3.05; p= 0.002,
56.94 ± 2.47 vs. 60.78 ± 2.88; p < 0.001, respectively). The
mean LSR values of the temporal, superior, and inferior
peripapillary sectors were significantly lower in the affec-
ted eyes compared with the control eyes (1.423 ± 0.187 vs.
1.718 ± 0.165; p= 0.001, 1.490 ± 0.205 vs. 1.636 ± 0.198;
p= 0.005, 1.322 ± 0.165 vs. 1.551 ± 0.171; p= 0.003,
respectively). The unaffected fellow eyes had significantly
lower pCVI values in the temporal and inferior sectors
compared to the control eyes (61.42 ± 3.07 vs. 63.21 ±
3.00; p= 0.007 and 57.61 ± 2.56 vs. 60.78 ± 2.88; p=
0.005, respectively). In addition, the unaffected fellow eyes
had lower LSR values in the temporal and inferior sectors
compared with the control eyes (1.592 ± 0.194 vs. 1.718 ±
0.165; p= 0.002 and 1.359 ± 0.152 vs. 1.551 ± 0.171; p=
0.006, respectively). There were no significant differences
in the pCVI and LSR values of the nasal peripapillary
sector among the groups (p > 0.05 for all comparisons,
Table 2).

The intraclass correlation coefficient for our study
showed excellent interobserver and intraobserver reliability
agreement with a range from 0.919–0.951 (0.888–0.963

with 95% CI) for the former and 0.974–0.994 (0.959–0.997
with 95% CI) for the latter (Table 3).

Discussion

Vascular dysfunction is frequently associated with XFS.
Pseudoexfoliation material accumulates in vascular endo-
thelial cells, smooth muscle cells, and pericytes and causes
microcirculation impairment [5, 30, 31]. XFS, especially the
type that involves small vessels and causes ischemic
changes in organs, has also been found to be associated with
cerebrovascular and cardiovascular dysfunction [32]. XFS
is also an important risk factor for glaucoma development.
The presence of XFS in cases with ocular hypertension had
a two to three times higher risk than patients with ocular
hypertension without XFS [33, 34]. Increased IOP caused
by aqueous humour outflow resistance due to the deposition
of XFM, structural and functional alterations to and
increased vulnerability of the lamina cribrosa, and anterior
displacement of the crystalline lens due to zonular weakness
are the main factors involved in the development of pseu-
doexfoliative glaucoma [35]. Furthermore, vascular dys-
function plays an important role in the pathogenesis of
glaucoma [36]. It is thought that a low ocular perfusion
pressure leads to ischemic damage and glaucomatous
changes in the optic nerve head [37].

Table 1 Demographic and clinical characteristics of the participants.

Affected eyes (n= 50) Unaffected fellow eyes (n= 50) Control eyes (n= 50) P value

Age (years) 58.3 ± 3.5 58.3 ± 3.5 57.6 ± 3.3 0.411a

Sex (m/f) 22/28 22/28 20/30 0.302b

BCVA (LogMAR) 0.04 ± 0.02 0.03 ± 0.01 0.02 ± 0.01 0.162c, 0.354d, 0.386e

SE (D) − 1.03 ± 0.08 −1.10 ± 0.11 −0.95 ± 0.07 0.461c, 0.330d, 0.602e

IOP (mmHg) 16.3 ± 2.2 15.9 ± 2.0 16.4 ± 2.2 0.807c, 0.245d, 0.321e

CCT (µm) 532.5 ± 26.9 536.2 ± 29.0 535.6 ± 27.4 0.224c, 0.773d, 0.190e

AL (mm) 23.27 ± 0.33 23.35 ± 0.38 23.41 ± 0.36 0.113c, 0.327d, 0.286e

RNFL thickness (µm)

