
diagnostics

Article

Quantitative Assessment of Three-Dimensional Choroidal
Vascularity and Choriocapillaris Flow Signal Voids in Myopic
Patients Using SS-OCTA

Amin Xu †, Gongpeng Sun †, Chaoye Duan, Zhen Chen * and Changzheng Chen *

����������
�������

Citation: Xu, A.; Sun, G.; Duan, C.;

Chen, Z.; Chen, C. Quantitative

Assessment of Three-Dimensional

Choroidal Vascularity and

Choriocapillaris Flow Signal Voids in

Myopic Patients Using SS-OCTA.

Diagnostics 2021, 11, 1948. https://

doi.org/10.3390/diagnostics11111948

Academic Editor: Elina A. Genina

Received: 5 September 2021

Accepted: 18 October 2021

Published: 20 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Eye Center, Renmin Hospital of Wuhan University, Wuhan 430060, China; xam110708gy@163.com (A.X.);
sungongpeng@whu.edu.cn (G.S.); Carterduan@hotmail.com (C.D.)
* Correspondence: hchenzhen@163.com (Z.C.); whuchenchzh@163.com (C.C.); Tel.: +86-130-7276-5173 (C.C.)
† These authors have contributed equally to this work and share first authorship.

Abstract: Purpose: To compare the choroidal vascularity of large- and middle-sized choroidal vessels
and choriocapillaris (CC) perfusion in patients with different degrees of myopia using swept-source
optical coherence tomography angiography (SS-OCTA). Methods: One hundred and thirteen people
with myopia were enrolled. SS-OCTA was performed to analyze the choroidal vascularity and
CC perfusion. Three-dimensional (3D) choroidal vascularity index (CVI) and choroidal luminal
volumes (LV) were obtained by artificial intelligence segmentation of the choroidal lumen in Volume
OCT images. CC perfusion was assessed by flow signal voids (FSVs). Results: In the macular,
multiple linear regression model showed that choroidal thickness (CT), total choroidal volume, LV,
and choroidal stromal volume were negatively correlated with axis length (AL), respectively (all
p < 0.001). Three dimensional CVI was negatively associated with AL (p < 0.05). FSV% was positively
correlated with age only (p < 0.001). Additionally, after adjustment for age and AL, FSV% had a
significant negative correlation with CT (p < 0.05). Conclusion: Choroidal vascularity decreases
gradually with increasing severity of myopia. The decrease of CC blood perfusion was related to a
higher severity of myopia and the thinning of choroid.

Keywords: myopia; three-dimensional choroidal vascularity index; choriocapillaris; flow signal
voids; swept-source optical coherence tomography angiography

1. Introduction

Myopia has become a global public health problem [1]. It has been reported that by
2050, there will be 4.758 billion people with myopia, accounting for 49.8% of the world
population, and 938 million people with high myopia, accounting for 9.8% of the world
population [2]. High myopia can result in irreversible vision loss such as retinal detachment,
choroidal neovascularization, and macular atrophy [3]. Therefore, it is urgent to better
understand the risk factors for developing myopia.

Previous studies have demonstrated† that the retina becomes thinner with increasing
axial length (AL), leading to the degeneration of fundus and visual impairment [4]. Besides
the changes in the retina, the choroid also alternates in the development of myopia. The
choroid is the main tissue that provides oxygen and nutrition and removes metabolites and
wastes for the outer retina, and it may directly participate in the fundus degeneration and
development of pathological myopia [5]. Recently, Zhang et al. also proposed that decrease
in choroidal blood perfusion is responsible for the development of human myopia [6].
Additionally, choroidal vascularity and choriocapillaris (CC) blood perfusion may be lower
in the more myopic eyes of anisomyopic adults [7]. Sonoda et al. observed that choroidal
luminal areas decrease with longer AL [8].

However, these studies focused on line scans or single measurement points through
the macula, which may not be sufficient to reveal changes in the overall state of choroidal
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vessels. The choroidal vasculature should be evaluated in three-dimensional (3D) rather
than from a two-dimensional scan [9,10]. Swept-source optical coherence tomography
angiography (SS-OCTA) with a map of 3D choroidal vascularity index (CVI) can provide
detailed and accurate choroidal images [9]. Carefully studying the 3D CVI in different
regions will help elucidate the choroidal vascular changes that accompany the development
of myopia.

This study aimed to investigate alterations in choroidal vascularity of large- and
middle-sized choroidal vessels and CC blood perfusion in 3D using SS-OCTA, and to
explore the relationship among them in a cohort of eyes with different severities of myopia.

2. Methods
2.1. Participants

This prospective cross-sectional observational study was approved by the Clinical
Research Ethics Committee of Renmin Hospital of Wuhan University (Approval Number
WDRY2020-K234), and conducted according to the Declaration of Helsinki. Each subject
provided written informed consent prior to the examination.