Mean 97.9 ± 9.4 98.3 ± 9.1 99.4 ± 9.2 0.307c, 0.555d, 0.826e

Superior 119.8 ± 17.2 120.6 ± 17.5 122.7 ± 16.8 0.188c, 0.301d, 0.665e

Inferior 124.1 ± 18.2 124.3 ± 17.8 126.2 ± 17.1 0.444c, 0.517d, 0.851e

Temporal 70.1 ± 12.3 70.6 ± 12.6 70.4 ± 12.6 0.546c, 0.678d, 0.492e

Nasal 77.7 ± 14.5 77.8 ± 14.7 78.5 ± 15.0 0.422c, 0.451d, 0.873e

MAP (mmHg) 97.2 ± 8.0 97.2 ± 8.0 95.9 ± 7.1 0.229a

MOPP (mmHg) 48.5 ± 4.7 48.9 ± 4.7 47.5 ± 4.4 0.217c, 0.175d, 0.420e

BCVA best-corrected visual acuity, D diopter, SE spherical equivalent, IOP intraocular pressure, CCT central corneal thickness, AL axial length,
RNFL retinal nerve fiber layer, MAP mean arterial pressure, MOPP mean ocular perfusion pressure.
aComparison between patients with XFS and control group (Independent samples t-test).
bComparison between patients with XFS and control group (Chi-square test).
c,d,ePairwise comparisons with Bonferroni correction (cIndependent samples t-test between affected and control eyes, dIndependent samples t-test
between unaffected fellow and control eyes, ePaired samples t-test between affected and unaffected fellow eyes).
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Table 2 Choroidal vascular measurements of the submacular and peripapillary regions.

Affected eyes
(n= 50)

Unaffected fellow
eyes (n= 50)

Control eyes
(n= 50)

P valuea (Affected
vs. control)

P valuea (Unaffected
fellow vs. control)

P valueb (Affected vs.
unaffected fellow)