One hundred and thirteen participants with myopia were recruited from Renmin Hos-
pital of Wuhan University from December 2020 to April 2021. All participants underwent
best-corrected visual acuity, slit-lamp examination, intraocular pressure (IOP) measure-
ment, optometry, AL measurement (IOLMaster 500, Carl Zeiss Meditec AG, Oberkochen,
Germany), and SS-OCT. According to spherical equivalent refraction (SER), the partici-
pants were divided into three groups: low myopia (SER ≤ −0.5 to > −3.00 D), moderate
myopia (SER ≤ −3.00 to > −6.00 D), and high myopia (SER ≤ −6.00 D) [11]. All subjects
were free of ocular and systemic disease and had best-corrected Snellen visual acuity of
20/20 or better in each eye. Exclusion criteria included history of ocular surgery, smoking,
hypertension, diabetes, or other systemic diseases that may affect the choroid. All partici-
pants underwent examinations between 10:00 and 12:00 every day to control for diurnal
variations of choroidal structure [12]. Three consecutive scans were performed, and the
clearest image was selected for analysis. Only the right eye of each subject was included
for analyses.

2.2. Image Acquisition and Analysis

The SS-OCT (VG100; SVision Imaging, Ltd., Luoyang, China) system used contained
an SS laser with a central wavelength of approximately 1050 nm and a scan rate of
100,000 A-scans per second. The maximum axial and estimated lateral resolutions in
tissue were approximately 5 µm and 15 µm, respectively. The scan depth was 3 mm. The
volume data of choroidal vascularity and choroidal thickness (CT) were acquired with a
raster scan protocol of 1024 × 1024 B-scans, which covered an area of 6 × 6 mm centered
on the macular fovea. Eye-motion artifacts during and between scans were minimized
by using built-in eye-tracking and follow-up mode of the device based on an integrated
confocal scanning laser ophthalmoscope. The choroid in the SS-OCT images was defined
as the volume from the outer boundary of the retinal pigment epithelium-Bruch membrane
complex to the choroid-sclera junction (Figure 1A,B). The 3D CVI was defined as the ratio of
the choroidal luminal volume (LV) to the total choroidal volume (TCV), which reflects the
choroidal vascular density of Sattler’s layer and Haller’s layer. CT, 3D CVI, and LV values
are presented for early treatment diabetic retinopathy study (ETDRS) grids of 6 × 6 mm
using deep learning with the instrument software (Figure 1B). Choroidal stromal volume
(SV) is defined as TCV minus LV. According to the ETDRS grids, the macular area was
divided into three concentric circles with diameters of 1 mm (central fovea, C1), 3 mm
(parafovea, C3), and 6 mm (perifovea). Given the presence of certain defects and artifacts at
the scan edges of the images, only the images within 3 mm were selected. The parafoveal
circle was further divided into superior (S1-3), inferior (I1-3), temporal (T1-3), and nasal
(N1-3) quadrants (Figure 1C).
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Figure 1. Illustration of extraction of choroidal lumen and calculation of three-dimensional choroidal vascularity index 
(3D CVI). (A) Raw SS-OCT images. (B) Measurement of choroidal thickness and lumen. The superior and inferior bound-
ary of the choroid (blue line) and choroidal vascular lumen (orange area) were identified by deep learning. (C) Magnified 
non-infrared image with 3-mm ETDRS grid. C1, central fovea; C3, parafovea; I1-3, inferior parafovea; T1-3, temporal par-
afovea; S1-3, superior parafovea; N1-3, nasal parafovea. C3 was divided into I1-3, T1-3, S1-3, and N1-3. 

The slab of OCTA blood flow signal from the Bruch membrane to 20 µm below was 
layered using the machine’s built-in software into choriocapillaris images (Figure 2A). The 
FSV%, defined as the percentage of low signal area of the CC image detected by the bina-
rization method to the total measured area, was quantified using ImageJ (version 1.53c, 
http://fiji.sc/; accessed on 26 June 2020). The raw images were converted into eight-bit im-
ages and the flow signal voids (FSVs) were identified using Auto Local Threshold tool 
with the Sauvola method [13]. The Analyze Particles tool was used to calculate FSV%. 
Quantitative analysis of CC was carried out according to the same regional division in 3D 
CVI analysis. Due to the obvious projection of large retinal vessels above the CC images 
beyond Region C3 and the presence of certain defects and artifacts in the surrounding 
areas of the images, only images within 3 mm were selected for analysis (Figure 2B). 

Figure 1. Illustration of extraction of choroidal lumen and calculation of three-dimensional choroidal vascularity index (3D
CVI). (A) Raw SS-OCT images. (B) Measurement of choroidal thickness and lumen. The superior and inferior boundary
of the choroid (blue line) and choroidal vascular lumen (orange area) were identified by deep learning. (C) Magnified
non-infrared image with 3-mm ETDRS grid. C1, central fovea; C3, parafovea; I1-3, inferior parafovea; T1-3, temporal
parafovea; S1-3, superior parafovea; N1-3, nasal parafovea. C3 was divided into I1-3, T1-3, S1-3, and N1-3.

The slab of OCTA blood flow signal from the Bruch membrane to 20 µm below was
layered using the machine’s built-in software into choriocapillaris images (Figure 2A).
The FSV%, defined as the percentage of low signal area of the CC image detected by the
binarization method to the total measured area, was quantified using ImageJ (version 1.53c,
http://fiji.sc/; accessed on 26 June 2020). The raw images were converted into eight-bit
images and the flow signal voids (FSVs) were identified using Auto Local Threshold tool
with the Sauvola method [13]. The Analyze Particles tool was used to calculate FSV%.
Quantitative analysis of CC was carried out according to the same regional division in 3D
CVI analysis. Due to the obvious projection of large retinal vessels above the CC images
beyond Region C3 and the presence of certain defects and artifacts in the surrounding
areas of the images, only images within 3 mm were selected for analysis (Figure 2B).