Macula
Mean

TCA (mm2) 0.741 ± 0.099 0.746 ± 0.104 0.775 ± 0.090 0.118 0.137 0.715

LA (mm2) 0.456 ± 0.040 0.497 ± 0.051 0.524 ± 0.042 0.001 0.142 0.007

SA (mm2) 0.285 ± 0.028 0.249 ± 0.031 0.250 ± 0.026 0.057 0.847 0.094

LSR 1.601 ± 0.163 1.995 ± 0.208 2.099 ± 0.200 <0.001 0.103 0.001

CVI (%) 61.49 ± 2.08 66.62 ± 2.45 67.61 ± 2.30 0.001 0.106 0.001

Horizontal

TCA (mm2) 0.750 ± 0.103 0.734 ± 0.100 0.768 ± 0.094 0.186 0.111 0.368

LA (mm2) 0.456 ± 0.042 0.482 ± 0.047 0.517 ± 0.039 0.005 0.106 0.008

SA (mm2) 0.293 ± 0.031 0.252 ± 0.029 0.251 ± 0.024 0.011 0.870 0.070

LSR 1.556 ± 0.162 1.920 ± 0.202 2.059 ± 0.195 <0.001 0.055 0.001

CVI (%) 60.08 ± 2.06 65.66 ± 2.40 67.31 ± 2.24 0.001 0.094 0.002

Vertical

TCA (mm2) 0.733 ± 0.096 0.757 ± 0.107 0.781 ± 0.085 0.091 0.221 0.116

LA (mm2) 0.456 ± 0.039 0.511 ± 0.053 0.532 ± 0.044 <0.001 0.208 0.006

SA (mm2) 0.277 ± 0.025 0.246 ± 0.033 0.249 ± 0.027 0.068 0.606 0.082

LSR 1.646 ± 0.165 2.077 ± 0.213 2.136 ± 0.206 <0.001 0.145 <0.001

CVI (%) 62.21 ± 2.10 67.50 ± 2.49 68.11 ± 2.36 <0.001 0.120 0.001

Peripapillary
Mean

TCA (mm2) 0.210 ± 0.027 0.205 ± 0.025 0.206 ± 0.024 0.335 0.712 0.307

LA (mm2) 0.125 ± 0.022 0.125 ± 0.021 0.127 ± 0.018 0.682 0.677 0.898

SA (mm2) 0.084 ± 0.009 0.080 ± 0.008 0.078 ± 0.007 0.097 0.440 0.213

LSR 1.488 ± 0.174 1.562 ± 0.181 1.628 ± 0.172 0.008 0.016 0.038

CVI (%) 59.52 ± 2.85 60.97 ± 2.92 62.03 ± 2.81 0.001 0.011 0.020

Temporal

TCA (mm2) 0.206 ± 0.032 0.197 ± 0.028 0.193 ± 0.024 0.126 0.434 0.201

LA (mm2) 0.121 ± 0.024 0.121 ± 0.021 0.122 ± 0.017 0.567 0.502 0.555

SA (mm2) 0.085 ± 0.011 0.076 ± 0.010 0.071 ± 0.008 0.013 0.060 0.015

LSR 1.423 ± 0.187 1.592 ± 0.194 1.718 ± 0.165 0.001 0.002 0.004

CVI (%) 58.73 ± 3.15 61.42 ± 3.07 63.21 ± 3.00 <0.001 0.007 0.002

Superior

TCA (mm2) 0.254 ± 0.046 0.252 ± 0.041 0.261 ± 0.041 0.180 0.113 0.446

LA (mm2) 0.152 ± 0.033 0.155 ± 0.032 0.162 ± 0.023 0.097 0.159 0.211

SA (mm2) 0.102 ± 0.008 0.097 ± 0.008 0.099 ± 0.008 0.419 0.562 0.333

LSR 1.490 ± 0.205 1.598 ± 0.216 1.636 ± 0.198 0.005 0.115 0.010

CVI (%) 59.84 ± 3.09 61.51 ± 3.15 62.07 ± 3.05 0.002 0.103 0.009

Nasal

TCA (mm2) 0.235 ± 0.026 0.222 ± 0.024 0.215 ± 0.027 0.215 0.317 0.286

LA (mm2) 0.145 ± 0.017 0.138 ± 0.017 0.133 ± 0.020 0.109 0.213 0.212

SA (mm2) 0.090 ± 0.009 0.084 ± 0.008 0.082 ± 0.007 0.056 0.509 0.130

LSR 1.611 ± 0.155 1.642 ± 0.173 1.621 ± 0.161 0.221 0.106 0.085

CVI (%) 61.70 ± 2.51 62.16 ± 2.87 61.86 ± 2.46 0.170 0.098 0.087

Inferior

TCA (mm2) 0.144 ± 0.010 0.151 ± 0.021 0.153 ± 0.019 0.056 0.404 0.088

LA (mm2) 0.082 ± 0.007 0.087 ± 0.011 0.093 ± 0.012 0.098 0.183 0.141

SA (mm2) 0.062 ± 0.006 0.064 ± 0.007 0.060 ± 0.005 0.590 0.257 0.386

LSR 1.322 ± 0.165 1.359 ± 0.152 1.551 ± 0.171 0.003 0.006 0.143

CVI (%) 56.94 ± 2.47 57.61 ± 2.56 60.78 ± 2.88 <0.001 0.005 0.098

Bold values indicate statistical significance.

CVI choroidal vascularity index, LA luminal area, LSR luminal-to-stromal ratio, SA stromal area, TCA total choroidal area.
a,bPairwise comparisons with Bonferroni correction (aIndependent samples t-test, bPaired samples t-test).
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The CVI is a novel marker that provides information
about the choroidal vascular architecture using a binariza-
tion method [38]. In this study, we evaluated the sub-
macular and peripapillary choroidal vascular network in the
affected and unaffected eyes of patients with clinically
unilateral XFS and compared the findings with those from
healthy eyes. To the best of our knowledge, this is the first
study to investigate choroidal vascular status using an
image binarization technique in unilateral XFS. Our results
showed a statistically significant decrease in the pCVI and
mCVI values in the affected eyes of clinically unilateral
XFS cases compared to control eyes. These results may be
important to determine the vascular and/or ischemic path-
way in the progression to glaucoma in these patients. Fur-
thermore, the pCVI values of the temporal and inferior
sectors were lower in the unaffected fellow eyes of patients
with clinically unilateral XFS than in the control eyes. This
difference may indicate that although XFM is not clinically
observed in unaffected fellow eyes, it may still cause
microstructural changes. However, no significant difference
in the mCVI was found between the unaffected fellow and
control eyes.

Quantitative parameters for the choroid in ocular diseases
have been extensively studied and have attracted much
attention. The most known of these markers is the CT
measurement. In previous studies, various results related to
CT have been reported in XFS. Eroglu et al. [39] found
thinner choroids in the affected eyes of patients with uni-
lateral XFS than in their unaffected fellow eyes and in the
healthy eyes (237.35 ± 58.01, 330.75 ± 47.84, 311.8 ±
51.42 μm, respectively). Similarly, Turan-Vural et al. [16]
detected decreased CT in eyes with XFS compared to
control eyes (249.4 ± 46.3 vs. 282.5 ± 55.8 μm, respec-
tively). In addition to these aforementioned studies, Dursun
et al. [40] identified thinning not only in the subfoveal
region (223.96 ± 81.51 vs. 280.10 ± 63.83 μm, respectively)
but also in the peripapillary region (131.33 ± 46.82 vs.
156.59 ± 33.84 μm, respectively) when compared with

control participants. In contrast, Zengin et al. [19] reported
no difference in CT between XFS and control cases
(206.6 ± 37.6 vs. 215.9 ± 47.3 μm, respectively). Ozge et al.
[20] identified no difference between XFS and healthy eyes
in both subfoveal CT (295.0 ± 80.0 vs. 263.0 ± 101.9 μm,
respectively) and peripapillary CT (155.8 [75.5–313.1] vs.
155.0 [76–283] μm, respectively).