2.3. Statistical Analysis

The demographic and clinical characteristics of the three different myopic groups were
analyzed. Due to the small sample size, most parameters were not normally distributed,
except for AL and all 3D CVI (by the Shapiro-Wilk test and histogram). All the data are
presented as mean ± standard deviation or median (interquartile range). The Kruskal-
Wallis H test or one-way ANOVA test followed by Bonferroni was performed to identify
differences in demographic and clinical characteristics between the three myopia groups.
The sex difference was determined by the Chi-square test. Multivariate linear regression
was performed to investigate the correlation between choroidal parameters, age and AL,
and to evaluate the correlations between choroidal parameters after adjustment for age
and AL. Spearman correlation was used to evaluate the correlations between choroidal
parameters. Statistical analysis was performed using SPSS 20.0 (IBM, Armonk, NY, USA).
p < 0.05 was considered statistically significant.

http://fiji.sc/
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Figure 2. Illustration of flow signal voids (FSV) acquisition and calculation. (A) Raw en face choriocapillaris (CC) images 
with 3-mm ETDRS grid. (B) Binary image of CC with 3-mm ETDRS grid. The black particles in the image are the extracted 
FSVs. Artifacts caused by motion (green arrow) and retinal vascular projection (red arrow) were observed around the CC. 
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Figure 2. Illustration of flow signal voids (FSV) acquisition and calculation. (A) Raw en face choriocapillaris (CC) images
with 3-mm ETDRS grid. (B) Binary image of CC with 3-mm ETDRS grid. The black particles in the image are the extracted
FSVs. Artifacts caused by motion (green arrow) and retinal vascular projection (red arrow) were observed around the CC.

3. Results
3.1. Study Population

A total of 113 people with myopia were recruited in this study. The mean age of
enrolled subjects was 29.43 ± 10.18 years (range: 19–62 years), which included 66 women
(58.41%). They were divided into three groups according to SER. The demographic charac-
teristics of the three groups are presented in Table 1.

Table 1. Demographical Characteristics of Included Individuals.

Characteristic Low Myopia (n = 32) Moderate Myopia (n = 36) High Myopia (n = 45) p Value

Age, y, median (IQR) 25.50 (8.00) 24.50 (13.75) 28.00 (10.00) 0.253 *

Female, n (%) 24 (66.67%) 28 (62.22%) 14 (46.7%) 0.667 †

AL, mm, mean ± SD 23.78 ± 0.92 25.30 ± 0.97 26.55 ± 1.19 <0.001 ‡

Spherical equivalent, D,
median (IQR) −1.50 (1.44) −4.75 (1.25) −7.00 (1.88) <0.001 *

IQR, interquartile range; AL, axial length; SD, standard deviation. * p value determined by Kruskal-Wallis H test; † p value determined by
one-way ANOVA test; ‡ p value determined by Chi-square test.

3.2. Global Analysis of Differences in Choroidal Vascularity and Choriocapillaris

The choroidal parameters within the range of 3 mm centered on the macula were used
to analyze the global differences in choroidal parameters between the three myopia groups
(see Table S1, which provides global analysis of choroidal parameters between different
myopia groups). In Regions C3, CT, TCV, and SV were significantly different between
any two groups (all p < 0.05). The 3D CVI was significantly lower in high myopia group
compared with low and moderate myopia groups (both p < 0.01), while no significant
difference was observed between low and moderate groups (p = 1.00). Additionally, FSV%
was significantly different between low and high myopia groups only (p = 0.036).

3.3. Topographical Analysis of Differences in Choroidal Vascularity and Choriocapillaris

The comparison of choroidal parameters between these groups is summarized in
Figure 3. Overall, CT, TCV, LV, and SV differed between people with different degrees
of myopia, although there were no significant differences in some subregions. In all
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subregions, the 3D CVI did not differ between low and moderate myopia groups (all
p > 0.05), while there were differences between the other two comparison groups. In Region
T1-3 and Region S1-3, FSV% was significantly higher in high myopia group compared with
low myopia group (p = 0.001 and p = 0.023, respectively).

Diagnostics 2021, 11, x FOR PEER REVIEW 5 of 10 
 

3.2. Global Analysis of Differences in Choroidal Vascularity and Choriocapillaris 

The choroidal parameters within the range of 3 mm centered on the macula were 
used to analyze the global differences in choroidal parameters between the three myopia 
groups (see Table S1, which provides global analysis of choroidal parameters between 
different myopia groups). In Regions C3, CT, TCV, and SV were significantly different 
between any two groups (all p < 0.05). The 3D CVI was significantly lower in high myopia 
group compared with low and moderate myopia groups (both p < 0.01), while no 
significant difference was observed between low and moderate groups (p = 1.00). 
Additionally, FSV% was significantly different between low and high myopia groups only 
(p = 0.036). 

3.3. Topographical Analysis of Differences in Choroidal Vascularity and Choriocapillaris 
The comparison of choroidal parameters between these groups is summarized in Fig-

ure 3. Overall, CT, TCV, LV, and SV differed between people with different degrees of 
myopia, although there were no significant differences in some subregions. In all subre-
gions, the 3D CVI did not differ between low and moderate myopia groups (all p > 0.05), 
while there were differences between the other two comparison groups. In Region T1-3 
and Region S1-3, FSV% was significantly higher in high myopia group compared with 
low myopia group (p = 0.001 and p = 0.023, respectively). 

 
Figure 3. Topographic analysis of choroidal thickness (CT), total choroidal volume (TCV), luminal volume (LV), stromal 
volume (SV), three-dimensional choroidal vascularity index (3D CVI), and flow signal voids% (FSV%) between myopia 
groups in subregions (A–F). CT, TCV, LV, SV, and FSV% are expressed as medians and 95% confidence intervals, and 3D 
CVI is expressed as mean ± standard deviation. In all subregions, CT, TCV, LV, and SV were significantly lower in high 
and moderate myopia groups than in low myopia group (all p < 0.01, determined by the Kruskal–Wallis H test). In all 
subregions, the 3D CVI did not differ between low and moderate myopia groups (all p > 0.05, determined by the one-way 
ANOVA test), while there were differences between the other two comparison groups. In Region T1-3 and Region S1-3, 
FSV% was significantly higher in high myopia group compared with low myopia group (p = 0.001 and p = 0.023, respec-
tively, determined by Kruskal–Wallis H test). * p < 0.05, ** p < 0.01, and *** p < 0.001 indicate significant differences between 
myopia groups. 

3.4. Correlation between Choroidal Parameters and Age and AL 
Next, we used multivariate linear regression to control for potentially confounding 

variables to explore the correlation between choroidal parameters and AL and age in Re-
gions C1 and C3 (Table 2). The multiple linear regression model showed that CT, TCV, 
LV, and SV were negatively correlated with AL respectively in both regions (all p < 0.001). 
In addition, in Region C3, 3D CVI was negatively associated with age and AL respectively 

Figure 3. Topographic analysis of choroidal thickness (CT), total choroidal volume (TCV), luminal volume (LV), stromal
volume (SV), three-dimensional choroidal vascularity index (3D CVI), and flow signal voids% (FSV%) between myopia
groups in subregions (A–F). CT, TCV, LV, SV, and FSV% are expressed as medians and 95% confidence intervals, and 3D
CVI is expressed as mean ± standard deviation. In all subregions, CT, TCV, LV, and SV were significantly lower in high and
moderate myopia groups than in low myopia group (all p < 0.01, determined by the Kruskal-Wallis H test). In all subregions,
the 3D CVI did not differ between low and moderate myopia groups (all p > 0.05, determined by the one-way ANOVA
test), while there were differences between the other two comparison groups. In Region T1-3 and Region S1-3, FSV%
was significantly higher in high myopia group compared with low myopia group (p = 0.001 and p = 0.023, respectively,
determined by Kruskal-Wallis H test). * p < 0.05, ** p < 0.01, and *** p < 0.001 indicate significant differences between
myopia groups.

3.4. Correlation between Choroidal Parameters and Age and AL

Next, we used multivariate linear regression to control for potentially confounding
variables to explore the correlation between choroidal parameters and AL and age in
Regions C1 and C3 (Table 2). The multiple linear regression model showed that CT, TCV,
LV, and SV were negatively correlated with AL respectively in both regions (all p < 0.001).
In addition, in Region C3, 3D CVI was negatively associated with age and AL respectively
(both p < 0.05), whereas in Region C1, 3D CVI was only negatively associated with AL
(p < 0.001). FSV% remained positively correlated with age only in both regions (both
p < 0.001).

3.5. Correlation between Choroidal Parameters

Spearman correlation coefficients between 3D CVI and other choroidal parameters
in Regions C1 and C3 are summarized (see Table S2, which provides correlation analysis
between 3D CVI and other choroidal parameters). There was a significant positive correla-
tion between 3D CVI and CT, TCV, LV, and SV respectively in both regions (all p < 0.001).
Conversely, a significant negative correlation between 3D CVI and FSV% was observed in
both regions (both p < 0.01). Multiple linear regression showed that FSV% correlated nega-
tively with 3D CVI% in both Region C1 and Region C3 (standardized coefficient = −0.282,
p = 0.003 and standardized coefficient = −0.339, p < 0.001, respectively). Additionally,
after adjustment for age and AL, FSV% had a significant negative correlation with CT
in both Regions 1 and 3 (standardized coefficient = −0.216, p = 0.039 and standardized
coefficient = −0.392, p < 0.001, respectively).
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Table 2. Multivariate regression analysis of central macular and global choroidal parameters with age and AL.

Age AL

Variables B β Coefficient p Value B β Coefficient p Value Adjusted R2

CT_C1 (µm) −0.251 0.024 0.762 −42.265 −0.599 <0.001 0.365

CT_C3 (µm) −0.439 −0.043 0.577 −39.782 −0.594 <0.001 0.365

TCV_C1 (mm3) −0.000 −0.024 0.762 −0.033 −0.599 <0.001 0.365

TCV_C3 (mm3) −0.003 −0.043 0.577 −0.281 −0.594 <0.001 0.365

LV_C1 (mm3) −0.000 −0.070 0.370 −0.017 −0.586 <0.001 0.364

LV_C3 (mm3) −0.003 −0.097 0.221 −0.121 −0.557 <0.001 0.341

SV_C1 (mm3) −0.000 0.023 0.788 −0.016 −0.513 <0.001 0.202

SV_C3 (mm3) 0.000 0.002 0.978 −0.160 −0.560 <0.001 0.313

3D CVI_C1 (%) −0.163 −0.161 0.055 −3.065 −0.459 <0.001 0.266

3D CVI_C3 (%) −0.151 −0.195 0.025 −2.032 −0.397 <0.001 0.226

FSV%_C1 (%) 0.175 0.475 <0.001 0.056 0.023 0.787 0.231

FSV%_C3 (%) 0.155 0.467 <0.001 0.341 0.156 0.063 0.271

CT, choroidal thickness; TCV, total choroidal volume; LV, luminal volume; SV, stromal volume; 3D CVI, three-dimensional choroidal
vascularity index; FSV, flow signal voids; AL, axis length. Bold font indicates statistical significance.