These conflicting results in the literature may be due to
the clinician’s experience, the variety of imaging tools used,
and the ethnicity differences of the included patients. In
addition, the lack of a certain rationality of the distance
from the fovea (500, 1000, or 2000 μm) in the CT mea-
surements may have influenced the results. Since the
choroid is composed of blood vessels and connective tissue,
CT is a measurement that indirectly reveals the vascular
structure [15]. The CVI was first described by Agrawal
et al. and only allows for an evaluation of the vascular area
in the choroid [22, 38]. While CT assesses local measure-
ment points at a certain distance from the fovea, the CVI
may provide more precise information about the percentage
of the LA in the entire selected area in the choroid. When
compared to CT, the CVI appears to be a more robust
marker for evaluating the vascular status of the choroid, as it
is not associated with most physiological variables, such as
age, axial length, refractive error, IOP, SBP, and diurnal
variation [15].

The CVD, which is obtained by OCT, is another quan-
titative marker related to the choroid [41, 42]. This value is
achieved by measuring the diameters of the hyporeflective
areas in the choroid. Sarrafpour et al. showed that choroidal
vessel diameters are smaller in the affected eyes of patients
with unilateral XFS when compared to their contralateral
unaffected eyes [18]. However, the CVD is insufficient to
give information about the total choroidal area. Normal
healthy patients may have various choroidal variations [15].
Therefore, rather than evaluating the choroid vessels sepa-
rately, examining the entire choroid provides valuable
information.

Other methods of choroidal vascularity analysis have
been studied. Ocular blood flow changes illustrating the
nature of vascular impairment were explored in XFS
patients. Yüksel et al. detected reduced hemodynamic
parameters in the retrobulbar vessels [12]; Dayanır et al.
showed reduced ophthalmic artery hemodynamic para-
meters with colour Doppler imaging in XFS [13]. As a
result of these studies, it was concluded that XFS caused a
decrease in blood flow velocities and an increase in vascular
resistance.

Our study had some limitations. The first was the small
number of patients who met the inclusion criteria. Second,
the cross-sectional method used in our study was unable to
provide information about the progression of these patients.
Cohort studies will be needed to analyse the vascular

Table 3 Intraclass correlation coefficient for CVI measurement in the
participants.

Interobserver variability
(95% CI)

Intraobserver variability
(95% CI)

Macula

Horizontal 0.945 (0.921–0.958) 0.982 (0.969–0.991)

Vertical 0.951 (0.925–0.962) 0.988 (0.976–0.994)

Peripapillary

Temporal 0.919 (0.888–0.934) 0.974 (0.959–0.985)

Superior 0.950 (0.923–0.963) 0.986 (0.976–0.991)

Nasal 0.938 (0.903–0.956) 0.988 (0.978–0.992)

Inferior 0.940 (0.910–0.957) 0.994 (0.980–0.997)

CVI choroidal vascularity index, CI confidence interval.
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pathway more meaningfully in glaucoma pathogenesis.
However, our study included preliminary findings regarding
pseudoexfoliation in the CVI and will be of value to future
studies. Third, there were some technical limitations that
could result in CVI variations, such as a lack of spatial
resolution to distinguish the luminal and stromal compo-
nents of the choriocapillaris with current technology, sha-
dowing of larger retinal vascular structures on the choroid,
or poor-quality images in general [15]. However, in our
study, only high-quality images were included to minimize
variations in the CVI. In addition, the high ICC value is
another strength of our study.

In conclusion, eyes with XFS showed a significant
decrease in both the peripapillary CVI and submacular CVI
values compared to control eyes. Our results suggest that
XFM may be associated with choroidal vascular involve-
ment. In addition, peripapillary choroidal vascularity in the
unaffected eyes of unilateral XFS patients were significantly
different than the characteristics of healthy control partici-
pants. This observation may indicate the presence of sub-
clinical effects of XFM in unaffected fellow eyes. These
findings are remarkably important in terms of identifying
the vascular pathway of these cases in the development of
glaucoma. An extensive series of studies and further ana-
lyses will be needed to determine the effects of exfoliation
on the vascular structure and its role in glaucoma
development.

Summary

What was known before

● Pseudoexfoliation syndrome is a systemic disease with
vascular involvement. This condition causes changes in
measurements of the choroidal thickness and choroidal
vessel diameter.

What this study adds

● The affected eyes of cases with clinically unilateral
pseudoexfoliation syndrome shows a decrease in the
peripapillary and macular choroidal vascularity index.
Furthermore, the unaffected fellow eyes have a decrease
in the peripapillary choroidal vascularity. These findings
indicate the presence of choroidal vascular involvement
in pseudoexfoliation syndrome. Furthermore, our results
support the bilateral asymmetric nature of this condition.
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