4. Discussion

This study quantitatively analyzed the alterations of choroidal vascularity and CC
blood perfusion in 3D in the eyes of patients from three groups with different refractive
states by using SS-OCTA. We observed that parameters describing choroidal vascularity,
assessed by CT, TCV, LV, and SV and 3D CVI, were lower in choroidal regions in high
myopia group compared with low and moderate myopia groups, whereas the FSV% in
CC was significantly higher in high myopia group compared with low myopia group
in Regions C3, T1-3, and S1-3. Moreover, there were correlations between most of the
choroidal parameters and the severity of myopia, including age and AL. The alterations of
choroidal vasculature negatively correlated with AL, while FSV% was positively correlated
with age only.

The choroid is composed of stroma and blood vessels, containing three layers: the
CC, Sattler’s layer of medium-sized vessels, and Haller’s layer of large-sized vessels [14].
Previous studies mainly evaluated choroidal changes by CT [15,16]. However, CT has great
variability due to the influence of age, IOP, and other physiological factors [17]. CVI is
more reproducible, so it can be better used to evaluate changes in choroidal structure [17].
Several previous studies have reported alterations of CVI values in myopic eyes [7,18].
However, these studies only evaluated the choroid using two-dimensional images. To
comprehensively evaluate the choroidal circulation, we assessed choroidal vascularity, CC
FSV%, and 3D CVI to provide a more accurate assessment of the vasculature than possible
with two-dimensional CVI.

In our study, 3D CVI decreased gradually with increasing severity of myopia, showing
a significant trend but no significant differences in pairwise comparisons between adjacent
groups. This discrepancy may be related to the small and uneven sample size of each
group, or the 3D CVI of the adjacent groups may be changed by an amount below the
detection threshold of the instrument. Zhou et al. [19] showed that technology may be
limited due to the small changes in choroidal parameters, and this technical limitation may
be reduced with the advent of new devices and updated algorithms. Previous studies have
shown that choroidal thinning is related to accelerating ocular growth or the development
of myopia [16,20]. Consistently, our results showed that CT was negatively correlated
with AL. Additionally, TCV, LV, SV, and 3D CVI were all negatively correlated with AL
in Regions C1 and C3 in our study. Li et al. [21] also reported negative correlations of
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luminal area with AL in low to moderately myopic children. Similarly, we observed that
LV was lower in high and moderate myopia groups compared with low myopia group. In
addition, we found that 3D CVI was positively correlated with CT in myopic eyes. Recent
study also showed that choroidal thinning is mainly due to the loss of medium and large
vessels [22]. Therefore, we propose that choroidal blood volume decreases with increasing
AL or choroidal thinning in myopic eyes.

Some studies have reported increased FSV% or flow deficit in the CC of eyes with
high myopia [7,23]. We speculate that progressive FSV may be an important feature in the
development of pathological myopia. However, although FSV% had a generally increasing
trend with increasing myopia, no significant differences were found between any regions
of any two adjacent groups in our study. Furthermore, FSV% was found to be significantly
higher in high myopia group than in low myopia group only in Zones T1-3 and S1-3. This
regional difference was also very intriguing. We speculate that it may be related to small
sample size or large age span or that old participants were included in low myopia group,
given that FSV% was positively correlated with age. Previous studies have confirmed that
CC flow deficits in the macula show progressive worsening with age [24]. Su et al. [25]
proposed that, although the defect of CC blood flow seems worse in more myopic eyes, it
cannot be ruled out that CC abnormalities may be caused by simple expansion or extension
of the CC, rather than by CC atrophy. However, no matter what mechanism, prospective
longitudinal studies will be required to further clarify the pathophysiology and progression
of CC impairment in the development of myopia.

The CC is supplied and drained by Sattler’s layer of medium-sized vessels and
Haller’s layer of large-sized vessels, so changes in blood flow in these two layers may
cause alterations to CC perfusion [22]. Interestingly, by analyzing the relationship between
FSV%, 3D-CVI, and CT, we found that FSV% was negatively correlated with 3D CVI%
and CT, while CT was positively correlated with 3D CVI in Regions 1 and 3 among the
different myopia groups. These results indicate that choroidal vascularity and CC perfusion
decreased significantly with choroid thinning during myopic development. However,
further longitudinal studies are needed to confirm whether it is the decrease of choroidal
vascularity and CC perfusion that leads to myopia. Recent studies showed that choroidal
blood flow decreases during induction of myopia [6,7], while another animal study also
found that decreased choroidal blood flow can induce or aggravate myopia [26]. Therefore,
the specific causal relationship remains unclear.

In the current study, we found region-specific differences in parameters describing
choroidal vascularity. For instance, changes in 3D CVI were larger in the nasal and macular
regions in high compared to low myopia groups, which may be related to differences in the
decrease of stromal and vascular components in each region, as suggested previously [27].
Compared with 3D CVI, CT showed higher regional variability across the retina. CT gener-
ally is the thinnest in the nasal region, as reported previously [28,29]. It was reported that
the choroid is the thickest within the perifovea, thins substantially towards the periphery,
and exhibits maximum peripheral thinning in the nasal region [28]. These results indicate
that the macular region is more sensitive to the development of myopia. This may be
because the macular area contains the highest concentration of photoreceptors and engages
in high levels of metabolism. The thickness of the nasal choroid was thinner than that in
other regions, which may be related to the separation of the choroidal vascular bed by
watershed zones in the choroid of the optic disc [30].

There are several limitations that should be considered. First, our sample size is
relatively small, which could affect the homogeneity of the sample. Meanwhile, we did
not conduct a long-term longitudinal study. Second, the large age span of our samples
may lead to an inaccurate assessment of the relationship between CC and myopia. Third,
we did not rule out factors that affect the choroid when we included the population, such
as caffeine.

Our study took advantage of several novel methodologies. First, the 3D volume
scans with enhanced scan depth can improve image quality, which can be used to evaluate
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the choroidal blood flow comprehensively. Second, very few studies assessed CC and
choroidal vascularity via so many parameters in the same patient population. Third, we
controlled for diurnal variations in choroidal structure by measuring each participant at
the same time of the day.

In summary, 3D CVI decreased gradually with increasing severity of myopia. FSV%
in the CC was negatively correlated with 3D CVI and CT. These results may indicate that
the choroidal vascularity of large- and middle-sized choroidal vessels decreases as myopia
develops. CC blood perfusion showed a decreasing trend with worsening myopia and
thinning of choroid. However, further longitudinal studies are needed on the complex rela-
tionship between choroidal vascularity and CC in the development and pathophysiology
of myopia.

Supplementary Materials: The following materials are available online at https://www.mdpi.com/
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Author Contributions: Conceptualization, A.X. and C.C.; methodology, G.S.; software, G.S.; valida-
tion, A.X., G.S. and C.D.; formal analysis, A.X.; investigation, A.X., G.S. and C.D.; resources, Z.C.;
data curation, A.X. and G.S.; writing—original draft preparation, A.X. and G.S.; writing—review and
editing, Z.C. and C.C.; visualization, G.S.; supervision, C.C.; project administration, Z.C.; funding
acquisition, Z.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Fundamental Research Funds for the Central Universities
(2042020kf0099).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Clinical Research Ethics Committee of Renmin Hospital
of Wuhan University (WDRY2020-K234, 22 December 2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

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

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

References
1. Liu, Y.; Wang, L.; Xu, Y.; Pang, Z.; Mu, G. The influence of the choroid on the onset and development of myopia: From perspectives

of choroidal thickness and blood flow. Acta Ophthalmol. 2021, 99, 730–738. [CrossRef] [PubMed]
2. Holden, B.A.; Fricke, T.R.; Wilson, D.A.; Jong, M.; Naidoo, K.S.; Sankaridurg, P.; Wong, T.Y.; Naduvilath, T.; Resnikoff, S. Global

prevalence of myopia and high myopia and temporal trends from 2000 through 2050. Ophthalmology 2016, 123, 1036–1042.
[CrossRef] [PubMed]

3. Ruiz-Medrano, J.; Montero, J.A.; Flores-Moreno, I.; Arias, L.; García-Layana, A.; Ruiz-Moreno, J.M. Myopic maculopathy: Current
status and proposal for a new classification and grading system (ATN). Prog. Retin. Eye Res. 2019, 69, 80–115. [CrossRef]
[PubMed]

4. Flores-Moreno, I.; Ruiz-Medrano, J.; Duker, J.S.; Ruiz-Moreno, J.M. The relationship between retinal and choroidal thickness and
visual acuity in highly myopic eyes. Br. J. Ophthalmol. 2013, 97, 1010–1013. [CrossRef] [PubMed]

5. Nickla, D.L.; Wallman, J. The multifunctional choroid. Prog. Retin. Eye Res. 2010, 29, 144–168. [CrossRef] [PubMed]
6. Zhang, S.; Zhang, G.; Zhou, X.; Xu, R.; Wang, S.; Guan, Z.; Lu, J.; Srinivasalu, N.; Shen, M.; Jin, Z.; et al. Changes in choroidal

thickness and choroidal blood perfusion in guinea pig myopia. Investig. Opthalmol. Vis. Sci. 2019, 60, 3074–3083. [CrossRef]
7. Wu, H.; Zhang, G.; Shen, M.; Xu, R.; Wang, P.; Guan, Z.; Xie, Z.; Jin, Z.; Chen, S.; Mao, X.; et al. Assessment of choroidal vascularity

and choriocapillaris blood perfusion in anisomyopic adults by SS-OCT/OCTA. Investig. Opthalmol. Vis. Sci. 2021, 62, 8. [CrossRef]
8. Sonoda, S.; Sakamoto, T.; Yamashita, T.; Uchino, E.; Kawano, H.; Yoshihara, N.; Terasaki, H.; Shirasawa, M.; Tomita, M.;

Ishibashi, T. Luminal and stromal areas of choroid determined by binarization method of optical coherence tomographic images.
Am. J. Ophthalmol. 2015, 159, 1123–1131.e1. [CrossRef]

9. Yang, J.; Wang, E.; Yuan, M.; Chen, Y. Three-dimensional choroidal vascularity index in acute central serous chorioretinopathy
using swept-source optical coherence tomography. Graefe’s Arch. Clin. Exp. Ophthalmol. 2019, 258, 241–247. [CrossRef]

10. Zhou, H.; Dai, Y.; Shi, Y.; Russell, J.F.; Lyu, C.; Noorikolouri, J.; Feuer, W.J.; Chu, Z.; Zhang, Q.; de Sisternes, L.; et al. Age-
Related Changes in Choroidal Thickness and the Volume of Vessels and Stroma Using Swept-Source OCT and Fully Automated
Algorithms. Ophthalmol. Retin. 2020, 4, 204–215. [CrossRef]

https://www.mdpi.com/article/10.3390/diagnostics11111948/s1
https://www.mdpi.com/article/10.3390/diagnostics11111948/s1
http://doi.org/10.1111/aos.14773
http://www.ncbi.nlm.nih.gov/pubmed/33550704
http://doi.org/10.1016/j.ophtha.2016.01.006
http://www.ncbi.nlm.nih.gov/pubmed/26875007
http://doi.org/10.1016/j.preteyeres.2018.10.005
http://www.ncbi.nlm.nih.gov/pubmed/30391362
http://doi.org/10.1136/bjophthalmol-2012-302836
http://www.ncbi.nlm.nih.gov/pubmed/23766433
http://doi.org/10.1016/j.preteyeres.2009.12.002
http://www.ncbi.nlm.nih.gov/pubmed/20044062
http://doi.org/10.1167/iovs.18-26397
http://doi.org/10.1167/iovs.62.1.8
http://doi.org/10.1016/j.ajo.2015.03.005
http://doi.org/10.1007/s00417-019-04524-7
http://doi.org/10.1016/j.oret.2019.09.012


Diagnostics 2021, 11, 1948 9 of 9

11. Haarman, A.E.G.; Enthoven, C.A.; Tideman, J.W.L.; Tedja, M.S.; Verhoeven, V.J.M.; Klaver, C.C.W. The complications of myopia:
A review and meta-analysis. Investig. Opthalmol. Vis. Sci. 2020, 61, 49. [CrossRef]

12. Lee, S.W.; Yu, S.-Y.; Seo, K.H.; Kim, E.S.; Kwak, H.W. Diurnal variation in choroidal thickness in relation to sex, axial length, and
baseline choroidal thickness in healthy korean subjects. Retina 2014, 34, 385–393. [CrossRef]

13. Sauvola, J.; Pietikäinen, M. Adaptive document image binarization. Pattern Recognit. 2000, 33, 225–236. [CrossRef]
14. Borrelli, E.; Sarraf, D.; Freund, K.B.; Sadda, S.R. OCT angiography and evaluation of the choroid and choroidal vascular disorders.

Prog. Retin. Eye Res. 2018, 67, 30–55. [CrossRef]
15. Jin, P.; Zou, H.; Zhu, J.; Xu, X.; Jin, J.; Chang, T.C.; Lu, L.; Yuan, H.; Sun, S.; Yan, B.; et al. Choroidal and retinal thickness in

children with different refractive status measured by swept-source optical coherence tomography. Am. J. Ophthalmol. 2016, 168,
164–176. [CrossRef] [PubMed]

16. Xiong, S.; He, X.; Zhang, B.; Deng, J.; Wang, J.; Lv, M.; Zhu, J.; Zou, H.; Xu, X. Changes in choroidal thickness varied by age and
refraction in children and adolescents: A 1-year longitudinal study. Am. J. Ophthalmol. 2020, 213, 46–56. [CrossRef] [PubMed]

17. Agrawal, R.; Gupta, P.; Tan, K.-A.; Cheung, C.M.G.; Wong, T.-Y.; Cheng, C.-Y. Choroidal vascularity index as a measure of
vascular status of the choroid: Measurements in healthy eyes from a population-based study. Sci. Rep. 2016, 6, 21090. [CrossRef]

18. Gupta, P.; Thakku, S.G.; Saw, S.-M.; Tan, M.; Lim, E.; Tan, M.; Cheung, C.M.G.; Wong, T.-Y.; Cheng, C.-Y. Characterization
of choroidal morphologic and vascular features in young men with high myopia using spectral-domain optical coherence
tomography. Am. J. Ophthalmol. 2017, 177, 27–33. [CrossRef]

19. Zhou, X.; Ye, C.; Wang, X.; Zhou, W.; Reinach, P.; Qu, J. Choroidal blood perfusion as a potential “rapid predictive index” for
myopia development and progression. Eye Vis. 2021, 8, 1–5. [CrossRef]

20. Read, S.A.; Alonso-Caneiro, D.; Vincent, S.J.; Collins, M. Longitudinal changes in choroidal thickness and eye growth in childhood.
Investig. Opthalmol. Vis. Sci. 2015, 56, 3103. [CrossRef]

21. Li, Z.; Long, W.; Hu, Y.; Zhao, W.; Zhang, W.; Yang, X. Features of the choroidal structures in myopic children based on image
binarization of optical coherence tomography. Investig. Opthalmol. Vis. Sci. 2020, 61, 18. [CrossRef]

22. Alshareef, R.A.; Khuthaila, M.K.; Januwada, M.; Goud, A.; Ferrara, D.; Chhablani, J. Choroidal vascular analysis in myopic eyes:
Evidence of foveal medium vessel layer thinning. Int. J. Retin. Vitr. 2017, 3, 1–8. [CrossRef]

23. Al-Sheikh, M.; Phasukkijwatana, N.; Dolz-Marco, R.; Rahimi, M.; Iafe, N.A.; Freund, K.B.; Sadda, S.R.; Sarraf, D. Quantitative
OCT angiography of the retinal microvasculature and the choriocapillaris in myopic eyes. Investig. Opthalmol. Vis. Sci. 2017, 58,
2063–2069. [CrossRef]

24. Zheng, F.; Zhang, Q.; Shi, Y.; Russell, J.F.; Motulsky, E.H.; Banta, J.T.; Chu, Z.; Zhou, H.; Patel, N.A.; de Sisternes, L.; et al.
Age-dependent changes in the macular choriocapillaris of normal eyes imaged with swept-source optical coherence tomography
angiography. Am. J. Ophthalmol. 2019, 200, 110–122. [CrossRef] [PubMed]

25. Su, L.; Ji, Y.-S.; Tong, N.; Sarraf, D.; He, X.; Sun, X.; Xu, X.; Sadda, S.R. Quantitative assessment of the retinal mi-
crovasculature and choriocapillaris in myopic patients using swept-source optical coherence tomography angiography.
Graefe’s Arch. Clin. Exp. Ophthalmol. 2020, 258, 1173–1180. [CrossRef] [PubMed]

26. Zhou, X.; Zhang, S.; Zhang, G.; Chen, Y.; Lei, Y.; Xiang, J.; Xu, R.; Qu, J.; Zhou, X. Increased choroidal blood perfusion can inhibit
form deprivation myopia in guinea pigs. Investig. Opthalmol. Vis. Sci. 2020, 61, 25. [CrossRef] [PubMed]

27. Breher, K.; Terry, L.; Bower, T.; Wahl, S. Choroidal biomarkers: A repeatability and topographical comparison of choroidal
thickness and choroidal vascularity index in healthy eyes. Transl. Vis. Sci. Technol. 2020, 9, 8. [CrossRef]

28. Rasheed, M.A.; Singh, S.R.; Invernizzi, A.; Cagini, C.; Goud, A.; Sahoo, N.K.; Cozzi, M.; Lupidi, M.; Chhablani, J. Wide-field
choroidal thickness profile in healthy eyes. Sci. Rep. 2018, 8, 1–7. [CrossRef]

29. Mohler, K.J.; Draxinger, W.; Klein, T.; Kolb, J.P.; Wieser, W.; Haritoglou, C.; Kampik, A.; Fujimoto, J.G.; Neubauer, A.S.;
Huber, R.; et al. Combined 60◦ wide-field choroidal thickness maps and high-definition en face vasculature visualization using
swept-source megahertz OCT at 1050 nm. Investig. Opthalmol. Vis. Sci. 2015, 56, 6284–6293. [CrossRef]

30. Mendrinos, E.; Pournaras, C.J. Topographic variation of the choroidal watershed zone and its relationship to neovascularization
in patients with age-related macular degeneration. Acta Ophthalmol. 2009, 87, 290–296. [CrossRef]

http://doi.org/10.1167/iovs.61.4.49
http://doi.org/10.1097/IAE.0b013e3182993f29
http://doi.org/10.1016/S0031-3203(99)00055-2
http://doi.org/10.1016/j.preteyeres.2018.07.002
http://doi.org/10.1016/j.ajo.2016.05.008
http://www.ncbi.nlm.nih.gov/pubmed/27189931
http://doi.org/10.1016/j.ajo.2020.01.003
http://www.ncbi.nlm.nih.gov/pubmed/31945330
http://doi.org/10.1038/srep21090
http://doi.org/10.1016/j.ajo.2017.02.001
http://doi.org/10.1186/s40662-020-00224-0
http://doi.org/10.1167/iovs.15-16446
http://doi.org/10.1167/iovs.61.4.18
http://doi.org/10.1186/s40942-017-0081-z
http://doi.org/10.1167/iovs.16-21289
http://doi.org/10.1016/j.ajo.2018.12.025
http://www.ncbi.nlm.nih.gov/pubmed/30639367
http://doi.org/10.1007/s00417-020-04639-2
http://www.ncbi.nlm.nih.gov/pubmed/32144487
http://doi.org/10.1167/iovs.61.13.25
http://www.ncbi.nlm.nih.gov/pubmed/33211066
http://doi.org/10.1167/tvst.9.11.8
http://doi.org/10.1038/s41598-018-35640-9
http://doi.org/10.1167/iovs.15-16670
http://doi.org/10.1111/j.1755-3768.2008.01247.x

	Introduction 
	Methods 
	Participants 
	Image Acquisition and Analysis 
	Statistical Analysis 

	Results 
	Study Population 
	Global Analysis of Differences in Choroidal Vascularity and Choriocapillaris 
	Topographical Analysis of Differences in Choroidal Vascularity and Choriocapillaris 
	Correlation between Choroidal Parameters and Age and AL 
	Correlation between Choroidal Parameters 

	Discussion 
	References

